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ABSTRACT
This investigation characterized the emissions of volatile organic compounds (VOCs)
from interior latex paints and newly manufactured carpet and vinyl flooring materials that are
representative of materials widely used in California. Specimens of three or more materials in
each major source category were obtained and screened for their emissions of VOCs over 48 or
96 hours using small-scale chambers. Forty-five experiments were conducted with 24 primary
materials. Seventeen of the voes measured have been identified as toxic air contaminants by
the California Air Resourses Board. Based on small-chamber results, a paint combination, a
carpet assembly, and a vinyl flooring assembly were selected for investigation in large-scale
chamber experiments designed to simulate conditions in a small residential room environment.
Thirteen large-scale experiments were conducted to provide real-world emissions data and
evaluate the effectiveness of several techniques that consumers might use to reduce
concentrations of voes and their cumulative exposures to these compounds. The exposure
reduction techniques included additional ventilation for three days following installation (all source
assemblies), additional air mixing (paint combination), airing out of materials prior to installation
(carpet and vinyl flooring assemblies), and room heating at 33° C subsequent to installation (all
sources present together). The assemblies were installed following typical construction industry
practice and concentrations of selected voes in chamber air were measured over the following
two weeks. For each assembly, one or two experiments were performed using a base-case low
ventilation rate scenario and two experiments were performed to evaluate the treatments. Two of
the 13 experiments employed a combination of all three assemblies. One of these was extended
for a period of three months to obtain information on the longer-term emission characteristics of
the sources.
There were clear differences in voe emissions among materials in each class.
Therefore, the results demonstrated that there are opportunities to reduce exposures by selecting
materials that emit lower amounts of toxic or odorous VOCs. A short period of additional
ventilation following material installation generally increased the mass emissions of the
compounds and also reduced the cumulative exposures for many compounds during the period of
additional ventilation. After the period of additional ventilation, room concentrations were similar
to concentrations in experiments without additional ventilation. This suggests that additional
ventilation is likely to be a more effective treatment if it can be maintained for longer periods.
Airing out carpet material for several days prior to installation effectively reduced the emissions of
voes. After installing materials, applying heat to the chamber, in conjunction with additional
ventilation, increased the emissions of voes during the heating period, but was relatively
ineffective for reducing the subsequent concentrations and exposures for most compounds.
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EXECUTIVE SUMMARY
BACKGROUND
Paints and other materials used to finish the interiors of buildings can emit volatile organic
compounds (VOCs), including some toxic pollutants, exposing building occupants to the resulting
emissions. The Air Resources Board (ARB) is required to consider such indoor exposures in
assessing the risks to public health posed by toxic air contaminants (TACs), as required by
California Health and Safety Code, Section 39660.5. The ARB provides information and guidance
to the public regarding exposures to TACs, including exposures that occur indoors. In order to
perform these assessments, it is necessary to identify the potential sources for the compounds of
interest and determine the emission characteristics of these sources. This study was designed to
generate data that is needed by ARB to perform these functions.
EXPERIMENTAL METHODS
The three general categories of interior finish materials selected for this study were
interior latex paints, carpet and associated materials, and vinyl floor installation materials. First,
the brand names of materials in each category that are widely used by California consumers were
identified. Then, newly manufactured specimens of three or more materials in each major
category were obtained for testing. Forty-five screening measurements were conducted with
specimens of 24 primary materials. These measurements were conducted over 48 or 96 hours at
standardized conditions in small-scale environmental chambers. The voes emitted by the
materials were identified and chamber concentrations and specific emission rates for selected
individual compounds and total VOCs (TVOC) were determined. Formaldehyde and
acetaldehyde were also quantified.
In the second phase of the study, 13 large-scale experiments were conducted to
characterize the emissions from realistic assemblies of the sources and evaluate the
effectiveness of treatments that consumers might employ in their residences to reduce their
exposures to VOCs. These experiments were performed in a chamber facility designed and
operated to simulate a residential room environment. The walls and ceiling of a chamber
compartment were painted gypsum board, the floor was carpeted or covered with sheet vinyl, and
typical furnishings were installed. These surfaces mimicked typical "sink" effects that may
substantially alter the impacts of emissions from indoor sources. Consequently, the net results
produced by these experiments should be more realistic than those obtained in an all stainless
steel chamber with an abnormally low sink effect
For each large-scale experiment, air samples for the analysis of VOCs and aldehydes
were collected from the chamber throughout the first day following installation of the materials,
then daily over the next nine days, with final samples taken on day 14. One experiment with
combined source assemblies (carpet and vinyl flooring assemblies and paint) was extended for a
total period of 90 days, with samples collected weekly.
The exposure reduction techniques that were investigated included: additional ventilation
for three days following installation (all source assemblies); additional air mixing (paint); airing out
of materials prior to installation (carpet and vinyl flooring assemblies); and room heating to 33° C
following installation (combined assemblies). The results of the exposure reduction experiments
were compared with those from base-case experiments (experiments with no exposure reduction
actions) to quantify the effects of the treatments. The parameters evaluated were VOC concen
trations, total VOC mass emissions, and potential cumulative exposures for full-time occupants.
RESULTS OF SCREENING MEASUREMENTS
The screening measurements generated a large amount of quantitative data on the
emissions ofVOCs, including 17 identified TACs. This data can be used by ARB in exposure
models to estimate indoor exposures.
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Twelve target compounds, including five TACs, were quantified for latex paints. The
predominant VOC emissions from the conventional latex paints were a solvent component
(typically ethylene glycol and propylene glycol) and the Texanol® coalescing aid. The emissions
from two new generation, "non-VOC" paints did not contain glycol ethers. These paints also had
much lower emission rates of SigmaVOC (i.e., the sum of the quantified components) than the
conventional paints.
Forty-six target compounds, including 13 TACs, were quantified for the carpet materials.
All of the carpets emitted 4-phenylcyclohexene (4-PCH), an unwanted byproduct in the production
of styrene-butadiene rubber latex. Styrene was detected in the emissions from three carpets.
The emission rates of styrene were near detection limits, demonstrating a significant reduction
relative to previously reported results. The two intermediate-grade nylon pile carpets emitted
fewer voes and had lower emission rates of individual voe and TVOC than the olefin carpets.
The nylon carpets met the emissions guidelines of the Carpet and Rug lnstitute's (CRI) Indoor Air
Quality Testing Program. Olefin carpets did not meet the CRI guidelines; however, the testing
conditions were altered somewhat from the CRI procedures. All of the bonded urethane carpet
cushions emitted butylated hydroxytoluene (BHT). The TVOC emission rate for the synthetic fiber
cushion was substantially lower than the TVOC emission rates for the bonded urethane cushions.
Forty target compounds, including ten TACs, were quantified for the vinyl flooring
materials. All of the sheet vinyls were a source of phenol, an identified TAC. The residential
sheet vinyls with a clear "no-wax· top coat emitted more compounds and had higher emission
rates of individual VOCs and TVOC than the single commercial sheet vinyl. The new-generation
"solvent free· or "low voe content" adhesive products were the source of a number of voes. No
experiments were conducted with conventional adhesives.
RESULTS OF EXPOSURE REDUCTION EXPERIMENTS
In general, the use of additional ventilation at two air changes per hour for the first three
days of an experiment decreased the chamber concentrations of many target VOCs during the
treatment period, relative to the base-case experiments. Consequently, this treatment often
produced beneficial effects with respect to cumulative exposures calculated for the first 48 hours
after material installation. However, upon termination of additional ventilation, the chamber
concentrations frequently returned to values similar to those measured in the base-case
experiments. Thus, the beneficial effects of the treatment, with respect to potential exposures
calculated for the remainder of the experimental period beginning 48 hours after material
installation, were limited to specific compounds and were often relatively minor.
The large-scale experiments with paint produced the highest VOC concentrations. The
dominant compounds were ethylene glycol and Texanol®. The initial concentrations of these
compounds frequently ranged up to several tens of milligrams per cubic meter. The
concentrations of the dominant VOCs were somewhat lower during the initial three-day period of
additional ventilation, compared to the base-case experiments. Following the termination of
additional ventilation, the concentrations in the treatment and base-case experiments were
similar. The use of fans to increase air velocities at the painted surfaces, in combination with
additional ventilation, did not result in large-magnitude reductions in air concentrations of the
target voes, relative to the experiment with only additional ventilation.
The room concentrations of the target VOCs emitted by the carpet assembly were
generally low when compared to the concentrations of VOCs emitted by the other source
assemblies. The use of additional ventilation temporarily reduced the concentrations of many of
the target voes emitted from the carpet. However, after the ventilation rate was reduced, the
concentrations typically increased to values similar to those measured in the base-case
experiment. One exception was the BHT emitted by the carpet cushion that reached slightly
higher values in the treatment experiment with additional ventilation.
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The vinyl flooring assembly emitted a large number of compounds. The compounds with
the highest concentrations were tetrahydrofuran and cyclohexanone emitted by the seam sealer,
toluene emitted by the sheet flooring adhesive, and n-tridecane and phenol emitted by the sheet
vinyl flooring. The concentrations oftetrahydrofuran, cyclohexanone, and toluene, all volatile
compounds, decreased rapidly over the first 24-48 hours of the experiments. Additional
ventilation substantially decreased the concentrations of these compounds compared to the base
case experiment. Additional ventilation, however, had relatively small effects on the
concentrations of the less volatile VOCs emitted by the assembly, such as phenol, TXIB® (a vinyl
plasticizer), and benzothiazole.
Airing out materials for two days prior to their installation was effective for reducing the
concentrations of VOCs emitted by the carpet assembly materials relative to the base-case
experiment. This translated into reduced exposures for these constituents. However, the
fractional reductions in exposures for two of the dominant compounds, 4-PCH from the carpet and
BHT from the carpet cushion, beginning 48 hours after installation of the carpet, were relatively
small. Airing out the sheet vinyl and the cove base had only a short-lived effect on the
concentrations of the target VOCs or none at all.
Moderate in-situ heating, in combination with additional ventilation, increased the
concentrations of many of the individual VOCs and TVOC emitted by the three combined source
assemblies (carpet and vinyl flooring assemblies and paint). The effects were generally highest at
the onset of heating and diminished with time over the 72-hour (72-h) heating period. However,
the effects were largely limited to the actual heating period. Once heating was discontinued, the
concentrations of many of the compounds quickly returned to values that were similar to those
measured in the experiment with additional ventilation but no heating. Texanol®, one of the
dominant compounds emitted by the latex paints, was an exception. Its longer-term
concentrations decreased as a result of heating.
The long-term experiment was conducted at the base-case ventilation rate of 0.5 air
changes per hour following a 72-h period of additional ventilation. The concentrations of a
number of the dominant target VOCs and TVOC emitted by the three combined source
assemblies remained relatively constant or decreased by less than a factor of three over the
period of two to 12 weeks.
CONCLUSIONS
This is the first study to characterize VOC emissions from vinyl flooring assemblies and to
obtain long-term measurements from the combined sources. This study generated a large
amount of quantitative data on the emissions of VOCs, including TACs, from indoor sources
commonly used by California consumers Additionally, the study quantified the effects of several
exposure reduction techniques that homeowners or building managers might use to reduce the
concentrations of VOCs and occupant exposures to VOCs following construction and/or
remodeling of their homes or businesses.
The exposure reduction experiments demonstrated that there are some general practices
homeowners or building managers can follow that may reduce VOC concentrations and decrease
cumulative exposures to voe emissions in their environments.
1)

Materials that emit lower amounts of toxic or odorous VOCs should be selected whenever
possible. This should lower occupant exposures and decrease the need for subsequent
control strategies.

2)

If possible, carpets and carpet cushions should be aired out in a well-ventilated, clean, dry
environment for several days prior to their installation.

3)

Very high, mechanically induced ventilation rates should be used during the application or
installation of materials to protect the installers and any occupants that are present. This
technique may also reduce subsequent occupant exposures.
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4) Additional ventilation should be maintained for periods longer than three days to more
effectively lower occupant exposures.
5) The amount of additional ventilation should be maximized. In many cases, the beneficial
effects of ventilation, with respect to concentrations and exposures, are not in direct
proportion to the increase in the ventilation rate.
6) The most effective way to reduce occupant exposures to the dominant VOCs emitted by latex
paints is to delay occupancy for several days following painting.
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1.0 INTRODUCTION
1.1 BACKGROUND
Many materials and products that are used to construct and finish the interiors of
residences and office buildings are potential sources of volatile organic compound (VOCs),
including some toxic air contaminants (TACs). The emissions of VOCs from these materials
result in exposures to building occupants. The Air Resources Board (ARB) considers such indoor
exposures in assessing the risks to public health posed by TACs as required by California Health
and Safety Code, Section 39660.5. In order to perform this assessment, it is necessary to identify
the potential indoor sources of the compounds of interest and to determine the emission
characteristics of these sources. The ARB additionally provides information and guidance to the
public regarding exposures to TACs including exposures that occur indoors. Unfortunately, the
information that is needed by the ARB to perform these functions is quite limited.
Hodgson and Wooley (1991) conducted a literature review to evaluate the existing data
on the potential indoor uses and sources of 47 candidate compounds that, at that time, were
being reviewed for classification as TACs. A number of the compounds were found to be present
as minor constituents in building materials, interior-finish materials, and various consumer
products. Generally, the data on the source emissions of the reviewed compounds was very
limited. In 1993, California adopted the Federal list of 189 TACs, thus greatly expanding the list of
compounds for which data was needed.
In addition to the materials that are used to construct and finish the interiors of residences
and office buildings, other indoor sources of VOCs include furnishings, maintenance and cleaning
products, other expendable consumer products, and combustion processes. The emissions of
VOCs from all of these sources have become a focus of concern because it is believed that they
may contribute to adverse short- and long-term health effects sometimes experienced by building
occupants. Such short-term health effects include eye irritation, upper respiratory tract irritation,
headache, dizziness and fatigue (USEPA, 1993). Some compounds produce objectionable odors
at low concentrations and have adverse effects on occupant comfort. Long-term health effects
are associated with TACs that are either known or suspected carcinogens, reproductive toxicants,
or developmental toxicants.
In response to the ARB's need for information, this study was designed to qualitatively
and quantitatively characterize the emissions of VOCs, including TACs, from three common
indoor sources in the general category of interior finish materials and products. These sources
were interior latex paints, carpet assemblies and vinyl flooring assemblies. The emissions of a
broad spectrum of VOCs from the sources were first characterized in screening measurements
using small-scale chambers. They were further characterized under controlled conditions in
large-scale chambers designed and operated to simulate a residential room environment. In
addition, various practical techniques that consumers might be able to use to reduce their
exposures to the VOCs emitted by the sources were investigated in the large-scale experiments.
One of these experiments was conducted with all three sources over a period of three months to
provide much needed data on the longer-term emission characteristics of the sources.
The emissions of VOCs from typical residential carpets were studied extensively in the
early 1990's (Black et al., 1991; Hetes et al., 1992; Hodgson et al., 1992 and 1993). In general,
the emissions of VOCs from these carpets were found to be low compared to many other
common indoor sources. More recently, the emissions of VOCs from the major types of carpet
cushions were investigated (Hodgson and Phan, 1994; Schaeffer et al., 1996). There were
substantial differences among the different types of cushions with respect to the kinds and
amounts of compounds that were emitted, and the emission rates of total VOCs (TVOC) from the
cushions were frequently higher than the emission rates from carpets.
Consumer complaints related to carpet installations {Schachter, 1990) prompted the U.S.
Consumer Product Commission to initiate a health hazard assessment of VOC emissions for
carpets and associated carpet cushions. The Carpet and Rug Institute (CRI), an industry trade
association, responded to complaints by instituting an Indoor Air Quality Carpet Testing Program

for VOC emissions (Leukroth, 1991 ). This testing program established an acceptable limit for the
emission rate of 4-phenylcyclohexene (4-PCH), an unwanted byproduct in the styrene-butadiene
rubber (SBA) latex used on the secondary backing of the carpets, which is responsible for the
new carpet odor. Limits were also set for the emission rates of TVOC, styrene and formaldehyde
from these carpets. The testing program, which is now widely used by the major carpet
manufacturers, may have resulted in a general reduction in the emissions of 4-PCH and other
voes from SBA carpets. Consequently, it was desirable to obtain current qualitative and
quantitative data on the emissions of voes from representative carpets and associated carpet
cushions.
There have only been limited studies of the emissions of voes from vinyl flooring
materials (Bremer et al., 1993; Clausen et al., 1993; Christiansson et al., 1993). These studies
have generally shown th?t many voes originate in vinyl flooring and that the emissions of these
compounds can be expected to persist over relatively long time periods. Since different grades of
vinyl flooring may employ different processes in their production, it was anticipated that there
would be substantial differences in emission characteristics among the available products.
Therefore, it was desirable to include representative vinyl flooring materials as one of the source
categories.
Latex paints contain organic solvents such as ethylene glycol or propylene glycol and
semi-volatile coalescent agents. Among the various brands of latex paint, the VOC content varies
with the type of vehicles used as a binder and thinner (Sheldon and Naugle, 1994). Also, the
stabilizing agents, the gloss type and differences in the amounts of organic solvents can
significantly affect the emissions. The quality of the paint (e.g., consumer versus professional
grade) is also expected to effect emissions, since paints with a strong film and high covering
powers require a thinner coat or fewer coats to achieve an acceptable finish. Until just recently,
the studies of latex paints have focused on determining the voe content of the bulk products or
on measuring the emissions of voes from paints applied to impermeable surfaces (Sheldon and
Naugle, 1994; Censullo, et al., 1996). Thus, at the outset of this study, there was very little
emissions data for this important indoor source of VOCs that was obtained under realistic
conditions. It is now known that the substrate has a dramatic effect on the emission rates of
VOCs from latex paints. When latex paints are applied to gypsum board, the most common
residential substrate, the VOCs are emitted slowly over very long time periods (Chang, et al., 1997
and 1998).
Paint manufacturers have also been reformulating their products with lower VOC contents
to comply with requirements first developed by the ARB (ARB-CAPCOA, 1989) and also
mandated by the Clean Air Act of 1990 ( e.g., C&EN, 1994). New generation products that contain
reduced amounts of voes are continually being introduced. There is almost no emissions data
for these "low- or no-VOC content" paints, and it is not known what impact widespread use of
these new products will have on consumer exposures to VOCs.
There has been considerable interest in developing strategies to reduce occupant
exposures to indoor sources of voes. In response to a California legislative mandate, the
California Department of Health Services (OHS) developed non-binding guidelines for the
reduction of exposures to VOCs from construction materials used in office buildings (Alevantis,
1996). The OHS document reviewed the available literature and discussed strategies for
evaluating and selecting "low VOC-impact" materials. Various exposure reduction techniques
were also reviewed including: material conditioning; modified installation protocols; modified
ventilation protocols; and delayed occupancy. A modeling study of source management
techniques was also recently conducted by Tichenor and Sparks (1996). They employed an
indoor air quality model to predict occupant exposures for different indoor source scenarios and
selected source management options. Both the OHS document and the modeling study provided
valuable information regarding exposure reduction options. However, controlled field- and/or
laboratory-based studies are needed in order to validate and compare the efficacies of the various
techniques that were proposed.
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1.2 STUDY OBJECTIVES
This study was designed to produce a substantial amount of emissions data that could be
used by the ARB in their efforts to identify the potential indoor sources of VOCs, including T ACs,
and to assess their impacts. This data was obtained in small- and large-scale environmental
chambers following accepted practice so that it could be used in indoor air quality exposure
models. Secondly, the study was designed to provide an experimental basis for the ARB's public
information efforts regarding exposure reduction techniques that consumers might be able to use
to reduce the concentrations of indoor air contaminants and their exposures to these compounds.
So that the data would be relevant to California, a strong emphasis was placed on identifying and
obtaining source materials that were representative of the products available in the California
marketplace and widely used by California consumers.
The specific objectives of the screening measurement phase of the study were:
•

To select and obtain representative study materials, including interior latex paints,
carpets, carpet cushions and sheet vinyl flooring.

•

To identify the voes emitted by newly manufactured specimens of the materials in short
term experiments conducted in small-scale chambers.

•

To quantify the chamber concentrations of TVOC and selected individual voes emitted
by the specimens.

•

To determine the specific emission rates of the selected components.

•

To compare qualitatively and quantitatively the materials within each source category
based on their emission characteristics.

The specific objectives of the second phase of the study conducted in large-scale
chambers were:
•

To select typical and appropriate study materials for use in the large-scale
experiments based on the screening measurement results.

•

To develop realistic and reproducible protocols for the installation or application of
the sources (i.e., a paint combination, a carpet assembly, and a vinyl flooring
assembly) in the large-scale chambers.

•

To conduct one or more base-case experiments for each source assembly under
typical indoor conditions over a period of two weeks following installation.

•

To identify the voes emitted by the source assemblies.

•

To measure the chamber concentrations and determine the specific emission
rates of TVOC and selected individual VOCs as a function of time for the base
case experiments.

•

To experimentally determine for each source assembly the effects of several
exposure reduction techniques on the concentrations and emission rates of
TVOC and selected voes.

•

To estimate the potential impacts of the exposure reduction techniques on the
cumulative exposures for full-time occupants.

•

To characterize the emissions of TVOC and selected VOCs from the combined
assemblies over a period of three months.

1.3 OVERVIEW OF THE STUDY PLAN
The three different types of sources included in this study were: combinations of interior
flat and semi-gloss latex paints; new carpet assemblies; and new vinyl flooring assemblies. For
each assembly, three or four different types and/or brands of each major material were selected
for initial screening.
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The first task was to identify the individual materials for the study. Literature on the
emissions of VOCs from similar materials was reviewed. Relevant and current published data on
the market shares of the materials under consideration was largely unavailable. Therefore,
industry trade associations, manufacturers, and a number of California wholesalers and retailers
were contacted to obtain qualitative estimates of the market shares of the different types and
brands of materials. This information from informed individuals was used to guide the selection.
The final decision was made in consultation with the ARB staff. All of the materials that were
selected were commonly available and were believed to have relatively high market shares in
California.
The next task was to obtain representative samples of the materials. All of the paints
were purchased from open stock at local retail outlets. Most of the major flooring materials were
purchased through a local contract flooring dealer. The dealer contacted the manufacturers or
primary distributors to obtain information on the production schedules for the selected materials.
Orders were placed based on the future production dates so that recently manufactured materials
of known age were obtained.
All of the materials were individually screened for emissions of voes in small-scale
chambers. For each major type of material, a duplicate experiment was conducted to assess
experimental reproducibility. There were also a number of blank chamber runs. The materials
were maintained at standard conditions in 10.5-L chambers for a period of 48 hours, or 96 hours
for paints. The inlet flow rate of nitrogen humidified to 50 ± 10 percent relative humidity was
controlled, and the chambers were held at 23 ± 1° C in an incubator. Samples for voes and
formaldehyde plus acetaldehyde were periodically collected from the chambers during this time.
The voes emitted by the materials were identified. Individual voes were selected for
quantitative analysis based on the qualitative results. The concentrations of TVOC and the
individual compounds in the chamber exhaust were measured as a function of time. Specific
emission rates of the selected components were calculated based on the concentration data and
the experimental parameters.
The materials for the large-scale chamber experiments were selected primarily based on
the results of the screening measurements. The selected paint combination consisted of a latex
primer sealer and flat and semi-gloss latex paints. The flat and semi-gloss paints were
compatible materials from the same manufacturer. The carpet assembly consisted of an action
back carpet with olefin face fiber laid over a bonded urethane carpet cushion. The vinyl flooring
assembly consisted of a residential "no-wax" sheet vinyl applied to particleboard underlayment, a
rubber cove base, and associated adhesives.
The exposure reduction experiments were conducted using a large-scale chamber facility
operated to simulate a typical residential room environment and constructed with typical interior
finish materials. The facility consisted of two adjacent, identical compartments with volumes of
25.5 m3. Inlet air was drawn from outside the building and was filtered through a bed of activated
charcoal. The base-case operating temperature was 23 ± 2° C, and the ventilation rate was
0.5 ± 0.03 h-1. The walls and ceiling of a chamber compartment were painted gypsum board; the
floor was carpeted or covered with sheet vinyl; and typical furnishings were installed. These
surfaces were included to mimic typical "sink" effects that may substantially alter the impacts of
voe emissions from indoor sources.
Thirteen large-scale experiments were conducted. These are summarized in Table 1.
For each source assembly, there was a base-case experiment to measure the emissions of voes
at typical indoor conditions and to serve as a reference for evaluating the effects of the
treatments. Duplicate experiments were conducted at the base-case conditions with the paint
combination and the vinyl floor assembly to assess experimental reproducibility. Two treatment
experiments were conducted for each individual assembly. For the paint combination, the effects
of additional ventilation during the first three days of the experiment and of additional ventilation in
combination with increased air mixing at the painted surfaces were investigated. For both the
carpet and the vinyl flooring assemblies, the effects of additional ventilation were investigated. In
other experiments, these materials were pre conditioned by airing them out for 48 hours prior to
installation. Two experiments were performed with a combination of all three source assemblies.
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One of these was conducted with additional ventilation. The other was conducted with additional
ventilation in combination with mild heating of the compartment to about 33° e over the first three
days after installing the carpet and the vinyl flooring.
The large-scale experiments were conducted over a period of 14 days. Samples for
voes and aldehydes were collected daily during the first ten days and then finally on the
fourteenth day. The experiment with the combined source assemblies that was not heated was
extended for a total elapsed time of 90 days (2,016 hours). Samples were collected weekly after
the first fourteen days.
The individual compounds emitted by the source assemblies were identified and
individual voes were selected for quantitation based on these results. In selecting the target
compounds, emphasis was placed on the most abundant compounds, on compounds with known
health effects such as ARB TAes, and on compounds that were indicative of individual source
materials.
The area-specific emission rates for TVOe and the individual target compounds were
calculated based on the concentration data and the experimental parameters. Additionally, the
cumulative mass emissions of these components were calculated, and potential cumulative
exposures for full-time occupants were estimated based on an assumed occupancy scenario.
The efficacies of the exposure reduction techniques were evaluated by comparing the
compartment voe concentrations, emissions parameters and estimated exposures for the
treatments with the corresponding results for the base-case experiments.
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Table 1. Summary of the exposure reduction experiments conducted in the large-scale chamber
facility.
Assembly/
Experiment ID

ET
Treatment

(h)

Materials Used*

Latex Paints
P-1

Base-case

336

LPS2,FLP3,SGLP3

P-2

Base-case

336

LPS2,FLP3,SGLP3

P-3

Additional ventilation

336

LPS2,FLP3,SGLP3

P-4

Additional ventilation
& air mixing

240

LPS2,FLP3,SGLP3

C-1

Base-case

336

CP4,CC4,ST

C-2

Additional ventilation

336

CP4,CC4,ST

C-3

Airing out of materials

336

CP4,CC4,ST

V-1

Base-case

144

SV5,CB,SFA,CBA,SS

V-4

Base-case

336

SV5,CB,SFA,CBA,SS

V-2

Additional ventilation

336

SV5,CB,SFA,CBA,SS

V-3

Airing out of materials

336

SV5,CB,SFA,CBA,SS

Carpet Assembly

Vinyl Floor Assembly

Combined Sources

A-2

Additional ventilation

2,016

All materials

A-1

Additional ventilation
& heating

336

All materials

*LPS2 = Latex Primer Sealer No. 2; FLP3 = Flat Latex Paint No. 3; SGLP3 = Semigloss Latex Paint No. 3; CP4 = Carpet No. 4; CC4 = Carpet Cushion No. 4;
ST= Seaming Tape; SV5 = Sheet Vinyl No. 5; CB= Cove Base; SFA = Sheet
Flooring Adhesive; CBA = Cove Base Adhesive; SS = Seam Sealer.

2.0 EXPERIMENTAL METHODS
2.1 PROCEDURES USED FOR THE SCREENING MEASUREMENTS
2.1.1 Description of the Small-Scale Chamber Facility
The small-scale chamber facility and the individual chambers were constructed and
operated following the American Society for Testing and Materials Standard Guide D-5116-90
(ASTM, 1990). The specifications and operating parameters for the small-scale chambers are
described in Appendix A and summarized in Table 2. The chambers consisted of polished 316
stainless steel, cylindrical vessels. The chambers were equipped with stainless-steel lined lids
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that were sealed with Teflon-coated silicone gaskets. The internal volume of the chambers was
10.5 L. The facility was designed so four chambers could be simultaneously operated. They
were held in a single incubator with heating and refrigeration controls. The standard chamber
operating temperature was 23 ± 1° C (average± one standard deviation).
The inlet gas for each chamber was high-purity nitrogen supplied by gas cylinders. The
flow rate of nitrogen was regulated at 1.0 ± 0.05 L min·1 (average ± one standard deviation) with a
mechanical flow controller and was measured with an electronic mass-flow sensor. The gas
stream was split into two streams with balanced flow rates. One of these passed through a
bubbler containing distilled water held in the incubator. This stream was mixed with the dry gas
stream to generate an inlet gas stream with 50 ± 5 percent relative humidity (average± one
standard deviation) at 23° C. The humidified gas stream was introduced into the chamber
through a fitting on the lid with a tubing extension that terminated near the bottom of the chamber.
Gas exited the chamber through another fitting on the lid. A sampling manifold constructed of
stainless-steel tube fittings was attached to the outlet of this fitting. A combined temperature and
humidity probe (Part No. HMO 30 YB, Vaisala, Finland) was inserted into the chamber through a
third fitting. Chamber temperature, relative humidity and inlet gas flow rate were monitored and
recorded throughout an experiment at five-minute intervals with a PC-based data system
(Computer Boards, Inc.) and data acquisition software (Labtech Notebook, Version 7, Laboratory
Technologies, Corp.).

