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Abstract

Air-discharged waste from commonly used trenchless technologies of sewer pipe repairs
is an emerging and poorly characterized source of urban pollution. This study reports on the
molecular-level characterization of the atmospherically discharged aqueous-phase waste
condensate samples collected at four field sites of the sewer pipe repairs. The molecular
composition of organic species in these samples was investigated using reversed-phase liquid
chromatography coupled with a photodiode array detector and a high-resolution mass spectrometer
equipped with interchangeable atmospheric pressure photoionization and electrospray ionization
sources. The waste condensate components comprise a complex mixture of organic species that
can partition between gas-, aqueous-, and solid-phases when water evaporates from the air-
discharged waste. Identified organic species have broad variability in molecular weight, molecular
structures, and carbon oxidation state, which also varied between the waste samples. All
condensates contained complex mixtures of oxidized organics, N- and S-containing organics,
condensed aromatics, and their functionalized derivatives that are directly released to the
atmospheric environment during installations. Furthermore, semi-volatile, low volatility, and
extremely low volatility organic compounds comprise 75 — 85% of the total compounds identified
in the waste condensates. Estimates of the component-specific viscosities suggest that upon
evaporation of water waste material would form the semi-solid and solid phases. The low
volatilities and high viscosities of chemical components in these waste condensates will contribute
to the formation of atmospheric secondary organic aerosols and atmospheric solid nanoplastic
particles. Lastly, selected components expected in the condensates were quantified and found to

be present at high concentrations (1 — 20 mg L-!) that may exceed regulatory limits.

Environmental Significance Statement

Repair of sewer pipes in urban areas using trenchless cured-in-place-pipe technology emits
a complex mixture of organic species partitioning between the gas-, aqueous-, and solid-phases.
Here we report detection of substantial amounts of semi-, low-, and extremely low-volatility
organic compounds in the air-discharged waste condensate that contribute to the production of

organic aerosol and environmental nanoplastics.
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Introduction

Cured-in-place-pipes (CIPP) are common, cost-efficient, trenchless technologies used to
repair sanitary sewer, storm sewer, and drinking water pipes.! The CIPPs are created by inserting
and inflating a flexible resin tube inside the damaged pipe, and then curing that resin tube into a
hard plastic. Polymerization reactions in the resin are initiated by using heat or by ultraviolet light.?
The most popular and least expensive curing approach involves blowing steam through the
uncured resin tube and out an exhaust pipe into the air.> Until 2017, emissions from this operation
were reported to only contain a small amount of gas-phase volatile organic compound (VOC)
styrene near 3 ppm,.* Follow-up work by others however indicated levels greater than 1,000 ppm,
styrene were also present.>® Additional work found styrene levels were diluted in the ambient air,
as suggested by dispersion model analysis.>’” However, field measurements showed that very
complex and highly dynamic mixtures of multi-component chemical pollutants are in fact emitted
into the atmospheric environment around the installation sites.*%° Although the chronic effects
from occupational exposure require additional scrutiny,'® acute environmental impacts of the
chemicals and particulates in the emission plume have been associated with air pollution and
human toxicity.*!!-12 In some reports,* it has been noted that staff working in close proximity to
the chemical emission plume lacked knowledge-based requirements for personal protection.!313
These installations have led to more than 146 reports of ambient and indoor air contamination
incidents that affected schools, daycare centers, homes, offices, and even prompted building
evacuations.*>16-18 However, the composition of these emissions remains ambiguous. '’

In order to understand the complex, multiphase emissions, it is important to systematically

investigate all aspects of the installation process, including the chemical composition of different
resin types. Styrene-based vinyl resins (S-based) are commonly employed for CIPP manufacture.

The U.S. Environmental Protection Agency lists gas-phase styrene as a controlled hazardous air
pollutant because of its toxicological concerns as a carcinogenic and endocrine disrupting
compound.*!'® Material safety data sheets (SDS) report 30-50 wt.% of the resin is composed of
the monomer styrene.?’ However, the remaining resin constituents and their subsequent
concentrations are not commonly reported by manufacturers.!®2122 Recent efforts have
investigated the chemical composition of different resin types employed for pipe repair.!7-19-23
When investigating the composition of an S-based resin, Noh et al. (2022) found that the uncured

resin contained 39 wt.% of VOCs, including the endocrine disrupting compounds styrene, 2-
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ethylhexanoic acid, 1,3,5-trimethylbenzene, and hydroquinone.!® To reduce volatile emissions,
non-styrene resins, referred to as low-VOC vinyl ester-based (VE-based), are also employed.!® For
one VE-based resin type, the SDS described the resin as being a “styrene and monomer-free resin”
with “no hazardous air pollutants or VOCs”, however it was found that a low amount of styrene
was in fact present in the VE-based resin.!%?* Furthermore, the same study revealed that VE-based
resins contain additional hazardous air pollutants (e.g., toluene and xylene), acrylate monomers
(e.g., methacrylic acid and ethylene glycol dimethacrylate), and plasticizers (e.g., dibutyl maleate)
that were absent in the S-based resin.!”

