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ABSTRACT: Cured-in-place-pipe (CIPP) is an onsite plastic Bt Tmeresohed Siyrene Montorg
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manufacturing technology used in the U.S. and has not been «
evaluated for regulatory compliance with federal air pollution laws. &e,\i;i@\\°°
The practice involves the discharge of manufacturing waste into @
the environment. The study goal was to estimate the magnitude of °
volatile organic compounds (VOCs) discharged into the .
atmosphere for styrene and nonstyrene composite manufacture
and examine low-cost air monitoring sensor reliability. Time-
resolved emission analysis revealed that VOC emission was not
only isolated to the thermal curing period but also occurred before o G G
and after curing. In addition to the styrene monomer, other gas- P ha———
phase hazardous air pollutants regulated under the Clean Air Act

were also emitted. Based on typical CIPP installations, 0.9 to 16.6 U.S. tons of emitted VOCs were estimated for styrene CIPPs, and
0.09 to 1.6 U.S. tons of emitted VOCs were estimated for nonstyrene CIPPs. Because the number and size of CIPPs manufactured in
a single community can vary, the total air pollution burden will significantly differ across communities. Low-cost VOC sensors
commonly utilized near CIPP manufacturing activities did not accurately quantify styrene and should not be relied upon for that
purpose. Up to several thousand-fold detection differences were observed. Regulatory evaluation of CIPP air pollution and PID
sensor reliability assessments are recommended.
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B INTRODUCTION (NESHAP) specifically apply to plastic composite manufactur-
ing and classify sources based on their total HAP emitted per
year. In 2022, the air pollution regulator for the U.S. District of
Columbia began looking into VOC and HAP emissions but
found information about emissions was lacking.* '’ The lack
of HAP emission data from CIPP companies and projects has
inhibited air pollution regulatory attention.'"'*

Some CIPP manufacturing air sampling campaigns have
been conducted but primarily focused on the HAP styrene.
When styrene resins have been used, gas-phase concentrations
in excess of 1,000 ppm were found before and during
manufacture in ambient air.”*~'® For the most popular
thermal manufacturing practice, the atmosphere contained
greater than 4,000 ppm styrene (S1)."” One investigation

In response to buried infrastructure repair challenges, new
volatile organic compound (VOC) and hazardous air pollutant
(HAP) sources have emerged." The sources are companies
that manufacture plastic (polymer) composite cured-in-place-
pipes (CIPPs). CIPPs are being created in communities across
Asia, Europe, Oceana, and North America. CIPP manufactur-
ing is carried out by setting up a temporary worksite, inserting
a styrene- or nonstyrene resin saturated tube into the damaged
pipe, and polymerizing the resin into new plastic. VOCs and
HAPs from the resin and manufacturing byproducts are
emitted into the air without being captured or destroyed
during the CIPP setup, curing, and cooling periods. Pollutant
emission into ambient air is encouraged by industry (Table S1
and Figure S1).”~*

In the U.S, HAP emissions from polymer composite Received:  October 2, 2022 'Mﬂuﬂ]f%

manufacturing operations like CIPP are regulated under Revised:  January 10, 2023
federal law, but CIPP companies have not been evaluated by Accepted: January 12, 2023
federal or state regulators.s_7 In particular, the Clean Air Act Published: January 20, 2023
regulates the emission of specific HAPs into ambient air (Table
S2). National Emission Standards for Hazardous Air Pollutants
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estimated that 6 to 33 U.S. tons of volatile chemicals
(nonspecific) were discharged per past CIPP sewer projects
(Table $3)."° If greater than 10 tons of HAP/year were
emitted, a CIPP company would be classified as a major source
according to the NESHAP. Numerous nonstyrene HAPs and
other VOCs not listed on CIPP resin safety data sheets were
found in the resins and emitted into air during manufac-
ture.”*">™** To compare HAP emission to NESHAP thresh-
olds, time-resolved chemical emission data are needed.

