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The in situmanufacture of cured-in-place-pipe (CIPP) plastic liners in damaged sewer pipes is an emerging

mobile source of anthropogenic air pollution. Evidence indicates volatile organic compounds (VOCs) can

be released before, during, and after manufacture. The chemical composition of a popular uncured

styrene-based CIPP resin was examined, along with the VOCs that remained in the new cured

composite. The roles of curing temperature and heating time in waste discharged into the air were

examined. Uncured resin contained approximately 39 wt% VOCs. Multiple hazardous air pollutants were

present, however, 61 wt% of the uncured resin was not chemically identified. A substantial mass of VOCs

(8.87 wt%) was emitted into the air during manufacture, and all cured composites contained about 3 wt%

VOCs. Some VOCs were created during manufacture. Curing temperature (65.5–93.3 �C) and heating

time (25–100 min) did not cause different composite VOC loadings. High styrene air concentrations

inhibited the detection of other VOCs in air. It is estimated that tens of tons of VOCs may be emitted at

a single CIPP manufacturing site. Regulators should consider monitoring, and potentially regulating,

these growing mobile air pollution and volatile chemical product sources as they are operating in urban

and rural areas often in close proximity to residential and commercial buildings.
Environmental signicance

Sewer pipes are being repaired globally by manufacturing a new plastic pipe inside an existing damaged pipe. This increasingly popular technology, cured-in-
place-pipe (CIPP), involves the open-air handling of uncured resin that includes VOCs and SVOCs and open-air plastic manufacture. This process poses
a signicant air pollution risk as contractors create new chemicals during plastic manufacture, and discharge their chemical waste into the air. This study
quantitatively characterized how emissions differ across the thermal manufacturing processes in a lab-scale environmental test chamber. Also, the impact of
ventilation of the newly created plastic that contains VOC residual was investigated.
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1. Introduction

Cured-in-place-pipe (CIPP) technology is a popular method
used for sanitary and storm sewer pipe repair across the U.S.1–5

However, this technology constitutes a new mobile source of air
pollution. CIPP contractors establish a temporary worksite at
the damaged pipe and insert an uncured resin tube inside the
pipe. Next, they use steam, hot water, or UV light to polymerize
the resin and discharge their process chemicals into the air (see
Fig. 1). Aer the liner hardens, and is cut to allow water to ow,
the contractors relocate to their next job site. This plastic
manufacturing process is inherently mobile.

It is common practice that contractors discharge their
process waste into air, which is a byproduct of manufacture.
These pollutants can travel through buried sewer lines and exit
nearby manholes and vents, enter into nearby buildings and
public spaces, as well as travel aboveground through and off the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chemicals can be released into the air at CIPPmanufacturing sites:
(a) Illustration of a standard CIPP manufacturing process, (b and c)
chemical plume emitted into air during sanitary sewer CIPP manufacture,
(d) pathways that emissions can travel affecting the environment, workers,
and the public. Uncured resin tubes are delivered or created onsite, tubes
are then inserted into the damaged pipe followed by a curing process
where chemicals are discharged to the air. Once hardened, the liner is cut
and the pipe is often immediately returned to service.

Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 2
5 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 P

ur
du

e 
U

ni
ve

rs
ity

 o
n 

10
/4

/2
02

0 
8:

24
:0

5 
PM

. 
View Article Online
worksite kilometers away.6–8 Many of the pollutants are known
or suspected carcinogens, acutely toxic at specic concentra-
tions, pose occupational risks to workers, and are substances of
concern by the United States Clean Air Act. Regulated hazardous
air pollutants (HAPs) have been found discharged to air, though
no studies have estimated the magnitude of CIPP-induced air
pollution. CIPP-induced air pollution has been detected inmore
than 130 incidents associated with environmental degradation
and risks to the health and safety of workers and the public9–16

(see Table S1 in ESI†). Risk assessments are lacking, and
unsubstantiated statements have been found in CIPP industry
worker and municipality training courses17 and textbooks.18–20

One peer-reviewed CIPP stormwater pipe worksite risk analysis
study did not consider worker chemical exposure,21,22 but
instead injuries with manual tasks and equipment use (i.e.,
mixers, pumps, etc.). Some investigators have stated that CIPP
solvent vapors could “pose a health risk”, but also stated “such
levels are not typically found in CIPP installations” and the
“problem applies only until the resin is cured”.23 Some CIPP
greenhouse gas emission studies have focused on equipment
This journal is © The Royal Society of Chemistry 2020
(i.e., trucks, generators), and concluded CIPP use is more
‘environmentally’ justied than open-cut/pipe replacement.24–27

Estimates of CO2 emissions, the carbon footprint during CIPP
fabrication28–30 and CIPP installation construction and envi-
ronmental costs25,31 are other examples of such studies.

The scale of pollutant emissions at a single CIPP
manufacturing site may be signicant because as much as
454 000 kilograms of uncured resin has been brought onsite
(see Table S2 in ESI†). The uncured resin tube matrix has been
either felt or berglass matting and contains the resin premixed
with monomers, initiators, inhibitors, ller, and other ingre-
dients. Ingredient degradation products have also been found
to be present. The HAP styrene is the most popular CIPP resin
reactive diluent/monomer,32 but many other contaminants are
in the resins, have been discharged into air and water, and
extracted from new CIPPs (see Table 1). Air concentrations for
styrene (0.011–1820 ppmv)6,12,33–36 and another HAP methylene
chloride (1.41–1.56 ppmv)31 have been reported. However, 19
other chemicals were detected in air but were not quantied.36

In addition, applying forced air or steam, typically with a pres-
sure range of 5–20 psi 37 to inate the uncured resin tube
against the damaged pipe's wall may also contribute to
pollutant discharge into the air.