Table 2. Specifications and operating parameters for the screening measurements conducted in
small-scale chambers.
Parameter

Value

Chamber material

316 Stainless steel

Chamber volume, m3

10.5 X 10·3

Gas

Humidified N2

Inlet gas flow rate, m3 h-1

6.0 ± 0.3 X 10·2"

Ventilation rate, h·1
Temperature,

5.7±0.3*

oc

23 ± 1*

Relative humidity, %

50±5*

Air velocity**, m s-1

-0.25
1.95 X 10·2

Sample surface areat, m2
Sample loading ratio, m2 m-3

1.86

Ventilation/loading ratio, m h·1

3.07

Exposure period, h

48 or 96

Sample collection times, h

1, 6, 24, 48, 96

*Average± one standard deviation.
**For experiments with paints only; the other experiments were
conducted without the use of a fan for air mixing.
tSample surface area for carpet assembly materials= 2.32 x 10-2 m2.
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2.1.2 Operating Procedures
The screening measurement procedures are described in detail in Appendix A.
A clean, empty chamber was operated at the temperature, humidity and ventilation
conditions of the experiment for at least one hour. The material specimen to be tested was
prepared as described below. The chamber was opened, and the specimen was placed on a
metal rack that held the specimen near the approximate center of the chamber. The chamber lid
was quickly re-attached and the data system was re-started. This established the initial time point
for the experiment. Samples for voes and aldehydes were simultaneously collected from the
sampling manifold on the chamber outlet at the average elapsed times given below for each
material category. Typically, duplicate voe samples and a single aldehyde sample were
collected at each sampling interval. The sample flow rates were regulated with electronic mass
flow controllers (Model Fe 280, Tylan General). The flow rate for the voe samples was typically
0.1 L min·1; however, this rate was varied depending upon the magnitude of the source. The flow
rate for the aldehyde samples was 0.5 L min-1. The total sample flow rate was always
substantially less than the inlet flow rate of gas to the chamber. Three-way solenoid values
controlled by the data system were used to automate the collection of the samples.
The experimental data consisted of: temperature and relative humidity measured by the
probe inserted into the chamber; incubator temperature; inlet gas flow rates measured by the
mass-flow sensor; solenoid sampling valve positions; elapsed time and clock time. Manual
adjustments were periodically made to the split between the dry and humidified inlet gas streams
to keep the chamber relative humidity within the desired range.
Latex Paints - The substrate for the latex primer sealers and the flat latex paints was a 15.2 by
15.2-cm piece of 1.3-cm thick, unfinished gypsum board. These paints were applied by roller.
The substrate for the latex semi-gloss paints was a 15.2 by 15.2-cm piece of 1.3-cm thick, smooth
plywood. These paints were applied with a brush. An area 14.0 by 14.0 cm (0.0195 m2) was
painted. The coverage in grams of wet paint applied per square meter of substrate surface was
determined by weighing a substrate before and immediately after painting. For the paint
combinations, there was a one-hour drying period between the application of the primer sealer
and the finish coat. The painted substrate was placed into a stainless-steel holder that covered
the back and edges of the substrate. The substrate was sealed into the holder with strips of
aluminized tape so that only the painted surface was exposed. Blank substrates were similarly
prepared. A freshly prepared specimen was immediately inserted into a chamber, and the
experiment was initiated. For these experiments only, a small 3.8-cm diameter axial fan (12 voe)
was mounted in a chamber. The air velocity near the painted surface was approximately 0.25 m
sec-1. The screening measurements with the paints were conducted over a period of 96 hours.
Air samples were collected at average elapsed times of 1, 6, 24, 48 and 96 hours.

The bulk paints that were selected for use in the large-scale experiments were solvent
extracted and quantitatively analyzed for their principal voe components. Approximately 2.5 g of
paint was weighed into a 15-mL disposable centrifuge tube and diluted with 1O ml of methanol.
The diluted paint was placed in an ultrasonic bath for ten minutes and then centrifuged. A small
aliquot of the supernatant was further diluted in methanol. Several microliters of the dilute extract
were transferred to a Tenax sorbent tube. The tube was purged with helium to remove the
solvent, and the sample was analyzed for voes by thermal desorption Ge/MS as described
below.
Carpet Materials - The test specimens of the carpet materials were cut from the large pieces and
placed into 15.2 by 15.2-cm (0.0232-m2) stainless-steel holders that covered the bottom and cut
edges of the specimens. For the experiment with the seaming tape, the carpet specimen was cut
in half and seamed using a hot iron. It was then placed into a holder. The specimens were
immediately inserted into the chambers for testing. The screening measurements were
conducted over a period of 48 hours. Air samples were collected at average elapsed times of
1, 6, 24 and 48 hours.
Vinyl Flooring Materials - The sheet vinyl specimens were cut from the large pieces and were
attached to 15.2 by 15.2-cm stainless-steel plates with aluminized tape so that the exposed area
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of the specimens was 0.0195 m2. The freshly prepared specimens were immediately inserted
into the chambers for testing. The cove base was tested with both sides of the piece exposed.
The adhesives were tested by applying them to their respective substrates and leaving the
surfaces of the adhesives exposed. The sheet flooring adhesive was applied with a notched
trowel with 1-mm teeth. The substrates were taped into stainless-steel holders. The composite
assemblies were prepared following the adhesive manufacturers' instructions. The substrates for
these tests were also taped into stainless-steel holders. The screening measurements were
conducted over a period of 48 hours. Air samples were collected at average elapsed times of
1, 6, 24 and 48 hours.
Measured microliter quantities of the two liquid components of the seam sealer were
individually injected into sealed 2-L flasks. A flask was heated and gas was withdrawn from the
flask with a gas-tight syringe and transferred to a sorbent sampler. The sampler was analyzed for
the dominant solvent components by thermal desorption GC/MS as described below.
2.2 PROCEDURES FOR THE EXPOSURE REDUCTION EXPERIMENTS
2.2.1 Description of the Large-Scale Chamber Facility
The chamber facility is described in detail in Appendix F. A schematic of the facility is
shown in Figure 1.
The chamber facility was housed in a small building equipped with a heat pump heating
ventilating and air conditioning (HVAC) system.
There were two adjacent, identical compartments. Both were designed and constructed
to simulate a small room in a typical residence. The specifications and base-case operating
parameters for the compartments are summarized in Table 3. The interior dimensions of each
compartment were 2.26 m wide by 4.62 m long with a 2.44-m high ceiling, yielding a volume of
25.5 m3. The walls and ceiling were finished with gypsum board and painted with a "no VOC"
primer and flat latex paint combination. The plywood floor was covered with thin aluminum plates.
Each compartment had a single, unfinished, engineered-wood door. The door was weather
stripped. During an experiment, the gaps around the door were sealed with duct tape. There
were no windows.
Ventilation air for the compartments was supplied from the exterior of the building. This
air was filtered for gaseous contaminants by passing through a box containing a 5-cm thick
horizontal bed of activated charcoal with dimensions of 0.61 by 0.61 m. The filter box had two
exits, each leading to one compartment. The components for each of these systems were
identical. An in-line centrifugal blower was attached to the filter box. Downstream of the blower
was a manifold leading to three different sized ducts that were selected with manual ball valves.
They were used to provide chamber compartment air change rates of 0.5, 2.0 and 5.0 h-1. A pitot
tube (Dwyer Instruments, Inc.) was installed in each duct to monitor the air velocity pressure. A
manual gate valve or a drilled plate installed downstream of the pitot tube was used to set the
desired air flow rate. The supply air entered the compartment 20 cm above the floor at a narrow
end of the compartment.
For all experiments, compartment air was controlled at a typical room temperature of
23 ± 2° C (average± one standard deviation) by regulating the building's HVAC system.
Compartment air temperature was maintained within a range of approximately 19 - 270 C.
The experimental design specified that compartment air relative humidity be maintained
at 50 ± 10 percent (average ± one standard deviation) and within a range of 30 - 70 percent. A
humidification system was added beginning with the fourth experiment. This system automatically
injected water into a heated section of the supply air duct upstream of the filter box when the
relative humidity of this gas stream fell below 40 percent at room temperature. The water supply
rate was regulated with a variable speed pump controlled by the data system.
Air exited each compartment on the same wall that air entered the compartment. The
center of the outlet was located 38 cm from the ceiling, about 2.2 m diagonally across from the air
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inlet. The dimensions of the outlet were 15 cm by 25 cm. Exterior to the compartment, the outlet
was fitted with a manually adjusted damper. Air was exhausted to the exterior of the building.
Each compartment was fitted with six 7.6-cm diameter axial fans to provide adequate air
mixing. The fans were attached to removable metal poles. The placement of the fans is
described in Appendix F. The fan speed was regulated with a variable transformer to achieve an
average air velocity near the floor of 0.10 ± 0.05 m s-1. This is a typical near-floor velocity for
occupied buildings (Kovanen eta/., 1987).

Table 3. Specifications and operating parameters for the base-case experiments conducted in
the large-scale chamber facility.
Parameter

Value

Wall and ceiling material

Painted gypsum board

Flooring material

Carpet or sheet vinyl

Compartment volume, m3

25.5

Floor area, m2

10.4

Surface-to-volume ratio,

rn2 m-3

2.14

Inlet air

Charcoal-filtered outdoor air

Inlet air flow rate, m3 h·1

12.8 ±0.6*

Ventilation rate, h·1
Temperature,

0.50 ±0.03*

oc

23±2*

Relative humidity, %

50 ± 10*

Air velocity at floor, m s·1
Loading ratio of floor**,

0.10 ±0.05

rn2 m-3

0.41

VentJloading ratio of floor, m h·1

1.23

Exposure period, h

336

*Average± one standard deviation.
••For experiments with paints, the loading ratio of the painted surface
was 0.63 rn2 m-3.

Air was sampled from the mid-point of each compartment. The inlet of a 0.4-cm I.D.
stainless-steel tube was positioned 1.5 m above the floor at the midpoint. This tube ran directly to
the exterior of the chamber and was connected to a stainless-steel sampling manifold with three
ports to allow for the simultaneous collection of multiple samples. Air was continuously pulled
through the sampling tube at a rate of 1 L min·1 throughout an experiment. Sampling flow rates
were regulated with electronic mass-flow controllers (Model FC 280, Tylan General) connected to
vacuum pumps that ran continuously. For sampling, a three-way solenoid valve was switched by
the data system from the open position to the position connected to a sampling device. At the end
of a set time period, the data system switched the valve back to the open position and sampling
was terminated.
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The instrumentation for each compartment consisted of: 1) a pressure transducer (Model
239, Setra Systems, Inc.) to measure the velocity pressure for the selected pitot tube; 2) a
combined temperature and relative humidity probe (Model HMO 30 YB, Vaisala, Finland)
positioned at the midpoint of the compartment 1.5 m above the floor; 3) four Type T
thermocouples to measure floor temperature and air temperature stratification; and 4) an air
velocity transducer (Model 8470-5AM-V-STD-NC, TSI, Inc.) with a range of Oto 50 cm sec-1 to
monitor air velocity 5 cm above the floor. The voltage outputs from these devices were measured
at one-minute intervals and averaged and recorded at five-minute intervals with a PC-based data
system (Series 500, Keithly/Metrabyte) and data acquisition software (Labtech Notebook, Version
7, Laboratory Technologies, Corp.).
2.2.2 Operating Procedures
The operating procedures for the experiments conducted in the large-scale chamber
facility are described in detail in Appendix G.
The primary compartment ventilation rate of 0.50 ± 0.03 h-1 (average± one standard
deviation) was selected, based on communications with knowledgeable researchers, to
approximately simulate typical ventilation conditions in newer California houses. Ventilation data
for a set of 66 post-1980 construction single-family houses in California has recently been
published (Matson and Fuestel, 1998). The effective air change rate for these houses was
0.35 ± 0.13 h-1 (average± one standard deviation). Thus, the selected rate was slightly higher
than actual values determined for newer California houses. The 0.5 h-1 ventilation rate was used
starting at 2-h elapsed time in the base-case experiments and starting at 72-h elapsed time in the
experiments with additional ventilation as the treatment.
The scenario for the additional ventilation rate treatment was selected, in part, based on
the recommendations of the CAI (1997). These recommendations are to maintain fresh air
ventilation for 48 - 72 h following carpet installation. Ventilation is to be achieved by opening
windows and doors and/or by the use of exhaust fans. It is also recommended that any ventilation
systems be operated at full capacity. The maximum compartment ventilation rate was 5 h-1. This
rate was maintained during material installation and for the following two hours in the experiments
with additional ventilation as the treatment. This simulated a condition in a residence in which the
ventilation rate was augmented by the use of a household fan to exhaust air at an open exterior
window or door. A single fan with an airflow rate capacity of 2,040 m3 h-1 (1,200 f13 min-1) might
be able to approximately achieve this rate in a typical-sized residence. From 2- to 72-h elapsed
time, the ventilation rate was maintained at 2 h-1. This was intended to simulate passive
ventilation in a residence that could easily be induced by leaving a few exterior windows and/or
doors open or by operating a whole-house ventilation system at maximum capacity. In practice,
the air change rates in the various zones of an actual house with mechanically or passively
enhanced ventilation will depend upon the layout and configuration of the house and the pathways
for air supply and exhaust.
Furnishings were installed in the compartments two hours after material installation to
mimic typical "sink" effects that may substantially alter the impacts of voe emissions from indoor
sources. For this purpose, a set of eight identical used chairs was purchased. The chairs were
fully upholstered, medium-sized, arm chairs. The fabric was a fleecy synthetic material. A set of
used drapery panels was also purchased. The fabric was cotton or a cotton blend. The panels
were cut down to dimensions of 1.5 by 2.1 m. Two chairs and one drapery panel were used for
each experiment. They were alternated among the experiments and were aired out between
uses.
The compartments were thoroughly ventilated between experiments to reduce the
background concentrations of voes. Immediately prior to an experiment, the compartment was
operated at a ventilation rate of 0.5 h-1 for at least two days. During this period, the compartment
was equipped with the mixing fans and furnished with two chairs and a single drapery panel. For
the experiments with paints, the painting substrates and a carpet were also installed. At the end
of this period, air samples for voes and aldehydes were collected from the compartment and
from the supply air downstream of the charcoal filter.
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In preparation for the installation of a source assembly, the supply air flow rate was set to
provide a ventilation rate of 2.0 or 5.0 h-1 as required. The compartment exhaust damper was
adjusted accordingly, and the pressure transducer was connected to the selected pitot tube. The
chairs, the drapery panel, and the sampling line were then removed. For experiments with floor
coverings, the air mixing fans were also removed. The source assemblies were installed following
the protocols described below. The fans, the temperature and humidity probe, the
thermocouples, and the sampling line were re-installed. The data acquisition and control program
was then terminated and re-started. This established the initial time for the experiment.
The first set of air samples was collected from the compartment and the supply air at an
average elapsed time of one hour. At 2-h elapsed time, the two chairs, the drapery panel and the
air velocity transducer were installed, and the door was taped closed. The door was not re
opened after this time. The compartment ventilation rate was reduced to either 0.5 or 2.0 h-1 as
required.
Additional air samples were collected from the compartment and the supply air at average
elapsed times of three and six hours on the first day of the experiment. Subsequently, samples
were collected daily for the next nine days at 24-h intervals from the time the experiment was
initiated. The final set of air samples was collected on day 14 at 336-h elapsed time. Replicate
samples for voes were collected at least twice during an experiment.
For experiments with elevated ventilation, the compartment ventilation rate was reduced
to 0.5 h-1 at 72-h elapsed time.
The experimental data consisted of: probe temperature and relative humidity 1.5 m from
floor at the midpoint of the compartment; four thermocouple temperatures in the compartment; air
velocity 5-cm above the floor; flow velocity pressure; supply air relative humidity; building
temperatures; mass-flow controller flow rates; sampling valve positions; elapsed time and clock
time.
Experimental details that were specific to each source assembly are described below.
Latex Paint Combination - The substrate used for the application of the flat latex paint consisted of
five panels of textured, but otherwise unfinished, gypsum wall board each with surface dimensions
of 1.22 by 2.44 m yielding a total painting surface area of 14.9 m2. The substrate used for the
application of the semi-gloss latex paint consisted of two plywood panels each with surface
dimensions of 0.61 by 0.91 m yielding a total painting surface area of 1.1 m2. The panels were
positioned and attached to the compartment walls as described in Appendix G. In order to mimic
the surfaces in a room environment, the floor of the compartment was carpeted with an action
back, tufted loop, 100 percent olefin fiber material. This carpet had been in the dealer's stock for
a number of months and was aired out prior to its use. The emissions of voes from the carpet
were very low relative to the expected emissions of voes from the paints.

The paints were applied by hand following industry practice and using typical painting
tools. A systematic procedure was developed and carefully followed for each experiment. The
latex primer sealer was applied to the gypsum board panels by roller. A brush was used to apply
the primer to the borders of the gypsum panels and to the plywood panels. The flat latex paint
was applied to the primered gypsum panels using a roller. A brush was used to finish the borders
of the panels. Another brush was used to apply the semi-gloss paint to the plywood panels. All
paint containers, tools and drop cloths were weighed immediately prior to and following an
experiment. These weights were used to calculate the applied masses of the three paints.
The latex primer sealer was applied first. The primer was allowed to dry for exactly one
hour, the minimum time recommended by the manufacturer. Then, the flat and semi-gloss latex
paints were applied following the same sequence used for the primer. The duration of the entire
painting procedure was approximately one hour, 50 minutes and was the same for all of the
experiments. The experimental period was initiated when the technicians exited the chamber
following the application of the finish paints. For the experiment with added air mixing and
additional ventilation, two oscillating room fans were installed in the compartment at 2-h elapsed
time. The fans were positioned so that they moved air approximately perpendicular to the long
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walls of the compartment. The fans were continuously operated at their maximum speed setting
until 72-h elapsed time when they were turned off.

Carpet Assembly - The carpet assembly was installed to completely cover the floor of the
compartment. For each experiment, there were three sections of action back, tufted textured
loop, 100 percent olefin carpet. There were also three sections of bonded urethane carpet
cushion.
Prior to an experiment, a tack strip was attached to the floor around the inside perimeter
of the compartment. The sections of cushion were laid out on the floor with the smooth webbing
side facing up. The sections were trimmed so that they fit inside of the tack strip. Next, the
sections of carpet were laid out over the cushion. The two seams were bonded with thermal
seaming tape applied with a hot iron. The edges of the carpet were then trimmed, and the carpet
was attached to the tack strip. Installation of the carpet assembly required approximately 50
minutes. The experimental period was initiated after the installation was complete.
For one experiment, the carpet and cushion materials were aired out immediately prior to
their installation. The materials were laid out for 48 hours on the floor of a room that was
ventilated at over ten air changes per hour. The carpet was positioned with the backing facing up
and the cushion was positioned with the webbing side facing up. Oscillating fans were used to
increase the air velocity over the surfaces.

Vinyl Flooring Assembly - The vinyl flooring assembly was installed to completely cover the floor
of the compartment. The materials used for these experiments were aged particleboard
underlayment, a "no wax" residential sheet vinyl flooring, rubber cove base, sheet flooring
adhesive, cove base adhesive, and vinyl flooring seam sealer.
At the beginning of an experiment, four panels of pre-cut particleboard were installed on
top of the aluminum-clad compartment floor. Three pieces of sheet vinyl flooring were brought
into the compartment with the other materials. The pieces were first trimmed to approximately the
correct sizes. The sheet flooring adhesive was applied to the surface of the underlayment in six
stages using a notched trowel. The vinyl flooring was glued down starting at one end of the
compartment, and the edges were trimmed as required. Next, the cove base was installed in
sections around the inside perimeter of the compartment using the cove base adhesive. Finally,
the two-part liquid seam sealer was mixed and applied to the two seams in the vinyl flooring.
Installation of the vinyl flooring assembly required approximately 90 minutes. The experimental
period was initiated after the installation was complete.
The containers of the sheet vinyl and cove base adhesives and the installation tools were
weighed immediately prior to and following an experiment. These weights were used to calculate
the applied masses of the adhesives.
For one experiment, the vinyl flooring and cove base materials were aired out immediately
prior to their installation in the compartment as described for the carpet materials. The materials
were positioned with their finished surfaces facing up during the airing out procedure.

Combined Sources - The source materials and painting substrates used for the two experiments
with the combined sources were the same as those used in the experiments with the separate
sources. Two-thirds of the floor area of the compartment was covered with .the carpet assembly,
and the remaining one-third was covered with the vinyl flooring assembly.
The paints were applied first and were allowed to dry for three days prior to installing the
flooring materials. This initial drying period allowed the voe emissions from the paints to decay
down to lower levels and made it more practical to collect and analyze voe samples for
compounds that were representative of the other sources. The aluminum-clad floor was left bare
during painting and the initial drying period. There were also no furnishings in the compartment
during this period. The ventilation rate during painting was 5.0 h-1. Two hours later, the
ventilation rate was reduced to 2.0 h-1 and was maintained at this setting. No air samples were
collected during this period.
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The installation of the carpet and vinyl flooring assemblies was initiated 72 hours after
painting and with the chamber still operating at 2.0 h-1. The vinyl flooring assembly was installed
first followed by the carpet assembly. Installation of the flooring materials required approximately
70 minutes.
One of the experiments was conducted using mild heating over approximately three days
in combination with additional ventilation. Two hours after initiating the experimental period, two
portable electric space heaters were placed in the compartment. The operation of one of the
heaters was automatically regulated with a temperature controller. The other heater was manually
controlled from the exterior of the compartment.
At six hours elapsed time, the two heaters were turned on. After several hours when the
air and surface temperatures approached the 33° C set-point temperature, the manually
controlled heater was switched off and the single temperature-controlled heater was used to
supply heat on demand. The compartment was continuously heated to about 33<> C until 72-h
elapsed time. Then, the heater was switched off, and the ventilation rate was reduced to 0.5 h-1.
The other experiment was conducted with additional ventilation of 2.0 h-1, but without
heating, throughout the first 72 hours. Then, the ventilation rate was reduced to 0.5 h-1. This
experiment was conducted over a period of three months (2,016 hours). Air samples were
collected weekly following the initial two-week period.
2.3 SAMPLING AND ANALYSIS OF voes AND TVOC
Gas samples for the analysis of individual voes and TVOC were collected on sorbent
samplers and were analyzed by thermal desorption gas chromatography/mass spectrometry
(GC/MS). Two different thermal desorption systems (described below) were used during the
course of the study. The first system was used for the screening measurements of most of the
carpet assembly materials. This system was found to be unsuitable for the analysis of the
dominant voes emitted by the latex paints. Therefore, a different thermal desorption system was
used for the screening measurements of the paints. Since this system performed well and the
first system was no longer supported because the manufacturer had recently gone out of
business, the second system was used for the remainder of the experiments.
Multisorbent samplers were used with the first system (Part No. ST-032, Envirochem,
Inc.). These samplers contained Tenax-TA®, a carbon molecular sieve and activated carbon, in
series. The inclusion of the two carbonaceous sorbents in these samplers prevented the
breakthrough of very volatile VOCs. The sorbent samplers used with the second system (Part
No. 16251, Chrompack, The Netherlands) contained Tenax-TA®. Tenax by itself has relatively
low retention volumes for very volatile VOCs. However, for the compounds in the volatility range
of interest in this study (i.e., compounds with boiling points greater than approximately so<> C), the
breakthrough volumes on Tenax are typically at least 2 Land are substantially higher for most
compounds (Hodgson and Girman, 1989). The air sample flow rates for both the small- and
large-scale chambers were typically 0.1 L min-1. These rates were regulated with electronic mass
flow controllers. Sample volumes were varied depending upon the analyte concentrations and
ranged up to 3 L. The sorbent samplers were cleaned and conditioned prior to use by heating
them to 300° C for 30 minutes in a helium gas stream.
The analytical method for the analysis of voes collected on multisorbent samplers using
the first thermal desorption system has previously been described (Hodgson and Girman, 1989).
This method is a modification of U.S. EPA Method TO-1 (Winberry et al., 1988a). In brief, the
sample components were thermally desorbed from a sampler with a sorbent-trap inletting system
(Model UNACON 810A, Envirochem, Inc.). This system used dual sequential internal traps to
concentrate the sample. The sample components were introduced into a capillary gas
chromatograph (GC) equipped with liquid nitrogen sub-ambient cooling (Model 5980 Series 11,
Hewlett-Packard Corp.). The GC was connected via a direct capillary interface to an electron
impact quadrupole mass spectrometer (Model 5970B, Hewlett-Packard, Corp.). The mass
spectrometer was operated in the scan mode. The specifications and operating conditions for this
analytical system are given in Table 4.
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The second method used for the analysis of voes collected on the Tenax samplers was
also a modification of U.S. EPA Method TO-1. The sample components were thermally desorbed
from a sampler using a cryogenic inletting system (Model CP-4020 TCT, Chrompack, The
Netherlands). A section of large-diameter, capillary GC column cooled with liquid nitrogen was
used to concentrate the sample. The GC/MS system was the same as described above. The
specifications and operating conditions for this second analytical system are given in Table 5.
An internal standard (ISTD) was added to all samplers, including standards, immediately
prior to their analysis. The ISTD was 120 ng of bromofluorobenzene. This was generated by a
gravimetrically calibrated diffusion source and was transferred to the samplers with a gas-tight
syringe.
For qualitative analysis, the spectra of the peaks in the total-ion-current (TIC)
chromatograms were first compared to spectra contained in a database of commonly occurring
VOCs created in the laboratory from analyses of pure compounds. These analyses were
conducted using the same methods used for the analysis of the samples. If a spectrum of a
compound matched a spectrum of a compound in the database and if the compounds' retention
times also matched, then the identification was "confirmed." If no match was obtained, then the
unknown spectrum was compared to the spectra contained in the electronic NIST/EPA/NIH Mass
Spectral Database of approximately 75,000 entries (Heller and Milne, 1978). The analyst decided
if the identification was "probable" based on the match quality and the reasonableness of the
retention time. Less certain matches were described as ''tentative." In some cases, no strong
match was obtained, and the compound was "unidentified." Commonly occurring hydrocarbons
(HCs) have many isomers for which no pure standards are available. Such compounds were only
identified to class.
Individual compounds were selected for quantitative analysis based on a combination of
several criteria. One criterion was the apparent relative abundance of a compound as determined
by its peak area in a TIC chromatogram. Identified compounds with high relative abundances
were selected for quantitative analysis if pure standards of these compounds were available for
calibration. Another criterion was the potential health effects of an identified compound.
Particular emphasis was placed on selecting ARB TACs that were above a lower limit of
quantitation of approximately 1 µg m-3 for a 3-L sample. Other compounds that were known
sensory irritants (e.g., aldehydes) or that had low odor thresholds were selected. Finally,
compounds that were indicative of a particular source were selected. Originally, it was planned to
quantify up to 15 compounds for each source investigated in the screening measurements. For a
number of the sources, it was not possible to quantify this many compounds. In some cases, the
emissions from sources only included a few compounds (e.g., most latex paints). In other cases,
pure standards were not available for many of the compounds or there were complex mixtures of
compounds that were not chromatographically resolved. The final selections of the target
compounds for the major sources were made in consultation with the ARB.
For quantitative analysis, abundant and characteristic mass ions for the compounds of
interest were extracted from the TIC chromatograms and their peak areas were integrated by the
data system. Mass responses were determined using multi-point ISTD calibrations. These
calibrations were prepared using the procedures described below and were periodically repeated
during the study.
For compounds with high to intermediate volatility, standard gas mixtures were created by
injecting a several microliter aliquot of a liquid mixture of the compounds into a 2-L flask with a
septum cap that was then heated and maintained at 65° C (Riggan, 1984). A sample was
withdrawn from the flask with a gas-tight syringe and injected into a helium gas stream flowing
through a clean sampler. Calibrations were prepared by analyzing a range of volumes of the gas
mixture.
For compounds with lower vapor pressures, dilute liquid standards were prepared in a
low-boiling solvent such as methanol or n-pentane, and microliter amounts of the standard were
injected directly onto a Tenax sampler. The sampler was purged with helium to remove most of
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the solvent and analyzed using the normal procedures. Calibrations were prepared by analyzing
different volumes or serial dilutions of the liquid standard.