Analytical challenges and lack of sensor reliability assess-
ments have raised questions about CIPP manufacturing air
pollution. The atmospheres created have prompted high
styrene gas-phase concentrations that inhibited the detection
of other VOCs present.'”'** The reliability of low-cost
photoionization detector (PID) sensors for quantifying styrene
concentration has not been evaluated.'>'>'”'***=33 Degpite
this, one of the largest CIPP companies in the world claimed
“.. [the PID] can provide an accurate reading of styrene
concentration on the job site as well as at manufacturing
operations”.”* Some researchers have claimed that “PID
measurements of total VOCs are .. an acceptable approx-
imation of the styrene concentration”.”> Data was not found to
support these statements for CIPP activities. Previous CIPP
field studies revealed that a PID sensor over- and under-
estimated styrene gas-phase levels from 10- to 1,000-fold.">"”
U.S. occupational safety agencies have warned that PID
sensors may provide erroneous results due to temperature,
humidity, and calibration.”*™** U.S. agencies such as NIOSH
and OSHA have recommended styrene quantification using
sorbent tubes and/or canisters followed by %as chromatog-
raphy—mass spectrometry (GC-MS) analysis.'*”** Evidence
is needed to understand the utility of PID sensors for CIPP air
pollution assessments.

The study goal was to better understand time-resolved VOC
emissions during the thermal manufacture of CIPP and
evaluate portable real-time PID sensor reliability. Specific
objectives of this study were to (1) determine the magnitude
of styrene emitted during different phases of composite
manufacture, (2) investigate whether chemicals other than
styrene were present in gas-phase emissions, (3) evaluate the
accuracy of a portable real-time PID sensor used at CIPP
manufacturing sites, and (4) estimate chemical emissions
during full-scale CIPP projects.

B MATERIALS AND METHODS

Plastic Composite Manufacture. Unsaturated polyester
resin and vinyl hybrid resin were used as a styrene and
nonstyrene resin, respectively. Composite plates (10.16 cm X
10.16 cm X 0.6 to 0.8 cm) were manufactured following resin
manufacturer recommendations (S1).*' Two-, four-, and six-
layered thick uncured resin-impregnated fabrics (up to 2.5 cm)
were prepared and polymerized using a dry-heating curing
method. The thicknesses of the lab-manufactured composites
in the present study were similar to that of field manufactured
CIPPs (0.6 to 8.6 cm) (Figure §2). 478 Composites were
thermally cured in an electropolished stainless steel environ-
mental test chamber (ETC),® which was located inside an
oven (Figure S3). The resin manufacturer’s recommended
composite curing be conducted at 65.6 °C for 50 min (styrene
composite) and at 82.2 °C for 30 min (nonstyrene composite)
mimicking the actual CIPP installation. Temperature profiles
and relative humidity in the ETC were measured (S2). Three
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composites were manufactured, and three replicate experi-
ments were performed per curing conditions.

Emission Monitoring and Analysis. VOC Emission
Monitoring Strategy before, during, and after Styrene-
and Nonstyrene Composite Manufacture. Air testing and
composite monitoring experiments were conducted in the
sampling chamber-ETC setup (Figure S3A and Figure S4A).
Composites were cured in the ETC, and air samples were
collected from the sampling chamber. The larger sampling
chamber provided an experimental basis for further toxico-
logical evaluation of the volatile chemical emissions using
animal models. All chambers and connecting stainless steel
tubing were tightly sealed. Sampling was conducted every S to
10 min. Samples were collected for 30 s across four composite
manufacture stages: (1) leaving the composite inside the oven
for 1 h at ambient temperature (21 to 23 °C, “Staying”), (2)
heating up to set-point temperatures (“Preheating”), (3)
maintaining a constant oven temperature for S0 min with
65.6 °C for styrene composites and 30 min with 82.2 °C for
nonstyrene composites (“Isothermal curing”), and (4)
composite cooling after turning off the oven for 1 h
(“Cooling”). The ETC was flushed with ultrahigh purity
(UHP) air (1.4 L/min flow rate). The airflow was selected
based on the CIPP area specific airflow rate at field installation
conditions (S3). In this case, two-layered thin styrene- and
nonstyrene composites were used.