Aer CIPP manufacture, extractable VOCs can be found in
the CIPPs, however, only a few studies on this topic exist. A high
of 9.2 wt% VOCs has been reported38 and these originate from
the uncured resin and are created in situ during manufacture.
During CIPP manufacture, VOC air concentrations can increase
within nearby pipes, manholes, the worksite, and nearby
buildings (see Table S1 in ESI†). However, no studies were
found to monitor chemical air concentrations aer CIPP
manufacture. Also, the effect of process curing temperature or
heating time on the VOC emission prole is presently unknown.
For example, for a different application, the styrene ux from
a cured styrene-based composite was found to increase by
a factor of 8.4 as air temperature increased from 10 to 50 �C.39

To examine the impact of ventilation on styrene air concentra-
tion reduction aer CIPP manufacture, one study recom-
mended a 24 h post-CIPPmanufacture ventilation period.40 This
ventilation period was chosen because styrene was found in air
24 h aer sewer pipes that had been lined with CIPPs. No
similar recommendations have been applied in the U.S., nor
have studies been conducted to determine if short-duration
ventilation reduces the CIPP's subsequent styrene ux.

The goal of this study was to better understand VOC release
into the air during process setup, manufacture, and aer CIPP
installation. A popular styrene-based CIPP resin was used for
the present study. To help identify factors that control CIPP
VOC emissions, composites were created in controlled labora-
tory environment using different curing conditions (pressure,
curing temperature, and heating time). In addition, the impact
of ventilation on the VOC ux from the cured composite was
investigated in a lab-scale environmental test chamber (ETC).
Specic objectives were to: (1) chemically characterize the
unsaturated polyester resin, (2) physically, thermally, and
chemically characterize the cured composites, (3) determine
how curing conditions (pressure, temperature, and heating
Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 | 1829
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Table 1 List of chemicals detected and reported at past CIPP project sites and in CIPP resinsa

Contaminant

Raw material Media where chemical found

Uncured CIPP resin Initiator deg. prod. Air New CIPP Water
Condensate captured
from air

Acetophenone*+,HAP x x x x
Acetoneq‡§D{rh x x x
Anilineb,HAP x
BenzeneqD{bh,HAP x x x x
BenzaldehydeZ*h x x x x x
Benzoic acidq*b x x x
2(3H)-Benzothiazolone{ x
Benzyl alcohol{ x
1,4-Benzene dicarboxylic acid,
bis(2-hydroxyethyl) ester{

x

Bisphenol a diglycidyl etherZ x
Bis(tert-butylcyclohexyl) peroxydicarbonate+ x
2-Butanone (methyl ethyl ketone){bh,HAP x x x
tert-Butyl benzener

tert-Butyl alcohol§ x x x
tert-Butyl peroxy-2-ethylhexanoate+ x
Butyl benzyl phthalate (BBP)#

Butylated hydroxytoluene*Z x x x
Chloroform{h,HAP x x
DecaneZ x
Di-n-butyl phthalate (DBP){$*Z,HAP x x x
Diethyl phthalate (DEP)q{ x
Di(2-ethylhexyl) phthalate (DEHP)q#{$,HAP x
Divinylbenzene§§ x
Diisooctyl phthalate (DOP){ x
4-(1,1-Dimethyl) cyclohexanol{ x
4-(1,1-Dimethyl) cyclohexanone{ x
DodecanolZ x x
Ethylbenzeneq‡Zh,HAP x x x
2-Ethylhexanoic acidß x
3-Heptanol{ x
n-Hexadecanoic acid{ x
1-Hydroxymethyl-2-methyl-1-cyclohexene{ x
Isopropylbenzeneq‡§D{JZ x x x
Irgacure®Z x x x
Maleic anhydrideZ,HAP x
4,7-Methano-1H-indenol,hexahydro{ x
Methyl vinyl ester terephthalic acid{ x
Methylene chloride{J,HAP x x
(4-Methylenecyclohexyl) methanol{ x
Octadecanoic acid{ x
Phenol{D*+,HAP x x x x
2-Phenyl acetaldehyde+ x
Phenyl ethyl alcohol{ x
1-Phenyl-2-propanone1-hydroxy{ x
Phthalic anhydrideZ,HAP x x x
N-Propylbenzene‡§D{JZ x x x
StyreneU†‡§q{Dr*Z+,HAP x x x x x
Styrene oxideZ,HAP x x
TolueneqDh x x
1-TetradecanolZ+b x x x x
4-tert-Butyl cyclohexanol+*b x x x x
Tripropylene glycol diacrylate+*b x x x
1,2,3-TrimethylbenzeneZ x x x
1,2,4-Trimethylbenzeneq‡§D{JZh x x x x
1,3,5-Trimethylbenzeneq‡§D{JrZh x x x x
3,3-Trimethyl cyclohexanone{b x

1830 | Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 This journal is © The Royal Society of Chemistry 2020
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Table 1 (Contd. )

Contaminant

Raw material Media where chemical found

Uncured CIPP resin Initiator deg. prod. Air New CIPP Water
Condensate captured
from air

2,4,6-Triphenyl-1-hexane [styrene trimer]+ x
1,3,5-Triphenylcyclohexane [styrene trimer]+ x
Xylene (total)DZh x x x x

a Notes: More than 90 other tentatively identied compounds have been reported that are not shown in the table above. Tentatively identied
compounds are chemicals that were detected, but the exact chemical structure/identied was not conrmed. Therefore, the table above does
not list all chemicals that can be released from CIPP processes, but just those that have been conrmed. Blank cell indicates no limit was
found for the states surveyed. ** Air samples were collected at the worker's breathing zone. Symbols next to each compound name represent
the studies and reports where they were reported and associated with CIPP installations. References for the documents are listed below.
Compounds in table were detected by prior investigators who examined CIPP waste or water sampling included UNRC (2010),41 qCDOT (2011),42
‡CDOT (2012),43 FVDOT (2016)44, †Donaldson (2012),45 §Spectrum (2013a–d),46–49 {Tabor et al. (2014),50 rUGA (2016),51 DCurrier (2017),52