Table 4. Specifications for the first, UNACON-based system used for the analysis of VOCs.
Companent

Specifications & Operating Parameters

Analytical column

DB-1701 (J&W Scientific, Inc.)
30 m x 0.25 mm ID x 1.0 µm film

Carrier gas

Helium

Desorber

Model 8916, 16-tube (Envirochem, Inc)
Tube desorb temp: 275° C

Concentrator

UNACON 810A, (Envirochem, Inc)
Trap 1 heat: 20 sec @ 275° C
Trap 2 heat: 20 sec @ 275° C

GC oven

Model 5890 II (Hewlett-Packard Corp.)
1° C (4.3 min)
1 - 1200 C @ 5o C min-1
120- 225° C@ 100 C min·1
225° C (2 min)

Mass spectrometer

Model 5970B (Hewlett-Packard Corp.)
SCAN mode: m-'z 33 - 300 @
1.6 scans sec-1

@

-1 cm3 sec-1

Table 5. Specifications for the second, Chrompack-based system used for the analysis of VOCs.
Component

Specifications & Operating Parameters

Analytical column

DB-1701 (J&W Scientific, Inc.)
30 m x 0.25 mm ID x 1.0 µm film

carrier gas

Helium@ -1 cm3 sec-1

Concentrator

CP-4020 TCT, (Chrompack}
Tube desorb temp: 6.5 min @ 2500 C
Trap inject temp: 200° C

GCoven

Model 5890 II (Hewlett-Packard Corp.)
4QO C (5 min)
40 - 225° C @ 5° C min-1
225° C (7 min)

Mass spectrometer

Model 5970B (Hewlett-Packard Corp.)
SCAN mode: m-'z 30 - 350 @
1.9 scans sec-1
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For each analyte, the calibration data points were plotted as the analyte response ratios
(relative to the ISTD response) versus the concentration response ratios (relative to the ISTD
concentration). Calibration curves were generated using a linear least squares fit through the
data points. For most compounds, the linear regression was forced through the origin.
The GC/MS TIC method used for the analysis of TVOC has previously been described
(Wallace et al., 1991; Hodgson, 1995). The TIC chromatogram for a sample was integrated over
a broad retention-time range approximately bounded by the retention times of n-hexane and
n-heptadecane. The integration parameters that were used captured almost all of the
chromatographic area within this range. The integrated areas minus the area of the ISTD were
summed. The mass of the compounds represented by the sum were calculated relative to the
known amount of the ISTD. This calculation used an average relative TIC response factor
determined for 10 commonly occurring normal alkane and aromatic hydrocarbons. These
compounds were: n-heptane, n-octane, n-nonane, n-undecane, n-tridecane, benzene, toluene,
ethylbenzene, m-xylene, and 1,2,4-trimethylbenzene. Because of the variation in the relative TIC
response of different classes of compounds, the uncertainty in the method is estimated to be
approximately ±40 percent when applied to different compound mixtures (Wallace et al., 1991).
2.4 SAMPLING AND ANALYSIS OF FORMALDEHYDE AND ACETALDEHYDE
Air samples for the analysis of formaldehyde and acetaldehyde were collected on dual
layer silica gel tubes impregnated with an acid solution of 2,4-dinitrophenylhydrazine (Part No.
226-119, SKC Inc.). As an air sample was pulled through a tube, the derivatizing reagent reacted
with the carbonyl compounds to form the stable hydrazone derivatives that were retained by the
tube. The air sample flow rates for both the small- and large-scale chambers were typically 0.5 L
min-1. These flow rates were regulated with electronic mass-flow controllers. Sample volumes
were typically 30 L.
For analysis, a sampling tube was broken open and both sorbent layers were transferred
to a 15-mL disposable centrifuge tube with a screw cap. Four milliliters of high-purity acetonitrile
were pipetted into the centrifuge tube, and the tube was placed in an ultrasonic bath for five
minutes. Next, the tube was centrifuged for five minutes. Approximately 1 ml of the clear extract
was transferred to a 2-mL glass auto sampler vial.
The sample extracts were analyzed for the hydrazone derivatives of formaldehyde and
acetonitrile using a high-performance liquid chromatograph (HPLC) generally following U.S. EPA
Method TO-11 (Winberry et al., 1988b). The compounds were separated on a microbore,
reverse-phase C1a column (Symmetry C18, Part No. WATO56975, Waters Corp.) using a
gradient mixture of water and acetonitrile as the mobile phase. The HPLC instrument (Model
1090 LC, Hewlett-Packard Corp.) was equipped with a dual-pump solvent delivery system and a
diode-array UV detector. The absorbance of the derivatives was measured at 360 nm. Five-point
external calibrations were prepared periodically during the study from standard solutions of the
formaldehyde and acetaldehyde hydrazone derivatives. A single check standard of the derivatives
was analyzed at least once on each day of analysis. At least one sample tube collected as an
experimental blank was also analyzed. Approximately every tenth sample extract was analyzed in
duplicate. The lower limits of quantitation for formaldehyde and acetaldehyde in a 30-L sample
were approximately 4 µg m-3.
2.5 DATAANALYSIS
2.5.1 Specific Emission Rates
The emission rates of the target analytes were calculated for both the small- and large
scale chamber experiments assuming that the chambers were ideal continuously-stirred tank
reactors (CSTRs). Losses of the analytes due to factors other than ventilation (i.e., sink effects)
were ignored; consequently, the calculated values were net rates.
A model has been developed to calculate emission rates for sources of voes that decay
rapidly with time (ASTM, 1990). This model requires a sufficiently large number of samples at the
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beginning of an experiment to define the time and magnitude of the initial concentration peak.
The model further requires that the change in the emission rate be approximated by a first-order
decay. The model was not practical for use in this study because of the large number of
experiments to be conducted and the requirement for significantly more samples in the initial time
periods. Furthermore, the emphasis of the study was on exposures of residential occupants that
would occur subsequent to the installation or application of the sources. Thus, increased
sampling in the initial time periods could not be justified.
The steady-state form of the mass-balance model for CSTRs was selected (ASTM,
1990). Quasi-steady state, area-specific emission rates (ER) in mg m·2 h·1 were calculated as:

(1)

Where Vis the chamber volume (m3); a is the chamber air change or ventilation rate (h·1); C is
the air concentration of the analyte in the chamber (mg m-3); Co is the chamber background or
inlet air concentration of the analyte (mg m-3); and A is the exposed surface area of the source
(m2). Mass-specific emission rates (mg kg-1 h-1) were calculated using the mass of the source
(kg) rather than the surface area.
The emission rates determined with the steady-state model best reflect actual emission
rates during periods in which the chamber concentrations of the analytes are not changing rapidly
with time. An unknown amount of uncertainty is introduced into the calculation of emission rates
when the concentrations are changing rapidly. In this study, the period of rapidly changing
concentrations was generally limited to the first 24 hours in experiments with latex paints. For the
small-scale experiments with paints, emission rates were only calculated for the 48- and 96-h time
periods.
2.5.2 Cumulative Mass Emissions and Exposures
For the large-scale experiments, cumulative mass emissions were determined for each
target voe and the estimate of TVOC. This was accomplished by integrating and summing the
trapezoidal areas resulting from a linear interpolation of the average specific emission rates (mg
m-2 h-1) for each sampling interval beginning at time zero. The resulting specific mass emission
value (mg m-2) was multiplied by the area of the source (m2) to generate the total mass emitted
(mg) over the experimental period.
Although the study included a broad range of VOCs, the overall emphasis was on
compounds that are classified by the ARB as TACs. For such compounds, there is generally
most concern in air quality investigations regarding cumulative inhalation exposures (i.e., the
product of a compound's air concentration and the exposure time). Other types of inhalation
exposures that might be of concern as suggested by Tichenor and Sparks (1996) include the
maximum concentration that a compound attains and the length of time an exposure occurs
above a threshold level (e.g., an odor or sensory irritation threshold). Although the latter type of
exposure is of considerable concern and importance in indoor environments, it is difficult to
evaluate because of the general lack of knowledge regarding effect levels. In particular, the data
on human sensory irritation thresholds is very limited. There is considerably more data on
olfactory thresholds; but even this frequently does not include the major compounds emitted by
common indoor sources. Consequently, the exposure assessment that was conducted for this
study was restricted to the calculation of cumulative exposures.
Knowledge of occupant activity patterns is needed in order to determine the exposure
times. For this study, the population of most concern was full-time occupants of residences. Two
different time periods, or scenarios, were selected for evaluation. The first time period of interest
was the initial two days (0 - 48 hours) following the installation of a source assembly. It was
anticipated that the highest concentrations would occur over a relatively short period after
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installation and that a substantial portion of an occupant's exposure might also occur during this
period. The second scenario was for a full-time occupant who chose to vacate the residence, or
was not present in the residence, for the first two days following the installation of a source
assembly. In this way, the occupant avoided exposure to the initial emissions of VOCs. It was
assumed in this case that occupancy began at exactly 48-h elapsed time. For both scenarios, it
was assumed that the occupant stayed in the residence for 20 hours each day (i.e., 83 percent of
their time was spent at home). For simplicity, an occupancy factor of 0.83 was used rather than a
specific time schedule.
Cumulative exposures in parts-per-million hour (ppm-h) or parts-per-billion hour (ppb-h)
were calculated as the product of the concentration profile of a target VOC expressed in molar
volume concentration units (i.e., ppm or ppb), the exposure time in hours, and the occupancy
factor. This was accomplished by calculating the exposure for each time interval between
successive air samples following the linear trapezoidal procedure, summing these individual
exposures, and multiplying the sum by the exposure factor.
2.5.3 Pooled Estimates of Variance
Pooled estimates of variance for the concentration measurements of individual VOCs
were calculated according to standard analysis of variance techniques. In order to combine
several estimates of a common variance into a single estimate of pooled variance, the computed
variances are combined, weighted by their respective degrees of freedom. For the special case
where there are k sets of duplicate measurements, the formula for the calculation of pooled
variance, s2p, is:

52
p

=-1-~ d2

2kf' '

(2)

Where d; = the difference of the duplicate measurements (Ku, 1969). The pooled estimate of the
standard deviation, sp, is the square root of the pooled variance. The pooled standard deviation
has k degrees of freedom.
Relative precisions in percent were calculated for the individual VOCs by dividing their
pooled standard deviations by their respective median concentrations. Median concentrations
rather than the arithmetic average concentrations were used to reduce the influence of the high
initial concentrations for some compounds.
This analysis of precision was performed for a limited, but representative, set of VOCs.
This data was generated in the two large-scale experiments with the combined source
assemblies. The target VOCs selected for these experiments were among the most abundant
compounds emitted by the source assemblies and were also characteristic of the emissions from
the individual major materials. The target VOCs spanned a broad range of volatility and included
representatives of the major chemical classes of compounds detected in all experiments.
Therefore, these compounds can be considered to generally represent all of the VOCs included in
the study. For these experiments, there were more than 20 pairs of co-located samples. Limited
numbers of paired samples were collected in the other large-scale experiments. However, the
numbers of pairs were insufficient to calculate pooled estimates of variance.
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3.0 SELECTION AND PURCHASE OF THE STUDY MATERIALS
3.1 LATEX PAINTS
There was no directly applicable published data for interior latex paints giving National or
California market shares by manufacturer and/or product line. Therefore, the product selections
were primarily based on information obtained through informal conversations with knowledgeable
individuals. These individuals included other scientific researchers, a contact at the National Paint
and Coatings Association, the head of environmental affairs for a national paint company, a
regional paint sales representative and several local retailers.
Three combinations of conventional latex finish paints were selected. Each of these
combinations consisted of compatible flat and semi-gloss paints. Two of the paired combinations
were produced by the two largest national manufacturers, which also dominate the California
market. Both of these combinations are generally categorized as high-volume, intermediate
grade, consumer-oriented products. These paints were designated as FLP1 (flat latex paint) and
SGLP1 (semi-gloss latex paint) for the first combination and as FLP2 and SGLP2 for the second
combination (Appendix C, Table C-01). The third combination was from a regional and
predominantly California-based manufacturer with a relatively high sales ranking. This
combination was characteristic of professional-quality paints used by painting contractors. These
paints were designated as FLP3 and SGLP3.
The fourth combination of flat and semi-gloss latex paints was a new generation "non
VOC" product line from a major national manufacturer. The manufacturer claimed that the
product contained no petroleum-based solvents or other organic solvents. This combination was
selected to provide information on potential improvements in indoor air quality that might be
achieved by product substitution. The non-VOC paints were designated as FLP4 and SGLP4.
All of the finish paints were either pure or off white stock color formulations.
A decision was made to use a primer sealer as the base coat in the large-scale
experiments even though the current trend in professional residential painting is not to use a
primer coat. Two latex primer sealers were selected for the screening measurements. Both were
from major national manufacturers. One of the products required a drying time of 24 hours before
it could be painted over. This paint was designated as LPS1 (latex primer sealer). The other
product, LPS2, was formulated so that it could be painted over after only one hour of drying.
All of the paints for the screening measurements were purchased from open stock at local
retail outlets. The flat latex paints were obtained in 1-gal (3.8-L) containers, and the semi-gloss
latex paints and the latex primer sealers were obtained in either 1-quart (0.95-L) or 1-gal (3.8-L)
containers. All of the containers were mechanically shaken at the stores with the exception of the
two non-VOC paints, which according to the manufacturer, were not to be shaken. Upon delivery
to the laboratory, the paints were mixed by hand stirring. Each paint was then aliquoted into four,
or more, new 240-mL amber glass jars with Teflon-lined lids. Two 6-mm ball bearings were
added to each jar. These were used for stirring. The jars were sealed and stored at room
conditions in the laboratory.
The three paints selected for use in the large-scale experiments, LPS2, FLP3 and
SGLP3, were purchased in 1-gal (3.8-L) containers from a local paint retailer. Sufficient quantities
of paint were purchased for all six experiments. The containers were mechanically shaken at the
store. Upon delivery to the laboratory, the paints were mixed by hand stirring and then aliquoted
into new 1-quart (0.95-L) paint cans. These were stored at room conditions. The paints were
mixed by hand stirring prior to use.
3.2 CARPET MATERIALS
The study plan specified that two of the carpets were to be representative of the materials
typically used in residential installations. The third carpet was to be representative of commercial
installations.
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The 50 largest North-American carpet manufacturers were ranked according to 1994
dollar sales volume by an industry trade publication (Carpet & Rug Industry Magazine, 1995). The
top four manufacturers, which are large corporations, accounted for almost one-half of the
approximately 12 billion dollars (U.S.) of 1994 carpet sales. These top manufacturers are also
predominant in the California market. There was no published data for either the nation or
California on the market shares of the numerous styles or grades of carpets that could be used to
make the final selection of the materials. Therefore, this selection had to be made based on
information provided by knowledgeable individuals. A representative of the Carpet and Rug
Institute (K. McIntosh, CRI, personal communication) provided information on the typical
residential carpet styles and grades sold in California by three of the four largest manufacturers.
With the assistance of a local contract flooring dealer, two nearly equivalent products from two
different manufacturers were selected from this list. These materials were intermediate grade,
action back carpets with nylon pile face fiber and styrene-butadiene-rubber (SBR) latex on the
secondary backing. Both of these carpets were from lines certified under the CRI Indoor Air
Quality Carpet Testing Program and bore the "Green Tag" label (CAI, 1994). They were
designated as CP1 and CP3 (Appendix D, Table D-01).
The commercial grade carpet was selected from among the styles and grades produced
by one of the other two top manufacturers based on information provided by the contract flooring
dealer. This material was believed to have a relatively high sales volume. It was an action back
carpet with olefin textured loop face fibers and SBR latex on the secondary backing. It was
designated as CP2. At the time of the first purchase of this carpet, it was not certified under the
CRI Indoor Air Quality Carpet Testing Program. Subsequently, this carpet was selected for use in
the large-scale experiments. By the time the order was placed for the material for these
experiments, the previous product had been discontinued and was replaced by a nearly identical
style that was certified under the CAI Program. This new carpet was ordered and was designated
as CP4.

A number of different types of carpet cushions are manufactured. The five dominant
product types are bonded urethane, prime urethane, synthetic fiber, rubberized jute and sponge
rubber (Shaeffer et al., 1996). Bonded urethane and prime urethane cushions, together account
for nearly 90% of the combined residential and commercial markets (Leukroth, 1991). Bonded
urethane, by itself, has approximately 50 - 60% of the total market. Consequently, it was decided
to select two bonded urethane cushions with relatively high California sales volumes. In a
previous small-scale chamber study, it was shown that synthetic fiber cushions had low emissions
of VOCs relative to the other product types (Shaeffer et al., 1996). A synthetic fiber cushion was
selected as the third material.
Generally, carpet cushions are manufactured and distributed on a more regional basis
than carpets. No published data was available on the California market shares of manufacturers
of bonded urethane cushions. Therefore, a telephone survey of California carpet retailers was
conducted to obtain approximate market share information. Twenty-seven major carpet retailers
in Northern, Central and Southern California were contacted. Eighteen of these retailers identified
the major brands of bonded cushion that they sold. Some provided information about the relative
sales volumes of these brands and identified the highest selling grades. The phone survey data
was tabulated, and three top manufacturers were identified based on this data. Bonded cushions
produced by one manufacturer were sold by more than 60% of the responding retailers. Next, a
local retailer that carried this manufacturer's products was contacted. The grade with the highest
sales volume in this retailer's stores was selected as one of the materials. The other bonded
urethane cushion was selected based on the recommendation of the local contract flooring dealer
from among the materials produced by the other two top manufacturers. These bonded urethane
cushions were designated as CC1 and CC2, respectively (Appendix D, Table 0-01). They were
both 0.5 inches (1.3 cm) thick. Their densities varied by about a factor of two. The second
manufacturer also produced the synthetic fiber cushion that was selected for the study based on
the recommendation of the contract flooring dealer. It was designated as CC3. Carpet Cushion
CC2 was subsequently selected for use in the large-scale experiments. At the time of this
purchase, a slightly different, but nearly equivalent, material was available from the same retailer.
This material was 7/16 inches (1.1 cm) thick and was designated as CC4.
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The final material selected for the screening measurements of carpet materials was a
thermal seaming tape. This was a professional grade product suitable for heavy traffic in
commercial installations. It was stocked at a local high-volume retail outlet. The seaming tape
was designated as ST.
The three carpets for the screening measurements, CP1, CP2 and CP3, were purchased
through the contract flooring dealer. Once the materials had been selected and the experimental
schedule was established, the dealer contacted the carpet manufacturers or primary distributors
to obtain information on their production schedules. The specific materials were selected based
on their known future production dates regardless of pattern or color. Arrangements were made
to have the materials shipped and delivered to the dealer within one week of these production
dates. In this way, recently manufactured carpets of known age were obtained.
Each carpet was initially obtained as a 1.8 by 3.7-m (6.7-m2) piece. The piece was rolled
and wrapped in polyethylene sheet plastic for shipment. Upon receipt, the carpet was unwrapped
and tightly re-rolled with the face fiber facing outward. The roll was then placed in a large 2-mil
thick Tedlar bag and sealed. The packaged carpet was stored at room conditions.
Prior to the large-scale experiments with the carpet assembly, a large quantity of Carpet
CP4 was purchased following the same procedure. Upon receipt, the material was rolled out in
the dealer's warehouse and cut into pieces for six large-scale experiments. The pieces for each
experiment were rolled together and stored in a sealed Tedlar bag as described above.
Carpet Cushions CC1 and CC3 were also purchased through the contract flooring dealer.
They were ordered from the manufacturer or distributor and delivered to the dealer. For these
materials, it was not possible to establish an exact production date. However, they were believed
to be of recent manufacture. Carpet Cushion CC2 was purchased from a carpet retailer.
According to the retailer, shipments of the material were received approximately every two weeks.
The piece for the screening measurements was cut from a recently received roll.
Each cushion for the screening measurements was obtained as a 1.8 by 3.7-m (6.7-m2)
piece. The piece was rolled and stored in a sealed Tedlar bag.
A sufficient quantity of Carpet Cushion CC4 for six large-scale experiments was
purchased from the same retailer. The roll from which the material was taken had recently been
received. The material was cut into the approximate sizes needed for the experiments. The
pieces for each experiment were rolled together and stored in a sealed Tedlar bag.
The thermal seaming tape for both the screening measurements and the large-scale
experiments was purchased from open stock at a large-volume retail outlet. The rolls of tape
were stored in a sealed Tedlar bag.
3.3 VINYL FLOORING MATERIALS
There was no published market data that could serve as the basis for the selection of the
sheet vinyl materials. However, there are only a few major manufacturers of sheet vinyl flooring.
These manufacturers dominate both the National and the California markets. They are readily
identifiable from "shelf surveys" of flooring retailers. Due to the lack of published information, the
material selections were primarily based on information informally obtained from knowledgeable
individuals. These individuals included a former industry representative, a regional sales
representative and the contract flooring dealer.
Base- and intermediate-grade residential vinyl flooring materials have a clear vinyl top
layer. This coating provides the "no-wax" feature. The backings of these materials are
specifically designed for one of two different installation techniques. These techniques are
perimeter adhesive application and full-spread adhesive application. Full-spread adhesive
materials can be installed by both consumers and professionals. Professionals generally only
install materials requiring perimeter adhesive application. Vinyl flooring materials used in
commercial installations require harder surfaces. Therefore, they do not have a soft vinyl top
coat. Instead, they rely on periodic maintenance to maintain a shiny appearance.
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Four different sheet vinyl materials were selected. There were three residential no-wax
materials. Two of these were intermediate-grade materials since it was believed that the majority
of consumers would select this grade because of cost and durability considerations. A sales
representative from one of the manufacturers confirmed that intermediate-grade materials had the
largest sales volumes. One of the intermediate-grade materials was designed for perimeter
adhesive application. This was designated as SV2 (Appendix E, Table E-01). The other
intermediate-grade material, designated as SV3, was produced by another top manufacturer and
was equivalent in quality and price to SV2. It was designed for full-spread adhesive application.
The third residential no-wax product was a base-grade material available at large-volume retail
outlets and intended for the budget-minded "do-it-yourself" market. It was designed for full-spread
adhesive application. It was designated as SV4. A single intermediate-grade commercial
material produced by one of the top vinyl flooring manufacturers was selected. It was designated
as SV1. Following the initial screening measurements, Sheet Vinyl SV3 was selected for use in
the large-scale experiments. The identical style of material was purchased for these experiments.
However, it varied from SV3 with respect to color, pattern and production date. It was designated
as SVS. A two-part, liquid seam sealer formulated for use with this sheet vinyl was obtained from
the same manufacturer.
Professional installers generally prefer rubber cove base since it is more flexible and has
less shrinkage than vinyl cove base. A rubber cove base from a major manufacturer was
selected for this study. It was designated as CB.
The sheet flooring adhesive selected for this study was produced by a large national
manufacturer and was labeled as "solvent free." The cove base adhesive was produced by the
same manufacturer and was labeled as "low VOC" content. These products were designated as
SFA and CBA, respectively.
Three of the sheet vinyl materials (SV1, SV2 and SV3) for the screening measurements
were purchased through the contract flooring dealer. As for the carpets, the dealer contacted the
manufacturers or primary distributors to obtain information about the production dates for the
selected materials. Specific materials were ordered based on this information regardless of
pattern or color. The materials were delivered to the dealer within approximately one week of
their production dates.
Sheet Vinyl SV4 was purchased from open stock at a large-volume retail outlet. The roll
from which the piece was cut was previously unopened and, according to the sales manager, had
recently been received.
Each sheet vinyl material was obtained as a 1.8 by 1.8-m (3.2-m2) piece. Upon receipt,
the piece was unpacked and tightly re-rolled with the finished surface facing outward. The roll
was stored at room conditions in a sealed Tedlar bag.
Sheet Vinyl SVS for the large-scale experiments was purchased following the same
procedure used for Sheet Vinyls SV1 - SV3. Upon receipt, the material was rolled out and cut into
pieces for six large-scale experiments. The pieces for each experiment were rolled together and
stored in a sealed Tedlar bag.
The rubber cove base, the sheet flooring adhesive, the cove base adhesive and the seam
sealer were all purchased through the contract flooring dealer. The cove base had been received
by the distributor from the manufacturer within one week of its delivery to the dealer. The cove
base was left in its original packaging; these packages were stored in sealed Tedlar bags.
The particleboard underlayment was purchased from open stock at a large-volume retail
outlet.
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4.0 SCREENING MEASUREMENTS OF THE LATEX PAINTS
4.1 EXPERIMENTAL DESIGN
The latex paints are listed in Appendix C, Table C-01. There were two latex primer
sealers (LPS1 and LPS2) and four combinations of flat and semi-gloss paints. Three of these
combinations (FLP1 and SGLP1; FLP2 and SGLP2; and FLP3 and SGLP3) were conventional
latex paints. The fourth combination (FLP4 and SGLP4) was a new-generation non-VOC product.
The screening measurements conducted with the latex paints are summarized in
Appendix C, Table C-02. The screening measurements conducted with the gypsum board (GB)
and plywood (PW) substrates alone served as the respective blank experiments for the flat and
semi-gloss paints. There were 12 experiments with individual paints including the duplicate
experiments with flat paint FLP1 and semi-gloss paint SGLP3. In addition, there were four
experiments with the combinations of paints selected for the large-scale experiments.
Experiments with the combination of LPS2 and FLP3 applied to the GB substrate were conducted
at the standard room temperature (23° C) and relative humidity (50 percent) and at reduced
(30 percent) and elevated (70 percent) relative humidities. One experiment at standard conditions
was conducted with the combination of LPS2 and SGLP3 applied to the PW substrate.
The procedures used for the application and testing of the paints are described in detail in
Appendix A. The environmental parameters for all of the experiments are summarized in
Appendix B. The coverages that were achieved in grams of paint applied per square meter of
substrate surface are given in Table C-02. The coverages for the duplicate experiments with the
individual paints were in good agreement. There were substantial differences between the
coverages for LPS1 and LPS2 and among the flat paints that presumably were due to differences
in the formulations of the paints.
4.2 QUALITATIVE EMISSIONS OF voes
The 6- and 96-h samples for each individual paint, paint combination and substrate were
qualitatively analyzed to identify the voes emitted by the paints and the substrate blanks. These
qualitative results are presented in Appendix C, Tables C-03 - C-16.
The qualitative emissions of voes from the individual conventional latex paints are
summarized in Appendix C, Table C-17. Relatively few compounds, all of which were oxidized,
dominated these emissions. The major solvent components of these paints were ethylene glycol,
propylene glycol and, for SGLP3, hexylene glycol. All of the paints emitted relatively large
amounts of the two isomers of 2,2,4-trimethyl-1,3-pentanediol monoisbutyrate (Texanol®). This
compound is frequently used as the coalescing aid in conventional latex paints. Other
compounds that were found at relatively high abundance in several of the paints were
2-(2-butoxyethoxy)ethanol (di(ethylene glycol)butyl ether or DEGBE) and 2-(2-butoxyethoxy)ethyl
acetate. The other compounds listed in Table C-17 were generally present at relatively low
abundance. n-Butyl ether was detected in the emissions from all of the paints.
The emissions of voes from the combinations of LPS2 and FLP3 and LPS2 and SGLP3
(Tables C-13 and C-14) were in qualitative agreement with the emissions determined for the
individual paints.
Only a few compounds at low abundance were detected in the emissions from the GB
substrate (Table C-15). A larger number of compounds, including terpene hydrocarbons and
aldehydes, were detected in the emissions from the PW substrate (Table C-16).
Oxidized VOCs were detected in the emissions from the non-VOC paints, but these
compounds occurred at considerably lower levels than the compounds emitted by the
conventional paints. The qualitative results for FLP4 are presented in Table C-08. By 96-h
elapsed time, all but three of the compounds (nonanal, decanal and Texanol®) were below their
lower limits of detection. These same three compounds were also detected in the emissions from
the GB substrate and may have been present due to background contamination of the chamber
system. More compounds were detected in the emissions from SGLP4 (Table C-12). However, a
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number of these compounds, including many of the aldehydes, were also detected in the
emissions from the PW substrate.
4.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
Nine of the most abundant and prevalent voes detected in the emissions from the
conventional latex paints were selected for quantitative analysis (Table C-17). The results for
hexylene glycol were highly uncertain because of difficulties with the calibration for this compound.
The samples collected during the experiments with the conventional paints and the substrates
were analyzed for this list of target VOCs. The samples for the non-VOC paints were analyzed for
the generally more abundant compounds. The samples collected at all five time periods were
quantitatively analyzed. The results for are presented in Appendix C, Tables C-18 - C35. The
concentration units for these tables are milligrams per cubic meter (mg m-3).
Generally, the concentrations of the target VOCs in the experiments with the two
substrates were at or below the lower limit of quantitation of approximately 0.01 mg m-3. The
quantitative results for the duplicate experiments with FLP1 were in excellent agreement. There
was more variation between the duplicate experiments with SGLP3. For all of the conventional
paints except SGLP1, the compounds with the highest chamber concentrations at the conclusion
of the 96-h experimental period were the principal solvent component, either ethylene glycol,
propylene glycol, or hexylene glycol, and the coalescing aid, Texanol®. If present, DEGBE
frequently had elevated initial concentrations that decayed down to relatively low levels by the
conclusions of the experiments. For SGLP1, ethylene glycol and DEG BE were the dominant
compounds throughout the experiment.
The concentrations of voes emitted by FLP4 and SGLP4 were all substantially lower
than the concentrations of VOCs emitted by the conventional paints. By the conclusions of the
experiments with these paints, the VOC concentrations were all less than 0.01 mg m-3.
Since the emissions of voes from the paints were dominated by a few compounds
(i.e., solvents and Texanol®) all of which were quantified, the best measure of concentration for
the total emissions was simply the sum of the concentrations of the individual compounds. This
measure was termed SigmaVOC (i.e., the sum of the concentrations of the target compounds).
The SigmaVOC concentrations for the screening measurements are presented In Appendix C,
TableC-36.
The concentrations of SigmaVOC at a given time period vary by a factor of three or less
among the conventional flat paints and among the conventional semi-gloss paints. By the
conclusions of the experiments, the SigmaVOC concentrations for the non-VOC paints were
factors of about 25 to 50 lower than the concentrations for the conventional paints.
The chamber concentrations of formaldehyde and acetaldehyde for the screening
measurements with paints are presented in Appendix C, Tables C-37 and C-38, respectively. The
concentration units for these two tables are micrograms per cubic meter (µg m-3). Many of the
paints had somewhat elevated initial concentrations of formaldehyde. The paints with the highest
initial formaldehyde concentrations were LPS1, FLP3 and FLP4. Typically, formaldehyde
concentrations decreased rapidly with time. With one exception (Paint FLP2), the 96-h
concentrations were less than 10 µg m-3. Many of the paints also had elevated initial
concentrations of acetaldehyde. The paints with the highest initial acetaldehyde concentrations
were LPS2, FLP1, FLP2, FLP3, and SGLP1. In general, these concentrations also decreased
rapidly with time.
4.4 EMISSION RATES OF THE TARGET COMPOUNDS
The quasi-steady state emission rates of the target compounds at the 48- and 96-h time
periods were calculated using the mass balance equation (Equation 1). Since the chamber
concentrations generally did not change rapidly over this time interval, the steady-state model was
expected to produce reliable estimates of the emission rates. These emission rates were
calculated as area-specific emission rates (mg m-2 h-1) based on the painted surface area of
0.0195 m2 and as mass-specific emission rates (mg kg-1 h-1) based on the masses of paint that
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were applied. The emission rates of the individual compounds emitted by the paints are
presented in Appendix C, Tables C-39 - C-54. The SigmaVOC emission rates are presented in
Appendix C, Table C-55. The formaldehyde and acetaldehyde emission rates are respectively
presented in Appendix C, Tables C-56 and C-57. Figures 2 - 9 individually compare the 96-h
area-specific and mass-specific emission rates of ethylene glycol, DEGBE, Texanol® and
SigmaVOC.
The paints with the highest area- and mass-specific emission rates of ethylene glycol
were FLP1, SGLP1 and SGLP2. Paints FLP2 and SGLP3 did not emit ethylene glycol. Although
there was considerable variation among the emission rates of ethylene glycol from the
combination of Paints LPS2 and FLP3, there was no apparent direct relationship between the
emission rate and humidity over the range of 30 - 70 percent relative humidity. The emission
rates of ethylene glycol from these combined paints were generally lower than the sum of the
emission rates of ethylene glycol from the individual paints. On the other hand, the emission rate
of ethylene glycol from the combination of Paints LPS2 and SGLP3 was substantially higher than
the emission rate of ethylene glycol from LPS2 (FLP3 was not a source of ethylene glycol).
Paint SGLP1 had the distinctly highest emission rate of DEGBE. Generally, the semi
gloss paints had higher emission rates of DEG BE than the latex primer sealers and the flat paints.
Paints LPS2 and FLP3 and the combination of these paints did not emit DEGBE.
Paints LPS2 and FLP3 had the highest emission rates of Texanol®. On a mass-specific
basis, LPS2 clearly had the highest rate. There was an apparent decrease in the area-specific
emission rates of T exanol® from the combination of Paints LPS2 and FLP3 with increasing
relative humidity. However, this trend was less apparent in the mass-specific emission rates. The
emission rates of Texanol®from the combination of Paints LPS2 and FLP3 were generally similar
to the sum of the emission rates of Texanol® from the individual paints. On the other hand, the
emission rate of Texanol® from the combination of Paints LPS2 and SGLP3 was similar to the
emission rate of Texanol® from SGLP3 alone and substantially lower than the sum of the
emission rates of Texanol®from LPS2 and SGLP3.
The semi-gloss paints had higher area-specific emission rates of SigmaVOC than the flat
paints. The difference was less pronounced among the mass-specific emission rates since semi
gloss paints generally had higher mass per-unit area coverages. Paint LPS2 had a higher
SigmaVOC emission rate than Paint LPS1. The emission rates of SigmaVOC from both of the
paint combinations were lower than the respective sums of the emission rates for the individual
paints.
The emission rates of formaldehyde and acetaldehyde are reported in units of µg m-2 h-1
and µg kg-1 h-1. A number of the paints had quantifiable emission rates of formaldehyde at 48and 96-h elapsed time. The paints with the highest formaldehyde emission rates were LPS1,
FLP2 and FLP3. The emission rates of acetaldehyde at 48- and 96-h elapsed time were generally
below the lower limits of quantitation.
4.5 SELECTION OF THE PAINTS FOR THE LARGE-SCALE EXPERIMENTS
Paint LPS2 was selected for use as the primer in the large-scale experiments with latex
paint primarily because the manufacturer specified that the finish coat could be applied after only
a one-hour drying period. This simplified the paint application procedure for the large-scale
experiments and reduced the number of air samples that needed to be collected and analyzed.
Although LPS2 was formulated to be fast drying, it was shown not to be atypical with respect to its
qualitative emissions of voes.
Paints FLP3 and SGLP3 were selected as the finish coats for the large-scale
experiments, in part, because the solvent compositions of the two paints were distinct from each
other. FLP3 utilized ethylene glycol, while SGLP3 utilized a combination of propylene glycol and
hexylene glycol. In addition, another research group was studying the emissions from one of the
national paint brands, and it was thought to be desirable to obtain data for a different paint
combination, specifically higher-quality paints produced by a California manufacturer for the
California market.
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4.6 BULK COMPOSITION OF THE MAJOR voes IN THE SELECTED PAINTS
The percent weight compositions of ethylene glycol, propylene glycol and Texanol® in
Paints LPS2, FLP3 and SGLP3 are presented in Appendix C, Table C-58. The principal solvent
component (either ethylene glycol or propylene glycol) was 2.0 to 3.6 percent of the paints by
weight. Texanol® was 0.7 to 1.5 percent of the paints by weight.
4.7 COMPARISON WITH LITERATURE DATA
Latex paints have generally been shown to contain relatively few VOCs. In addition,
studies have shown that there is considerable consistency in the VOC composition of latex paints
and other water-based architectural coatings.
Using a direct analysis method, Censullo et al. (1996) obtained voe emissions profiles
for 52 water-based coating samples. These samples included flat, semi-gloss and gloss latex
paints and other coating types including varnishes, stains and traffic paints. The predominant
voe components were: Texanol® (37 samples); propylene glycol (31 samples); DEGBE (23
samples); and ethylene glycol (14 samples). A large majority of the samples contained only two
or three major voe components.
Sheldon and Naugle (1994) determined the compositions of VOCs in six interior latex
paints (flat, semi-gloss and gloss) produced by two National manufacturers. The measurements
were performed by both bulk analysis of paint samples and by a small-scale chamber method for
several of the paints. The most prevalent major compounds were ethylene glycol, propylene
glycol, diethylene glycol, DEGBE and Texanol®. By bulk analysis, the weight composition of
ethylene glycol in the paints was found to be in the range of 6 - 48 g kg-1; the composition of
DEGBE was 1.5 - 13 g kg-1; and the composition of Texanol® was 3 - 10 g kg-1. These results
are in general agreement with the percent weight compositions of VOCs in the three paints that
were selected for the large-scale experiments in this investigation. The chamber air samples
were analyzed for aldehydes in addition to the other voes. The paints were shown to emit
elevated concentrations of acetaldehyde in the initial 1-h samples. These concentrations
decreased rapidly with time and were substantially lower in subsequent samples. The paints were
also shown to be low sources of formaldehyde. Similar results were found in this study.
Most of the small-scale chamber experiments conducted with latex paints have used an
impermeable material for the painting substrate. These experiments have investigated the effects
of various parameters on chamber concentrations and emission rates of VOCs. Clausen (1993)
investigated the effect of film thickness on the emissions of VOCs from a single latex paint applied
to a metal plate. The results indicated that the emissions of VOCs were controlled by evaporation
and showed that emission rates decreased with increasing film thickness. Eighteen laboratories
in ten countries took part in an interlaboratory comparison study of the emissions of DEGBE and
Texanol® from a single latex paint applied to metal plates (De Bortolli et al., 1995). Again,
differences in paint thickness were found to affect the results. More importantly, differences in the
quality of the analyses were found to be the most substantial contributor to the variance in the
results. This emphasizes the difficulty of analyzing polar organic compounds by sorbent sampling
and thermal desorption GC or CG/MS. Sheldon and Naugle (1994) investigated the effect of
surface air velocity on the emissions of VOCs from latex paints applied to glass plates. The test
with a fan showed higher air concentrations at the earlier time points and a more rapid decrease
in concentrations with time compared to the test without a fan.
It is now known that the type of substrate has a profound effect on the emission
characteristics of VOCs from latex paints. Chang et al. (1997) investigated the effect of substrate
type on the voe emissions from a single latex paint. It was found that the amount of voes
emitted from a painted metal plate was 2 - 10 times more than that emitted from painted gypsum
board over a two-week test period in small-scale chambers. The VOC emissions from the metal
plate predominantly occurred in the first 100 hours via a fast evaporation process. The VOCs
were emitted very slowly from the gypsum board. It was postulated that this process was
controlled by diffusion through the substrate. Only nine percent of the ethylene glycol, 14 percent
of the DEGBE and 29 percent of the Texanol® in the paint applied to the gypsum board were
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emitted over 336 hours. Emissions of these components were still detectable 11 months after
paint application. Chang et al. ( 1997) estimated that if 100 percent of the ethylene glycol and
Texanol® in latex paint applied to gypsum board can be re-emitted, it might take as long as 3.5
years for the complete release of these compounds.
4.8 SUMMARY
The results of the screening measurements with latex paints are summarized as follows:
1.