Many studies have quantified the amount of gas-phase styrene released due to its high
abundance in the S-based resins.*%2>-28 In 2015, a Los Angeles, California study revealed styrene
exited three sewer pipe manholes during steam curing at a range of 250 — 1070 ppm,.® In 2019,
industry-backed researchers reported concentration of 1,820 ppm, styrene in air at one worksite
and multiple occurrences of >100 ppm, styrene at other sites.?’ It should be noted that the USEPA
regulatory limit for 8 hours of exposure to styrene in air is 0.085 ppm,,*° thus the styrene
concentrations at the points of emission by these installations have exceeded the regulatory limit
up to ~50,000 times. Previous investigations have also showed that more than 60 other VOCs were
also released from raw S-based resins during storage and more than 20 additional VOCs were
further released onsite during the installation procedure.> VOC levels have been reported up to
~6,200 ppm,,* which is factor of >10° higher than background VOC concentrations (<100 ppb,)
reported even for heavily polluted urban areas.3!

Previous reports identified formation of solid nanoplastic particles from drying droplets of
the discharged waste and larger microplastic particles originated from mechanical removal of
small fragments of cured composites and uncured resin.** Mixtures of styrene and non-styrene
components of the discharged waste have recently been suggested to undergo unintended
oligomerization reactions accelerated in the evaporating waste droplets, leading to the formation
of highly viscous organic aerosols (OA) termed environmental nanoplastic (EnvNP) particles.’
Moreover, it has been found that multiple monomer gas-phase compounds, resin constituents, and
degradation products from incomplete curing reactions are present in emissions, all of which can
react in the emission plume to produce unintended EnvNP byproducts.®'2!1° However, it is
currently unclear what specific species govern formation of these particles. The composition and

physical properties of the air-discharged fragments of composite and partially cured resin materials
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are highly variable because the uneven extent of polymerization, side reactions, and various effects
of environmental aging.!7-'° It is essential to understand the sources and formation of OA as they
have implications for air quality, human health, and the environment. Therefore, it is necessary to
comprehensively investigate the molecular composition of waste emissions from CIPP operated
with different resin materials to gain insights into composition and formation mechanisms of the
air discharged EnvNP.

In this work, we investigate the chemical composition of four discharged waste
condensates collected at selected field installation sites. We employ the advanced multi-modal
analytical technique of high-performance liquid chromatography separation interfaced with a
photodiode array detector and high-resolution mass spectrometer (HPLC-PDA-HRMS) for
untargeted screening of the organic components in complex waste mixtures. Numerous species
were detected and characterized in each sample, spanning a wide range of molecular weights,
elemental formulas, and structures. Estimates of the volatility and viscosity values of individual
components based on empirical models3>34 suggest that most of the detected species will partition
into condensed-phase particles, promoting formation and growth of OA and EnvNP at the
installation sites. We also quantified select individual components in each of the four waste
condensates to facilitate comparison of our study with previous reports. Overall, our results suggest
an additional considerable source of urban air pollution from broadly used sewer pipe repairs,

which require systematic evaluation.

Experimental Methods

Sample Collection. Samples of the discharged waste steamed into the air from sewer pipe
installations were collected using ice-containing cold traps at outdoor locations in Sacramento,
California in August 2016.* Detailed descriptions of the field sites (X1, X2, X4, X5) and the
methods of sample collection have been reported elsewhere.* Briefly, at each site, stainless steel
air manifolds were installed to cold-trap atmospherically discharged waste emitted at the steam
CIPP exhaust point. The discharged steam-laden waste was sampled at ambient conditions, using
ice chest condensers, and collected in Pyrex® bottles.* After collection, samples were stored at —
20 °C pending analysis, which was performed in December 2019. Hereafter, the samples are
referred to as waste condensates. Multiple samples were collected during each CIPP manufacture

and the results of several of those samples are presented in this manuscript.
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Two types of resins were used at the installation sites: an S-based resin and a VE-based
non-styrene resin. At sites X1, X4, and X5 (X1-4-5 hereafter), the S-based resin was used (Vipel®
L713-LTA-12 isophthalic based polyester resin; contains 32.0% of styrene monomer by weight;
0.5% Trigonox® KSM and 1% di-(4-tert-butylcyclohexyl) peroxy dicarbonate initiators). At site
X2, the VE-based resin was used (EcoTek™ L040-TNVG-33 vinyl ester resin; contains 30 — 35
wt.% tripropylene glycol diacrylate monomer by weight; initiators were not disclosed). Table I
summarizes four waste condensates used in this study and the corresponding concentrations of
total organic carbon (TOC), dissolved organic carbon (DOC), styrene and seven other quantified
species. 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. Due to limited sample volume, the styrene concentration was not
quantified for samples X2 or X5. The total organic carbon (TOC) concentration was measured
using a TNM-L ROHS (Shimadzu Co.) analyzer in accordance with USEPA method 415.1.3 In
order to measure the dissolved organic carbon level, the samples were filtrated by a 0.5 um glass
fiber filter (Fisher Scientific) and measured with the same method for TOC. Values of selected
standardized risk-based screening levels (SL) recommended by the Environmental Protection
Agency (EPA) of USA for ground water protection’® are included for comparison. Reported
concentrations are in the units of milligrams of organic material per liter (mg L' or ppm) of the

collected discharged waste condensate.
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Table 1. Summary of waste condensates used in this study and the corresponding concentrations of their bulk and selected individual

organic components.’ Reported concentrations are in the units of milligram of organic material per liter (mg/L = ppm) of the collected

175

discharged aqueous condensate.