*Teimouri et al. (2017),11 HPA DEP (2019b),53 JTentatively identied compounds in Tabor et al. (2014),50 ZLi et al. (2019),38 +Ra et al. (2019).7
bInitiator degradation product reported by Ra et al. (2019),10 §§NIOSH (2019).12 hMatthews et al. (2020),71 HAP is abbreviation for hazardous air
pollutant.
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time) inuence VOC emissions from new composites, and (4)
examine the effectiveness of ventilation on reducing the VOC
emission rate of cured composites.
2. Methodology
2.1. Composite manufacturing in a university laboratory

Styrene-based unsaturated polyester composite plates (7–10 mm
thick) were prepared by thermal oven heating inside a fume hood
(1.59m� 1.22m� 0.58m) (Model: SafeAire, Hamilton Industries,
Inc.). Two felts (10.16 cm � 10.16 cm � 0.381 cm) for each
composite manufacture were used. Approximately 100 gr of
uncured resin mixture containing unsaturated polyester unlled
CIPP resin, 1.15 wt% of Perkadox® 26 (United Initiators, Inc.) and
0.50 wt% tert-butyl peroxybenzoate (CAS # 614-45-9, Sigma Aldrich)
were poured on each side of the felt. The resin mixture was spread
using a wooden stick and roller. The uncured resin impregnated
felts were layered or “laid-up, topped with a perforated Teon®
release lm (ACP Composites) and a breather cloth (ACP
Composites, Inc.). Next, these were sealed by a Nylon vacuum bag
lm (ACP Composites, Inc.). The sealed bag was then placed in an
oven (Model # 20GCE, Hogentogler and Co., Inc.) and curing was
conducted under vacuum using a GAST vacuum pump (dia-
phragm type, ISSACS). Because the uncured resin mixed with the
manufacturer's recommended initiator loading did not harden as
per the manufacturer's recommended curing condition (60 �C/45
min), other conditions were used to obtain hard composites:
condition A: 65.5 �C for 50 min, condition B: 65.5 �C for 25 min,
condition C: 65.5 �C for 100 min, and condition D: (a) 93.3 �C for
50 min. For each condition, six replicates were manufactured
among which 3 replicates underwent liquid–solid extraction and 3
replicates were monitored for VOC air emissions.
2.2. Liquid-solid extraction of uncured resin, cured
composites, and analysis

The uncured styrene-based CIPP resin and cured composite
replicates were chemically extracted at room temperature using
This journal is © The Royal Society of Chemistry 2020
methylene chloride and hexane. Each replicate was rst drilled
into spiral shapes. Next, 3 g of drilled material and 3 g of
uncured resin were separately immersed headspace-free in
solvents. The samples were stored in 20 mL amber glass vials
with PTFE caps for three days in darkness. This approach was
determined to achieve equilibrium between the cured
composite–solvent pair by Ra et al.7 Prior to extract analysis by
gas chromatography mass spectrometry (GC/MS), the cured
composite methylene chloride and hexane extracts were diluted
100 and 10 times, respectively to avoid contamination of the
instrument. For uncured resin extracts, extracts were rst
diluted 10 000 times (methylene chloride) and 1000 times
(hexane) to quantify styrene since a very high styrene loading
was anticipated in the uncured resin. Such a signicant dilution
could eliminate the existence of other compounds. Therefore,
the resin extracts were again injected into and analyzed by GC/
MS, but with no dilution while styrene with 6.7 min retention
time was excluded from 6.6 to 7.3 min in the MS program. This
exclusion helped prevent styrene instrument contamination
while detecting other chemicals. Chlorobenzene-d5 dissolved in
methylene chloride with 1 mg L�1 concentration was added as
an internal standard to the samples with the same solvent,
while the internal standard for hexane extracts was 2 mg L�1

chlorobenzene-d5. Controls (i.e. solvents without cured
composites) were also created and analyzed by GC/MS.

Chemical detection and conrmation were conducted using
GC/MS and H NMR. A GC (Shimadzu, Inc., 2010-Plus) and MS
(Shimadzu, Inc., TQ8040) was used to analyze the extract
samples. The GC/MS was equipped with a HP-5MS capillary
column (length 30 m, diameter 0.25 mm, lm 0.25 mm) (Agilent
Technologies, Inc.) to separate different compounds in the
samples. The oven temperature program for GC was as follows:
oven temperature of 40 �C (hold for 4 min), then ramped to
210 �C at 12 �C min�1 (hold for 4 min) using He carrier gas (5
mLmin�1) with split injection of 1 : 10 at 280 �C. Purge ow and
column ow were 5.0 mLmin�1 and 1.5 mLmin�1, respectively.
The samples were analyzed for 18 min. For nuclear magnetic
Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 | 1831
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resonance (NMR) spectroscopy, uncured resin sample and
cured composites chips were dissolved in deuterated chloro-
form. 1H NMR spectra were collected using 32 scans on a 500
MHz Bruker spectrometer (Bruker Bio Spin, Fremont, CA)
equipped with Top Spin soware. The ESI† section includes
a detailed description of analytical standards and equipment.

2.3. Chemical air monitoring of cured composites placed in
an ETC for a total time of 50 h

An electropolished stainless steel environmental test chamber
(ETC) was constructed (see Fig. S1 in ESI†) according to ASTM D
6670-01.54 The ETC was designed based on a CIPP culvert with
45.72 cm diameter (i.e., 8.75 m2 m�3 loading factor) and 6 m
length. An air monitoring setup for the ETC was placed in
a fume hood (see Fig. 2 and S1 in ESI†). Among the nine 50 h
chemical air monitoring events conducted for cured compos-
ites, four background air samples from an empty ETC were
collected. A similar approach was applied for the 50 h chemical
air monitoring events for both chemical air monitoring from
cured composites and background air sampling.