The emissions of VOCs from all of the conventional paints were qualitatively similar,
predominantly consisting of a solvent component (most frequently ethylene glycol or
propylene glycol) and the Texanol® coalescing aid.

2.

There were clear differences both within and among the categories of conventional paints with
respect to the emission rates of the individual voes and SigmaVOC.

3.

The relative humidity of chamber air did not have substantial effects on the emission rates of
the voes emitted by the combination of the latex primer sealer and the flat latex paint applied
to gypsum board.

4.

The emission rates of the individual VOCs and SigmaVOC from combinations of the latex
primer sealer and the flat and semi-gloss latex paints could not simply be predicted based on
the emission rates measured for the individual paints.

5.

The compositions of the emissions from the non-VOC paints were generally different than the
compositions of the emissions from the conventional paints.

6. The emission rates of SigmaVOC from the non-VOC paints were factors of about 25 to 50
lower than the emission rates of SigmaVOC from the conventional paints.

5.0 SCREENING MEASUREMENTS OF THE CARPET MATERIALS
5.1 EXPERIMENTAL DESIGN
The carpet materials are listed in Appendix D, Table D-01. There were four carpets, a
thermal carpet seaming tape, and four carpet cushions. Materials CP1 and CP3 were
intermediate grade residential action back carpets with nylon pile face fiber. Materials CP2 and
CP4 were commercial action back carpets with textured loop olefin face fiber. These two carpets
were nearly equivalent products from the same manufacturer. carpets CP1, CP2 and CP4 were
from lines certified under the CRI Indoor Air Quality Carpet Testing Program. Materials CC1, CC2
and CC4 were bonded urethane carpet cushions. Material CC3 was a synthetic fiber cushion.
The screening measurements conducted with the carpet materials are summarized in
Appendix D, Table D-02. Blank chamber runs were conducted for both the carpets and the carpet
cushions. Duplicate experiments were conducted with materials CP1 and CC2.
The procedures used to test the carpet materials are described in detail in Appendix A.
The environmental conditions for the experiments are summarized in Appendix B.
5.2 QUALITATIVE EMISSIONS OF voes
The 6- and 48-h samples for each material were qualitatively analyzed to identify the
voes that were emitted by the material. These qualitative results are presented in Appendix D,
Tables D-03 - D-13. The qualitative emissions of VOCs from the carpets and carpet cushions are
summarized in Tables 6 and 7. Table 6 shows the numbers of compounds detected in the 48-h
samples by chemical class. Compounds detected in the chamber background samples were
omitted from the sums. Table 7 lists the most abundant VOCs in the 6- and 48-h samples based
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on the relative TIC areas of the chromatographic peaks. A maximum of six components was
listed for each material. For a number of the materials, there were fewer than six compounds with
distinctly elevated TIC areas.
There were qualitative distinctions among the carpets. The two residential nylon pile
carpets emitted relatively few compounds after 48 hours of exposure in the chambers. These
compounds were predominantly branched alkane hydrocarbons. 4-Phenylcyclohexene (4-PCH)
was one of the most abundant voes emitted by these carpets. Styrene was not detected in the
48-h samples. Carpets CP2 and CP4 emitted considerably more compounds after 48 hours of
exposure. Both carpets, particularly CP2, emitted relatively large numbers of different branched
alkane hydrocarbons. Some of these alkanes were among the most abundant compounds
emitted by the carpets. Both carpets also emitted some alkene (olefinic) hydrocarbons. 4-PCH
was present in the emissions from both carpets while styrene was only detected in the 48-h
sample for CP4. Tetrachloroethene was one of the most abundant compounds emitted by CP2.
The emissions from Carpet CP4 were distinct in that they contained a relatively large number of
glycol ethers, some of which were not identified {Table D-06). After 48 hours, Carpet CP4 emitted
two nitrogen containing compounds, N,N-dimethylacetamide and 2-methyleneglutaronitrile.
The use of Seaming Tape ST on Carpet CP3 resulted in the emissions of more VOCs
than were detected in the test of the carpet by itself. More branched alkane hydrocarbons were
emitted and 2,6-di-tert-butyl-4-methylphenol (butylated hydroxytoluene or BHT) was additionally
present.
The three bonded urethane carpet cushions, CC1, CC2 and CC4, were similar to each
other in that they all emitted relatively high amounts of BHT and a complex mixture of unsaturated
hydrocarbons. This mixture contained numerous chromatographically unresolved compounds.
The mixture eluted near the ends of the chromatographic runs indicating that the compounds had
relatively high molecular weights and low volatility. These three cushions also emitted some
nitrogen-containing compounds including N,N-dimethylbenzylamine, N,N-dimethylacrylamide and
2,2'-azobisisobutryonitrile. Carpet Cushion CC1 was unique in that it emitted a number of
aromatic hydrocarbons including C3 - C4 alkylbenzenes, naphthalene and alkyl substituted
naphthalenes. Naphthalene and 2-methylnaphthalene were among the most abundant
compounds emitted by this material. Carpet Cushion CC1 also emitted relatively high amounts
of triethylphosphate.
The synthetic fiber carpet cushion, CC3, predominantly emitted branched alkane
hydrocarbons. Small amounts of 4-PCH and caprolactam were detected in the samples. As
described above, 4-PCH is characteristic of emissions from action back carpets. Its presence in
the emissions from CC3 possibly suggests that recycled carpet material was used in the
manufacture of the cushion.
Small amounts of aldehydes, acetic acid and siloxane compounds were detected in the
blank chamber runs (Tables D-08 and D-13).
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Table 6. Summary of the qualitative emissions of VOCs by chemical class for the screening
measurements of the carpet and carpet cushion materials. The numbers of compounds
identified in each class in the 48-h chamber samples are shown.
carpet Materials
CP2

CP4

38

13

2

15

1

2

12

1

Other HCs

5

6

++*

Chlorinated Cmpds.

1

Carbonyl Cmpds.

1

Chemical Class

CP1

Alkane HCs

6

Aromatic HCs

1

Oxidized Cmpds.

CP3

Carpet Cushion Materials

4

1

Nitrogen Cmpds.

CC2

++

CC4

CC3

2

++

1

4

7

5

2

3

1

2

3

1

3

1

Misc. Cmpds.
Unident. Cmpds.
Total No. of Cmpds.

CC1

8

6

4

5

1

3

55

36

>>27

>>8

>>9

20

*++ Indicates that a complex mixture of numerous unsaturated HCs was emitted.

5.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
Forty-four of the most abundant and prevalent VOCs detected in the emissions from the
carpet and carpet cushion materials were selected for quantitative analysis (Appendix D, Table
D-14). The individual materials were only analyzed for those compounds that they were known to
emit based on the qualitative results. The samples collected at all four time periods were
analyzed. The results are presented in Appendix C, Tables D-15 - D-27. The concentration units
for these tables are micrograms per cubic meter (µg m-3). Generally, the lower limits of
quantitation for the individual compounds were in the range of 1 - 5 µg m-3.
The chamber concentrations of the target voes emitted by the carpets, particularly
Carpets CP1 and CP3, were very low. By the 48-h time period, the individual concentrations were
frequently less than 10 µg m-3, and often less than their lower limits of quantitation. 4-PCH had
the highest concentration among the target VOCs by the ends of the experiments with Carpets
CP1, CP3 and CP2. Among all of the carpets, the concentrations of the target voes were
highest for CP4. The compounds emitted at 48 hours by this carpet with chamber concentrations
of 10 µg m-3 or more were 4-PCH, di(propylene glycol) methyl ether isomers,
N,N-dimethylacetamide and 2-methyleneglutaronitrile.
Carpet Cushion CC1 was analyzed for the most target voes. By the end of the
experiment with this material, the compounds with the highest concentrations were naphthalene,
the two methylnaphthalenes, the combined isomers of Texanol®, BHT, N,N-dimethylbenzylamine,
and triethylphoshate. BHT was the predominant and most abundant target VOC emitted by
Carpet Cushion CC2. BHT, N,N-dimethylbenzylamine and 2,2'-azobisisobutryonitrile
quantitatively dominated the emissions of the target VOCs emitted by Carpet Cushion CC4.
Cushion CC3 had relatively low concentrations of target VOCs.
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Table 7. Most abundant VOCs emitted in the screening measurements of the carpet and carpet
cushion materials.
Material ID/ Compound

Material ID/ Compound

Carpet CP1

Carpet Cushion CC1

4-PCH

Naphthalene

Alkene HCs (mixture)

2-Methylnaphthalene

1-Dodecanol

Unsaturated HCs (complex mixture)
BHT

Carpet CP3

N,N-Dimethylbenzylamine

4-PCH

Triethylphosphate

Carpet CP2

Carpet Cushion CC2

Branched alkane HCs (5)*

Unsaturated HCs (complex mixture)

Tetrachloroethene

BHT
Unident. compound

CarpetCP4
Branched alkane HCs (2)

Carpet Cushion CC4

4-PCH

Unsaturated HCs (complex mixture)

Triethylene glycol monomethyl ether

BHT

1-Dodecanol
Unident. glycol ether

Carpet Cushion CC3
Branched alkane HCs (4)

*Numbers of individual compounds in a classification are indicated in parentheses.

The concentrations of TVOC for the screening measurements with the carpet materials
are presented in Appendix D, Table D-28. Among the carpets, CP1 and CP3 had the distinctly
lowest TVOC concentrations. Among the cushions, CC3 had the distinctly lowest TVOC
concentrations. For Cushions CC1, CC2 and CC4, the TVOC concentrations were predominately
a measure of the concentrations of the complex mixture of unsaturated hydrocarbons discussed
above. The differences between the TVOC concentrations for the duplicate experiments with
CC2 were approximately a factor of 1.5 perhaps due to material heterogeneity.
The concentrations of the individual target VOCs were also summed for each material.
This measure was termed SigmaVOC. The SigmaVOC concentrations for the screening
measurements are presented in Appendix D, Table D-29. The ratios of the SigmaVOC and the
TVOC concentrations for the 24- and 48-h samples are plotted in Figure 10. This comparison
shows that relatively small fractions of the total emissions of VOCs from both the carpets and the
cushions were quantified as individual compounds. For materials CP4 and CC1 the ratios were
about 0.25. For most of the other materials, the ratios were closer to 0.1 and often less.
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The chamber concentrations of formaldehyde and acetaldehyde are presented in
Appendix D, Tables D-30 and D-31, respectively. The formaldehyde concentrations were all near
the lower limit of quantitation, indicating that these materials were not sources of formaldehyde.
The initial, 1-h, chamber concentrations of acetaldehyde were elevated for Carpet Cushions CC2
and CC4. By the ends of the experiments, the acetaldehyde concentrations for these two
materials were substantially lower, and the values for all materials except CC4 were at or near the
lower limit of quantitation.
5.4 EMISSION RATES OF THE TARGET COMPOUNDS
The quasi-steady state emission rates of the target compounds at the 24- and 48-h time
periods were calculated using the mass balance equation (Equation 1). Since the chamber
concentrations did not change rapidly over this time interval, the steady-state model was expected
to produce reliable estimates of the emission rates. These emission rates were calculated as
area-specific values (µg m-2 h-1) based on the exposed surface areas of 0.0232 m2. The
emission rates of the individually quantified voes emitted by the carpet materials are presented in
Appendix D, Table D-32 - D-42. The TVOC emission rates are presented in Appendix D, Table
D-43. The formaldehyde and acetaldehyde emission rates are respectively presented in Appendix
D, Tables D-44 and D-45.
Figure 11 shows the specific emission rates of 4-PCH for the carpets. Carpets CP1 and
CP3 had the lowest emission rates of 4-PCH by the ends of the experiments. These values were
in the range of 10 -18 µg m-2 h·1. The CRI has established upper limits forthe 24-h emission
rates of 4-PCH, styrene, formaldehyde and TVOC that must not be exceeded in order for a carpet
line to be certified under its Indoor Air Quality Carpet Testing Program (CRI, 1994). The 24-h limit
for 4-PCH is 50 µg m·2 h-1. Carpet CP4 did not meet this criterion. However, by 48 hours, the
emission rate of 4-PCH from Carpet CP4 was below 50 µg m-2 h-1 _
The methods used in this study and for the CRI Indoor Air Quality Carpet Testing
Program were both based on ASTM Standard Guide D-5116 90 (ASTM, 1990). However, when
making comparisons with the CRI guidelines, it must be noted that the methods differed with
respect to some details such as the loading ratio for the specimen and the chamber ventilation
rate (Black et al., 1991). No laboratory inter comparison studies have been conducted for
carpets, and it is not known to what extent these methodological differences would be expected to
affect the results. Also, there may be considerable heterogeneity in the finished product. Due to
practical necessity, the Indoor Air Quality Testing Program is limited to testing only a few
specimens from the large amount of material that is produced on a manufacturing line.
The CRI limit for the emission rate of styrene at 24 hours is 400 µg m-2 h-1. All of the
carpets tested in this study were low to negligible emitters of styrene. Only Carpets CP2 and CP4
had measurable styrene emissions at 24 hours. These values were 1O - 12 µg m-2 h-1. Thus, the
emissions of styrene from the carpets were approximately a factor of 40 below the CAI limit.
Carpet CP4 generally had the highest emission rates of target voes. At 48 hours, the
compounds with the highest emission rates, in addition to 4-PCH, were n-undecane, di(propylene
glycol)methyl ether isomers, N,N-dimethylacetamide and 2-methyleneglutaronitrile.
The CAI limit for the emission rate of formaldehyde at 24 hours is 50 µg m-2 h-1. The
formaldehyde emission rates from all of the study carpets were 5 µg m-2 h-1, or less.
Figure 12 shows the specific emission rates of TVOC for the carpets. Carpets CP1 and
CP3 had the lowest TVOC emission rates. These values were in the range of 164 - 269
µg m-2 h·1 at 24 and 48 hours. These values were substantially below the current CAI limit for
TVOC emissions at 24 hours of 500 µg m-2 h-1. The application of the seaming tape to Carpet
CP3 increased the TVOC emission rate at 48 hours by more than a factor of three. Carpet CP2
had the highest TVOC emission rates. This line was discontinued and replaced by a line of which
Carpet CP4 was an example. The TVOC emission rates from this newer material were lower by
more than a factor of two; however, the 24-h value of 1,100 µg m-2 h·1 was about twice the CR I
limit. In addition to the caveats discussed above regarding comparisons with the CAI limits, there
is likely to be considerably more uncertainty in the measurement of TVOC than in the calibrated
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measurement of individual VOCs. Also, there may have been differences in analytical
methodologies that could have had substantial effects on the results (Hodgson, 1995).
All of the bonded urethane carpet cushions had relatively high emission rates of BHT.
These emission rates are plotted in Figure 13. There was generally good agreement between the
duplicate experiments with Carpet Cushion CC2. The 24-h values for the three cushions were in
the range of 79 to 191 µg m-2 h-1. There was a general increase in the emission rate of BHT from
24 to 48 hours. This increase was most pronounced for Carpet Cushion CC4. The CAI in
partnership with the Carpet Cushion Council has also established an Indoor Air Quality Carpet
Cushion Testing Program (CAI, 1998). This program sets upper limits for the 24-h emission rates
of BHT, 4-PCH, formaldehyde and TVOC from carpet cushions. The 24-h limit for BHT is 300
µg m-2 h-1. None of the cushions exceeded this limit.
Other compounds with relatively high emission rates from at least one of the bonded
urethane materials were N,N-dimethylbenzylamine, 2,2'-azobisisobutyronitrile and
triethylphosphate. The emission rates of the target VOCs from the synthetic fiber cushion, CC3,
were quite low. The 24-h emission rate of 4-PCH from Carpet Cushion CC3 was 5 µg m-2 h·1.
This value was substantially lower than the emission rates of 4-PCH from the carpets and well
below the CAI limit for 4-PCH from carpet cushions of 50 µg m·2 h·1. The emission rates of
formaldehyde from the carpet cushions were generally at or near the lower limit of quantitation of
3 µg m-2 h·1. The CAI limit for formaldehyde from carpet cushions is 50 µg m·2 h·1.
The TVOC emission rates from the bonded urethane cushions shown in Figure 14 were
generally higher than the TVOC emission rates from the carpets. At 24 hours, these values were
in the range of 1,650 - 4,050 µg m-2 h·1. The 48-h emission rates were similar. As discussed
above, the TVOC values were largely a measure of the emissions of a complex mixture of
predominantly unsaturated hydrocarbons. The CAI 24-h limit for the emissions of TVOC from
carpet cushions is 1,000 µg m-2 h·1. All of the bonded urethane cushions substantially exceeded
the CAI limit. However, it is noted that there was no indication that any of the cushions were
certified by the Indoor Air Quality Carpet Cushion Testing Program. The 24-h TVOC emission
rate from synthetic fiber Carpet Cushion CC3 was about 250 µg m-2 h-1. This value was
substantially lower than the emission rates of TVOC from the bonded urethane cushions and well
below the CAI limit.
5.5 SELECTION OF THE CARPET MATERIALS FOR THE LARGE-SCALE EXPERIMENTS
The intermediate grade nylon carpets were shown to be relatively low sources of voes.
In fact, the 48-h emission rates of the target VOCs, including 4-PCH and styrene, and TVOC were
so low, that these materials were judged to be marginally useful for evaluating the treatment
effects in the large-scale experiments. Consequently, the olefin-fiber carpet, CP2, which had the
highest VOC emissions was selected. However, as previously explained, this line was
discontinued, and Carpet CP4 from the new line was obtained as a replacement. Carpet CP4
was primarily intended for commercial installations and, therefore, would not typically be installed
in residences. It is not known if the emissions of VOCs from this carpet are characteristic of the
emissions from base-grade olefin fiber carpets intended for residential use.
Bonded urethane Carpet Cushion CC2 was selected for use over Carpet Cushion CC1
because it was believed to have a relatively high share of the California market. Additionally, it
had higher emission rates of BHT and unsaturated hydrocarbons. Carpet Cushion CC4, a nearly
equivalent product from the same manufacturer, was purchased for use in the large-scale
experiments. It had similar emissions characteristics plus it additionally emitted measurable
amounts of several nitrogen-containing compounds.
5.6 COMPARISON WITH LITERATURE DATA
A VOC emissions testing program was developed for carpets as part of the Carpet Policy
Dialogue conducted by the U.S. EPA with carpet industry representatives (Leukroth, 1991). An
initial study was designed to characterize the emissions of TVOC and selected VOCs from SBA
carpets representative of the products being manufactured in the U.S. at that time. A test method
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using small-scale chambers was developed based on ASTM Standard Guide D 5116-90 (ASTM,
1990). Nineteen different carpet products were tested using this method (Black et al., 1991). Air
samples were collected from the chambers at 1, 24 and approximately 140-h elapsed time.
Individual compounds in the samples were identified and their concentrations were determined.
Specific emission rates were calculated for the major constituents and TVOe. The results of this
study were summarized by Hetes et al., (1992) and used as the basis for an exposure and health
risk assessment. Sixty-nine compounds were identified, 35 of which were observed for only a
single carpet product. The most prevalent compounds included styrene, 4-PeH,
4-ethenylcycohexene, n-undecane, propylbenzene and n-decane. The average and maximum
24-h emission rates of styrene from the 19 carpets were 37 and 173 µg m-2 h-1, respectively. The
average and maximum 24-h emission rates of 4-PeH were 64 and 152 µg m·2 h·1, respectively;
and the average and maximum 24-h emission rates of TVOe were 151 and 500 µg m-2 h-1,
respectively.
Another chamber study was conducted at about the same time to characterize the
emission of VOCs from several newly manufactured carpets, including two SBA carpets
(Hodgson et al., 1992 and 1993). This study utilized a 2Q-m3 stainless-steel lined chamber. The
individual experiments were conducted over one week with samples of chamber air collected
periodically throughout this period. Individual compounds were identified, and concentrations and
specific emission rates were determined for selected compounds and TVOe. The 24-h emission
rates of styrene from the two carpets were 30 and 260 µg m-2 h·1; the 24-h emission rates of
4-PeH were 64 and 82 µg m-2 h-1; and the 24-h emission rates of TVOe were 196 and 399
µg m·2 h·1.
In the current study of four carpets, the 24-h emission rates of styrene were in the range
of <3 - 12 µg m·2 h·1; the 24-h emission rates of 4-PeH were in the range of 10 - 68 µg m-2 h·1;
and the 24-h emission rates of TVOC were in the range of 233 - 3,380 µg m-2 h-1. Thus, the four
study carpets had emission rates of styrene that were well below the previously determined rates.
One carpet, ep1, had a distinctly low 4-PeH emission rate compared to the previous data,
another carpet, eP2, had a substantially elevated TVOe emission rate.
A study was conducted by the U.S. Consumer Product Safety Commission (CPSC) to
identify and quantify voes emitted by 17 new carpet cushions covering the five major product
types (Hodgson and Phan, 1994; Schaeffer et al., 1996). The survey specimens included four
bonded urethane, the most prevalent product type, and three synthetic fiber cushions. The
experiments were conducted over 96 hours in small-scale environmental chambers. There were
substantial differences in the emissions of voes among the cushion types that were presumably
due to differences in the manufacturing processes. The synthetic fiber cushions had the lowest
TVOe specific emission rates of 95 - 180 µg m-2 h-1 at 96 hours. Alkane and other hydrocarbons
dominated the emissions from these cushions. The bonded urethane cushions generally had the
highest TVOe specific emission rates. At 96-h, these rates were in the range of 261 - 4,350 µg
m-2 h-1. All of the bonded urethane cushions emitted BHT. Three of the four specimens emitted
a complex mixture of co-eluting higher molecular weight unsaturated compounds. The results of
the current study are largely consistent with the ePse survey study.
A subsequent animal assay study was conducted by the ePSC to measure the sensory
irritancy of chemicals emitted by carpets and carpet cushions. One of the target compounds
selected for this investigation was BHT, which is used as a heat stabilizer in the production of
polyurethane foam. Thirty-five specimens of bonded and prime urethane cushions were collected
from manufacturing mills and retail outlets. The emission rates of BHT from these specimens
were measured at 24-h exposure in small-scale chambers (Schaeffer, 1998). The specific
emission rate of BHT from the production line, bonded urethane specimens was 210 ± 120
µg m-2 h-1, which is about a factor of three lower than the BHT emission rate measured in the first
ePse survey. The BHT emission rates measured for the three bonded urethane cushions in the
current study were in the range of 79 - 191 µg m-2 h-1, which is consistent with this most recent
ePse survey.
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5.7 SUMMARY
The results of the screening measurements with the carpet materials are summarized as
follows:
1.

The emissions of voes from the carpets were qualitatively dominated by a variety of
hydrocarbons. All of the carpets emitted 4-PeH, an unwanted byproduct in the production of
SBA latex.

2.

Styrene was detected in the emissions from three carpets. The emission rates of styrene
were near detection limits demonstrating a significant reduction relative to previously reported
results.

3.

The two intermediate grade, nylon pile carpets were similar to each other with respect to the
composition of their emissions. They emitted fewer VOCs than the base-grade, olefin fiber
carpets.

4.

The olefin fiber carpets had higher emission rates of TVOC and individual voes, including
4-PCH, than the nylon carpets.

5.

The two olefin fiber carpets emitted a mixture of glycol ethers not detected in the emissions
from the nylon carpets.

6.

There were clear qualitative differences between the two types of carpet cushions. All of the
bonded urethane carpet cushions emitted BHT and a mixture of predominantly unsaturated
hydrocarbons. The emissions from the synthetic fiber cushion were dominated by alkane
hydrocarbons.

7.

The emission rates of individual voes and TVOC from the synthetic carpet cushion were low.

8.

For most of the materials, the quantified compounds only accounted for relatively small
fractions of the total emissions. This was largely due to the fact that the emissions were
frequently dominated by isomers of various hydrocarbon classes.