Waste Condensate Samples

EPA recommended Screening

X1 X2 X4 X5 Levels (SL)
ID Styrene resin logK,, | Carcinogenic | Noncarcinogenic
Number (Y/N) Yes No Yes Yes SLe SLP
Total organic 33.58 £0.83 133.40+0.43 53.76 £ 0.46 13.18 £0.13 - - -
carbon
Dissolved 30.96 + 0.55 127.20 £ 0.14 50.47 +0.36 12.71 £0.09 - - -
organic carbon
Styrene (2.73 £0.01)x10° - (1.07 £0.18)x10? - 2.95 - 4.00x10°
1 Benzoic acid | (1.04+0.08)x10"  (8.74+0.67)x10°  (2.52£0.19)x10° (2.22+0.17)x10! | 1.87 - 8.00x10!
) Methyl (1.76 £ 0.25)x10"  (1.81+025)x10'  (2.50 £ 0.35)x10°  (2.53 +0.35)x10° | 1.38 - 2.80x10"
methacrylate
3 Benzaldehyde | (249 +0.11)x10° (244 +0.11)x10°  (9.06  0.41)x10"  (7.12+0.32)x10" | 1.48 1.90x1072 2.00x10°
4 Acetophenone | (5:32+0.19)x10"  (4.38+0.16)x10"  (1.54+0.06)x10"  (2.14+0.08)x10" | 1.58 - 2.00x10°
Tripropylene
5 glycol (1.99 £0.04)x102  (1.95+0.42)x10"  (1.81 £0.04)x102 (6.17 +0.13)x1073 - - -
diacrylate
6 Dibutyl (3.42£0.01)x102  (1.41 £0.10)x102  (2.11 £0.09)x102  (1.33+0.06)x102 | 4.5 . 2.00x10°
phthalate
7 Butylated | (1,61 4+ 0.08)x102 (448 + 0.23)x10" - - 5.1 3.40x107 6.00x10°
hydroxytoluene

abased on Target Risk of 10

5 based on CHILD Hazardous Index =1
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Chemical Characterization. Solvent extracts of the waste samples were prepared using a 1:1
volumetric ratio of the original sample and a mixture of organic solvents with different polarity
(acetonitrile/dichloromethane/hexane = 2/2/1 by volume). All solvents were Optima LC/MS grade,
purchased from Fisher Chemical. This organic mixture was selected based on our previous
studies’’3® indicating that this mixture of solvents with different polarities yields the higher
extraction efficiency for complex multi-component environmental mixtures, compared to
extraction by pure water single component organic solvents.. The 1:1 v:v extraction mixtures were
vortexed for 90 seconds to facilitate dissolution of organic materials in the solvent. The extracts
were then filtered using syringe filters with 0.20 um PTFE membrane to remove insoluble colloids.
Filtered extracts were dried down to 100 pL remaining volume using a Turbo Vap nitrogen
blowdown vortex evaporation system (Biotage) and reconstituted in 100 pL of acetonitrile. Visible
precipitates formed during the preconcentration step, so all samples were filtered again using the
PTFE syringe filters. A method blank of Optima LC/MS grade water was prepared following the
discussed protocol.

The obtained extracts and method blank were analyzed using a high-performance liquid
chromatography (HPLC) system (Vanquish) coupled with a photodiode array (PDA) detector and
a high-resolution mass spectrometer (HRMS) Q Exactive HF-X (all components from Thermo
Scientific, Inc). The chromatographic separation was performed using a reversed-phase column
(Luna C18(2), 150 x 2 mm, 5 pum particles, 100 A pores; Phenomenex, Inc.) following a revised
version of elution protocol described in our previous studies.?”3° A binary mobile phase was used
consisting of: (A) water with 0.1% v:v formic acid and (B) acetonitrile with 0.1% v:v formic acid.
A stepwise gradient of A+B mixture was employed at a flow rate of 200 pL/min: 0-3 min at 90%
of A, 3-84 min a linear gradient from 90% to 0% of A, 84—100 min held at 0% of A, 100—101 min
a linear gradient to 90% of A, and 101-120 min held at 90% of A to re-equilibrate the column at
the initial mobile phase condition. The column was held at 25 °C and an injection volume of 20
pL was used for all samples. The PDA detector is equipped with a 1.0 cm fused silica LightPipe
flow cell and a deuterium lamp light source. The absorbance was recorded in a wavelength range
of 200 — 680 nm at a scan rate of 20 Hz and A + 2 nm spectral resolution. A solvent blank of 1:1
v:v acetonitrile/water was used to remove absorbance contributed by the solvent matrix.
Absorbance values at wavelengths above 230 nm were considered for the samples to eliminate the