Prior to each experiment, the stainless steel setup was dis-
assembled and rinsed with high purity methylene chloride
(CAS# 75-09-2, Sigma Aldrich) and acetone (CAS# 67-64-1, Sigma
Aldrich) at least three times. The rinsed pieces were then
ushed with high pressure air for 2 min, and then dried in
a vacuum oven (model 3608, Thermo Fisher Scientic) at 200 �C
for 4 days followed by drying at ambient temperature for 2 days.
Aer assembling the setup, ultra-high purity (UHP) air with 0.3
L min�1

owrate was ushed through overnight to remove
possible contaminant/solvents residuals. Eventually, the cured
composite plate was placed in the ETC to undergo 50 h of air
monitoring following the three consecutive steps listed below.

2.3.1. Chemical air monitoring from cured composites in
a conned ETC with zero air exchange rate for 24 h: the static I
experiment. The rst step of chemical emission monitoring was
conducted in the ETC at ambient temperature for 24 h. Two on-
off valves (Parker) upstream and downstream of the ETC were
closed to mimic static conditions. Air samples with 25 mL
volume were collected using an ACTI VOC vacuum pump
(Markes International, Inc.) with 50 mL min�1

owrate and
sorbent tubes (Markes International, Inc.) packed with quartz
wool, TenaxTA and Carbograph 5 TD. Sampling from emissions
Fig. 2 Experimental setup for capturing post-cured chemical air emissio

1832 | Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841
inside the enclosed ETC was performed without replacement,
causing slight decrease in pressure. However, the pressure
change across the ETC was considered negligible. Different
intervals were used to collect the air samples: initial, 2, 4, 6, 8,
10, 12, 14, and 24 h.

2.3.2. Chemical air monitoring during ventilation of the
ETC for 2 h: the dynamic experiment. Immediately aer the
24 h static test, a dynamic test was performed at room
temperature by ventilating the ETC for 2 h. Experiments
involved ETC ushing with ultra-high purity air (1.7 L min�1

owrate, Q ¼ 42 s) over the same cured composite used in the
static I experiment. During the entire ventilation period,
continuous emission monitoring was conducted using
a ppbRae 3000 photon ionization detector (PID) (RAE Systems,
10.6 eV lamp). The device had a 10.6 eV lamp and was calibrated
with isobutylene at 10 � 0.03 ppmv. PID monitoring was per-
formed using a styrene correction factor of 0.43 and rmware
v2.13 was used. An external lter (PALL Life Science, Acrodisc
CR 25 mm Syringe Filter) was also connected to PID to protect
the PID detector from saturation by styrene. Sorbent tube air
samples with 25 mL sample volume were also collected in
different intervals: initial, 5, 10, 20, 40, 60, 80, 100, and 120min.
The vacuum pump and owrate were the same as the static I
experiment.

2.3.3. Additional chemical air monitoring from the
conned ETC with zero exchange rate for 24 h: the static II
experiment. An additional 24 h static emission monitoring
period was performed right aer the 2 h dynamic test to estimate
the effectiveness of ventilation in removing chemicals from the
ETC. In this step, both valves were closed again to mimic static
conditions in the ETC. The vacuum pump, air owrate and
sampling duration were similar to the static 1 experiment.
Sorbent tube air samples were captured when the experiment
began and then at the 2, 4, 6, 8, 10, 12 and 24 h periods. Due to
a lack of consistency in sampling intervals during the static 1 and
static 2 experiments, the results of sorbent tube samples for the
rst 12 h were presented and compared.

2.4. Air sample collection and analysis

For sorbent tube analysis, chlorobenzene-d5 (CAS# 3114-55-4,
Sigma Aldrich), dissolved in methylene chloride was injected to
sorbent tube air samples as internal standard (IS). An IS
ns from cured composites.

This journal is © The Royal Society of Chemistry 2020
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solution with 11.57 mg L�1 concentration (1 mL) was injected
into the samples anticipated to have low concentrations of
chemicals, while for the air samples expected to have high
concentrations, 115.7 mg L�1 (1 mL) was added. To analyze the
sorbent tube samples, a multi-tube thermal desorption (TD)
autosampler (Ultra) Unity 2 series running on Maverick Tubes
soware (version 5.2.0, Markes International, Inc.) and con-
nected to a GC (Shimadzu, Inc., 2010-Plus) and MS (Shimadzu,
Inc., TQ8040) were used to thermally desorb the samples. The
cold trap temperature in the TD was held at 25 �C and then
ramped to 300 �C at 20 �C min�1. Desorbed compounds from
the TD cold trap were then injected into a GC/MS equipped with
HP-5MS capillary column (length 30 m, diameter 0.25 mm, lm
0.25 mm) (Agilent Technologies, Inc.). The oven temperature
program for the GC was as follows: oven temperature of 40 �C
(hold for 2 min), then ramped to 210 �C at 15 �Cmin�1 using He
carrier gas (5 mL min�1) with direct injector mode (hold at 100
�C). The purge ow and column ow were 5 mL min�1 and 1.5
mL min�1, respectively. The samples were analyzed for 13 min.
To quantify styrene, calibration curves with coefficient of
determinations of 0.999, 0.998, 0.997, 0.993, 0.991, 0.9781 and
0.9635 were developed. Aer analysis by GC/MS, a tube condi-
tioner (TC-20, Markes International, Inc.) was used to decon-
taminate the sorbent tubes. Decontamination was performed at
320 �C for 12 h while UHP He at 100 mL min�1 was passed
through the sorbent tubes.

2.5. Thermal characterization of cured composites

Composite thermal characteristics were determined using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Prior to analyses, samples were drilled from
the surface (1–2 mm) and the bulk (7–10 mm) by a drill press
equipped with 1/8-inch bit. For TGA (Q-500, TA Instruments,
Inc., New Castle, DE), 11–13mg of drilledmaterial was placed in
a platinum pan, heated at 10 �Cmin�1 to 160 �C under nitrogen
atmosphere (60 mL min�1) and held for 120 min to determine
VOC evaporation. A DSC Q-2000 (TA Instruments Inc., New
Castle, DE) was used to investigate if unreacted initiator
remained in the cured composites. Approximately 10–11 mg of
drilled material was placed in aluminum crucibles and were
hermetically sealed by aluminum lids. Scans were performed at
10 �C min�1 from 25 �C to 200 �C. TGA results were analyzed
using a two-way ANOVA with a signicance level of 0.05 to
determine if curing conditions caused differences in the
amount of VOC remaining in each cured composite aer
manufacture measured as weight loss. This was also applied
based on composite depth.