6.0 SCREENING MEASUREMENTS OF THE VINYL FLOORING MATERIALS
6.1 EXPERIMENTAL DESIGN
The vinyl flooring materials are listed in Appendix E, Table E-01. There were five sheet
vinyl materials, a rubber cove base, sheet flooring and cove base adhesives, a sheet vinyl seam
sealer, aged particleboard underlayment and gypsum board. Sheet Vinyl SV1 was an
intermediate grade commercial material designed for full-spread adhesive application. Sheet
Vinyl SV2 was an intermediate grade no-wax material designed for perimeter adhesive
application. Sheet Vinyls SV3 and SV5 varied with respect to printed pattern and color, but
otherwise were the same material from the same manufacturer. This was an intermediate grade
no-wax material designed for full-spread adhesive application. Sheet Vinyl SV4 was a base-grade
no-wax residential product also designed for full-spread adhesive application. It was produced by
the same manufacturer as SV1 and SV2. The adhesives were "solvent free" or "low VOC
content" products. The seam sealer was a two-part liquid product. The underlayment and
gypsum board respectively served as substrates for the application of the sheet vinyls and the
cove base.
The screening measurements conducted with the vinyl flooring materials are summarized
in Appendix E, Table E-02. A blank chamber run was conducted for the sheet vinyls. Duplicate
experiments were conducted with material SV3. The adhesives and composite assemblies were
also tested. One composite assembly consisted of Sheet Vinyl SV5 bonded to Underlayment UL
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with Sheet Flooring Adhesive SFA. The other assembly consisted of Cove Base CB bonded to
Gypsum Board GB with Cove Base Adhesive CBA.
The procedures used to test the sheet vinyls and other materials are described in detail in
Appendix A. The environmental conditions for the experiments are summarized in Appendix B.
6.2 QUALITATIVE EMISSIONS OF voes
The voes that were emitted by each material and assembly were identified in the 6- and
48-h samples. The qualitative results for the five sheet vinyl materials are presented in Appendix
E, Tables E-03 - E-08. The emissions of voes from the sheet vinyls are compared in Appendix
E, Table E-09. This table is a composite listing of all of the voes that were emitted by the five
materials at any time period. The data is summarized in Tables 8 and 9. Table 8 shows the
numbers of compounds that were detected by chemical class. Compounds that were present in
the chamber background were omitted from the sums. Table 9 lists the most abundant VOCs for
each material based on the relative TIC areas of the chromatographic peaks. Six compounds
were listed for each material.

Table 8. Summary of the qualitative emissions of VOCs by chemical class for the screening
measurements of the five sheet vinyl materials. The numbers of compounds identified in
each class are shown.

Chemical Class

Alkane HCs

SV3

svs

SV4

31

29

24

26

13

31

35

20

2

32

23

2

2

1

2

1

1

14

8

6

6

8

1

1

1

1

SV1

SV2

4

Aromatic HCs
Other HCs
Carbonyl Cmpds.
Other Oxidized Cmpds.
Nitrogen Cmpds.
Miscellaneous Cmpds.

1

Unidentified Cmpds.

4

4

7

4

8

Total No. of Cmpds.

25

60

107

95

66

There were distinct differences as well as clear similarities among the sheet vinyl
materials with respect to their qualitative emissions of VOCs. Commercial Sheet Vinyl SV1
emitted only several alkane hydrocarbons. On the other hand, relatively large numbers of alkane,
aromatic and other hydrocarbons numerically dominated the emissions from the residential
materials, all of which had a clear vinyl top coat. These compounds included branched
Cg - C12 alkane hydrocarbons, normal alkane hydrocarbons, and C2 - Cs alkyl substituted
benzenes. The nearly identical Sheet Vinyls SV3 and SV5 additionally emitted numerous
unsaturated and cyclic hydrocarbons and a related and distinct series of C10 - C12 alkyl
substituted benzenes. Sheet Vinyl SV1 emitted the highest number of oxidized compounds
including isomers of di(propylene glycol) methyl ether and several octanol isomers. All of the
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materials emitted the oxidized compounds phenol and 2,2,4-trimethyl-1,3-pentanediol
diisobutyrate (TXIB®). All but one emitted diethylphthalate. Both TXIB® and diethylphthalate are
used as plasticizers in vinyl materials.
Sheet Vinyls SV2 and SV4 were different grades and styles of materials produced by the
same manufacturer. The listing of compounds in Table E-09 shows that these two materials were
very similar with respect to the composition of their voe emissions.
The most abundant VOCs emitted by the sheet vinyl materials frequently included normal
or branched alkane hydrocarbons, phenol and TXIB®. The emissions from Sheet Vinyls SV3 and
SVS were characterized by the same list of abundant voes (i.e., n-decane, n-tridecane,
n-tetradecane, benzyl alcohol, phenol and TXIB®).
Small amounts of aldehydes, decanoic acid, diethylphthalate and siloxane compounds
were detected at 48 hours in the blank chamber run for the sheet vinyls (Table E-08).
The two principal solvent components of Seam Sealer SS were tetrahydrofuran and
cyclohexanone (Appendix E, Table E-10). They comprised about 60 and 5 - 10 percent of the
components by volume, respectively.
The VOCs that were emitted by rubber Cove Base CB are listed in Appendix E, Table
E-11. A relatively large number of aromatic hydrocarbons were detected. The dominant
compounds were toluene, three C2 alkyl substituted tetrahydronaphthalenes, tert-butyl
isothiocyanate and benzothiazole.
Two terpene hydrocarbons, aldehydes and acetic acid dominated the emissions from
Underlayment UL (Appendix E, Table E-12). The composition of the samples for Gypsum Board
GB (Appendix E, Table E-13) was very similar to the composition of the samples for the blank
chamber run.
Sheet Flooring Adhesive SFA was shown to emit some voes (Appendix E, Table E-14).
The most abundant compound was toluene. Other relatively abundant compounds included the
sesquiterpene hydrocarbons longifolene and caryophyllene, BHT, and.two unidentified
compounds. The emissions from Cove Base Adhesive CBA were almost exclusively dominated
by hydrocarbons (Appendix E, Table E-15). The compounds included Ca - C12 branched and
normal alkane hydrocarbons and numerous alkyl substituted cyclohexanes.
The qualitative results for the composite assemblies are presented in Appendix E, Tables
E-16 and E-17. The emissions from the assembly with Sheet Vinyl SVS were very similar to the
emissions from SVS by itself with the exception of a relatively high abundance of toluene, the
dominant solvent component of SFA. The assembly with Cove Base CB emitted compounds
from both CB and CBA. Unlike the assembly with the sheet vinyl, the edges of the cove base
were not sealed.
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Table 9. Most abundant VOCs emitted in the screening measurements of the five sheet vinyl
materials, the cove base and the associated adhesives.
Material ID/ Compaund

Material ID / Compound

Sheet Vinyl SV1

Sheet Vinyl SV4

n-Tridecane

C11 Branched alkane HCs (4)

2-Ethyl-1-hexanol

n-Tridecane

4-Methyl-1-heptanol

Phenol

Phenol
Cove Base CB

TXIB®
Diethylphthalate

Toluene
C2 Tetrahydronaphthalenes (3)

Sheet Vinyl SV2

tert-Butyl isothiocyanate

C10 & C11 Branched alkane HCs (5)*

Benzothiazole

Phenol
Sheet Flooring Adhesive SFA
Toluene

Sheet Vinyl SV3
n-Decane

Longifolene

n-Tridecane

Caryophyllene

n-Tetradecane

BHT

Benzyl alcohol

Unidentified compounds (2)

Phenol
Cove Base Adhesive CBA

TXIB®

Ca Branched alkane HC
n-Octane

Sheet Vinyl SV5
n-Decane

n-Decane

n-Tridecane

Dimethylcyclohexane isomer

n-Tetradecane

Ethylcyclohexane

Benzyl alcohol

Trimethylcyclohexane isomer

Phenol
TXIB®
*Numbers of individual compounds in a classification are indicated in parentheses.
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6.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
Thirty-seven of the most abundant and prevalent VOCs detected in the emissions from
the vinyl flooring materials and assemblies were selected for quantitative analysis (Appendix E,
Table E-18). The individual materials were only analyzed for those compounds that they were
known to emit based on the qualitative results. There were no target compounds for the GB
substrate. The samples collected at all four time periods were analyzed. The results for the sheet
vinyls are presented in Appendix E, Tables E-19 - E-25. The results for the other materials and
assemblies are presented in Appendix E, Tables E-26 - E-31. The lower limit of quantitation was
about 1 µg m-3 for those individual compounds that approached the limit.
The chamber concentrations of the target VOCs emitted by commercial Sheet Vinyl SV1
were very low. By 48 hours, only the concentration of phenol exceeded 10 µg m-3. The
concentrations of phenol, normal alkane hydrocarbons, and in some cases TXIB® and benzyl
alcohol dominated the emissions of VOCs from the residential sheet vinyl materials. Among
these materials, the chamber concentrations of the target VOCs were highest for Sheet Vinyls
SV3and SV5.
For Cove Base CB, the chamber concentrations of toluene, tert-butyl isothiocyanate and
benzothiazole were dominant. Toluene dominated the emissions from Sheet Flooring Adhesive
SFA. Normal alkane hydrocarbons and ethylcyclohexane dominated the emissions from Cove
Base Adhesive CBA.
The concentrations of TVOC for the screening measurements with the vinyl flooring
materials are presented in Appendix E, Table E-32. Among the sheet vinyl materials, SV1 had
the distinctly lowest TVOC concentrations. At 48 hours, the value was equivalent to the
concentration for the blank chamber run. Materials SV3 and SV5 had the highest TVOC
concentrations. Materials SV2 and SV4 had substantially lower TVOC concentrations that were
nearly identical. There was good agreement between the duplicate experiments with SV3. The
TVOC concentrations for the assembly with SV5 were nearly identical to the TVOC concentrations
for SV5 by itself.
The concentrations of the target VOCs were also summed for each material. These
SigmaVOC concentrations are presented in Appendix E, Table E-33. The ratios of the
SigmaVOC and the TVOC concentrations for the 24- and 48-h samples of the individual materials
and assemblies are plotted in Figure 15. For Sheet Vinyls SV3 and SVS and the two assemblies,
the ratios were approximately 25 percent or better. Smaller fractions of the total emissions of
VOCs from the other materials were quantified as individual compounds.
The chamber concentrations of formaldehyde and acetaldehyde are presented in
Appendix E, Tables E-34 and E-35, respectively. The formaldehyde concentrations for the sheet
vinyl materials were all near or below the lower limit of quantitation, indicating that these materials
were not sources of formaldehyde. Only the particleboard underlayment had significant emissions
of formaldehyde at 48 hours as shown by the chamber concentrations of formaldehyde for UL by
itself and in combination with SFA. The data also showed that CBA was a source of
formaldehyde. However, by the end of the experiments with this adhesive, the formaldehyde
concentrations were less than 10 µg m-3. The underlayment and CSA were initially minor sources
of acetaldehyde. By the ends of the experiments, the acetaldehyde concentrations were low for
all of the materials.
6.4 EMISSION RATES OF THE TARGET COMPOUNDS
The quasi-steady state emission rates of the target compounds at the 24- and 48-h time
periods were calculated using the mass balance equation (Equation 1). Since the chamber
concentrations did not change rapidly over this time interval, the steady-state model was expected
to produce reliable estimates of the emission rates. The emission rates for the sheet vinyl
materials were calculated as area-specific values (µg m·2 h·1) based on the exposed surface area
of 0.0195 m2. The emission rates for the cove base were calculated as length-specific values
(µg m·1 h·1), and the emission rates for the adhesives were calculated as mass-specific values
(µg kg-1 h-1). The emission rates of the individually quantified VOCs emitted by the vinyl flooring
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materials are presented in Appendix E, Tables E-36 - E-47. The TVOC emission rates are
presented in Appendix E, Table E-48. The formaldehyde and acetaldehyde emission rates are
respectively presented in Appendix E, Tables E-49 and E-50. The emission rates of n-tridecane,
phenol, TXIB® and TVOC for the sheet vinyl materials are plotted in Figures 16 - 19, respectively.
The commercial Sheet Vinyl SV1 generally had the lowest emission rates both for
individual voes and TVOC. The same manufacturer also produced Sheet Vinyls SV2 and SV4.
Even though SV2 and SV4 differed with respect to grade and the design of the backing
(i.e., perimeter or full spread adhesive application), these two materials had similar emissions
characteristics. This is apparent from a comparison of the emission rates of the dominant
compounds emitted by the materials. Another manufacturer produced the nearly identical Sheet
Vinyls SV3 and SV5. In general, the emission rates of voes from these two materials were
higher than the emission rates for the other sheet vinyl materials.
Figure 16 shows that the specific emission rates of n-tridecane were highest for SV3 and
SV5 and that there was reasonably good agreement for this compound between the duplicate
experiments with SV3 and between the experiments with SV5 by itself and in the assembly. Also
the differences in the rates between the 24- and 48-h samples were relatively small. For SV2 and
SV4, the rates increased from 24 to 48 hours.
Phenol generally had the highest emission rates among the individual compounds.
Figure 17 shows that these rates were lowest for SV1 and highest for SV5 by itself and in the
assembly. There was good replication in the duplicate experiments, and the differences between
the emission rates of phenol at 24 and 48 hours were minor.
The emission rates of TXIB® from SV1, SV2 and SV4 were all low. The same
manufacturer produced all of these materials. The emission rates of TXIB® from SV3 and SV5
produced by the other manufacturer were substantially higher as shown in Figure 18. There was
a substantial difference in the rates between the duplicate experiments with SV3 that presumably
was the result of material heterogeneity. Differences between the emission rates of TXIBBI at 24
and 48 hours were minor.
The same general relationships among the sheet vinyl materials were also apparent in
their TVOC emission rates. Figure 19 shows that SV1 had TVOC emission rates that were below
the lower limit of quantitation of 75 µg m-2 h-1 and that SV3 and SV5 had the highest TVOC
emission rates of up to 3,000 µg m-2 h-1. There were small differences between the replicate
experiments with SV3 and between the experiments with SV5 by itself and in the assembly.
The emission rates of the target VOCs from Cove Base CB were relatively low. Among
the selected compounds, benzothiazole had the highest emission rates. Sheet Flooring Adhesive
SFA had relatively mass-specific emission rates of toluene. The toluene emission rate in the
experiment with the assembly of SV5, UL and SFA was substantially elevated over the emission
rate of toluene from SV5 by itself presumably due to the contribution of SFA. Cove Base
Adhesive CBA had mass-specific TVOC emission rates that were five time higher than the rates
for SFA.
Underlayment UL had elevated formaldehyde emission rates. The emission rates of
formaldehyde from SFA applied to UL were also calculated as area-specific values for direct
comparison with the UL results (Table E-49). This showed that the application of SFA to UL
resulted in a reduction in the emission rates of formaldehyde from UL. CBA was shown to be a
low source of formaldehyde on a mass-specific basis. For the assemblies, the formaldehyde
emission rates were near the lower limit of quantitation.
On an area-specific basis, the emission rates of acetaldehyde were low and generally
approached the lower limit of quantitation.
6.5 SELECTION OF THE SHEET VINYL MATERIAL FOR THE LARGE-SCALE EXPERIMENTS
Sheet Vinyl SV3 was selected for use in the large-scale experiments to evaluate
treatment effects. This sheet vinyl was representative of the category of intermediate-grade
materials that have the highest share of the residential market. In addition, SV3 had generally
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higher emission rates of VOCs than the other intermediate-grade residential material, SV2.
Higher rates were desirable in order to demonstrate the efficacy of the treatments. Sheet Vinyl
SV5, which was identical to SV3 except for the printed pattern and color, was purchased for use in
the large-scale experiments. The related materials were selected at the outset of the screening
measurements based on information that suggested that they were typical of the materials used in
the installation of residential vinyl floors.
6.6 COMPARISON WITH LITERATURE DATA
The emissions of VOCs from sheet vinyl flooring have received very little attention. All of
the reported data is for European products. Bremer et al. (1993) listed the voes identified in the
emissions from 22 different vinyl flooring materials determined using small-scale chambers.
These compounds included aliphatic and aromatic hydrocarbons, alkylphenols (phenol and alkyl
substituted phenols), aliphatic alcohols, aldehydes, ketones, carboxylic acids, and various esters.
Generally, the hydrocarbons and aliphatic esters had the highest chamber concentrations. The
European Collaborative Action (ECA, 1997) reported the emission rates of VOCs from two vinyl
flooring materials. The compounds with the highest emission rates included cyclohexanone,
phenol and 2-ethyl-1-hexanol. Others have attempted to model the emissions of VOCs from vinyl
flooring materials based on studies conducted in small-scale chambers (Christiansson et al.,
1993; Clausen et al., 1993). One of these studies showed that the emission rate of phenol was
not affected by the chamber ventilation rate. The model that was developed suggested that the
emissions of phenol were controlled by diffusion within the source (Clausen et al., 1993).
6.7 SUMMARY
The results of the screening measurements with the vinyl flooring materials are
summarized as follows:
1.

The residential sheet vinyls with a clear "no-wax" top coat emitted more compounds and had
higher emission rates of individual voes and TVOC than the single commercial sheet vinyl.

2.

There were both qualitative and quantitative differences among the residential sheet vinyls
with respect to emissions that may have been related to their manufacturing origin. The
emission characteristics for the base and intermediate grade materials from one
manufacturer were generally similar to each other and were distinct in some respects from the
emission characteristics of the materials from the other manufacturer.

3.

All of the sheet vinyl materials were a source of phenol that is an identified TAC.

4.

The new-generation "solvent free" or "low VOC content" adhesive products were shown to be
sources of a number of VOCs. It is not known to what extent the qualitative and quantitative
emissions of VOCs from these products compare to conventional or older-generation
products used for the same applications.
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7.0 EXPOSURE REDUCTION EXPERIMENTS WITH THE LATEX PAINT COMBINATION
7.1 EXPERIMENTAL TREATMENTS
Four large-scale experiments were conducted with the combination of latex paints
consisting of materials LPS2, FLP3 and SGLP3. Two of these experiments, P-1 and P-2, were
conducted at the base-case ventilation rate of 0.5 h·1 over 2 - 336 h. The results from these
experiments were used to assess overall reproducibility of the methods and served as the basis
for evaluating the efficacy of the two treatments. One of the treatment experiments, P-3, was
conducted using additional ventilation for the first 72 h. The ventilation rate during painting and for
the following two hours was 5 h·1. From 2 - 72 h, the ventilation rate was 2 h·1 . The other
treatment experiment, P-4, was conducted using the same ventilation conditions as Experiment
P-3. In addition, air mixing at the surfaces of the painted gypsum panels was increased by the
use of two oscillating room fans operated on their highest speed setting. Increased air velocities
should have the effect of decreasing the effective thickness of the air boundary layer at the
surface of the paint film that could accelerate the evaporation of the voes. This treatment was
predicted to be most effective in combination with increased ventilation. The ventilation rate data
and the compartment temperatures and relative humidities for the experiments are summarized in
Appendix H, Table H-01. The ventilation rates and compartment temperatures were maintained
within the established range limits. The relative humidity fell below the lower limit of 30 percent
during portions of Experiments P-1 and P-2 (discussed below).
The paint application data for Experiments P-1 - P-4 is presented in Appendix H, Table
H-02. Generally good uniformity in paint application was achieved as shown by the coverages in
grams of wet paint applied per square meter of substrate surface area. The coverages for LPS2
ranged from 101 - 127 g m-2 with the lowest coverage for Experiment P-1. The coverages for the
other three experiments were in a range of 118 - 127 g m-2. The coverages for FLP3 in all four
experiments were in a narrow range of 105 - 108 g m-2. The coverages for SGLP3 in all four
experiments were also in a narrow range of 100 - 105 g m-2.
7.2 SELECTION OF THE TARGET COMPOUNDS
A qualitative analysis of the voes emitted by the paint combination in base-case
Experiment P-2 identified ethylene glycol, propylene glycol and the two isomers of 2,2,4-trimethyl1,3-pentanediol monoisobutyrate (Texanol®) as the most abundant compounds (Appendix H,
Table H-03). There were several other oxidized compounds emitted at lower abundance. The six
target voes selected for quantitative analysis in these experiments were: ethylene glycol;
propylene glycol; n-buty ether; 2-ethyl-1-hexanol; 2-(2-butoxyethoxy)ethanol (di(ethylene glycol)
butyl ether or DEG BE); and the combined Texanol® isomers (Appendix H, Table H-04). Hexylene
glycol was not included as a target analyte because the calibration for this compound was
unreliable. In addition, the aldehydes, formaldehyde and acetaldehyde, were sampled and
analyzed in all four experiments. Formaldehyde, acetaldehyde, ethylene glycol and DEGBE are
identified by the ARB as TACs.
7.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
The concentrations of the six target VOCs in chamber compartment air and supply air
during the four experiments with latex paints are presented in Appendix H, Tables H-05 - H-08.
The concentrations for the duplicate VOC samples that were collected at several time points are
given in these tables. It is noted that Experiment P-4 was terminated early at 240-h elapsed time
because there was a two-day power outage following this sampling period in which the ventilation
and data systems were off. The average concentrations of the six target VOCs in the supply air in
all four experiments were below their lower limits of quantitation. The concentrations of these
compounds in the background measurement periods were also at or below their lower limits of
quantitation with the exception of Texanol® in Experiments P-3 and P-4. These were the second
experiments to be conducted with paints in the compartments, and high ventilation rate flushing
was incapable of reducing the background level of Texanol® to below its lower limit of
quantitation.
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The compartment concentrations of the dominant voes emitted in Experiments P-1 and
P-2 were compared in order to assess the reproducibility of the methods. The concentrations of
ethylene glycol in the four experiments are plotted in Figures 2Qa and 20b, and the concentrations
of Texanol® are plotted in Figure 21. In these and the subsequent temporal plots, the data points
are connected with dashed lines for the sole purpose of improving the readability of the plots.
There were concentration differences at the beginning of Experiments P-1 and P-2 that were most
notable for-ethylene glycol. The cause, which is uncertain, may be related to the exact timing of
sample collection with respect to the rapid temporal changes in concentrations immediately
following painting. There were also relatively large temporal fluctuations in the concentrations of
ethylene glycol in Experiment P-2 from approximately 120 h through the end of the experiment.
Other than these obvious differences, there was generally good agreement between the two
base-case experiments.
The environmental data for the experiments, summarized in Table H-01 shows that the
relative humidity in Experiments P-1 and P-2 fluctuated over a relatively large range and fell below
the lower target limit of 30 percent for some portion of the experiments. The compartment air
relative humidity in Experiment P-2 is plotted in Figure 22. Figure 20b shows that there was a
decrease in the ethylene glycol concentration at the 144- and 168-h sampling periods that
corresponded with the period of the lowest relative humidity. This correspondence suggests that
the water vapor concentration in air was either affecting the primary emission rate of ethylene
glycol from the paints or may have had a secondary effect on the sorption and release of ethylene
glycol by surfaces in the compartment. The concentration of propylene glycol may have been
similarly affected. In Experiment P-1, the period of lowest relative humidity occurred between
240- and 336-h elapsed time when no air samples were taken. The screening measurements
with the combination of paints LPS2 and FLP3 that were conducted at 30, 50 and 70 percent
relative humidity demonstrated that the effect of water vapor concentration on the primary
emission rates of VOCs, including ethylene glycol, from these paints was negligible or relatively
minor (Appendix e, Tables e-51 - e-53). Therefore, it is possible that the effect of water vapor on
the concentration of ethylene glycol in the large-scale experiments was primarily secondary and
related to sorption/desorption phenomena.
The compartment relative humidity was within the target range and generally more stable
during Experiment P-3. The supply air humidification system was added prior to initiating
Experiment P-4. This system introduced water vapor into the supply air when the relative humidity
of the supply air dropped below about 40 percent at room temperature. Thus, it was possible to
maintain compartment relative humidity within the target range during the remainder of the
experiments.
The compartment concentrations of the dominant voes in Experiment P-3 were
compared to the corresponding concentrations in base-case Experiments P-1 and P-2 in order to
assess whether there were any large-magnitude effects due to additional ventilation. Generally,
the concentrations were lower in Experiment P-3 during the period of additional ventilation.
However, the concentration differences were less than the four-fold difference in ventilation rate
for this period. This suggests that the emission rates of these compounds increased at the higher
ventilation rate perhaps due to mass transfer effects at the painted surfaces. Subsequent to 72-h
elapsed time, the concentrations of both ethylene glycol and Texanol® were similar in all three
experiments.
Prior to conducting Experiment P-4, air velocities were measured 5-cm above the surface
at three locations (center of top half, approximate middle, and center of bottom half) for each of
the five gypsum board panels with the two oscillating fans operating at their highest speed setting.
The average air velocity was 54 ± 9 cm sec-1. Velocities previously recorded 5-cm above the wall
surfaces without the oscillating fans in the compartment were 20 ± 4 cm sec-1. Thus, the added
air mixing in Experiment P-4 resulted in about a factor of 2.5 increase in the air velocities near the
painted surfaces. The added air mixing, however, did not result in any large-magnitude effect on
the compartment air concentrations of the target voes as can be seen by comparing the
concentrations of ethylene glycol and Texanol® for Experiments P-3 and P-4.

43

Since the samples were almost entirely dominated by a few compounds that were
individually quantified, the concentrations for the total emissions of VOCs were quantified as
SigmaVOC (Appendix H, Table H-09).
The concentrations of formaldehyde and acetaldehyde in compartment and supply air for
Experiments P-1 - P-4 are presented in Appendix H, Tables H-10 and H-11, respectively. The
background concentrations of these compounds were generally elevated over the supply air
concentrations. This was presumably due to emissions from the wood frame and the plywood
flooring of the chamber compartments. The chamber concentrations of formaldehyde during the
experiments were only clearly elevated over background concentrations during the first day of
sampling. The highest concentrations occurred during the first few hours of Experiments P-1 and
P-2. The acetaldehyde concentrations substantially exceeded the formaldehyde concentrations.
Clearly elevated concentrations of acetaldehyde occurred during the first six hours of sampling,
with the highest concentrations occurring for base-case Experiments P-1 and P-2 (Figure 23).
This difference may have been affected, in part, by the timing of the sample collection with
respect to the occurrence of the peak compartment concentration of acetaldehyde. Nevertheless,
the additional ventilation in Experiments P-3 and P-4 was apparently effective at removing the
formaldehyde and acetaldehyde released during the painting procedure.
7.4 EMISSION RATES OF THE TARGET COMPOUNDS
Quasi steady-state emission rates of the target compounds in the four experiments were
calculated with the mass-balance equation (Equation 1). Since the model assumes steady-state
conditions and the compound concentrations, in many cases, were changing relatively rapidly
during the first hours of the experiments, substantial uncertainty may have been introduced into
the estimated emission rates for these beginning periods. The combined painted surface area of
16 m2 was used in the calculations as there was no clear delineation of the sources of the
dominant target compounds among the three paints.
The area-specific emission rates in milligrams of compound emitted per square meter of
surface per hour (mg m-2 h-1) are presented Appendix H, Tables H-12 - H-15 for Experiments
P-1 - P-4, respectively. The area-specific emission rates of SigmaVOC are presented in
Appendix H, Table H-16. An obvious difference among the experiments is that the emission rates
of the dominant compounds were generally higher during the period of additional ventilation in
Experiments P-3 and P-4 than during the same period of Experiments P-1 and P-2 (Figures 24a,
24b and 25). As discussed above, this was probably due to mass transfer effects at the painted
surfaces. The estimated emission rates of ethylene glycol and Texanol® in the first hours
following painting were clearly elevated in Experiments P-3 and P-4. However, as previously
noted, there is substantial uncertainty in these estimates. A comparison of the emission rate
results for Experiments P-3 and P-4 shows that there were no large magnitude effects due to
increased air velocities at the painted surfaces.
The initial formaldehyde emission rates in Experiments P-1, P-3, and P-4 were similar,
while the initial formaldehyde emission rate in Experiment P-2 was higher (Appendix H, Table
H-17). The initial acetaldehyde emission rates were highest in base-case Experiments P-1 and
P-2 (Appendix H, Table H-18).
7.5 CUMULATIVE MASSES AND EXPOSURES FOR THE TARGET COMPOUNDS
The results were first summarized by calculating the cumulative masses of the target
compounds and SigmaVOC that were emitted over the experimental period (Appendix H, Table
H-19). Since Experiment P-4 was terminated early at 240-h elapsed time, cumulative masses
were determined for the 0- to 240-h period for all four experiments and for the 0- to 336-h period
for Experiments P-1, P-2, and P-3. Deletion of the final four-day period did not have any effect on
the relative differences among Experiments P-1, P-2, and P-3 for any of the target compounds.
The compounds with the distinctly highest cumulative mass emissions were ethylene
glycol, propylene glycol and Texanol®. Additional ventilation and additional ventilation with air
mixing in Experiments P-3 and P-4 resulted in higher mass emissions of these dominant

44

compounds. The data indicates that the mass emissions of acetaldehyde decreased with the two
treatments. As previously discussed, this was probably an artifact caused by the timing of sample
collection with respect to the rapid removal of acetaldehyde from the compartment. The relative
magnitudes of the effects of the treatments on the cumulative mass emissions of the target
compounds and SigmaVOC over - 240 h are illustrated in Figure 26. For this figure, the results
for base-case Experiments P-1 and P-2 were averaged and then used to calculate the ratios for
the two treatment experiments. For SigmaVOC and all of the compounds, except acetaldehyde,
n-butyl ether and 2-ethyl-1-hexanol, the cumulative mass emissions were distinctly higher in the
two treatment Experiments P-3 and P-4 than in the base-case experiments. The effects on
cumulative mass emissions due to the added air mixing in Experiment P-4 relative to Experiment
P-3 were most apparent for ethylene glycol and propylene glycol. The differences between these
two experiments for the other compounds were minor.
The fractional compositions of ethylene glycol and Texanol® in paints LPS2, FLP3 and
SGLP3 were determined by analysis of the bulk paints (Appendix C, Table C-58). The masses of
ethylene glycol and Texanol® that were used in Experiments P-1 - P-4 were calculated from the
paint application data and the paint compositions. These values are presented in Table 10 where
they are compared to the cumulative masses of ethylene glycol and Texanol® emitted during the
experiments. The average mass of ethylene glycol used in the four experiments was
approximately 100 g, and the average mass of Texanol® was approximately 43 g. The
cumulative mass emissions of ethylene glycol were 3.7 - 13.9 g over O - 240 hand 4.1 - 14.2 g
over O - 336 h. Thus, only approximately 4 - 14 percent of the ethylene glycol that was applied
with the paints was emitted over the 336-h period. The cumulative mass emissions of Texanol®
were 6.9 - 13.2 g over O - 240 h and 8.6 - 15.0 g over O - 336 h. Only 19 - 35 percent of the
applied Texanol® was emitted over the 336-h period. The results demonstrate the very large
sorption losses and the slow re-emission of the major volatile organic constituents of latex paints
applied to gypsum board. These results are excellent agreement with the results obtained in a
small-scale chamber with another flat latex paint (Chang et al., 1997). In that study, nine percent
of the ethylene glycol and 29 percent of the Texanol® in the paint applied to gypsum board were
emitted over the same 336-h time period. This similarity, despite the differences in the paint and
the experimental apparatus and conditions, demonstrates that the gypsum board substrate plays
a significant role in determining the emissions of VOCs from latex paint. At present, it is not
known whether 100 percent of the ethylene glycol and Texanol® absorbed by gypsum board are
re-emittable (Chang et al., 1998).
The experiments and the treatment effects were next compared by examining the peak
exposures to the target compounds that a residential occupant might receive at these conditions.
The highest exposure concentrations (ppb) of the target compounds were measured shortly after
paint application (Appendix H, Table H-20). The maximum concentrations of formaldehyde,
acetaldehyde, n-butyl ether and 2-ethyl-1-hexanol were substantially lower in Experiments P-3 and
P-4 with additional ventilation relative to base-case Experiments P-1 and P-2. For Acetaldehyde,
there was an approximate ten-fold difference in maximum concentration. The maximum
concentrations of ethylene glycol and propylene glycol in Experiment P-4 with additional ventilation
combined with air mixing were about 60 percent of the respective maximum concentrations of
these compounds in Experiment P-3 with additional ventilation only.
Finally, the experiments and the treatments were compared based on theoretical
cumulative exposures in ppm-h for a residential occupant that were calculated for two different
exposure periods.
The estimated cumulative exposures to the target compounds for the first 48 hours of the
experiments are presented in Appendix H, Table H-21. For this calculation, occupancy began at
time zero, the conclusion of paint application, and the occupancy factor was assumed to be 0.83
(i.e., an occupancy of 20 hours per day averaged throughout the day). The cumulative exposures
to formaldehyde, acetaldehyde, n-butyl ether and 2-ethyl-1-hexanol for this period were clearly
lower in Experiments P-3 and P-4 with additional ventilation relative to the base-case experiments.
The differences between the cumulative exposures for the two treatment Experiments P-3 and
P-4 were all less than 25 percent. The relative magnitudes of the effects of the treatments on the
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cumulative exposures to the target compounds over 0 - 48 hare illustrated in Figure 27. The
results for base-<:ase Experiments P-1 and P-2 were averaged and used to calculate the ratios for
the two treatment experiments. This figure shows that the treatments did not result in large
fractional reductions in the exposures to the dominant compounds, ethylene glycol, propylene
glycol and Texanol®, for this initial two-day period.