Because styrene was only detected in the sampling chamber,
VOC sampling was also performed directly from the ETC
exhaust to aid in capturing nonstyrene compounds present
(Figure S3B and Figure S4B). Four-layered thick composites
were used to increase the source materials and detect the
nonstyrene compounds. VOC sampling (10 or 15 min) was
conducted in four exposure stages, selected based on sampling
chamber monitoring results: (1) middle of isothermal curing
(ie, 10 min after starting isothermal hold), (2) end of
isothermal curing (15 min before halting heating), (3) during
cooling phase 1 (10 min after halting heating), and (4) during
cooling phase 2 (35 min after halting heating). VOC
concentrations were monitored to verify background residual
contamination before starting each composite emission
monitoring. Control tests and equipment decontamination
activities were conducted (S4).

Sampling and Analytical Approach. Approximately 25 mL
(30 s sampling), 0.5 L (10 min), and 0.75 L (15 min) of air
samples were collected using an ACTI VOC vacuum pump
(Markes International, Inc., CA) with a 50 mL/min flow rate
and sorbent tubes packed with quartz wool, TenaxTA, and
Carbograph STD. For multiple chemical air monitoring
experiments, an extended adsorption tube (i.e., two adsorption
tubes connected in series) was used to increase the adsorption
surface area (Figure S4B). The prepared sorbent tube samples
were analyzed using a Unity 2 Series thermal desorption (TD)
system (Markes International, Inc., CA) in conjunction with a
GC (2010-Plus, Shimadzu, Inc., MD) and an MS (TQ8040,
Shimadzu, Inc., MD). Analyzed concentrations (mixing ratios)
are presented in units of “ppb” in the air or emitted compound
mass per composite surface area ‘mg/ szcomposite" The detailed
analytical methods, quantification, and tube decontamination
are described in S5.

A calibrated PID sensor measured the total VOC signal
(ppbRae 3000 PID, f. = 1/60 s, RAE Systems, 10.6 eV lamp,
CA) of the ETC exhaust. The PID sensor was calibrated before
each experiment using UHP air and 10 ppm isobutylene. The
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Figure 1. Styrene gas-phase concentrations measured using TD-GC-MS throughout curing for (A) styrene composites (two-layered) and (B)
nonstyrene composites (two-layered) (n = 3/assessment) with respect to composite temperature (°C). At point [1], the uncured resin fabric was
removed from the heating chamber, and heating was started to a certain set-point temperature. After the heating chamber reached the heating
temperature (65.6 °C for styrene curing and 82.2 °C for nonstyrene curing), the uncured resin fabric was put into the chamber at point [2].

PID sensor response was converted to styrene using a response
factor of 0.43 provided by the manufacturer. The data was
analyzed for statistical significance by applying linear regression
analysis with a Type I error of 0.05 using statistics package
IBM SPSS Statistics 21 (SS).

Styrene emission factors (EF, mg/kg,.;,) were calculated for
each manufacturing stage using a mass conservation formula,
treating the ETC and sampling chamber as completely mixed
flow reactors (Figures SS and $6).

B RESULTS AND DISCUSSION

Time-Resolved Styrene Emission during Composite
Manufacture. Styrene emission was the initial focus of the
author’s initial evaluation because not only was styrene a
primary emission component produced from composite
manufacturing but also the authors and a U.S. government
agency previously hypothesized styrene’s magnitude inhibited
the detection of other low concentration substances.'”'®
Composites created in the present study were scaled down
versions of field CIPPs. Both styrene and nonstyrene
composites emitted styrene during manufacture. The emission
magnitude was much greater for the styrene-resin composite
than the nonstyrene composite (Figure 1). Styrene levels
reached 1,913 + 920 ppb (normalized styrene concentration: 4
+ 1 X 107 mg/ szcomposite) for two-layer styrene composite
curing and 28 + 14 ppb (6 + 3 X 10~ mg/ szcomposite) for
two-layer nonstyrene composite curing. Prior chemical analysis
revealed that the nonstyrene resin manufacturer contaminated
their product with a low amount of styrene (<1 wt %).*' The
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greatest styrene concentration was detected during styrene
composite cooling, not during the staying or isothermal curing
phases. The lowest styrene concentration for the nonstyrene
composite was found during the staying phase.