2.6. Physical characterization of cured composites

Optical microscopy, as well as Adobe Photoshop and ImageJ,
were used to calculate composite porosity. Adobe Photoshop
was then applied to select the pore regions in each image using
the selection tool. Selected pores were copied and pasted in
ImageJ to apply a threshold. Percent porosity (percent area) was
calculated by dividing the total area obtained by the ‘‘analyze
particles’’ feature in ImageJ to image size. For each curing
This journal is © The Royal Society of Chemistry 2020
condition, two cured composite replicates underwent waterjet
cutting to obtain porosity samples (50 mm � 12 mm � 6–8
mm). For conditions 65.5 �C/50 min and 65.5 �C/100 min, 2
porosity samples per replicate and for condition 93.3 �C/50 min
1 porosity sample per replicate was achieved. The samples were
then polished by water for more clear images. Using an
AmScope stereo microscope and an AmScope image capture
soware, 8–12 images were captured from two different sides of
each sample.

The density of cured composites was determined according
to ASTM D792-00.55 Similar to porosity, two cured composite
replicates (out of three) at each curing condition were cut by
waterjet to obtain replicate cubes (12 mm � 12 mm � 6–8 mm).
The number of replicate cubes was as follows: for composite
replicates cured at 65.5 �C/50 min/: 3 replicate cubes for repli-
cate 1 and 2 replicate cubes for replicate 2; for composite
replicates cured at 65.5 �C/100 min: 3 replicate cubes for repli-
cate 1 and 3 replicate cubes for replicate 2; for composite
replicates cured at 93.3 �C/50min: 3 replicate cubes for replicate
1 and 1 replicate cube for replicate 2. Replicate cubes were kept
at room temperature for 48 h prior to density measurement. The
weight of the replicates was measured in air and aer water
immersion. Samples were shaken slowly during submersion in
water to remove the entrapped water from the specimens.
Specic gravity was calculated by using the difference between
sample weight in air and water of a replicate. The density of
each replicate was obtained by multiplying the specic gravity
to water density at ambient temperature.

3. Results and discussion
3.1. The uncured resin contained chemicals beyond styrene

TGA revealed that the uncured resin contained approximately
39 wt% VOCs. The uncured resin SDS reported only styrene
monomer as a hazardous component.56 Styrene (290 839 �
20 154 mg kg�1) was found in most abundance and was
approximately 29.1% of the total resin weight. More than 60
other compounds were tentatively identied in the uncured
resin (see Table S3 in ESI†), and 8 were conrmed (see Table 2).
Conrmed compounds were HAPs, as well as known and sus-
pected carcinogens, endocrine disruptors and/or had high
signal intensity. These conrmed compounds constituted
approximately 29.2 wt% of the uncured resin while the
composition of the remaining 70.8 wt% of the uncured resin
was not identied (see Tables 2 and S2 in ESI†). The unidenti-
ed material using the GC/MS approach may include the low
molecular weight polyester of isophthalic or orthophalic acid
polymerized with a diol and fumaric acid. Like prior styrene-
based CIPP resins analyzed,7,38 the monomer styrene and anti-
oxidant butylated hydroxytoluene (BHT) were found. N-Pro-
pylbenzene, 1,3,5-trimethylbenzene (TMB), and 1,2,4-TMB were
also found in the resin and by others in CIPP resins.38 Four
compounds were found in the present study but were not re-
ported by others: 3-ethyl-1-methylbenzene (monomer), 2-ethyl-
hexanoic acid (Trigonox® initiator degradation product), 2-
propenylbenzene (unknown) and hydroquinone (polymeriza-
tion inhibitor).
Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 | 1833
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Table 2 Chemical mass loading (mg kg�1) for the uncured resina

Chemical detected

Present study
Range reported
in the literatureGC/MS H NMR

StyreneCAR, EDR, HAP 2.91 � 105 � 2.02 � 104 Detected (1.04 � 104–1.44 � 105)38

Styrene oxideCAR, HAP Not detected Detected (4.70 � 101–1.38 � 102)38

1,3,5-TMB 7.12 � 101 � 6.84 Detected (4.40–5.60 � 101)38

N-Propylbenzene 1.03 � 102 � 9.49 Detected (5.90–5.80 � 101)38

2-Propenylbenzene 6.81 � 7.70 � 10�1 ne nr
HydroquinoneCAR*, HAP 2.15 � 102 � 5.32 � 101 ne nr
3-Ethyl-1-methylbenzene >CR ne nr
2-Ethylhexanoic acid 1.64 � 102 � 2.42 � 101 Detected nr
BHT 4.30 � 101 � 4.78 ne (5.33–2.37 � 102)7,38

Sum 2.92 � 105 — (1.58 � 103–1.52 � 105)38

a Not examined (ne) ¼ authors did not search for this compound in the analytical result; not reported (nr); a dash indicates the chemicals detected
by HNMR were not quantied; CAR ¼ carcinogenic compound; EDR ¼ endocrine disruptors; HAP ¼ hazardous air pollutant; NQ ¼ not quantied;
CR: calibration range (57.67mg L�1�28.4mg kg�1, loading calculation was based on 3 g uncured resin); TMB¼ trimethylbenzene, BHT¼ butylated
hydroxytoluene; CAR*: suspected carcinogen; some of the chemicals presented here were also found in different media: styrene in air,6,11,12,33–35

water38,42–53 and CIPP condensate;11,50 1,3,5-TMB: in water38,42,43,47–51 and CIPP condensate;50 BHT: in CIPP condensate.11
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3.2. Chemical volatilization was inuenced by the
manufacturing condition