Table 10. Applied masses (g) of ethylene glycol and Texanol® compared to the masses of these
compounds emitted over 0-336 h in Experiments P-1 - P-4. The applied masses were
calculated from the paint application data (Appendix H, Table H-02) and the paint
compositions (Appendix e, Table e-58).
Compound/
Parameter

Exp P-1

Exp P-2

Exp P-3

Exp P-4

Ethylene glycol
Applied mass (g)

90

103

100

104

Emitted mass (g)

4.08

6.8

14.2

10.0·

4.5

6.6

14

9.6

Applied mass (g)

39

45

43

45

Emitted mass (g)

8.6

8.6

15.0

11.8*

Fraction emitted(%)

22

19

35

26

Fraction emitted(%)

Texanol®

*Masses were emitted over 0 - 240 h in Experiment P-4.

The estimated cumulative exposures to the target compounds for the remainders of the
experiments are presented in Appendix H, Table H-22. For this calculation, occupancy began
exactly 48 h after painting, thus avoiding the initial period of highest concentration. It was
assumed that the daily duration of occupancy was 20 h. The compounds with the distinctly
highest cumulative exposures in all of the experiments were ethylene glycol, propylene glycol and
Texanol®. The treatment effects were most pronounced for the minor paint constituents. The
most obvious difference was the reduction in the exposures to acetaldehyde in the two treatment
experiments. Additional ventilation and air mixing decreased the cumulative exposure to n-butyl
ether, and both additional ventilation and additional ventilation with air mixing decreased the
exposure to 2-ethyl-1-hexanol.
The relative magnitudes of the effects of the treatments on the cumulative exposures to
the target voes over 48 - 240 hare illustrated in Figure 28. The results for base-<:ase
Experiments P-1 and P-2 were averaged and used to calculate the ratios for the two treatment
experiments. The figure shows that additional ventilation by itself did not result in reduced
exposures to the dominant voes for this period. There were, however, approximate 25 percent
reductions in the exposures to ethylene glycol and Texanol® in Experiment P-4 with additional
ventilation combined with air mixing relative to the base-case experiments.
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Figure 29 compares the magnitudes of the cumulative exposures estimated for the
0- to 48-h periods to the total cumulative exposures over O - 240 h that were calculated as the
sums of the exposures for the two periods. For all compounds except Texanol®, the cumulative
exposures estimated for the 0- 48-h periods of the experiments accounted for about one-half or
more of the total cumulative exposures. The exposures to Texanol®, the least volatile compound,
during the 0- 48-h periods were about 30 percent of the total exposures.
7.6 COMPARISON WITH THE SCREENING MEASUREMENT RESULTS
Latex Primer Sealer LPS2 and Flat Latex Paint FLP3 accounted for approximately 97
percent of the wet mass of paint applied in each of the four large-scale experiments. The average
combined coverage of these two paints was 224 g m-2. Three screening measurements were
conducted with a combination of the LPS2 and FLP3 paints over a range of 30 - 70 percent
relative humidity. The average combined coverage of the two paints in these experiments was
169 g m-2 or about 75 percent of the combined coverage of the two paints in the large-scale
experiments. Emission rates of the target compounds and SigmaVOC in the small chambers
were calculated for elapsed times of 48 and 96 h (Appendix C, Tables C-51 - C-53).
The 96-h emission rates (mg m-2 h-1) of ethylene glycol, propylene glycol, DEGBE,
Texanol®, and SigmaVOC in the three screening measurements and in the four large-scale
experiments are compared in Table 11. Generally, the results agreed within about a factor of two.
The emission rates of ethylene glycol were roughly comparable while the Texanol® emission
rates were about a factor of two higher in the screening measurements. These discrepancies are
relatively small considering that there were large differences between these experiments with
respect to chamber ventilation rates, chamber surface-to-volume ratios, and the types and
amounts of surface materials.

Table 11. Area-specific emission rates (mg m-2 h·1) of ethylene glycol, propylene glycol,
DEG BE, Texanol® and Sigmavoc at 96-h elapsed time in the three screening
measurements with the LPS2 and FLP3 paint combination and in large-scale
Experiments P-1 - P-4.
Specific Emission Rate, mg m-2 h·1

Component
Ethylene glycol

Screening Measurements
Combined LPS2 & FLP3
Avg.
Range
0.36

0.20- 0.57

Large-Scale
Expts. P-1 - P-4
Avg.
Range
0.54

0.46-0.59
0.07-0.13

Propylene glycol

<0.06

0.09

DEGBE

<0.03

O.Q1

Texanol®

3.24

2.68-3.83

1.60

1.12 -1.92

SigmaVOC

3.65

3.02 - 4.09

2.23

1.67- 2.57
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8.0 EXPOSURE REDUCTION EXPERIMENTS WITH THE CARPET ASSEMBLY
8.1 EXPERIMENTAL TREATMENTS
Three large-scale experiments were conducted with the carpet assembly consisting of
materials CP4, CC4 and ST. The first of these experiments, C-1, was conducted at the base
case ventilation rate of 2 h-1 during carpet installation and for the following two hours. Then the
ventilation rate was lowered to 0.5 h-1 and maintained at this condition over 2 - 336 h. One of the
treatment experiments, C-2, was conducted using additional ventilation for the first 72 h. The
ventilation rate during carpet installation and for the following two hours was 5 h-1. From 2 - 72 h,
the ventilation rate was 2 h-1. For the other treatment experiment, C-3, the carpet and cushion
were aired out immediately prior to their installation. Two days before the start of the experiment
the materials were laid out on the floor of a highly ventilated and well-mixed room as described in
Appendix G. At the end of the 48-h airing out period, the materials were taken to the nearby
chamber facility. Installation of the materials began within one hour. This experiment was
conducted at the base-case ventilation rate conditions described above. The ventilation rate data
and the compartment temperatures and relative humidities for the experiments are summarized in
Appendix I, Table 1-01. All of these parameters were maintained within the established range
limits. The same amounts of materials were used in all three experiments (Appendix I, Table
1-02).
8.2 SELECTION OF THE TARGET COMPOUNDS
A qualitative analysis of the VOCs emitted by the carpet assembly in base-case
Experiment C-1 identified a relatively large number of compounds (Appendix I, Table 1-03).
More than half of the individually listed compounds were hydrocarbons including aromatic
hydrocarbons and a number of branched alkane and alkene (olefinic) hydrocarbons, most of
which were not further identified. 4-Ethenylcyclohexene (4-vinylcyclohexene), styrene and
4-phenylcyclohexene (4-PCH) are characteristic of emissions from the SBR latex adhesive used
on the secondary backing of the carpet (Hetes et al., 1992). All of these compounds were
detected in the screening measurement of Carpet CP4 (Appendix D, Table D-06). SBR carpets
also frequently emit toluene, xylene isomers, isopropylbenzene and propylbenzene (Hetes et al.,
1992). However, only the combined m-,p-xylene isomers were detected in the screening
measurement of the carpet. A relatively large abundance of a complex mixture of unresolved
isomers of predominantly unsaturated hydrocarbons eluted near the end of the chromatographic
runs. Cushion CC4 emitted this same mixture in the screening measurement (Appendix D,
Table D-11 ). The emission of a similar mixture was previously reported for a bonded urethane
carpet cushion (Schaeffer et al., 1996).
In addition to the hydrocarbons, there were a number of oxidized compounds and
nitrogen-containing compounds identified in the emissions from the carpet assembly. All of the
aldehydes were present in the chamber background that was probably the dominant source of
these compounds. Some of the other oxidized compounds present in the samples were also
probable chamber background contaminants. The isomers of di(propylene glycol)methyl ether
(DPGME), phenol, phenethyl alcohol and 1-decanol were all emitted by Carpet CP4 in the
screening measurement of this material. The nitrogen-containing compounds,
N,N-dimethylacetamide and 2-methyleneglutaronitrile, were detected in the screening
measurement of Carpet CP4. Butylated hydroxytoluene (BHT) is one of the most abundant
compounds emitted by bonded urethane carpet cushions (Schaeffer et al., 1996). It was also
among the most abundant compounds emitted by Cushion CC4 in the screening measurement.
Phenol was also detected in the screening measurement of the cushion. The nitrogen-containing
compounds, N,N-dimethylbenzylamine and 2,2'-azobisisobutryonitrile, were among the
compounds emitted by Cushion CC4 in the screening measurement.
The most abundant VOCs emitted in large-scale experiment C-1 were estimated based
on a comparison of the TIC responses of the compounds in the GC/MS analyses. These
compounds were two branched alkane hydrocarbons, 4-PCH, the mixture of unsaturated
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hydrocarbons discussed above, DPGME, BHT, N,N-dimethylbenzylamine and
2,2'-azobisisobutryonitrile (Table 1-03).
Fifteen target compounds were selected for analysis in the large-scale experiments.
These are listed in Appendix I, Table 1-04 along with their dominant sources. The target
compounds included formaldehyde and acetaldehyde that had no dominant source and 13 VOCs
that were e_ither characteristic of the individual sources and/or were among the most abundant
compounds emitted by the assembly. The 13 target VOCs were: styrene; 4-PCH;
4-ethenylcyclohexene; 1,2-dichlorobenzene; DPGME; phenol; phenethyl alcohol; 1-decanol; BHT;
N,N-dimethylacetamide; N,N-dimethylbenzy1amine; 2,2'-azobisisobutryonitrile; and
2-methyleneglutaronitrile. Formaldehyde, acetaldehyde, styrene and phenol are identified by the
ARB as TACs.
8.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
The concentrations of the 13 target VOCs in the chamber compartment and supply air
samples for the three experiments with the carpet assembly are presented in Appendix I, Tables
1-05 - 1-10. The concentrations for the duplicate voe samples that were collected at several time
points during these experiments are given in the tables. The average concentrations of the target
compounds in inlet air were all below their lower limits of quantitation. The compartment
background concentrations of these compounds were, with the exception of phenol at 1 µg m-3,
also below their lower limits of quantitation. The compartment concentrations and average inlet
air concentrations of TVOC are presented in Appendix I, Table 1-11. The compartment
concentrations and average inlet air concentrations of SigmaVOC (i.e., the sum of the
concentrations of the 13 target VOCs) are presented in Appendix I, Table 1-12. The formaldehyde
and acetaldehyde concentrations for Experiment C-1 are presented in Appendix I, Table 1-13.
The compartment concentrations of formaldehyde and acetaldehyde measured during this base
case experiment were very similar to their respective compartment background concentrations. It
was concluded from these results and the results of the screening measurements of the individual
materials that the emissions of these compounds from the carpet assembly were negligible.
Consequently, the measurement of formaldehyde and acetaldehyde was dropped in the
subsequent experiments with the carpet assembly.
The concentrations of styrene, 4-PCH, DPGME, BHT and TVOC in the three experiments
are individually compared in Figures 30 - 34, respectively.
The compartment concentrations of the target VOCs emitted by the carpet assembly were
low, particularly in comparison with other sources such as the latex paint combination. The four
compounds with the highest concentrations in Experiments C-1 and C-2 were 4-PCH, DPGME,
BHT, and 2,2'-azobisisobutryonitrile. The concentrations of the more volatile compounds such as
styrene (Figure 30) and 4-ethenylcyclohexene decreased rapidly over the initial two to three days
of these experiments. The concentrations of the target VOCs were generally lower in Experiment
C-3 in which the materials were aired out in comparison to the corresponding concentrations in
the other two experiments. Airing out the materials resulted in small and possibly insignificant
reductions in the concentrations of 4-PCH and BHT (Figures 31 and 33); and large reductions in
the concentrations of other compounds such as styrene and DPGME (Figures 30 and 32). The
reduction in the concentration of 2,2'-azobisisobutryonitrile was dramatic. The general reduction
due to airing out is clearly shown by a comparison of the SigmaVOC concentrations presented in
Table 1-12.
It is notable that the concentrations of BHT gradually increased with time in all three
experiments (Figure 33) while the concentrations of the other target VOCs generally decreased
with time. The increase in BHT concentration with time for an assembly of carpet and bonded
urethane cushion was previously demonstrated in a small-scale chamber experiment (Schaeffer
et al., 1996). This temporal behavior suggests that the carpet was acting as a diffusion barrier for
the emission of BHT from the cushion.
The concentrations of N,N- dimethylacetamide were all below the lower limit of
quantitation except during the first hours of Experiment C-1. The concentrations of both
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N,N-dimethylbenzylamine and 2-methyleneglutaronitrile were similar in Experiments C-1 and C-2
and near or below the lower limits of quantitation in Experiment C-3.
The combined compartment concentrations of the individually quantified target
compounds as measured by SigmaVOC accounted for relatively small portions of the
corresponding TVOC concentrations. In Experiments C-1 and C-2, the SigmaVOC concentration
at 24-h elapsed time was about 15 percent of the TVOC concentration. By the end of these
experiments, the SigmaVOC concentration was less than ten percent of the TVOC concentration.
In Experiment C-3, the portion of the TVOC concentration accounted for by the target compounds
was even lower.
The TVOC concentrations were, to a large extent, a measure of the complex mixture of
unsaturated hydrocarbons emitted by the carpet cushion. The TVOC concentrations in
Experiments C-1 and C-3 stayed relatively constant with a slow decrease over the course of the
experiments as shown in Figure 34. In Experiment C-2, there was about a factor of two reduction
in the TVOC concentration during the 72-h period of additional ventilation in comparison with the
corresponding TVOC concentration in Experiment C-1 . The concentrations of TVOC during
Experiment C-3 with aired-out materials were lower than they were in the other two experiments
by roughly a factor of two.
8.4 EMISSION RATES OF THE TARGET COMPOUNDS
Quasi steady-state emission rates of the 13 target voes and TVOC in the three
experiments were calculated with the mass-balance equation (Equation 1). The surface area of
the carpet of 10.4 m2 was used in all of the calculations. The concentrations of the target
compounds generally did not change as rapidly during the first hours of the experiments as they
did in the experiments with the paint combination. Therefore, the amount of uncertainty in the
estimated emission rates for the beginning periods with the carpet assembly due to the use of the
steady-state model was expected to be lower.
The area-specific emission rates of the target voes in micrograms of compound emitted
per square meter of surface per hour (µg m-2 h-1) for the three experiments are presented in
Appendix I, Tables 1-14 - 1-19. The area-specific emission rates of TVOC for the experiments are
presented in Appendix I, Table 1-20. No calculations were performed for SigmaVOC since
emission rates were individually determined for the most abundant compounds. Emission rates
could not be calculated for formaldehyde and acetaldehyde since the carpet assembly was not a
measurable source of these compounds.
The emission rates of styrene, 4-PCH, DPGME, BHT and TVOC in the three experiments
are individually compared in Figures 35 - 39, respectively.
The additional ventilation used during the first 72-h of Experiment C-2 resulted in a clear
increase in the emission rates of many of the target VOCs and of TVOC during this period in
comparison to the respective emission rates in Experiment C-1. The effect was relatively small
for styrene and DPGME that had rapidly decaying concentrations (Figures 35 and 37). The least
volatile compounds, such as 4-PCH (Figure 36), BHT (Figure 38), 2,2'-azobisisobutryonitrile and
2-methyleneglutaronitrile, appeared to be the most affected.
It has been hypothesized that the emissions of VOCs originating from the SBR latex on
the secondary backing of carpets, such as 4-PCH, are controlled by the physical process of
diffusion of the compounds in the backing (Little et al., 1994). If diffusion was the dominant
process affecting the compartment air concentrations of 4-PCH, then the difference in the
ventilation rate between the experiments should have had very little effect on its emission rate.
The results, therefore, suggest that either mass transfer effects at the surfaces of the carpet are
more important than previously hypothesized or that other phenomena, such as desorption from
fiber and backing surfaces, played a significant role in determining the chamber concentrations of
4-PCH and possibly other compounds.
A comparison of the emission rates of the target VOCs and TVOC between Experiments
C-1 and C-3 showed that the 48-h airing out period decreased the emission rates of all of these
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constituents. For some compounds, airing out substantially decreased emission rates. This is
illustrated by the temporal profiles of the styrene and DPGME emission rates for these two
experiments. The reduction of the emission rate of 2,2'-azobisisobutyronitrile due to airing out
was dramatic. On the other hand, the effect was small and possibly insignificant for 4-PeH and
BHT. The reduction in the emission rate of TVOC in Experiment C-3 relative to the emission
rates of TVOC in the other two experiments was approximately a factor of two (Figure 39). As
discussed above, this was primarily due to the reduced emissions of the complex mixture of
unsaturated hydrocarbons from the carpet cushion.
8.5 CUMULATIVE MASSES AND EXPOSURES FOR THE TARGET COMPOUNDS
The results for the experiments with the carpet assembly were first summarized by
calculating the cumulative masses of the target voes and TVOC that were emitted over the
experimental period (Appendix I, Table 1-21). The compounds with the highest mass emissions
were 4-PCH, DPGME, BHT and 2,2'-azobisisobutyronitrile. The relative magnitudes of the effects
of the treatments on the cumulative mass emissions of the target VOCs are illustrated in Figure
40. For this figure, the results for base-case Experiment e-1 were used to calculate the ratios for
the two treatment experiments. These results clearly show that the treatments had substantial
effects on the cumulative mass emissions. With the exceptions of 1,2-dichlorobenzene,
N,N-dimethylbenzylamine, and 2,2'-azobisisobutryonitrile, the cumulative emissions were higher in
Experiment e-2 with additional ventilation compared to Experiment C-1 conducted at the base
case ventilation rate. As previously discussed, this was the result of higher emission rates during
the 72-h period of additional ventilation. For all of the target voes and TVOC, the cumulative
mass emissions were lower for Experiment C-3 in which the materials were aired out than in
base-case Experiment C-1 conducted at the same ventilation rate. This was most likely due to
reductions during the airing out period in the masses of the compounds contained in the materials
or sorbed onto their surfaces.
Next, the experiments and the treatments were compared based on theoretical
cumulative exposures in ppb-h for a residential occupant that were calculated for two different
exposure periods.
The estimated cumulative exposures to the target VOCs for the first 48 hours of the three
experiments are presented in Appendix I, Table 1-22. For this calculation, occupancy began at
time zero, the conclusion of carpet installation, and the occupancy factor was assumed to be 0.83
(i.e., an occupancy of 20 hours per day averaged throughout the day). The exposures were
generally low and only exceeded 100 ppb-h for DPGME, N,N-dimethylacetamide and
2,2'-azobisisobutyronitrile in Experiment C-1.
The relative magnitudes of the effects of the treatments on the cumulative exposures to
the target voes over O - 48 h are illustrated in Figure 41 . Additional ventilation resulted in
reduced exposures relative to the base-case experiment for all compounds except BHT. For
most compounds, the fractional reduction was substantially less than the approximate four-fold
difference in ventilation rate. The figure also shows that airing out of the materials more
effectively reduced exposures for this period than additional ventilation. The exposures for
styrene, 4-ethenylcyclohexene, 1,2-dichlorobenzene, DPGME, N,N-dimethylbenzylamine,
2,2'azobisisobutyronitrile and 2-methyleneglutaronitrile in Experiment e-3 were all less than 30
percent of their respective exposures in Experiment C-1.
The estimated cumulative exposures to the target VOCs for the remainders of the
experiments are presented in Appendix I, Table 1-23. For this calculation, occupancy began
exactly 48 h after installing the materials. It was assumed that the daily duration of occupancy
was 20 h. In general, the exposures were low. The compounds with the highest exposures for
this period were 4-PCH, DPGME, BHT and 2,2'-azobisisobutyronitrile.
The relative magnitudes of the effects of the treatments on the cumulative exposures to
the target voes over 48 - 336 h are illustrated in Figure 42. The results for base-case
Experiment C-1 were used to calculate the ratios for the two treatment experiments. The
exposure to BHT was higher in Experiment e-2 while the exposures to 1,2-dichlorobenzene,
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N,N-dimethylbenzylamine and 2,2'-azobisisobutryonitrile were lower in Experiment C-2 relative to
Experiment C-1. For the remaining compounds, the exposure differences between Experiments
C-1 and C-2 were minor. With the exceptions of 4-PCH and BHT, the calculated exposures to the
target VOCs were lower in Experiment C-3 relative to both Experiments C-1 and C-2. The
exposures to 4-PCH were similar for all three experiments while the exposures to BHT were about
the same for Experiments C-1 and C-3 and highest in Experiment C-2.
Figure 43 compares the magnitudes of the cumulative exposures estimated for the
0- to 48-h periods to the total cumulative exposures over O - 336 h that were calculated as the
sums of the exposures for the two periods. For 4-ethenylcyclohexene, one of the most volatile
compounds, the exposures during the first 48 h were near 50 percent of the total exposures. For
4-PCH and BHT, the least volatile compounds, the exposures during the first 48 h were about 15
percent or less of the total exposures.
8.6 COMPARISON WITH THE SCREENING MEASUREMENT RESULTS
Screening measurements were individually conducted for carpet assembly materials CP4
and CC4. Emission rates of the target voes and TVOC in the small chambers were calculated
for elapsed times of 24 and 48 h (Appendix D, Tables D-36, D-41 and D-43) . The differences
between the 48-h emission rates (µg m-2 h·1) of the target voes and TVOC in the screening
measurements of CP4 and CC4 and in large scale Experiments C-1 and C-2 are compared in
Table 12. For styrene, 4-PCH, 4-ethenylcyclohexene, 1,2-dichlorobenzene, and
2,2'-azobisisobutryonitrile, the screening measurement and the large-scale experiment results
generally agreed within a factor of two. The 48-h emission rates of the remaining compounds,
with the exception of 1-decanol, were higher in the screening measurements. In particular, the
emission rate of BHT was roughly a factor of 20 higher in the screening measurement of CC4.
It is expected that covering the cushion with the carpet will retard the emission rates of
many of the compounds that originate from the cushion. A substantial reduction in the emission
rates of BHT and other VOCs from urethane carpet cushions in the presence of a carpet overlay
was previously demonstrated in small-scale chamber experiments (Schaeffer et al., 1996). For
BHT, there was a 90 percent reduction over a 96-h period. It is likely that the lower emission rates
of BHT in the large-scale experiments relative to the screening measurement of CC4 was due, at
least in part, to the carpet overlay.

9.0 EXPOSURE REDUCTION EXPERIMENTS WITH THE VINYL FLOORING ASSEMBLY
9.1 EXPERIMENTAL TREATMENTS
Four large-scale experiments were conducted with the vinyl flooring assembly consisting
of materials SV5, CB, SFA, CBA and UL. Two of these experiments, V-1 and V-4, were
conducted at the base-case ventilation rate condition. An operator error occurred during
Experiment V-1 at about 168-h elapsed time that invalidated the data from 168 h through the
remainder of the experiment. Therefore, the two base-case experiments can only be compared
through 144-h elapsed time. One of the treatment experiments, V-2, was conducted using
additional ventilation for the first 72 h. The ventilation rate during flooring installation and for the
following two hours was 5 h-1. From 2 - 72 h, the ventilation rate was 2 h-1. For the other
treatment experiment, V-3, the sheet vinyl flooring material and the rubber cove base were aired
out in a highly ventilated room for 48 h immediately prior to their installation as described in detail
in Appendix G. This experiment was conducted at the base-case ventilation rate conditions. The
ventilation rate data and the compartment temperatures and relative humdities for the
experiments are summarized in Appendix J, Table J-01. The ventilation rates, temperatures and
relative humidities were maintained within the established range limits.
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The material quantities are presented in Appendix J, Table J-02. The same amounts of
Sheet Vinyl SV5, Cove Base CB and liquid Seam Sealer SS were used in all four experiments.
The masses of the adhesives were determined by weighing the adhesive containers and tools
immediately before and after the installations. The average mass of Sheet Flooring Adhesive
SFA used in the experiments was approximately 3 kg. The highest mass of 3.4 kg was used in
Experiment V-4, and the lowest mass of 2.7 kg was used in Experiment V-1. The average mass
of Cove Base Adhesive CBA applied in the experiments was approximately 0.5 kg. Variations
among the experiments in the use of this product were small.