background solvent absorption contribution.
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Ionization of the HPLC-eluted analyte was performed using interchangeable electrospray
ionization (ESI) and dopant-assisted atmospheric pressure photoionization (APPI) sources
operating in positive and negative modes, covering a broad range of the analyte components with
different polarities.?”3*" An Ion Max ion source (Thermo Scientific Inc.) was configured for either
ESI(£) or APPI(+) operation. 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 to promote charge exchange and proton transfer reactions in the APPI mode.3”*142 Before
entering the ionization source, the dopant was delivered to the HPLC outflow stream at a flow rate
of 20 uL min~! (10% of LC flow rate) using a syringe pump (Thermos, Inc.). It was found that the
formic acid in the HPLC mobile phase caused substantial ion suppression in the APPI(-) mode,’’
therefore only APPI(+) and ESI(+) data sets were utilized in this study. HRMS data acquisition
was performed at a mass range of m/z 80—1200 with a resolution of 240,000 at 200 m/z and at a
scan rate of 1.5 Hz in full scan mode at an RF level of 80. Mass calibration was performed using
commercial calibration solutions (Thermo Scientific, PI-88323 and PI1-88324) ionized in ESI(%)

modes.

Data Processing and Analysis. The HPLC-PDA -HRMS datasets were acquired using Xcalibur
software (Thermo Inc.) and processed using the open-source software toolbox MZmine 2 (v. 2.51,

http://mzmine.github.io/) to assist mass detection and extracted ion chromatogram construction.

The ADAP chromatogram builder**** was used for reconstruction of the extracted ion
chromatograms followed by obtaining the output feature list using the following settings: a signal-
to-noise threshold greater than 10:1, a minimum peak height of 104, HPLC peak duration range
within 0.01-0.6 min, 10 min group size in the number of scans, and mass tolerance of 0.001 m/z.
All raw Xcalibur data files were background-subtracted prior to data processing to remove the MS
signals attributed to the solvent blank. The output feature list was visually inspected to remove
non-retained chromatographic signals. The feature list containing the m/z, peak intensity, and
retention times were exported into custom Excel macros that removed C!3 isotopes followed by
the grouping of homologous species based on the first order (CH,) and the second order (CH,, H,)
Kendrick mass defects.*> Formular assignments of the group-representative species were
performed using the MIDAS molecular formula calculator (v 1.1; National High Magnetic Field
Laboratory, USA). For the extracted ions in the range of 80-1200 m/z, [M+H]*, [M+Na]", and [M-


http://mzmine.github.io/
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H]~ were assumed to identify products in ESI(+) modes, while [M+H]"and [M]™ were assumed
for APPI(+) mode. The following molecular constraints were applied for all formula assignments:
Ci70, Hi-100, No.s, Oo.s0, So.1, and Nag.; for ESI(+) only. Assignments were limited to a mass
tolerance of + 2 ppm. Unassigned peaks are likely a result of either additional elements or multiply
charged ions which are not considered by the assignment constraints. Additional assignment
verifications were performed using customized in-house MATLAB script to correct for erroneous
formula assignments based on elemental ratio limits discussed in previous reports.*4 Assigned
formulas were then grouped into CHO, CHON, CHOS, and CHONS classes, based on their
elemental composition.

The double bond equivalent (DBE)*? values and aromaticity index (AI)>!~? for the neutral

species associated with the assigned ions were calculated using the following equations:

DBE=C-H2+N2+1 (1)
H
14C-0-S—5
Al=——5=3=s @

Saturation concentrations,** viscosity,*? and nominal carbon oxidation states33->* of the identified

species were calculated using equations summarized in Supplementary Note 1 of the SI file.

Results and Discussion

Figure 1 illustrates representative HPLC-PDA chromatograms recorded for four analyzed
waste condensates. In all cases, complex mixtures of many strongly absorbing chromophores are
observed throughout the entire elution time. Plausible species suggested for selected PDA features
are listed in Table S1 (Supplementary Note 2). Several of these chromophores correspond to
components of resin materials previously identified in the gas-phase emissions.!® Specifically,
benzoic acid (C;H¢O,), benzaldehyde (C;H¢O,), and acetophenone (CgHgO) are oxidized
derivatives of styrene and possible decomposition products of the peroxide initiators'® that strongly
absorb UV light and they were identified in all four condensates. Additional chromophore species
commonly identified in these four samples correspond to a few polycyclic aromatic hydrocarbons