Chemical volatilization was inuenced by air pressure, while
temperature and heating time did not inuence the nal chem-
ical composition of cured composites. At ambient pressure, the
weight difference between the initial uncured material and nal
hardened composite for composite A (50 min at 65.5 �C) was
8.87 � 1.67 wt% (see Table S4 in ESI†). This lost material was
emitted into the air as a waste product. In contrast, when
composites were manufactured for the same and different
conditions, under vacuum, a 21–27 wt% VOC loss was detected.
Because a vacuum is not known to the authors of being applied at
CIPP manufacturing sites, it is suspected that actual VOC loss to
the air may more closely mimic the ambient condition. Also,
uncured resin tubes oen have a thin lm (i.e., polyethylene,
polyvinylchloride) on their inner surface covering the PET felt
and berglass, which may help to reduce VOC loss. Though,
some temperatures previously documented in the eld exceeded
the melting temperature of those lms,7 and this allows the resin
to be directly exposed to the air or steam. A lm was not used for
the present study. In the eld, forced air and steam are
Table 3 The weight of volatile material found in new composites based

Parameter

Curing condition and weight of volatile m

Condition A 50 min, 65.5 �C

Aer manufacture, no vacuum
Surface 2.76 � 0.46%
Depth 3.07 � 0.43%

Aer manufacture, vacuum applied
Surface 2.90 � 0.12%
Depth 2.94 � 0.17%

a Initial volatile content of the uncured resin was 39 � 1.74%; an emdash
weight loss.

1834 | Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841
commonly blown down the length of uncured resin tubes during
CIPP manufacture, whereas composites were cured in an oven
for the present study. The air temperature during curing
(65.5–93.3 �C) and heating time (25–100 min) did not signi-
cantly inuence the amount of VOC that remained inside the
cured composites aer their manufacture (p¼ 0.59) (see Table 3).
3.3. Physical, thermal, and chemical characteristics of the
new composites

Different curing temperature and heating conditions resulted
in composites with different density (1.10 to 1.19 g cm�3) and
porosity (0.25 to 1.27%) characteristics. The densities observed
were similar to CIPPs exhumed from the eld by others (1.07 to
1.20 g cm�3),7,57 while the observed porosity was signicantly
lower than the porosity range of 3.41 to 17.75% reported from
CIPPs manufactured in the eld57,58 (see Table S5 in ESI†). Such
a difference might be due to use of steam curing CIPP eld
installations. In the lab, the higher temperature curing condi-
tion caused more porosity and lower density, which might be
due to increasing void pressure.59 The rst heating scan of DSC
thermograms revealed a small endothermic peak at 55–65 �C
on curing conditionsa

aterial detected, wt%

Condition C 100 min,
65.5 �C

Condition D 50 min,
93.3 �C

— —
— —

2.77 �0.25% 2.90 � 0.11%
2.46 � 0.24% 2.98 � 0.07%

(—) indicates no sample was manufactured at that condition to measure

This journal is © The Royal Society of Chemistry 2020
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and an exothermic peak at 140–160 �C for all composites cured
under vacuum. This implied the presence of unreacted VOCs,
uncured resin, and/or initiator (see Fig. S2 in ESI†).

For the composite cured at ambient pressure, styrene, styrene
oxide, 1,3,5-TMB, 1,2,4-TMB, benzaldehyde, benzoic acid, 1-tet-
radecanol, 3-ethyl-1-methylbenzene, and N-propylbenzene
were detected and quantied. The chemical loading of styrene
(p ¼ 0.022) in the composite cured at ambient pressure was
signicantly lower than the chemical loadings of the same
compounds obtained from the composites cured under vacuum.
No signicant difference, however, was observed for styrene oxide
and 1-tetradecanol loadings by changing curing pressure. Among
different quantied compounds, styrene constituted the highest
portion (9.74� 103� 1.09� 103 mg kg�1) in the cured composite,
which was 3-fold greater than other compounds. No statistical
difference in the amount of each compound extracted from the
cured composites was found when either air temperature during
curing or heating time were varied (see Tables 4 and S5 in ESI†).

Styrene was detected in most abundance across cured
composites (14 518 to 20 691 mg kg�1), but was present at
a much lower loading than in the uncured resin (see Table 2).
Other compounds detected in the cured composites were
present at a loading 3-fold less than styrene. Several compounds
were likely created during manufacture as they were detected in
the cured composites, but not the uncured resin, such as
benzaldehyde, benzoic acid, styrene oxide, and 1-tetradecanol.
Several compounds found in the uncured resin were not
detected in the cured composites: hydroquinone, BHT, and 2-
ethylhexanoic acid. H NMR results conrmed the existence of
styrene (monomer), styrene oxide (styrene oxidation product),
2,4-diphenyl-1-butene (styrene dimer), 1,3,5-TMB, phthalic
anhydride (suspected monomer), N-propylbenzene and 2-eth-
ylhexanoic acid in cured composites and styrene, styrene oxide
and 1,3,5-TMB in uncured resin (see Table 2 and Fig. S3 in
ESI†). 2,4-Diphenyl-1-butene (styrene dimer) was the only
compound detected in cured composites by H NMR and not by
GC/MS extract analysis. No styrene dimer was found by H NMR
analysis of the uncured resin. Most, but not all, of the chemicals
extracted from the cured composites were previously conrmed
in other studies focused on CIPP styrene-based resins, newly
manufactured CIPPs, and released into in air and water at CIPP
manufacturing sites. For the present study, the variability of
compound magnitude in the composites was minimal. CIPPs
removed from the eld however by others, and extracted using
the same methods as the present study, found signicant
chemical loading differences. In some cases, variability was up
to 19 times greater in magnitude even when CIPPs were man-
ufactured using the same resin, by the same contractor, and
manufactured within 2 days of one another at the same loca-
tion.7,53 As a result, this indicates the existence of unknown
factors inuencing CIPP chemical loading that requires addi-
tional investigation.
Fig. 3 Normalized weight of styrene from composites that were
manufactured under different conditions for: (a) static I air monitoring
experiments and (b) static II air monitoring experiments. Between each
experiment, air flow was flushed through the ETC for 2 h and air
monitoring was conducted before and after ventilation using sorbent
tubes and a PID.
3.4. VOC emissions from newly manufactured composites