Table 12. Area-specific emission rates (µg m-2 h·1) of target voes and TVOC at 48-h elapsed
time in the screening measurements of carpet assembly materials CP4 and CC4 and in
large-scale Experiments C-1 and C-2.
Specific Emission Rate, 1,1g m-2 h-1
Component

Screening Measurements
CP4
CC4

Large-Scale Expts.
C-1
C-2

Styrene

4

4

6

4-PCH

33

16

31

7

7

7

5

4

14

17

3

4

4-Ethenylcyclohexene
1,2-Dichlorobenzene

3

DPGME

39

Phenol

6

Phenethyl alcohol

6

1

3

1-Decanol

2

3

10

3

13

<12

<49

15

BHT
N, N-Dimethylacetamide

206
26

N,N-Dimethylbenzylamine

43

9

3

2,2'-Azobisisobutryonitrile

94

55

69

7

16

834

1,280

2-Methyleneglutaronitrile
TVOC

40
873

2,940

9.2 SELECTION OF THE TARGET COMPOUNDS
A qualitative analysis of the VOCs emitted by the vinyl flooring assembly in base-case
Experiment V-4 identified a relatively large number of compounds (Appendix J, Table J-03).
Approximately 80 percent of the compounds were hydrocarbons. These included normal and
branched alkane hydrocarbons, aromatic hydrocarbons, and cyclic or alkene (olefinic)
hydrocarbons. A number of the hydrocarbons were not fully identified. There was a related group
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of C10 - C12 alkyl substituted benzenes that were characteristic of the emissions from SV5
(Appendix E, Table E-06). The most abundant hydrocarbons in the samples based on their TIC
area responses were n-decane, n-tridecane, n-tetradecane, and toluene.
Carbonyl compounds, other oxidized compounds and several miscellaneously
categorized compounds were additionally identified in the emissions from the vinyl flooring
assembly. _Some of these were present in the compartment background. Two of the most
abundant oxidized compounds, cyclohexanone and tetrahydrofuran, were the principal solvent
components of Seam Sealer SS (Appendix E, Table E-10). The other most abundant compounds
were phenol, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIB®) and benzothiazole. Phenol
and TXIB® were emitted by SV5, and benzothiazole was emitted by Cove Base CB (Appendix E,
Table E-11 ).
Nineteen target compounds were selected for quantitative analysis. These compounds
are listed in Appendix J, Table J-04 along with their predominant sources. The target compounds
included formaldehyde and acetaldehyde that had no dominant source and 17 voes that were
either characteristic of the individual sources and/or were among the most abundant compounds
emitted by the assembly. The 17 target voes were: n-decane; n-dodecane; n-tridecane;
n-tetradecane; toluene; combined m-,p-xylene isomers; styrene; 1,2,4-trimethylbenzene;
cyclohexanone; benzaldehyde; tetrahydrofuran; 1-octanol; benzyl alcohol; phenol; TXIB®;
tert-butylisothiocyanate; and benzothiazole. Formaldehyde, acetaldehyde, toluene, m-,p-xylenes,
styrene and phenol are identified by the ARB as TACs; 1,2,4-trimethylbenzene is being evaluated
for classification as a TAC.
9.3 CONCENTRATIONS OF THE TARGET COMPOUNDS
The concentrations of the 17 target VOCs in the chamber compartment and supply air
samples for the four experiments with the vinyl flooring assembly are presented in Appendix J,
Tables J-05 - J-12. The concentrations for the duplicate voe samples that were collected at
several time points during these experiments are given in the tables. The concentrations of
toluene and tetrahydrofuran in inlet air were 1 and 4 - 12 µg m-3, respectively. The inlet air
concentrations of the other target VOCs were all below their lower limits of quantitation. Some of
the target voes were detected in the compartment background. The background concentrations
of these compounds were typically at or near their lower limits of quantitation. The compartment
concentrations and average inlet air concentrations of TVOC for the four experiments are
presented in Appendix J, Table J-13. The compartment concentrations and average inlet air
concentrations of Sigmavoe (i.e., the sum of the concentrations of the 17 target VOCs) are
presented in Appendix J, Table J-14. The formaldehyde and acetaldehyde concentrations for the
four experiments are presented in Appendix J, Tables J-15 and J-16, respectively.
The concentrations of n-tridecane, toluene, tetrahydrofuran, phenol, TXIB®,
benzothiazole and TVOe in the four experiments are individually compared in Figures 44 - 50,
respectively.
With the exception of toluene, there was generally good agreement between base-case
Experiments V-1 and V-4 with respect to the concentrations of the target voes. For toluene, the
concentrations were substantially higher in Experiment V-1 than they were in Experiment V-4.
This difference was strongly apparent for the first 24-h period (Figure 45a). Toluene was the
dominant compound emitted by Sheet Flooring Adhesive SFA (Appendix E, Table E-14). During
Experiment V-1, which was the first large-scale use of this product, a small, but unmeasured,
amount of adhesive was spilled on the surface of the vinyl. This adhesive could not easily be
removed by wiping, and a portion was left on the surface. It is likely that the spilled adhesive was
the source of the higher toluene concentrations measured during this experiment. The difference
between the toluene concentrations in Experiments V-1 and V-4 is also reflected in the TVOC
concentrations for these experiments (Figure 50).
The two compounds with the highest initial concentrations in all four experiments were
cyclohexanone and tetrahydrofuran (Figure 46). The initial concentrations of cyclohexanone and
tetrahydrofuran were as high as 3,800 and 7,800 µg m-3, respectively. As noted above, Seam
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Sealer SS emitted these compounds. Since 15 ml of seam sealer were applied to the sheet vinyl
in each experiment, it was estimated from the solvent composition of the product that
approximately 1.1 g of cyclohexanone and 8.5 g of tetrahydrofuran were introduced into the
compartment. This would account for the high initial concentrations following the application of
the seam sealer. These concentrations decreased rapidly over the first 24 h of the experiments.
By the end of the experimental periods, the concentrations of cyclohexanone and tetrahydrofuran
were in the·range of 9 -17 µg m-3.
The temporal behavior of the other target VOCs in the four experiments was substantially
different than the behaviors of toluene, cyclohexanone and tetrahydrofuran. The initial
concentrations of these other compounds were not has high, and generally their concentrations
decreased slowly with time. The concentrations of several of the less volatile compounds, such
as n-tridecane and benzothiazole, stayed relatively constant over long time periods. For the least
volatile compound, TXIB®, the compartment concentrations slowly increased with time reaching
maximum values later in the experiments.
The effects of the treatments varied among the compounds. For n-tridecane and toluene
(Figures 44 and 45b), the compartment concentrations for Experiment V-3 with airing out were
similar to the concentrations for base-case Experiment V-4. The concentrations of these
compounds were lower during the period of additional ventilation in Experiment V-2. Additional
ventilation also resulted in substantially reduced concentrations of tetrahydrofuran in the first
hours of Experiment V-3 (Figure 46). The treatments produced different results for phenol and
benzothiazole (Figures 47 and 49). Additional ventilation had no obvious effect on the
concentrations of these compounds. However, airing out of the materials appeared to reduce
their concentrations over the first several days of Experiment V-3 relative to Experiment V-4.
The high concentrations of TVOC during the first 24 h of the experiments were primarily
the result of the high initial concentrations of cyclohexanone and tetrahydrofuran. From 48 h
through the remainder of the experiments, the concentrations of TVOC stayed relatively constant.
In fact, the concentrations of TVOC over this period in Experiments V-4, V-2 and V-3 were all near
1,000 µg m-3. Thus, the chamber concentrations of TVOC were not substantially affected by the
treatments.
Again, the high concentrations of SigmaVOC during the first 24 h of the experiments were
due to high concentrations of cyclohexanone and tetrahydrofuran. At 48- and 72-h elapsed time,
the concentrations of SigmaVOC were lowest for Experiment V-2 that was run with additional
ventilation. However, after the ventilation rate in this experiment was reduced to 0.5 h-1, the
SigmaVOC concentrations increased to values that were nearly equivalent to the values for
Experiments V-4 and V-3.
A comparison of the TVOC and SigmaVOC concentrations shows that in the initial six
hours of the experiments, the SigmaVOC concentrations sometimes exceeded the TVOC
concentrations. This anomaly was a consequence of the way in which the TVOC measurements
were calibrated. TVOC was calibrated with a mixture of alkane and aromatic hydrocarbons.
Oxidized compounds such as cyclohexanone and tetrahydrofuran have lower TIC responses than
hydrocarbons. Therefore, the TVOC responses for the initial samples with high concentrations of
these two compounds were underestimated. In the latter portions of the experiments, the
SigmaVOC concentrations were roughly one third of the TVOC values.
Generally, the concentrations of formaldehyde and acetaldehyde during the experiments
reached values that were only about a factor of two above their respective compartment
background concentrations at the start of the experiments. Since the wood components of the
chamber facility were a known source of formaldehyde and acetaldehyde, it was impossible to
determine if the measured concentration increases were attributable to the installation of the vinyl
flooring assembly.
9.4 EMISSION RATES OF THE TARGET COMPOUNDS
Quasi steady-state emission rates of the 19 target compounds and TVOC in the four
experiments were calculated with the mass-balance equation (Equation 1). The surface area of
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the sheet vinyl of 10.4 m2 was used in all of the calculations. With the exceptions of
cyclohexanone and tetrahydrofuran, the concentrations of the target compounds did not change
rapidly with time. Therefore, the use of the steady-state model was unlikely to have introduced a
large amount of uncertainty into the calculated emission rates of these compounds.
The area-specific emission rates of the target VOCs in micrograms of compound emitted
per square _meter of surface per hour (µg m-2 h-1) for the four experiments are presented in
Appendix J, Tables J-17 - J-24. The area-specific emission rates of TVOC for the experiments
are presented in Appendix J, Table J-25. No calculations were performed for Sigmavoe. The
area-specific emission rates of formaldehyde and acetaldehyde are presented in Appendix J,
Tables J-26 and J-27, respectively.
The specific emission rates of n-tridecane, toluene, tetrahydrofuran, phenol, TXIB®,
benzothiazole and TVOe in the four experiments are individually compared in Figures 51 - 56;
respectively.
With the exception of toluene, the specific emission rates of the target voes for base
case Experiments V-1 and V-4 were in generally good agreement. As noted above, the elevated
emission rate of toluene at the beginning of Experiment V-1 was probably due to the residue of
sheet flooring adhesive left on the surface of the vinyl. The difference between the emission rates
of TVOe over the first two days of these experiments largely reflects the elevated emission rate of
toluene in Experiment V-1 .
The additional ventilation used in the first 72-h of Experiment V-2 resulted in a general
increase in the specific emission rates of most of the target VOCs over this period in comparison
to the respective emission rates in base-case Experiment V-4. For compounds such as phenol,
TXIB® and benzothiazole, there was more than a factor of two increase in their apparent emission
rates with increased ventilation. This trend, however, was frequently not apparent during the first
hour. Most likely, the high ventilation rate of 5 h·1 used during the installation of the vinyl flooring
assembly in Experiment V-2 effectively reduced the VOC concentrations resulting from the
introduction, unrolling and active handling or use of the materials. After the ventilation rate in
Experiment V-2 was reduced to 0.5 h-1 at 72-h elapsed time, the emission rates of the target
voes decreased to levels that were generally comparable to the levels in Experiment V-4.
The same trend is apparent from a comparison of the specific emission rates of TVOe for
Experiments V-4 and V-2 (Figures 56a and 56b). From 24 - 72 h, the emission rate of TVOe was
higher by a factor of two or more in Experiment V-2.
The data presented by Clausen et al. (1993) for small-scale chamber tests of a vinyl
flooring material conducted over 600 hours shows that the initial emission rate of phenol was
higher by about a factor of two in the experiment conducted at a ventilation rate of 0.25 h-1 relative
to the experiment conducted at 0.12 h-1. Later in their experiments, the emission rates of phenol
at the two ventilation rates were much more comparable.
The effect of airing out of the sheet vinyl and cove base was evaluated by comparing the
emission rates of the target voes and TVOC for Experiments V-4 and V-3. Both of these
experiments were conducted at the same base-case ventilation rate conditions. The specific
emission rates of the target voes were generally comparable between the two experiments. In
particular, the emission rates of the dominant compounds originating from the sheet vinyl and the
cove base, such as benzyl alcohol, phenol, TXIB® and benzothiazole, were quite similar over the
course of these two experiments. The only substantial difference between the experiments was
that the emission rates of many of the compounds were lower during the first few hours of
Experiment V-3. This suggests that the airing out of the materials had only a short-term effect on
voe emission rates. The similarity between these two experiments was also apparent in the
emission rates of TVOC. Again, the only notable difference was the lower TVOC emission rates
in the first few hours of Experiment V-3.
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9.5 CUMULATIVE MASSES AND EXPOSURES FOR THE TARGET COMPOUNDS
The results for the experiments with the vinyl flooring assembly were first summarized by
calculating the cumulative masses of the target VOCs and TVOC that were emitted over the
experimental period (Appendix J, Table J-28). There were lower cumulative emissions for most of
the VOCs in Experiment V-1 because the values could only calculated over the first 144 h of the
experiment_. n-Tridecane, toluene, cyclohexanone, tetrahydrofuran and phenol generally had the
highest mass emissions.
The relative magnitudes of the effects of the treatments on the cumulative mass
emissions of the target VOCs are illustrated in Figure 57. The results for the complete base-case
Experiment V-4 were used to calculate the ratios for the two treatment experiments. The figure
shows that the additional ventilation at the beginning of Experiment V-2 resulted in increased
emissions for a number of compounds relative to Experiment V-4. The effect was most apparent
for benzaldehyde, 1-octanol, benzyl alcohol, phenol, TXISBJ and benzothiazole. The cumulative
emissions of cyclohexanone and tetrahydrofuran were shown to be lower in Experiment V-2 with
additional ventilation relative to Experiment V-4. It is probable that this was an artifact resulting
from the timing of sample collection With respect to the time of the appearance of the maximum
compartment concentrations of these two compounds. The cumulative masses of the target
compounds in Experiment V-3 were similar to, or somewhat lower than their respective masses in
base-case Experiment V-4. The largest decreases in mass emissions due to airing out the
materials occurred for phenol emitted by the sheet vinyl and benzothiazole emitted by the cove
base. These decreases were approximately 25 percent. Thus, the airing-out treatment had only
a limited and relatively minor effect on mass emissions.
Next, the experiments and the treatments were compared based on theoretical
cumulative exposures in ppb-h for a residential occupant that were calculated for two different
exposure periods.
The estimated cumulative exposures to the target compounds for the first 48 hours of the
four experiments are presented in Appendix J, Table J-29. For this calculation, occupancy began
at time zero, the conclusion of the vinyl floor installation, and the occupancy factor was assumed
to be 0.83 (i.e., an occupancy of 20 hours per day averaged throughout the day). In general,
cyclohexanone and tetrahydrofuran produced the highest exposures during this period. The
exposure to toluene in Experiment V-1 was also high.
The relative magnitudes of the effects of the treatments on the cumulative exposures to
the target voes over o - 48 h are illustrated in Figure 58. With the exception of TXIB®, the
exposures for the target VOCs in Experiment V-2 with additional ventilation were lower than the
exposures in base-case Experiments V-1 and V-4. For a number of the compounds, the
reductions were 50 percent or more, while the exposures for benzyl alcohol, phenol and
benzothiazole were reduced by less than 20 percent. The exposure for TXIB® was unaffected by
increased ventilation. Airing out of the materials in Experiment V-3 reduced the exposures during
this initial period for all of the VOCs emitted by the materials. These reductions were typically
about 25 percent. As expected, the exposure to tetrahydrofuran emitted by the seam sealer was
unaffected.
The estimated cumulative exposures to the target compounds for the remainders of the
experiments are presented in Appendix J, Table J-30. For this calculation, occupancy began
exactly 48 h after installing the materials. It was assumed that the daily duration of occupancy
was 20 h. In general, the treatments had negligible, or only minor effects, on the exposures for
this period.
The relative magnitudes of the treatment effects on the cumulative exposures to the
target voes over 48- 336 hare illustrated in Figure 59. The results for base-case Experiment
V-4 were used to calculate the ratios for the two treatment experiments. Additional ventilation in
Experiment V-2 decreased the exposures to toluene, tetrahydrofuran and phenol by about 25
percent or less. Airing out the materials decreased the exposures to toluene, styrene, phenol and
benzothiazole, again by about 25 percent or less. The exposures for the other compounds over
this period were relatively unaffected by either of the two treatments.
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Figure 60 compares the magnitudes of the cumulative exposures estimated for the
0- to 48-h periods to the total cumulative exposures over O - 336 h that were calculated as the
sums of the exposures for the two periods. For cyclohexanone and tetrahydrofuran emitted by the
seam sealer, the exposures during the first 48 h were about 50 percent or more of the total
exposures. For the other target VOCs, the exposures over the first 48 h were about 20 percent or
less of the total exposures.

9.6 COMPARISON WITH SCREENING MEASUREMENT RESULTS
Screening measurements were individually conducted for materials Sheet Vinyl SV5 and
Cove Base CB. In addition, two composite assemblies were tested in the small-scale chambers.
These assemblies were: SV5, Sheet Flooring Adhesive SFA and Underlayment UL; and CB,
Cove Base Adhesive CBA and Gypsum Board GB. The emission rates of the target voes from
these materials and assemblies in the screening measurements were calculated for elapsed
times of 24 and 48 h (Appendix E, Tables E-40, E-42, E-46 and E-47). The differences between
the 48-h area-specific emission rates (µg m-2 h-1) of the target voes in the screening
measurements and in the large-scale experiments are compared in Table 13. The specific
emission rates for the cove base and cove base assemblies were reported in Appendix E on a
length basis (µg m-1 h-1 ). For the comparison with the large-scale results, these values were
multiplied by a factor of 1.2 since there were 1.2 m of CB per square meter of SV5 in Experiments
V-1 - V-4.
For most of the compounds, the 48-h emission rates for the screening measurements
were higher than the average values for Experiments V-1 - V-4. However, for the majority of the
compounds (n-decane, n-tridecane, n-tetradecane, m-,p-xylene, styrene, 1,2,4-trimethylbenzene,
1-octanol, benzyl alcohol, phenol, TXIOO, and tert-butylisothiocyanate) the screening
measurement values fell within the range or narrowly above of the range of the values measured
in the large-scale experiments. The screening measurement values for benzothiazole emitted by
the cove base were lower than the average value but were within the range of values measured
for Experiments V-1 - V-4.

10.0 EXPOSURE REDUCTION AND LONG-TERM EXPERIMENTS WITH THE
COMBINED ASSEMBLIES
10.1 EXPERIMENTAL DESIGN
Two large-scale experiments were conducted with a combination of all three source
assemblies (paint combination, carpet assembly and vinyl flooring assembly). For these
experiments, painting was conducted prior to the installation of the flooring materials. The
combination of latex paints LPS2, FLP3 and SGLP3 was applied as previously described. The
only difference from Experiments P-1 - P-4 was that the floor of the compartment was left bare
(i.e., aluminum sheeting). The ventilation rate during painting and for the following two hours was
5 h-1. Then, the ventilation rate was reduced to 2 h-1 and maintained at this condition for the
remainder of the three-day (72-h) drying period. This drying period was designed to allow the
initial concentrations of the major compounds emitted by the paints to decay down to lower levels
so that a broad range of VOCs could be more practically sampled and analyzed. It also simulated
a common situation in both new construction and renovation or remodeling projects in which
rooms are painted before the installation of the finish flooring materials. Air samples were
collected three hours prior to the end of the 72-h drying period to establish the compartment
background and the initial concentrations of target compounds emitted by the paint combination.
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Table 13. Area-specific emission rates (µg m-2 h-1) of target VOCs and TVOC at 48-h elapsed time in the screening measurements of individual
and assembled vinyl flooring materials and in large-scale Experiments V1 - V-4.

0,

(0

Specific Emission Rate, µg m-2 h-1
Screening Measurements
Large-Scale Expts.
V-1 - V-4
V-1 -V-4
SV5
CB
Assembly
CB*
Assembly*
Average
Range

Component

SV5

n-Decane
n-Dodecane
n-Tridecane
n-Tetradecane
Toluene
m-,p-Xylene
Styrene
1,2,4-Trimethylbenzene
Benzaldehyde
1-Octanol
Benzyl alcohol
Phenol
TXIB®
tert-Butylisothiocyanate
Benzothiazole

65
137
134
65
11
8

128
65
396
3

38

28

17
91
298
122

14
91
345
112

TVOC

3,110

23
<1

<1

11

10
1
11

13
25

13
41

41
31
94
47
87
6
7
22
15
12
42
155
55
7
51

217

974

1,880

69

2,470

27 - 57
21 - 51
63-175
28-92
46 - 167
4 - 10
4-10
16 - 35
10-29
7-22
21 - 99
71 - 373
26 - 134
5 -10
21 - 124
1,090 - 3,550

*Values were multiplied by 1.2 since there were 1.2 m of CB per m2 of sheet vinyl in Expts. V-1 - V-4.

The carpet and vinyl flooring assemblies were installed next following the previously
established procedures. First, the vinyl flooring assembly consisting of materials SV5, SFA, CB,
CSA, SS and UL was installed at one end of the compartment to cover one-third of the floor.
Then, the remainder of the floor was carpeted with materials CP4, CC4 and ST. The ventilation
rate was maintained at 2 h-1 during flooring installation and for the next 72 hours. Air sampling,
following the previously established regime for the exposure reduction experiments, commenced
one hour after the flooring installation was completed.
The compartment was actively heated from 6 - 72 hours following flooring installation in
treatment Experiment A-1. The average temperature during this period was about 33° C, a 100 C
increase over the base-case compartment temperature. The compartment was fully insulated,
and temperature stratification in the compartment was no more than ±20 C from the average
temperature measured at the center of the compartment. The ventilation rate was maintained at
2 h-1 during the heating period to provide adequate air flushing as is recommended for building
"bake-out" (Alevantis, 1996). The relative humidity of the inlet air was maintained near 40 percent
at typical room temperature. This resulted in an average relative humidity of 28 percent in the
compartment during heating. At the end of the heating period when the heater was turned off, the
ventilation rate was lowered to the base-case rate of 0.5 h-1. The compartment temperatures and
relative humidities and the ventilation rate data for Experiment A-1 are summarized by period in
Appendix K, Table K-01. Additional air samples were collected during this experiment at 12- and
80-h elapsed time to capture the periods of increasing and decreasing compartment temperature.
The reference experiment, A-2, was conducted identically to the treatment experiment
except that there was no heating. This experiment was additionally maintained for a total period
of 12 weeks (2,016 hours) with samples collected weekly from 2 - 12 weeks. The primary
purpose for extending this experiment was to provide data on the longer-term changes in the
emission rates of the target compounds since this information was largely lacking in the literature.
The ventilation rate data and the compartment temperatures and relative humidities for the first
phase of Experiment A-2 are summarized in Table K-01. (These parameters are summarized on
a weekly basis in Appendix K, Table K-19, for the second phase of the experiment.) The
ventilation rates, temperatures and relative humidities were maintained within the established
range limits.
The quantities of the materials used in Experiments A-1 and A-2 are given in Appendix K,
Table K-02. The amounts of paints LPS2 and FLP3 used in Experiment A-2 were slightly higher
than the amounts used in Experiment A-1 and in the previous experiments C-1 - C-4. The vinyl
flooring assembly was installed to cover 3.48 n,2 of floor area. The carpet assembly covered the
remaining 6.97 m2 of floor area.
10.2 SELECTION OF THE TARGET COMPOUNDS
The results of the qualitative analysis of the voes emitted by the combined assemblies in
Experiment A-2 are presented in Appendix K, Table K-03. Approximately two-thirds of the
identified compounds were hydrocarbons. These included normal and branched alkane
hydrocarbons, aromatic hydrocarbons, and cyclic or alkene (olefinic) hydrocarbons. The most
abundant individual hydrocarbons based on their TIC area responses were n-decane and
n-tridecane emitted by the sheet vinyl flooring.
Carbonyl compounds, other oxidized compounds, nitrogen-containing compounds and a
nitrogen and sulfur-containing compound (benzothiazole) were additionally identified in the
emissions from the combined assemblies. The aldehydes were present in the compartment
background. The most abundant oxidized compounds were ethylene glycol and the isomers of
2,2,4-trimethyl-1,3-pentanediol monoisobutyrate (Texanol®) emitted by the latex paints. The
other abundant oxidized compounds were phenol and 2,2,4-trimethyl-1,3-pentanediol
diisobutyrate (TXIB®) emitted by the sheet vinyl flooring.
Twenty target compounds were selected for quantitative analysis. These compounds are
listed in Appendix K, Table K-04 along with their predominant sources. The target compounds
included formaldehyde and acetaldehyde that had no dominant source and 18 VOCs that were

either characteristic of the individual sources and/or were among the most abundant compounds
emitted by these sources. All of these voes had been analyzed in the previous experiments with
the individual source assemblies. The 18 target VOCs were: n-decane; n-tridecane; toluene;
styrene; 1,2,4-trimethylbenzene; 4-phenylcyclohexene (4-PCH); cyclohexanone; tetrahydrofuran;
ethylene glycol; propylene glycol; benzyl alcohol; phenol; 2-(2-butoxyethoxy)ethanol (DEGBE);
Texanol®; TXIB®; butylated hydroxytoluene (BHT); 2,2'-azobisisobutryonitrile; and benzothiazole.
The source areas used to calculate the emission rates of the individual compounds, which are
listed in Table K-04, were selected based on the dominant sources of the compounds.
10.3 EFFECTS OF HEATING
10.3.1 Concentrations of the Target Compounds
The concentrations of the 18 target VOCs in the chamber compartment and supply air
samples for the first two-week period of the two experiments with the combined source
assemblies are presented in Appendix K, Tables K-05 - K-08. The compounds are grouped in
these tables by their dominant source. The vinyl flooring assembly emitted all ten of the Group 1
compounds. The carpet assembly emitted the first four compounds of Group 2. The remaining
four compounds were emitted by the paint combination. Approximately half of the samples for
Experiment A-1 were collected and analyzed in duplicate, and all of the samples for Experiment
A-2 were duplicated. The values presented in the tables are the averages for the duplicate
samples. A detailed analysis of the precision for these compounds is presented in Appendix L.
The compartment concentrations and average inlet air concentrations of SigmaVOCp for the
paint-derived compounds (i.e., the sum of the concentrations of the four target VOCs for paint) in
Experiments A-1 and A-2 are presented in Appendix K, Table K-09. The corresponding
concentrations of TVOCR (i.e., TVOC calculated for the TIC response minus the areas of the
dominant compounds emitted by the paints) are also presented in this table. The formaldehyde
and acetaldehyde concentrations for the two experiments are presented in Appendix K, Table