For both manufacturing operations, the composite temper-
ature exceeded the manufacturer recommended temperature
both in the isothermal curing and cooling phase. The
temperature exceedance issue was also observed during field
CIPP installations.'” This can be attributed to exothermic
reactions during polymerization.”” As the composite temper-
ature increased, the emitted styrene concentration also
increased (both p-values < 0.05) (Figure S6). Since styrene
becomes more volatile at higher temperature, its emission
could also increase after the isothermal curing phase. A U.S.
government agency previously found that, at CIPP field sites,
styrene levels were greatest durin§ the cooling phase, not
during the isothermal curing phase.'” While the cooling phase
was only 1 h in the present study, others found styrene was still
volatilizing from CIPPs after 12 h when the study was
halted.'®”>**

Other HAPs and VOCs Not Disclosed on Safety Data
Sheets Were Emitted into the Air. To better understand
the emission of nonstyrene compounds from CIPP manu-
facturing operations, double the amount of resin was cured
into composites. During styrene composite manufacture, nine
VOC:s (five HAPs) were emitted into the air (Table S4, Table
SS, and Figure S7). Except for styrene, none of the compounds
were listed in the resin safety data sheet.”* VOCs found were
styrene oxidation products (acetophenone, benzaldehyde,

https://doi.org/10.1021/acs.estlett.2c00710
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styrene oxide), resin solvent/intermediates (cumene, a-
methylstyrene, 1,2,3-TMB, 1,3,5-TMB), and phenol. These
include carcinogenic compounds, endocrine disruptors, and
chemical irritants.*~**

For the nonstyrene composite, except for a comparatively
low amount of styrene, no VOCs were detected in the air.
However, a variety of VOCs and HAPs were identified in the
uncured resin [methacrylic acid (9.96 X 10° mg/kg) > styrene
(6.90 x 10° mg/kg) > toluene (2.77 X 10° mg/kg) and five
other compounds].41 A follow-up experiment where non-
styrene resin and nonstyrene composite samples were stored in
closed vials for 24 h at room temperature revealed that the
HAP toluene was emitted into air (S7). The author’s inability
to capture and quantify VOCs was likely associated with the
sampling and analysis methods, as well as physical properties
(i.e., high volatility and low retention time) (Table S6).

Estimated Field-Scale CIPP VOC Emissions Were
Substantial. To estimate VOC emissions in full-scale CIPP
installations, styrene and total VOC emission magnitudes were
calculated. For both styrene and nonstyrene composite
manufacture, the amount of styrene increase changed abruptly
with increased composite temperature (Figure S8 and Figure
1). It is known that polymerization rates increase when
temperatures increase rapidly, but the adsorption binding
energy at the surface of each composite can be thermodynami-
cally weakened,” and VOC “emission” occurs at the surface.

The total styrene EF for the laboratory-based styrene
composite (1 h staying + SO min isothermal curing + 1 h
cooling) was 3,777 + 132 mg per kg resin, (Table S7). For
reference, about 24,600 to 454,000 kg of resin has been used
for some sewer pipe diameters of 0.6 to 2.4 m (Table
§3).'%*39 Eor the present study, the VOC mass emitted into
the air was 3.31 wt % of the initial resin,, (i.e., resin mixture).
Therefore, approximately 815 to 15,030 kg of VOC and 93 to
1,715 kg of styrene were estimated to be emitted per one-time
CIPP projects in the field. For the nonstyrene composite,
approximately 80 to 1,450 kg of VOC and 1.4 to 26 kg of
styrene per nonstyrene CIPP project were estimated. Follow-
up experiments revealed a proportional relationship between
styrene emission and the mass of resin used (Figure S9).