Styrene was the only compound detected and quantied in the
air during chemical emission monitoring. The authors
This journal is © The Royal Society of Chemistry 2020
encountered similar analytical method limitations as those
encountered by NIOSH (2019). The high styrene air concentra-
tion prevented the identication and quantication of other
VOCs with lower abundance in air samples. In the present
study, the author's chemical analysis of the uncured resin and
cured composites themselves indicated that other VOCs were
present and were likely also emitted to the air.

The time needed to achieve ETC styrene equilibrium in air
differed across cured composites (see Fig. 3), even though
composite styrene loadings were not different (see Table 4). The
time to achieve equilibrium was about 10 h for the composite A
(65.5 �C/50 min) and no equilibrium was achieved for either
composite B (65.5 �C/100 min) or composite C (93.3 �C/50 min).
The greatest normalized styrene weight (mg cm�2) (and air
concentration) was obtained for composite A (65.5 �C/50 min)
and composite B (65.5 �C/100 min) aer 12 h which were
4.77 � 4.38 ng cm�2 12 h�1 (i.e., 6.08 � 5.64 ppmv) and 2.28 �
1.94 ng cm�2 12 h�1 (i.e., 2.95 � 2.53 ppmv), respectively.
Composite C (93.3 �C/50 min), which was manufactured at the
greatest temperature, had a noticeably lower normalized
weight and air concentration than other composites: 0.56 �
0.87 ng cm�2 12 h�1 (i.e., 0.71� 1.08 ppmv). No relationship was
found between normalized styrene weight, composite porosity,
and density. Because the composite cured at higher tempera-
ture exhibited the lowest normalized styrene weight, greatest
porosity and lowest density, the authors hypothesize that the
Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 | 1835
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observed styrene emission was a surface phenomenon. There-
fore, the styrene loading measurement for a composite sample
through the entire wall could not detect this factor. Since the
cured composites were prepared under vacuum, styrene and
other VOCs that could be present aer CIPP manufacture may
have been removed and thus were not detectable during the
ETC experiment that was not conducted under vacuum.

3.5. Air ventilation of new composites and VOC rebound

Immediately before air ventilation, average normalized
styrene weight (and air concentration) were found to be 0.62 �
0.37 ng cm�2 (i.e. 1.20 � 0.69 ppmv) for composite A (65.5 �C/
50 min), 2.99 � 2.69 ng cm�2 (i.e. 3.82 � 3.46 ppmv) for
composite C (65.5 �C/100 min) and 0.22 � 0.28 ng cm�2 (i.e.
0.27 � 0.35 ppmv) for composite D (93.3 �C/50 min). The
styrene air concentrations were below the styrene 8 h-TWA 100
ppmv OSHA occupational exposure limit,60 but above the limit
at which odor can be detected (0.04–0.32 ppmv).61,62 Concen-
trations were also below the level California established for
a 1 h exposure of the general public, 4.9 ppmv.14 But, exceeded
the USEPA acute residential inhalation indoor air target of
0.244 ppmv.63 According to both the PID and sorbent
tube results (see Fig. S4 and Table S7 in ESI†), air ventilation
(Q ¼ 42 s) reduced styrene air concentration rapidly to almost
0 ppmv in 10 min. Although, levels rebounded back to the
initial concentration when ventilation was halted, which is
likely due to the substantial loading of residual styrene in the
cured composites (see Table 4). The ratio of inlet air owrate/
exposed surface area used in this study (9.9 m h�1) was
approximately 3- to 11-fold less than the ratio recommended
from a eld CIPP study in the Netherlands (30–107 m h�1). The
ratio was also less than the headspace velocity obtained by
Roghani et al. (396–1872 m h�1).64 This experimental condi-
tion was due to a lab scale ow controller limitation. Because
of the signicant amount of VOC residual found in the cured
composite and very limited amount of styrene volatilized into
air during a 12 h period (for example 0.0007% for composite A)
it is likely that a similar rebound effect will occur for new
CIPPs.

3.6. VOC loss during and aer manufacture, study
limitations, and recommendations

The mobility of the CIPP manufacturing process, where
contractors move from site to site, sometimes multiple times
per day, poses a challenging measurement issue. These mobile
contractors discharge their waste into the environment and do
not conduct chemical air monitoring to determine which and
howmuch VOC is discharged. As a result, the authors estimated
pollutant air emissions. Further, the variety of resin composi-
tions, initiator packages, curing practices, and environmental
conditions also poses a challenge for making broad statements
about waste discharged into local environment at these CIPP
installations. There is a lack of quantitation of the pollutants
generated and discharged from these mobile sources.