(PAHSs), such as plausibly pyrene (C;¢H;¢) and benzo[ghi]perylene (C,,H;;), as inferred from
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correlative assessment of HPLC-PDA and HPLC-APPI-HRMS chromatograms. Oxidized
aromatics, such as the C;,H;¢0,, C5sH;,0,, and C,cH;40 species were also detected. The HPLC-
PDA chromatograms in Figure 1 indicate both partial similarity and substantial variability in the
range and abundance of chemical components present in waste condensates collected at different
installation sites. In this study, we selected seven components labeled by dashed lines in Figure 1
for quantification. The complexity of each sample warrants future studies quantitatively

investigating the gas and particle phase components.
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Figure 1. HPLC-PDA chromatograms of the solvent-soluble species extracted from each of four discharged
waste condensates. The x-axis is retention time, the y-axis is the UV—vis absorbance (micro absorbance
units, pAU), and the z-axis is the wavelength (nm). Dashed lines represent the seven selected compounds
quantified in this study and are labeled based on their ID number in Table 1.

Figure 2 shows spectra of all ESI(+)-HRMS features detected in four waste condensates,
while additional APPI(+)-HRMS spectra are included in Figure S1. All elemental assignments of

organic species identified in the waste condensates based on the HRMS datasets are summarized
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in the SI files (see Supplementary Note 3). The condensates exhibit very complex mixtures of
different species that span a wide range of molecular weights, 80-800 g/mol (Figures 2 and S1).
Numbers of assigned species ranged ~1800-2600 for ESI(+), ~600-1400 for ESI(-), and 37-139
for APPI(+), respectively. The assigned species accounted for a majority (62%-99%) of all
detected 1ons in each mode. The wide range in total number of assigned species suggests high
variations in molecular composition of the waste condensates. Of note, waste condensate from the
X2 site, where the VE-based resin was used, shows a remarkably high number of assigned species,
i.e., 2611 in ESI(+), 1415 in ESI(-), and 37 in APPI(+). This suggests that although the VE-based
resin reduces the number of volatile components emitted to the gas phase, the condensed phase
waste may have increased variability and concentrations of larger number of components than the
S-based resin. Of three waste condensates from the sites where S-based resins were used (X1, 4-
5), X1 contained the larger number of assigned species, i.e., 1813 in ESI(+), 596 in ESI(-), and
139 in APPI(+). It is expected that the waste condensates from the sites where S-based resins were
used would have greater content of S-derived species susceptible for APPI(+) detection, which
selectively ionizes aromatic compounds with lower oxygen content.*!->-57 Higher fractions of
aromatic species are apparent when comparing the total number of the APPI(+) detected species
(48-139) in the waste condensate samples from X1-4-5 sites where S-based resins were employed,
versus only 37 species found in the X2 condensate collected at the site with VE-based resin
operation (Supplementary Note 4). Overall, all four waste condensates contain a large number of
plausibly identified species that exhibit a much broader range than the lists of the gas-phase
emission species investigated and reported in previous studies using GC-MS.4817.19.38 1t follows
that the condensed-phase waste emissions contain very complex mixtures of chemicals at each of
the installation sites. Furthermore, these mixtures of organic species present in the steam laden
waste emitted into the air will undergo aqueous-phase ageing chemistry leading to formation of

OA 5962
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Figure 2. Representative mass spectra of four waste condensates acquired in ESI mode, where ESI(+) and
ESI(-) intensities are plotted against positive and negative y-axis, respectively. Assigned peaks are plotted
for neutral species, where the x-axis represents the molar mass (g/mol). The pie charts show color-coded
relative fractions of different formula categories, and the sizes of pie charts are proportional to the numbers
of detected species indicated by the numbers in each panel. The percent values in charts show fractions of
the assigned MS peaks relative to the total number of detected peaks in each ionization mode dataset.

Color-coded pie chart inserts of Figure 2 show relative contributions CHO, CHON, CHOS,
and CHONS groups of species detected by each of the ionization modes in four waste samples.
Percent values of these contributions are summarized in Figure S2 of the supplemental
information. CHO and CHON assigned species are the main components in all samples,
accounting for more than half of the assignments. Condensate sample collected at the X2 site where
a VE-based resin was used shows marginally larger fractions of CHON, compared to the samples
from the other three sites. However, significantly higher fractions of CHOS and CHONS species
(up to 35%) are observed in the X2 sample, compared to the X1-4-5 samples from the sites of S-
based resin use. At these three sites, combined CHOS and CHONS contributions are largely at the
level of ~20% or less. Most of the CHOS and CHONS species detected in the X2 sample contain
enough oxygen atoms (> 4) to be possibly organosulfates (51% of total detected CHOS and
CHONS), which is also consistent with their abundant detection in the ESI(—) mode, similar to