PID Sensors Did Not Predict Styrene Air Concen-
trations for Composite Manufacture. The PID sensor
overestimated styrene levels by a factor of 40 to 3,500 in the
present study, and increasing styrene concentrations caused
PID sensor signals to both increase and decrease. The
atmosphere created by the styrene resin composite manufac-
turing process prompted the PID sensor signal to increase, but
the signal decreased for the nonstyrene composite curing
atmosphere (both p-values < 0.05) (Figure S10, Figure S11,
and Table S8). Because humidity was low and temperature was
similar, these differences may be due to the PID sensor
responding to other VOCs and the predominance of styrene
(S8). Field use of another one of these devices underestimated
and overestimated styrene levels by a factor of 10s to 1,000s at
CIPP air pollution discharge locations.'”

Implications. Study results can now help scientists and
regulators begin to estimate VOC and HAP emission
magnitudes from CIPP manufacturing projects. The author’s
analytical approach (ie, multiple sorbent tubes in series)
enabled styrene and nonstyrene VOCs and HAPs to be
captured. While styrene was the HAP emitted in greatest
magnitude, several other compounds released from both resins
were HAPs. Therefore, to estimate the total amount of VOC
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and HAP emitted by CIPP manufacture, the totality of
chemical emissions, not just styrene, must be considered.
These nonstyrene components of the emission mixture have
shown to be responsible for toxicological effects (59).' PID
sensors should not be used to estimate air pollution magnitude,
gas-phase styrene concentrations, and the capabilities of these
sensir_1§ technologies, and their limitations require scrutiny
(89).>

Following the current study, a variety of additional studies
are recommended (S9). Composite manufacture in the present
study was conducted without steam or hot water, but the
presence of water may prompt different VOC emission profiles
and magnitudes. The role of the resin mass, pipe size, extent of
damage, types of inner and outer CIPP coatings, and other
factors in the field should be evaluated for quantifying VOC
emission. In the present work, the emission factor was
calculated based on comparatively brief manufacturer recom-
mended heating duration (1 h). However, in the field, heating
of large diameter CIPPs can occur for more than 22 h, which
does not include the subsequent 24 h of cooling.”® These
durations may prompt significant amounts of VOC and HAP
emission. In some cases, there have been more than 15 CIPPs
manufactured in a single city over a few months’ period, so the
local and regional air pollution impacts should be estimated.

In the U.S,, the Clean Air Act was created to protect public
health and public welfare and to regulate HAP emissions.
Typically, polymer composite manufacturing is conducted at a
fixed location (i.e., boat, aircraft fuselage) and is regulated by a
state’s primacy agency. Like those sources, CIPP companies
handle raw materials at a fixed facility and must comply with
regulatory HAP emission standards. However, CIPP compa-
nies emit HAPs outside their facility at multiple locations (i.e.,
single municipality or neighborhoods) and also travel to
different states emitting HAPs into different regulatory
jurisdictions. Federal and state regulators do not track how
much air pollution CIPP companies emit in each state. Results
of the present study can begin to enable regulators to make
those estimates.

As the number of CIPP manufacturing projects increases,
the magnitude of annual HAP emissions from CIPP companies
will increase. A review of CIPP manufacturers similar to the
U.S. EPA’s 1990s review of boat manufacturers®” has not yet
been conducted. For reference, the U.S. EPA (1996) reported
that 144 fiberglass boat manufacturers emitted about 6,300,000
kg of styrene/year, which was 94.7% of their measured total
HAP emissions.”* Like boat manufacturers, regulatory agencies
should evaluate air pollution monitoring, permitting, and
control operations for CIPP manufacturers.” Other helpful
information should be considered: CIPP resin usage per
project, resin chemical composition (includes materials not
listed on SDSs), emission magnitudes, and emission
composition (includes manufacture byproducts). Emission
monitoring, controls, and greater environmental regulatory
oversight could help protect air quality where buried
infrastructure is needing repair.
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