Based on the present study and publicly available informa-
tion, VOCs emitted into the air during manufacture may be on
This journal is © The Royal Society of Chemistry 2020
the order of tens to thousands of tons for some projects (see
Table S2 in ESI†). Public records indicated 61 000 to 454 000 kg
of resin has sometimes been used per project (where multiple
CIPPs have been installed in series along a single sewer line and
the resin is considered about 50% styrene by weight). These
projects involved thermal manufacturing methods (steam/hot
water). If 8.87 wt% VOC loss (observed during the present
study) occurred for the resin brought to a CIPP worksite, an
estimated 5400 to 30 000 kg [6 to 33 tons] of VOCs could have
possibly been discharged into the air. As of 2013, one resin
manufacturer reported providing 122 469 940 kg [135 000 tons]
of uncured resin for CIPP for over 25 years and their main resin
lines support thermal CIPP manufacture.64 Using that result,
roughly, 10 863 083 kg [�12 000 tons] of VOCs could have been
discharged to the air. In 2017, CIPP installers were directed to
consider “maximizing the ow of air through the curing CIPP
for the site-specic conditions” to minimize the amount of
condensate waste that remains aer the CIPP is manufac-
tured.65 Under section 112 of the Clean Air Act, the plastic pipe
and pipe tting manufacturing industry [North American
Industry Classication System code of 326122] has been cate-
gorized to follow a permit limit of less than 100 tons per year of
HAP emission.66 Because the magnitude of CIPP VOC emission
and that the waste includes HAPs (styrene, styrene oxide,
methylene chloride, dibutyl phthalate, ethylbenzene, maleic
anhydride, phthalic anhydride, and N-propylbenzene), work is
needed to document actual emissions and understand the
environmental and human health implications. It may be that
CIPP emissions for a single worksite or contractor (mobile
source, moving site to site) exceed the limits of xed plastic
composite manufacturing facilities. While prior studies claim
CIPP manufacture is an environmentally friendly technique,67

VOC emissions like those described here have not been docu-
mented for their consideration. Not included in this pollutant
estimation are the composition and magnitude of partially
cured resin, oligomers, and water saturated with VOCs that can
also be emitted in addition to organic vapors.11

This study provides new knowledge associated with CIPP
VOC emissions, and additional work is needed. First, the
introduction of the different curing variables (steam, hot water,
UV light) may increase the complexity of chemicals produced
during manufacture. It is important to rst understand VOC
emission in the absence of these factors and then additional
work can examine their impact. Also needed is an examination
of CIPP emission reactivity with atmospheric ozone, the
hydroxyl radical, and the nitrate radical, as reactions can form
other compounds and particulate matter.68 The role of llers,
diluents added to resins, and a wide curing temperature range
may impact chemicals produced. Variability may occur across
resins, with different initiators and/or loadings. Also unclear is
whether slight differences in resin batch chemical composition
inuences the type and magnitude of chemicals released.
Similar to observations reported by NIOSH,12 the magnitude of
styrene's air concentration prevented the authors from detect-
ing other compounds in air. Cured composite characterization
however revealed that other VOCs were present and these likely
volatilized into the air (see Table S9 in ESI†).
Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841 | 1837
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4. Conclusion

The study goal was to better understand VOC release before,
during, and aer styrene-based composite manufacture using
an uncured CIPP resin. The uncured resin contained approxi-
mately 39 wt% VOC and composites also contained some resin
composites but other pollutants that were generated during
manufacture. Hazardous air pollutants (styrene, styrene oxide,
and hydroquinone) were detected in the uncured resin
(29.1 wt%). More than 60 compounds were tentatively identied
in the uncured resin among which 8 chemicals including HAPs,
suspected carcinogens and endocrine disrupters were
conrmed. Several compounds were detected only in the cured
composites likely created during manufacture: benzaldehyde,
benzoic acid, styrene oxide and 1-tetradecanol. The presence of
styrene can be an “indicator” that other VOCs are present, but
have yet to be fully characterized in CIPP emissions.

Chemical volatilization was inuenced by pressure, but
temperature and heating time did not inuence nal chemical
composition of cured composite. During manufacture,
approximately 8.87 wt% VOC was discharged to the air at
standard pressure. All cured composites, regardless of temper-
ature or heating time, contained approximately 3 wt% VOC. No
statistical difference for VOC loading was found across cured
composites and styrene was the most abundant compound for
a pipe with 45.7 cm diameter and 6 m length. No statistical
difference was found for styrene emission into the air across
cured composites despite different curing temperature and
heating times. High styrene air concentration signals inhibited
the author's ability to determine if other non-styrene
compounds were emitted into the air. Short-term ventilation
(2 h) reduced styrene air concentration to near zero in 10 min,
but styrene levels rebounded when ventilation was halted. Due
to the high styrene loading in the cured composite, it is ex-
pected that ventilation will only temporarily reduce VOC air
levels in pipes, manholes, and other affected spaces. To reduce
the amount of VOC in the cured composite and potentially
reduce the VOC emission rate, modifying the uncured resin,
using different initiators, initiator loading, curing with a higher
temperature range, or post-installation CIPP treatment (i.e.,
a uid, high temp air) should be investigated.

Advancements in air sampling and analytical methods are
needed. An analytical method is needed for detecting non-
styrene VOCs when styrene air concentration is high. Under-
standing the other constituents is needed as Kobos et al.
(2019)69 found that emission toxicity was styrene-independent.68

The presence of water, steam, particulates, and reactive air
pollutants on VOC fate and degradation requires scrutiny.
Chemical risk assessments for occupational and public health
decisions are also needed.

Evidence suggests that air pollutant emissions from these
mobile sources are likely signicant, but have received little
scrutiny. Potentially tens of tons of VOCs may be emitted into
the air during a single CIPP project. The greatest air pollutant
discharge seems to be when the uncured resin tube is under-
going curing. Emission capture at CIPP worksites has been
1838 | Environ. Sci.: Processes Impacts, 2020, 22, 1828–1841
previously recommended to reduce air pollution and reduce
occupational and public safety risks.9,11,15,32 Evidence from the
present study indicates that environmental protection profes-
sionals should consider monitoring, regulating, and potentially
implement restrictions. The most immediate reduction in
mobile source air pollution could likely be resin encapsulation
coupled with capturing materials generated instead of dis-
charging them into the environment. For example, boat
manufacturers have previously instituted controls to capture
chemical emissions to comply with environmental regulations.
Such a practice may be more environmentally helpful during
the ozone season when VOCs can react with NOx to form the
pollutant ground level ozone.70 The in situ manufacture of CIPP
plastic liners is a new mobile source of air pollution that is
growing in popularity but lacks appropriate environmental
regulatory controls and oversight. Reductions in technology
environmental impacts may also help reduce health risks to
workers and members of the general public nearby, including
inside buildings.
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