literature reports.%3-%4 Subsets of the identified organosulfates were additionally grouped according
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to their projection along the -CH, Kendrick mass defect (KMDcy,) vs. Kendrick mass space as
shown in Figure S3 (Supplementary Note 5), similar to previously reported framework.®
Differences between organosulfates identified in the X1-4-5 condensates (use of S-based resins)
and the X2 condensate (use of VE-based resin) may indicate differences in the CHOS compounds
formed during the accelerated reaction chemistry in microdroplets occurring from the evaporative
drying and polymerization of waste components.®® It is also likely that the resin material already
contains CHONS and CHOS species.®® However, these will still continue to react in the emission
plume as the droplets evaporate. Overall, detected CHOS species are different for each of the
samples (Figure S3), indicating different pathways of organosulfate formation. In addition, the
nominal oxidation state of carbon (NOSc) versus molar mass plots (Figure S4) show that only up
to 28% of CHOS and CHONS species are significantly oxidized (NOS¢ > 0) among all four of the
samples, where there is no significant trend between the two resin types (Supplementary Note 6).
Majority of CHOS and CHONS species exhibit values of NOS¢ < 0 indicative of reduced species
that can be easily oxidized in the presence of typical atmospheric pollutants (e.g., ozone, OH
radical, NOx). Oxidation of these species will in turn increase their O/C ratios, reduce their
volatility, and increase their viscosity, leading to the potential formation of solid EnvNP in the
atmosphere.

A broad range of aliphatic and aromatic species were detected in each of the samples. Based
on the assessment of characteristic DBE values (Figure S5), O/C and H/C ratios (Figure S6) of
individual components, the S-based condensates (X1, 4-5) contain a large fraction of aliphatic
functionalized (CHON, CHONS, and CHOS) compounds that are likely various co-products of
the utilized commercial resin and initiator materials that are not involved in the intended formation
of polystyrene (Supplementary Note 7). These functionalized compounds readily ionize in ESI
mode,*’ as seen in Figure 2. The VE-based resin utilizes an aliphatic vinyl ester (i.e., tripropylene
glycol diacrylate) monomer for intended polymerization. However, its corresponding X2 waste
sample also contains a large fraction of aliphatic functionalized co-products. Remarkably, all waste
condensates also contain unsaturated aromatic (H/C < 1)) and highly oxidized aliphatic (O/C > 0.5)
co-products. The aromatic compounds in the S-based samples (X1, 4-5) are possibly
polymerization and oligomerization byproducts formed from the monomer styrene. The oxidized
species in both resin types are likely derivatives of the resin materials and co-products present in

high concentrations in commercial mixtures with chemical functionalities such as carboxylic acids,
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ketones, aldehydes, esters, hemiacetals, or acetals as well as nitrogen and sulfur containing
functional groups that formed during unintended side reactions. The extent of these side reactions
cannot be fully apprehended as the complete chemical composition of the resin is unknown.

Figure 3 shows the distribution of calculated saturation mass concentrations (Cy) of waste
condensate components,’ summarized as box and whisker plots. The C, values of individual
molecular components are presented in Figure S7 (Supplementary Note 8). Notably, components
of all waste condensates cover a wide range of C, values from extremely low volatility organic
compounds (<10* ug m=) to highly volatile organic compounds (>10° ug m-3), which would
readily evaporate from drying droplets of the discharged steam laden waste. However, only 1% to
2% of the total number of identified compounds contributed to the VOC class. Most of the
observed compounds (75-87%) fall into the semi-volatile (SVOC), low volatility (LVOC), or
extremely low volatility (ELVOC) classes that will predominantly form OA and solid EnvNP
particles. The remaining contribution is attributed to intermediate volatility (IVOC) class, which
partitions between both gas- and particle- phases.®’

The C, values of the monomer species used in two types of resins are 107 pg m (styrene,
VOC class) and 10° ug m= (tripropylene glycol diacrylate, IVOC class; VE-based resin),%6° which
reflect contrasting VOC emissions from use of these two resins. However, while indeed the VE-
based resin contains less VOC by mass than the S-based resin,!” species found in the waste
condensates show complex composition and common high contributions of SVOC, LVOC and
ELVOC species in all four samples. Upon evaporation of water from the discharged waste
droplets, these low-volatility species remain in the condensed phase forming oligomeric OA

particles with viscoelastic properties of EnvNP.°
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Figure 3. Summary of the saturation mass concentration (log;oCy, pg m=) estimates of assigned species in
each sample. Boxes enclose the interquartile range, the median values are indicated by the horizontal lines
within the boxes, the mean values are indicated by the squares in the box, the whiskers extend to 1.5 of the
interquartile range, and outliers beyond the whiskers are drawn with diamonds. The background colors
indicate the volatility ranges of the organic compounds (OC) reported in Donahue et al. (2012)*3: from top
to bottom, volatile OC (VOC), intermediate-volatility OC (IVOC), semi volatile OC (SVOC), low-volatility
OC (LVOC), and extremely low volatility VOC (ELVOC).
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Figure 4 illustrates estimated fractions of the gas-particle partitioning calculated for the
components of waste condensate samples, if they were aerosolized at different total mass loadings.
The estimates utilized the volatility basis set (VBS) framework’ which bins individual species
based on their C, values into a set of logC* bins of integer values, and then calculates gas-particle
mass ratios in each of the individual bins (Supplementary note 9). Figure 4 shows summary plots
of the total mass ratios summed over all bins, the extended VBS distributions over broad range of
logC* bins are included in Figures S9-S11. While exact fluxes of the organic waste discharged in
the air at the emission sources and dilution dynamics remain ambiguous, the VBS estimates
suggest that the condensed-phase mass fractions would be more than 70% of the aerosol-gas
mixture assuming even modest air pollution concentrations with ~100 pg m= of the total mass

loadings. Even after significant dilution of the emission plumes down to ~1 pg m3, 50-60% of the
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air-discharged waste would remain in the condensed phase or airborne particles composed mostly

of the ELVOC components.
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Figure 4. Estimates of the gas-particle partitioning of individual waste condensate components based on
the volatility basis set (VBS) framework. The stacked bars represent fractions of the waste condensate
47 organic material partitioning between gas (blue color) and particle phases (yellow color) when aerosolized
48 at different total organic mass loadings shown on the X-axis.
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53 Figure 5 shows the box and whisker distribution plots showing summary of the viscosity

55 values (1, Pa s) calculated for identified components of four waste mixtures.*? The corresponding
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glass transition temperatures (T,) and all n| values of individual molecular components are shown
in Figures S12 and S13, respectively (Supplementary Note 10). In addition to saturation mass
concentrations (Cy), viscosity values inform a predictive understanding of how individual species
would impact OA formation and growth, their phase state, chemical reactivity, and hygroscopic
properties.”!-72 Consistently with the C, values reported above, Figure 5 indicates that either
viscous, semi-solid (n>10% Pa s) or hard solid (n>10!? Pa s) viscoelastic properties are expected
for OA particles formed after evaporation of water from aerosolized waste condensate.
Specifically, components of X2, X4, and X5 samples are heavily shifted towards the maximum
value (10'° Pa s), and the upper 75% of the distribution falls into the high end of semi-solid and
solid ranges. Compounds containing the aforementioned functional groups (e.g., carboxylic acids,
ketones, aldehydes, esters, hemiacetals, or acetals) can undergo reactions, such as esterification,
aldol condensation, or Schiff base formation, that produce oligomeric compounds during droplet
evaporation with low volatilities and high viscosities, such as EnvNP particles.%73-80

According to available public records, a significant amount of resin, ranging from 61 to
454 tons, is typically used in CIPP projects in urban areas of the US.# Laboratory studies indicate
that approximately 9% of the organic resin material is released into the air. 4 This translates to over
5 tons of the organic chemical waste discharged in the air per project, posing potential
environmental and health concerns. Experimental estimates® of the EnvNP fractions of only 5% of
the total organic waste, yield 0.25 tons of EnvNP per project. However, the specific impact of
these particle emissions on urban pollution is not well-documented, and their consideration has
been largely overlooked in previous studies. Thus, systematic lab studies investigating the gas-
phase and condensed phase emissions and their influence on OA and EnvNP formation are

necessary.’
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Figure 5. Summary of estimated viscosity log(n) values of species detected in the four waste condensates.
Box encloses the interquartile range, the median values are indicated by the horizontal lines within the
boxes, the mean values are indicated by the squares in the boxes, the whiskers extend to 1.5 of the
interquartile range. The background colors indicate the viscosity ranges reported in Koop et al. (2011):7!
from top to bottom, solid, semi-solid, and liquid.

Untargeted chemical characterization of the waste condensates shows a very complex
mixture of organic components, which cannot be practically quantified on the single-component
basis for all of them. For targeted analysis, specific selections need to be made for quantitative
measurements of certain species of interest, such as targeted detection of controlled
toxicants,*>71° detection of selected species governing formation of EnvNP particles,’ detection
of fingerprint species for the source apportionment of waste emissions, etc. In this work, we
quantify concentrations of several known pollutants previously detected in the CIPP waste
samples.*!1719 Figure 6 illustrates seven selected species and their corresponding extracted ion
chromatograms recorded for each of the waste condensates. The list of species includes:
(1) benzoic acid, (2) methyl methacrylate, (3) benzaldehyde, (4) acetophenone, (5) tripropylene
glycol diacrylate, and (6) dibutyl phthalate. Benzaldehyde and benzoic acid are oxidation products
of styrene and initiators, acetophenone is a decomposition product of the peroxide initiator, methyl

methacrylate and tripropylene glycol diacrylate are polymer monomers, and dibutyl phthalate is a
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plasticizer.!® The selected species were quantified using the integrated peak areas of the extracted
ion chromatograms (EIC) recorded in the ESI(+) mode. Details of the calibration experiments and
the corresponding data analysis are summarized in Supplementary Note 11, including the
calibration curves (Figure S14) and absorbance spectra (Figure S15). The limits of detection and
quantitation based on the calibration curves (Figure S14) are included as Table S2. Figure 7 shows
concentrations of these targeted species quantified in each of the waste condensates summarized
as a histogram, while their numerical values are also included in Table 1 together with the

corresponding risk-based SL values recommended by EPA.3¢
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Figure 6. Extracted ion chromatograms (EIC) for selected resin components recorded in ESI(+) mode in
four waste condensates of this study. Structures are numbered in order of their retention times: benzoic acid
(1), methyl methacrylate (2), benzaldehyde (3), acetophenone (4), tripropylene glycol diacrylate (5), and
dibutyl phthalate (6). Selected extracted chromatograms were scaled by a factor of x100 shown in the plot.
Multiple EIC peaks at different retention times indicate the existence of different isomers with the same
elemental formulars.
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Measured concentrations of the selected target compounds show that many of them are
somewhat comparable between the waste samples, regardless of whether S-based or VE-based
resins were used at the operation site. However, the concentration of tripropylene glycol diacrylate,
the vinyl ester monomer of the VE-based resins, is remarkably higher (~20 mg L7!) in the
corresponding X2 waste sample, than its levels (0.005-0.02 mg L) in the X1-4-5 samples.
Additionally, when the TOC concentration values measured in the X2 samples of 133.40 mg L-!
are higher versus 13.18-53.76 mg L-! reported for the X1-4-5 samples. This suggests that while
use of the VE-based resin eliminates high emissions of the gas-phase constituents, on the other
hand it increases amount of the condensed-phase organic waste. This substantial increase in the
condensed-phase waste will translate in higher mass loadings of OA and EnvNP particles emitted
at the sites of VE-based resin operation. Concentrations of the quantified species exceed values of
the carcinogenic SL and on par with the noncarcinogenic SL recommended by EPA for
groundwater protection.?® Therefore, disposal of these collected condensates would require
appropriate treatment before it can be safely discharged in sewers. Substances with high logKow
values (between 3—14) are of concern as they are assumed to absorb into organic matter more
readily in soils or sediments because of their low affinity for water with a greater potential to
bioconcentration and biomagnification in living organism.3! Butylated hydroxytoluene (logKow =
5.1) and dibutyl phthalate (logKow = 4.5) present significant risks if present in ground water.3°
Airborne discharge of the microdroplets containing these components is even of higher concern
with respect to plausible health effects of these emissions. Of particular concern are elevated
concentrations of benzaldehyde, which is a known irritant and possible carcinogen.?? Additionally,
butylated hydroxytoluene, which is known to decrease liver and kidney function and is associated
with toxic effects in lung tissue,3* was also found to the waste mixture at the level exceed in the
carcinogenic SL value recommended by EPA.3¢ Previous studies and firsthand observations by
some authors have indicated that CIPP workers did not always wear personal protective equipment
and therefore could be possibly exposed to unknown levels of aerosolized pollutants upon droplet
evaporation, which were noted as visible fine powder EnvNP residues deposited on trees near
waste discharge points.* It follows that systematic assessment of organic pollutants emitted as both
gas- and condensed-phase species is needed for safe operations at the installation sites, regardless

of type of the resin being used.
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Figure 7. Concentrations of selected pollutants in the waste condensates collected at installation sites. Risk-
based EPA recommended screening levels (SL) established for groundwater protection® are shown for
comparison as the horizontal red (noncarcinogenic SL) and green (carcinogenic SL) dashed lines.

Conclusions

Previous studies quantifying emissions from trenchless pipe repair operation have focused
solely on the gas-phase pollutants. However, a much more complex multiphase waste mixture is
released in this operation. This study is the first to highlight the importance and complexity of the
condensed phase organic species found in the field collected waste condensates. Systematic
follow-up studies should quantify aerosol size distributions and their atmospheric concentrations,
including targeted quantitative analysis of a broad range of the condensed particle-phase species
containing resin components, initiators, oligomerization byproducts, PAHs and their derivatives.
For many of them, the airborne condensed waste concentrations may exceed safe exposure levels

that also need to be established. The low volatilities and high viscosities of the organic species
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found in the waste condensates imply they will enhance emissions of organic aerosol at the sites,
while fraction of them may form airborne EnvNP particles.’

To mitigate effects of the associated air pollution and provide better protection for workers
at the installation sites, critical assessment of the toxicological impacts of these emissions is very
much needed. Future studies should focus on both gas- and condensed-phase emissions.
Systematic experimental studies need be conducted to investigate the impact of resin type,
initiators, and curing conditions on the amount of discharged waste considering both gas- and
condensed-phase organic pollutants. Physiochemical properties and compositional differences
may be observed during a single CIPP’s manufacture, from resin to hard plastic. We note that
samples investigated in this study were collected at various selected periods of CIPP installation
and they only exemplify complexity of the emissions rather than generalize airborne emission of
the entire CIPP manufacture technology, which employ different composites of resin and various
curing procedures. These differences alter composition and mass loadings of the aerosolized
emissions which need to be studied in systematic field studies. Furthermore, the chemical
composition of the resin material itself should be explored in more detail. This composition should
be compared to that of the discharged waste to understand reaction mechanisms. A more detailed
understanding of the extent of unintended oligomerization and aerosol formation occurring in the

drying waste plume is also recommended.
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