K-10.
The concentrations of n-tridecane, toluene, phenol, TXIB® and benzothiazole emitted by
the vinyl flooring assembly are presented in Figures 61 - 65, respectively; the concentrations of
4-PCH and BHT emitted by the carpet assembly are presented in Figures 66 and 67, respectively;
the concentrations of ethylene glycol and Texanol® emitted by the paint combination are
presented in Figures 68 and 69, respectively; and the concentrations of TVOCR are presented in
Figure 70.
The figures show that the compartment air concentrations of n-tridecane, phenol and
TXIB® were clearly affected by heating. For all of these compounds, there was a rapid increase
in concentration coincident with the onset of heating. The peak measured concentrations
occurred at 12- or 24-h elapsed time (i.e., 6- 12 hours after initiation of heating). Subsequently,
the concentrations declined. When the heat was turned off, the concentrations of the three
compounds returned to approximately the same concentrations measured in reference
Experiment A-2. Toluene behaved differently (Figure 62). There was very little difference
between the concentrations measured in the two experiments. Initially, the concentrations of
toluene in both experiments were elevated due to the application of Sheet Flooring Adhesive SFA
that was its dominant source. During the heating period, toluene should not have been directly
exposed to air. That may have accounted for its lack of response. The concentrations of
benzothiazole were low throughout both experiments (Figure 65). There appeared to be a small
and short-lived increase in concentration due to heating. Subsequent to heating, the
concentrations of benzothiazole were lower by several µg m-3 in Experiment A-1 than in reference
Experiment A-2.
The concentrations of both 4-PCH emitted by CP4 and BHT emitted by CC4 increased
with heating. Subsequent to heating and beginning at 96-h elapsed time, the concentrations of
both of these compounds in Experiment A-1 returned to levels that were nearly the same as those
measured in reference Experiment A-2. As previously observed, the concentration of BHT slowly
increased with time with the compartment running a constant ventilation rate of 0.5 h-1.
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There were several interesting features to the temporal behavior of ethylene glycol
emitted by the paint combination (Figure 68). Firstly, there was a substantial and rapid drop in
concentration following the installation of the flooring materials. Three hours prior to the
installation of these materials, the compartment concentrations in both experiments were about
600 µg m-3. This value is in excellent agreement with the concentrations measured at 72-h
elapsed time in Experiments P-3 and P-4 (approximately equivalent conditions and time). One
hour after installation of the flooring materials, the compartment concentrations were about the
same. Then, there was a sudden approximately two-fold decrease in concentration in both
experiments. One possible explanation is that the flooring materials, possibly the carpet, acted as
a significant sink for ethylene glycol. It is also notable that the concentration of ethylene glycol
increased only slightly in response to heating. Finally, there was no apparent increase in the
concentration of ethylene glycol in either experiment when the ventilation rate was decreased from
2 h-1 to 0.5 h-1.
The concentration of Texanol® in Experiment A-1 , on the other hand, did increase
substantially in response to heating (Figure 69). By the end of the heating period at 72-h elapsed
time, the concentrations of Texanol® were approximately equivalent in both experiments.
Subsequently to the heating period, the concentrations of Texanol® were consistently lower in
Experiment A-1 than they were in reference Experiment A-2.
The TVOCR concentration, which was largely a measure of the hydrocarbons emitted by
both the carpet and vinyl flooring assemblies, also responded to heating (Figure 70). However, by
96-h elapsed time, the TVOCR concentrations in both experiments were approximately the same
and remained equivalent throughout the remainder of the 336-h period.
A comparison of the TVOCR and SigmaVQCp concentrations in Table K-09 illustrates
that the latex paint combination was the dominant source in these experiments in terms of total
mass concentrations.
The concentrations of formaldehyde and acetaldehyde during these experiments with the
combined sources were approximately equivalent to their respective compartment background
concentrations at the start of the experiments. This demonstrates that these assemblies were not
sources of formaldehyde or acetaldehyde over this time period.
10.3.2 Emission Rates of the Target Compounds
Quasi steady-state emission rates of the 18 target voes and TVOeR in the two
experiments were calculated with the mass-balance equation (Equation 1). The surface areas
given in Table K-04 were used in the calculations. The area-specific emission rates (µg m-2 h-1)
of the target voes are presented in Appendix K, Tables K-11 - K-14. The area-specific emission
rates of TVOeR for the experiments are presented in Appendix K, Table K-15. Emission rates
were not calculated for formaldehyde and acetaldehyde since the assemblies were not obvious
sources of these compounds over the period in which samples were collected.
The specific emission rates of n-tridecane, toluene, phenol, TXIB®, benzothiazole,
4-PCH, BHT, ethylene glycol, Texanol® and TVOCR for the two experiments are presented and
compared in Figures 71 - 80, respectively.
The emission rate of n-tridecane was increased by heating, but not substantially affected
by the change in ventilation rate. Either heating or the change in ventilation rate did not
substantially affect the emission rate of toluene. The emission rates of phenol and TXIB®
changed by a factor of two or more in response to heating. The responses (both the increase and
the decrease) were rapid. Both of these compounds had higher apparent emission rates at the
higher ventilation rate. The emission rate of benzothiazole was also higher at the higher
ventilation rate. The same relationship between the emission rates of these three compounds
and ventilation was observed in Experiment V-2.
The emission rate of 4-PCH was substantially increased due to heating and was also
higher at the higher ventilation rate. The emission rate of BHT increased by approximately a
factor of two in response to heating.
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The emission rate of ethylene glycol was only moderately affected by heating but was
higher at the higher ventilation rate. The emission rate of Texano® was affected both by healing
and the ventilation rate. The increase due to heating was substantial. Subsequent to the heating
period in Experiment A-1, the Texano® emission rate was consistently lower than in Experiment
A-2.
The emission rate of TVOCR in Experiment A-1 increased in response to heating.
Subsequent to heating, the emission rate rapidly returned to the same value measured in
reference Experiment A-2. This, and the results for the individual VOCs, demonstrated that an
elevation in temperature of 100 C for a relatively short period of 72 hours generally only affected
the emission rates during the period that the heat was applied. For most compounds, the
emission rates subsequent to heating quickly returned to values that would have been expected to
occur in the absence of heating.
10.3.3 Cumulative Masses and Exposures for the Target Compounds
The cumulative masses of the target VOCs and TVOCR emitted by the combined source
assemblies over O - 336 hours in reference Experiment A-2 and treatment Experiment A-1 are
presented in Appendix K, Table K-16. These results show that ethylene glycol and Texano® from
the latex paints and cyclohexanone and tetrahydrofuran from the carpet seam sealer dominated
the mass emissions in both experiments.
The relative magnitudes of the effects due to healing are illustrated in Figure 81. The
results for reference Experiment A-2 were used to calculate the ratios. Heating increased the
cumulative mass emissions of a number of the target voes and of TVOCR by as much as 60
percent. On the other hand, healing did not increase the cumulative mass emissions of toluene,
styrene, cyclohexanone, tetrahydrofuran, ethylene glycol, 2,2'-azobisisobutyronitrile and
benzothiazole. For styrene and benzothiazole, there were relative decreases in the heating
experiment due to small numerical decreases in their cumulative masses.
For reference Experiment A-2, cumulative exposures in ppb-h were estimated for both the
0- to 48-h and the 48- to 336-h periods. These are presented in Appendix K, Table K-17. It was
assumed that the daily duration of occupancy was 20 h. The ratios of the cumulative exposures
for the 0- to 48-h period to the total cumulative exposures for the entire 336-h period are also
presented in Table K-17. In the first 48 h, cyclohexanone, tetrahydrofuran, ethylene glycol and
Texano® produced the highest exposures. In fact, 70 to 90 percent of the total exposures for
cyclohexanone and tetrahydrofuran occurred in the first 48 h. Over the 48- to 336-h period,
toluene, ethylene glycol, phenol and Texano® produced the highest exposures.
The estimated cumulative exposures to the target voes for the 96- to 336-h periods of
both experiments are presented in Appendix K, Table K-18. For the purpose of this comparison, it
was assumed that occupancy began 96 h after installing the materials. This initial time point was
selected since occupancy of a building following a "bake-out" would most likely not occur until
after the building returned to its normal operating temperature. As for the previous experiments, it
was further assumed that the daily duration of occupancy over this period was 20 h.
The relative magnitudes of the effects of the heating treatment on the cumulative
exposures to the target VOCs over 96 - 336 h are illustrated in Figure 82. The results for
reference Experiment A-2 were used to calculate the ratios. The figure shows that, with a few
exceptions, exposures to many of the VOCs over this period were not substantially affected by
heating. There was a factor of 2.5 increase in the calculated exposure to tetrahydrofuran in
Experiment A-1 that was presumably caused by heating. On the other hand, there were relatively
large decreases in the exposures to styrene, Texano® and benzothiazole that were apparently
due to heating. The exposure to Texano® was most beneficially impacted by the heating
treatment. The numerical decrease in the exposure to Texano®, the dominant compound in
these experiments, was 19 ppm-h, and the relative decrease was more than 50 percent. In
general, the results demonstrated that moderate heating produced only short-lived beneficial
effects with respect to estimated occupant exposures for most VOCs emitted by these sources.
The primary exception was Texano® emitted by latex paint.
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10.3.4 Comparison with Literature Data
There have been several attempts to evaluate the effects of a bake-out procedure on
concentrations of VOCs in buildings. In one building for example, emission rates of TVOC and
individual VOCs were measured over a three-week period before and immediately after a four-day
bake-out in which the indoor temperatures reached up to 34° C (Offermann et al., 1993).
Immediately after the bake-out there were substantial reductions in the emission rates of most of
the individual VOCs. However, the measurements made the following week showed that the
rates had increased to levels that were generally comparable to those measured before the
bake-out procedure.
Borrazzo and Girman (1993) reviewed the data from five investigations of bake-outs
conducted in California buildings. There were measurable effects for some VOCs. However, the
volatility of the compounds did not adequately explain the variability in bake-out effectiveness
among the compounds. The authors suggested that compound-dependent properties should play
a role in determining the extent to which emission rates increase as a function of temperature.
They predicted that more polar compounds, such as alcohols, would be more effected than less
polar compounds.
Recently, the influence of chamber temperature.on the emissions of TVOC and individual
VOCs from latex paint, carpet and vinyl flooring were investigated in small-scale (6-L) chambers
(van der Wal et al., 1997). Experiments were conducted over 300 - 600 hours at different
chamber temperatures in the range of 23 - 500 C. In some cases, the chamber was kept at 300 C
for several weeks and then cooled to 230 C. For 4-PCH from the carpet and 2-ethyl-1-hexanol
from the vinyl flooring, the chamber concentrations dropped upon cooling to the same levels
measured for the materials kept at a constant 23° C. For Texanol® emitted by the latex paint,
there was an increased initial emission rate followed by a substantially increased decay rate in the
experiment conducted at 3()0 C relative to the experiment at 230 C. The results from the current
study conducted in the large-scale chambers appear to corroborate these results since the
emissions of Texanol® were substantially effected by the heating procedure, while most of the
other target voes were marginally effected by heating.
10.4 COMPARISON WITH EXPERIMENTS USING THE INDIVIDUAL SOURCE ASSEMBLIES
The experiments with the combined source assemblies produced area-specific emission
rates that were generally consistent with those produced in the large-scale experiments with the
individual source assemblies. However, a simple evaluation of the similarities among these
experiments is difficult because: 1) the paints were applied earlier in the experiments with the
combined sources; 2) the initial ventilation rate scenarios were somewhat different; and 3) the
individual areas of the carpet and vinyl flooring assemblies were smaller. Area-specific emission
rates measured at the ends of the experiments that employed similar treatments provide the most
direct way to evaluate the similarities since temporal changes in emission rates were typically
small by this time.
Table 14compares the emission rates of 17 voes at the end of Experiment A-2 with the
respective emission rates measured at the ends of experiments with individual source assemblies
that used additional ventilation as the treatment. The 336-h emission rate of n-decane was a
factor of two higher in Experiment A-2 than in Experiment V-2 conducted at nearly the same
conditions. For the other compounds emitted by the vinyl flooring assembly, the agreement
between the two experiments was within approximately ±40 percent. There was also excellent
agreement between Experiment A-2 and Experiment C-2 for three of the individual VOCs emitted
by the carpet assembly. When the data for approximately equivalent elapsed times was
compared, the agreement between Experiment A-2 and Experiment P-3 for the dominant
compounds emitted by the latex paints was within ±20 percent.
10.5 LONG-TERM CONCENTRATIONS, EMISSION RATES AND EXPOSURES
The compartment air concentrations of the individual target VOCs measured weekly in
Experiment A-2 over 336- 2,016-h elapsed time are presented in Appendix K, Tables K-20 and
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K-21. The concentrations of SigmaVOCp and TVOCR for this time period are presented in
Appendix K, Table K-22. The long-term temporal profiles of the compartment concentrations of
nine of the VOCs are shown in Figures 83 - 86. The temporal profiles of the concentrations of
SigmaVOCp and TVOCR are shown in Figure 87. The ventilation rate and the environmental
conditions were stable over this time period (Appendix K, Table K-19).
For most of the individual VOCs, there were only relatively small (i.e., less than factor of
four) changes in concentration over this ten-week time period. Among the compounds emitted by
the carpet and vinyl flooring assemblies, the largest decreases generally occurred for the most
volatile compounds. For example, the concentration of toluene dropped from 13 to 4 µg m-3. The
concentration of TXIB®, one of the least volatile compounds, remained constant while the
concentration of BHT increased with time from 8 to approximately 14 µg m-3. As discussed
above, the increase in the concentration of BHT, which originated from the carpet cushion, was
probably due to its slow diffusion through the overlying carpet. Texanol® emitted by the latex
paints had the highest concentration at 336-h elapsed time. By the end of 12 weeks, the
concentration of Texanol® had declined by four fold to 294 µg m-3. The relative decrease in the
concentration of ethylene glycol, a more volatile compound emitted by the paints, was smaller so
that the concentrations of these two compounds were more similar by the end of the experiment.
The temporal profile of SigmaVOCp predominantly reflects the changes in the concentrations of
Texanol® and ethylene glycol. As noted above, TVOCR was largely a measure of hydrocarbons
emitted by the carpet cushion and, to a lesser extent, the vinyl flooring assembly. The
concentration of TVOCR remained relatively stable.
The area-specific emission rates of the individual target VOCs for the 336 - 2,016-h
period time are presented in Appendix K, Tables K-23 and K-24. The area-specific emission rates
of TVOCR calculated using the floor area of the compartment are presented in Appendix K, Table
K-25. Since the ventilation rate was unchanged over this time period, the emission rates follow
the same temporal profiles as the compartment concentrations.
The cumulative masses of the target voes and TVOCR emitted by the combined source
assemblies over 336- 2,016 hours are presented in Appendix K, Table K-26. Ethylene glycol and
Texanol® had the highest cumulative mass emissions. The sum of the mass emissions of these
two paint compounds was 15.9 g. The sum of the other target VOCs shown in Table K-26 that
were predominantly from the carpet and vinyl flooring assemblies was 2.5 g. The sum for TVOCR
that was predominantly hydrocarbons from these other sources was 10.8 g.
Approximately 115 g of ethylene glycol and 50 g of Texanol® were applied in Experiment
A-2 based on the paint application data (Table K-02) and the paint compositions (Appendix C,
Table C-58). The cumulative emitted mass of ethylene glycol over 336 - 2,016 hours of 2.4 g was
two percent of the applied mass. The cumulative emitted mass of Texanol® over 336 - 2,016
hours of 13.5 g was seven percent of the applied mass. Depending upon the ventilation rate
conditions, approximately 4 - 14 percent of the applied ethylene glycol and 19 - 35 percent of the
applied Texanol® would be emitted prior to this period (Table 10). Thus, less than 20 percent of
the applied ethylene glycol and less than 50 percent of the applied Texanol® would be expected
to be emitted over a period of three months following paint application. This suggests that if
ethylene glycol and Texanol® applied to gypsum board were 100 percent re-emittable it would
take more than one year for them to be completely released to room air. Chang et al. (1997)
found that there were measurable emissions of these VOCs 11 months after paint application to
gypsum board and concluded that it might take as long as 3.5 years for the complete release of
these VOCs.
The estimated cumulative exposures to the target voes that an occupant of a residence
would receive over a period of 336 - 2,016 hours are presented in Appendix K, Table K-27. It was
assumed that occupancy occurred daily throughout the ten-week period and that the daily duration
of occupancy was 20 h. Again, the highest exposures were for ethylene glycol and Texanol® at
63 and 100 ppm-h, respectively. The exposure to phenol was estimated to be 8.6 ppm-h, and the
exposure to toluene was estimated to be about 3 ppm-h.
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These results demonstrate that many voes, particularly, the least volatile compounds,
are emitted from common sources over relatively long periods and that the net effective emission
rates of these compounds change slowly with time over a period of several months. The most
significant changes in emission rates only occur over the first few days following installation of the
sources.

Table 14. Area-specific 336-h emission rates (µg m-2 h-1) of target voes in large-scale
experiments with the individual source assemblies and in Experiment A-2 with the
combined source assemblies. All of the compared experiments were conducted with
additional ventilation as the treatment.
Specific Emission Rate, 1,1g

Compound

Individual Sources
Value
Experiment

m-2 h-1
Combined
Sources
Exp A-2

n-Decane

V-2

31

66

n-Tridecane

V-2

63

58

Toluene

V-2

37

47

1,2,4-Trimethylbenzene

V-2

17

16

Cyclohexanone

V-2

16

23

Tetrahydrofuran

V-2

7

8

Benzyl alcohol

V-2

23

16

Phenol

V-2

75

100

TXIOO>

V-2

39

47

Benzothiazole

V-2

22

28

Styrene

e-2

<1

2

4-PeH

e-2

8

8

BHT

e-2

14

15

2,2' -Azobisisobutryonitrile

e-2

11

14

Ethylene glycol

P-3

159

133*

DEGBE

P-3

3

3•

Texanol®

P-3

1,110

1,200·

*240-h Emission rates; elapsed time from paint application was approximately 312 h.
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11.0 DATA QUALITY EVALUATION
11.1 RELATIVE PRECISION
The overall measurement precisions for the VOCs were computed from the data
generated by the numerous paired samples collected during large-scale Experiments A-1 and A-2
with the combined source assemblies. These precision values take into account both sampling
and analytical uncertainties. There were 18 target voes selected for these experiments that were
among the most abundant compounds and that were characteristic of the individual sources. The
voes were representative of the major classes of compounds detected in these various
experiments and also spanned a broad range of volatility. All 18 of the compounds had been
analyzed in the previous large-scale experiments with the individual source assemblies and in the
small-scale screening measurements. For all compounds except propylene glycol, there were
23 -30 pairs of co-located samples. There were only five pairs for propylene glycol.
A pooled variance was calculated for each compound from the sets of duplicate
measurements according to standard analysis of variance techniques (Ku, 1969). The pooled
standard deviations calculated as the square roots of the variances are presented in Table 15.
The average concentrations and the median concentrations for the sets of paired samples are
also shown in the table. The average and median concentrations were similar for most
compounds, although the median concentrations were often somewhat lower. The relative
precisions in percent were calculated by dividing the pooled standard deviations by the median
concentrations.
For 12 of the target VOCs, the relative precisions were better than ten percent (Table 15).
The compounds with the most overall uncertainty were ethylene glycol and propylene glycol with
relative precisions greater than 30 percent and 2-(2-butoxyethoxy)ethanol ether (di(ethylene
glycol)butyl ether or DEGBE) with a relative precision of 21 percent. All three of these compounds
were emitted by the latex paints. The difficulty of analyzing glycol ethers in the emissions from the
latex paints was previously discussed. The other compounds with elevated precision values were
toluene (11 percent), tetrahydrofuran (20 percent) and styrene (18 percent). The concentrations
for styrene were frequently at the lower limit of quantitation, which probably accounted for the
higher uncertainty for this compound.
Several sets of paired samples were collected and analyzed in the other large-scale
experiments; but, the numbers of pairs were generally too small to calculate relative uncertainties.
Nevertheless, the results for the target voes in Experiments A-1 and A-2 can probably be
extrapolated to the analysis of other voes in the other experiments since the methods were
identical. With the exception of the glycol ethers, and possibly those compounds that were near
their lower limits of quantitation, the relative precisions for the sampling and analysis of target
voes would be expected to be around ten percent. The relative precisions for voes analyzed in
a previous chamber study conducted by this laboratory for the ARB using similar methods were
estimated by a propagation of errors method to be in the range 10 - 15 percent (Daisey et al.,
1994).
11.2 PROPAGATION OF UNCERTAINTY
The uncertainties in the specific emission rates of target voes can be estimated using a
propagation of error method. This method estimates the uncertainty in a dependent variable
(e.g., specific emission rate reported as µg m-2 h-1) by propagating the uncertainties for the
individual variables that were used to calculate the dependent variable. It is assumed that the
errors for the variables are random and independent of each other. The uncertainty in the
dependent variable will be dominated by the terms with the greatest uncertainties. For the
calculation of a specific emission rate, the terms were the compound concentration, the amount of
material installed and the compartment ventilation rate. The material amounts were measured
and known with a high degree of certainty, and the ventilation rates were shown to quite stable.
Therefore, these terms can be eliminated, and the total uncertainty in the specific emission rates
can be assumed to be very similar to the relative precisions for the sampling and analysis of the
voes.
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Table 15. Relative precisions for the 18 target VOCs in large-scale Experiments A-1 and A-2.
The pooled standard deviations were calculated for n pairs of side-by-side samples.
No.of
Pairs
(n)

Average
Cone.
(µg m-3)

Median
Cone.

Pooled
Std. Dev.

Relative
Precision*

(IJ9 m-3)

(µg m-3)

(%)

n-Decane

26

22.9

20.6

1.4

6.6

n-Tridecane

26

20.9

18.4

1.4

7.6

Toluene

26

16.7

13.8

1.5

10.8

1,2,4-Trimethylbenzene

26

5.0

4.5

0.38

8.4

Cyclohexanone

25

9.5

9.8

0.81

8.3

Tetrahydrofuran

26

6.2

4.9

1.0

19.6

Benzyl alcohol

26

4.4

4.5

0.38

8.4

Phenol

27

27.5

28.7

1.8

6.4

TXIB®

27

14.1

13.9

1.0

7.0

Benzothiazole

26

6.5

5.6

0.37

6.7

Styrene

26

1.9

1.0

0.17

17.7

4-PCH

26

4.0

3.9

0.20

6.3

BHT

26

8.4

7.9

0.40

6.0

2,2' -Azobisisobutyronitrile

26

7.9

8.3

0.58

7.0

Ethylene glycol

23

185

146

53.2

36.4

Propylene glycol

5

15.3

5.7

1.9

33.8

DEGBE

27

5.2

3.9

0.83

21.3

Texanol®

30

1,120

1,040

95.1

9.1

Compound

*The relative precision was calculated as the pooled std. deviation/ median concentration x 100.
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12.0 CONCLUSIONS
12.1 EFFECTS OF THE EXPOSURE REDUCTION TECHNIQUES
12.1.1 Ventilation

Summary- The results of the study showed that a short period of additional ventilation (i.e., three
days) immediately following material installation typically reduced VOC concentrations during this
period. This resulted in lower predicted cumulative exposures for most VOCs over the first 48
hours after installation. Therefore, the short-term ventilation treatment would help to protect the
installers and any occupants that were present during this initial period. Short-term ventilation,
however, was shown to be marginally effective for reducing exposures to many VOCs for full-time
occupants that inhabited the building beginning two days after material installation. Other
ventilation rate strategies may produce more beneficial results. For example, additional
ventilation is likely to be a more effective treatment for reducing cumulative exposures if it can be
maintained for longer time periods. However, it is also likely that the improvements with respect
to exposure would not be directly proportional to the increase in the ventilation rate. This
prediction is based on the observed increase in the net effective emission rates of many
compounds with increased ventilation rate. Consequently, the amount of additional ventilation
should be maximized whenever possible.
Discussion - The application of additional ventilation during and for several days following the
installation of an indoor source of VOCs is probably the most readily accessible exposure
reduction technique that consumers can employ in an attempt to reduce the concentrations of
indoor airborne contaminants and their exposures to these compounds. The manufacturers of
products that are used indoors often recommend the use of additional ventilation during the
installation period. The primary purpose of this recommendation is, frequently, to limit the
exposures of the installers. Additional ventilation is also considered to be one of the primary
mechanisms for reducing the VOC exposures of building occupants following new construction or
partial renovation/remodeling (Alevantis, 1996). Intuitively, it is assumed that increased ventilation
will beneficially reduce exposures. However, the effectiveness of this strategy has only rarely
been quantified. For example, not much is known about the longer-term effectiveness of relatively
short-term ventilation strategies.
One of the primary goals of this investigation was to evaluate the effectiveness of a short
term ventilation scenario that could relatively easily be employed in a residence. The selected
scenario called for the use of high ventilation, such as might be induced by the use of a fan in an
open exterior window and/or door, during the installation period. This was followed by three days
of additional ventilation that might be passively induced by leaving some exterior windows and/or
doors open. This strategy was tested for each individual source assembly.
In many cases, the air concentrations of the target voes were reduced to some degree
by the use of additional ventilation. However, the reductions in concentrations during the period of
additional ventilation were generally not directly proportional to the magnitude of the increase in
the ventilation rate. Also, the concentrations of the VOCs following the termination of additional
ventilation very often quickly returned to values similar to those that would likely have occurred in
the absence of additional ventilation.
In the large-scale experiments with paint that produced the highest VOC concentrations,
additional ventilation and additional ventilation with air mixing resulted in higher cumulative mass
emissions of the distinctly dominant compounds ethylene glycol, propylene glycol and Texanol®.
However, additional ventilation did not result in large fractional reductions in the estimated
cumulative exposures to these compounds for the first 48 hours after paint application (i.e., the
reductions were 18 percent or less). For the paints, this initial time period was critical because
typically more than 50 percent of the total exposures occurred in the first 48 hours. The
cumulative exposures to the dominant compounds over the duration of the experimental period
(48 - 240 h) were unaffected by the initial application of additional ventilation. Additional
ventilation only clearly reduced the estimated exposures to acetaldehyde and 2-ethyl-1-hexanol
for both time periods. The use of fans to increase air velocities near the painted surfaces in
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combination with additional ventilation reduced the exposures to most compounds in both time
periods relative to use of additional ventilation by itself. However, the magnitude of this effect was
25 percent or less.
An explanation for the lack of effectiveness of extra ventilation and extra ventilation with
increased air mixing for substantially reducing exposures to the dominant VOCs from latex paint,
is that gypsum board is a very large sink for these compounds (Chang et al., 1997 and 1998). It
was estimated that only about 14 percent of the ethylene glycol and 35 percent of the Texanol®
were emitted over the two-week period in the experiment that utilized additional ventilation. Thus,
even though extra ventilation resulted in the emission of more mass of these VOCs compared to
the base-case experiments, the effect on the total available reservoir of the compounds in the
gypsum board was relatively minor. This reservoir is so large that Chang et al. (1997) estimated
that If 100 percent of the ethylene glycol and Texanol® in latex paint applied to gypsum board can
be re-emitted, it might take as long as 3.5 years for the complete release of these compounds.
The emission rates of the dominant voes emitted by latex paint are also high and are
likely to be limited by mass-transfer effects at the painted surfaces. Thus, an increase in the
ventilation rate would be expected to result in higher emission rates. This would at least partially
explain why the concentrations of the dominant compounds did not decrease proportionally with
increased ventilation.
Other researchers have observed such mass-transfer effects. In a study employing
small-scale chambers, it was demonstrated that emissions of Texanol® from a water-based paint
were strongly influenced by ventilation rate (Gunnarsen, 1997). The paint was applied to
aluminum plates and was conditioned in the chambers for six days. When the ventilation rate was
varied over a range equivalent to about <0.3 - 6 h-1 for a building with a 2.5-m high ceiling, there
was more than a ten-fold increase in the emission rate of Texanol®.
Additional ventilation had similar effects in the large-scale experiments with the carpet
assembly. The concentrations of many of the target voes were lowered during the period of
additional ventilation. After the ventilation rate was reduced, the concentrations typically
increased to values that were similar to those that were measured in the base-case experiment.
One exception was BHT emitted by the underlying carpet cushion. The concentrations of this
compound increased with time and reached higher values in the treatment experiment with
additional ventilation. For most compounds, the initial improvements in concentration were less
than would be predicted based on the amount of additional ventilation. Consequently, the
effective specific emission rates were higher during the period of additional ventilation.
The dominant voes emitted by carpets are, for the most part, constituents of the SBR
latex backing material. It has been hypothesized that the emissions of these compounds are
limited by their slow diffusion in the SBR backing (Little et al., 1994). A physically based diffusion
model was developed to characterize the emissions process. The basic parameters of this model
are: 1) the initial concentration of the VOC in the polymer backing; 2) the diffusion coefficient of
the voe in the polymer; and 3) an equilibrium partitioning coefficient for the voe between the
bulk air and the surface of the source. Resistance to diffusion within the polymer layer was shown
to be significantly greater than resistance to diffusion between the surface and the bulk air.
Consequently, the model predicts that changes in ventilation rate should have little effect on the
emission rates of voes from carpet.
The results from the large-scale experiments with the carpet assembly are apparently
inconsistent with the predictions of the diffusion model. The emission rate of toluene from a
carpet has also been observed in a small-scale chamber study to increase with increasing
ventilation rate (Gunnarsen, 1997). These experimental observations illustrate that relatively
simple emission models, such as the diffusion model for carpet, are currently inadequate for
predicting the impacts of ventilation for complex building materials.
In the large-scale experiments with the carpet assembly, it is possible that desorption of
the VOCs from the surfaces of materials, such as the face fiber of the carpet, played a significant
role in determining the effective emission rates of the VOCs during the initial portions of the
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experiments. If so, this might help to explain the apparent increase in the emission rates with
additional ventilation.
Additional ventilation resulted in increased cumulative mass emissions for most of the
target voes for the carpet assembly. Additional ventilation also resulted in reduced cumulative
exposures for all compounds except BHT over the first 48 hours after installation of the carpet.
The magnitude of the effect varied depending upon the compound but was typically a factor of two
or less. For the duration of the experiment (48 - 336 h), there was no apparent effect of additional
ventilation on the predicted cumulative exposures of most compounds. The exceptions were
1,2-dichlorobenzene and two nitrogen-containing compounds emitted by the carpet cushion that
had substantially lower exposures for this period apparently in response to additional ventilation.
The initial compartment concentrations of the less volatile compounds emitted by the vinyl
flooring assembly, such as phenol and TXl~from the sheet vinyl and benzothiazole from the
cove base, were very similar during the experiment with additional ventilation to their
concentrations in the base-case experiment. Consequently, the effective emission rates of these
compounds were considerably elevated as the result of increased ventilation. This result appears
to contradict the theoretical prediction that the emissions of these voes should be primarily
limited by their rates of diffusion within the source materials and, therefore, be insensitive to the
ventilation rate (Clausen et al., 1993). The cause of this discrepancy is unknown. However, as
was suggested for the carpet materials, desorption phenomena may have played a substantial
role in determining the compartment concentrations of these compounds.
Additional ventilation generally resulted in increased cumulative mass emissions of the
target voes for the vinyl flooring assembly. The exceptions were n-decane, toluene,
cyclohexanone and tetrahydrofuran. The latter two compounds were the principal solvent
components of the seam sealer applied to the surface of the vinyl. Additional ventilation also
resulted in reduced cumulative exposures for all compounds except TXI~ over the first 48 hours
after installation of the vinyl flooring. For a number of the compounds, these reductions were
substantial, being 50 percent or more. In general, the effect was most pronounced for the most
volatile compounds. For the duration of the experiment (48 - 336 h), there was no apparent effect
of additional ventilation on the predicted cumulative exposures of most compounds. The
exceptions were toluene, tetrahydrofuran and phenol for which the reductions in exposure were 25
percent or less.
12.1.2 Airing Out of the Materials
Summary - The experimental results demonstrated that airing out of carpet and carpet cushion for
two days prior to their installation effectively reduced the subsequent voe emissions and
predicted occupant exposures to voes. The treatment was generally effective over the entire
two-week experimental period. Airing out of sheet vinyl and cove base at the same conditions
was considerably less effective. The treatment generally only reduced predicted occupant
exposures during the first 48 hours after installation of the vinyl flooring materials.
Discussion - For some solid materials, it may be possible to reduce their emissions of voes by
airing them out prior to their installation in a building. Alevantis (1996) discussed the development
of protocols for this material conditioning process. Logically, materials should be aired out in a
clean, dry and well-ventilated space with low levels of background contamination. Due to the lack
of experimental data, there is almost no guidance on the time required to adequately condition
various materials.

Airing out of materials, such as carpets and sheet vinyl flooring, may actually be more
practical for individual residences than for large-scale buildings since the quantities of materials
are relatively small. For this study, it was assumed that a consumer might realistically be able to
air out carpeting or sheet vinyl on-site in another space such as a garage. Alternately, the
supplier or installer might be able to unroll and ventilate the materials at an off-site location. In
either case, the site and conditions should be carefully selected since, as examples, unrolling a
carpet in a warehouse in which carpets are stored or in a garage with gasoline contamination
might be counter productive.

71

The effectiveness of airing out materials was investigated for both the carpet and the vinyl
flooring assemblies. For each of the experiments, the major materials were aired out in a well
ventilated room with very low levels of background contamination. Fans were used to increase
the airflow over the surfaces of the materials. Conditioning lasted for two days as this was
considered to be a practical time limit for on-site conditioning by consumers.
The airing out treatment was effective for reducing the emissions of voes from the
carpet assembly materials. There were clear reductions in the initial and subsequent
compartment concentrations of the individual voes and TVoe in the treatment experiment
relative to the base-case experiment conducted at the same environmental conditions. As a
result, the cumulative mass emissions of all of the constituents were lower. The treatment also
reduced the predicted exposures to the target VOCs over both the initial (0 - 48 h) and longer
term (48 - 336 h) exposure periods. In general, the treatment had a larger impact on the
exposures for the more volatile voes. For some compounds the reductions were substantial
(i.e., more than a factor of two). On the other hand, the exposures for two of the dominant and
less volatile compounds, 4-PCH from the carpet and BHT from the carpet cushion, were only
reduced by about 20 percent over the 48- to 336-h period. For all voes, the airing out treatment
was more effective than additional ventilation for reducing predicted occupant exposures.
The results for the carpet materials are perhaps consistent with the notion that the
amounts of the voes sorbed onto the surfaces of the materials comprised relatively large
fractions of the total available masses of these compounds.
Considerably different results were obtained for the vinyl flooring materials. Airing out of
the sheet vinyl and the cove base generally had a short-lived effect on the compartment
concentrations of the target voes. This was seen as typically small to moderate (i.e., less than
10 to approximately 25 percent) reductions in the cumulative mass emissions of these
compounds. Since the initial concentrations of most voes were lower in the treatment
experiment than in the base-case experiments, the treatment reduced the predicted exposures to
these compounds over the first 48 hours after installation of the vinyl flooring. These reductions
were in the range of approximately 15 to 50 percent. For most compounds, the airing out
treatment was less effective than additional ventilation for reducing exposures during this period.
For the duration of the experiment (48 - 336 h), the reductions in the predicted cumulative
exposures due to the airing out treatment were less than 10 percent for most compounds.
The effect of the airing out treatment on the vinyl flooring materials is perhaps consistent
with the notion that diffusion of the voes in these materials was limiting the emission rates of
these compounds. Since the diffusion process is relatively slow, the concentrations of the voes
in the surface layers of the materials might have been depleted over the two-day airing out period
but only small fractions of the total available masses might have been emitted. This argument in
favor of diffusion control of the emissions of voes from the sheet vinyl and cove base, however,
appears to be inconsistent with the observed dependence of the emission rates of the voes on
the compartment ventilation rate.

12.1.3 Moderate In-situ Heatin9

Summary - The experimental results demonstrated that moderate heating in combination with
additional ventilation did not substantially reduce subsequent occupant exposures to many of the
voes emitted by the three source assemblies. There was, however, a significant reduction in the
exposure to the most abundant compound, Texanol®. The use of higher temperatures and/or
longer heating periods to produce more substantial effects would probably be impractical in many
residential situations. Higher temperatures might also result in material damage (Girman et al.,
1990).
Discussion - Building "bake-out" has been used as an in-situ conditioning treatment in new and
renovated office buildings. The purpose of the treatment is to artificially reduce the voe content
of materials after they have been installed and before the building is occupied. This procedure is
based on the theory that emission rates of voes are typically higher at elevated temperatures due
to increased surface evaporation or diffusion in materials. Field trials have been attempted and
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reported by several investigators (Girman et al., 1989, 1990; Hicks et al., 1990; Offermann et al.,
1993). Generally, the interior temperature was raised to 32 - 38° C while maintaining constant
ventilation. Heating was applied for a relatively short period that, in most cases, was limited to
several days for practical reasons. The results of the field studies were generally inconclusive, in
part, because of the difficulty of conducting controlled experiments in real buildings. Therefore, it
was impossible to use these existing studies as the basis for recommendations for controlling
occupant exposures to voes in office buildings (Alevanis, 1996).
Moderate heating in combination with additional ventilation was one of the exposure
reduction techniques investigated in this study. A heating scenario was developed that could be
practically employed in a residence by a consumer. The temperature of the space was held at
approximately 100 Cover typical room temperature for a period of three days while maintaining a
relatively high ventilation rate. Heat was applied with electric space heaters. The entire
procedure would have required approximately four days to implement in a residence.
The experimental heating scenario increased the compartment concentrations of many of
the individual VOCs and TVOC emitted by the combined source assemblies. The effects were
generally highest at the onset of heating and diminished with time during heating. For many of the
VOCs, there was a substantial increase in the cumulative mass emissions for the entire
experimental period that was attributable to heating. However, the effect of heating was largely
limited to the heating period. The concentrations and emission rates of many of these
compounds quickly returned to values that were similar to those measured in the experiment with
additional ventilation but no heating. It was realistically assumed that occupancy would not begin
until one day after the heating procedure was concluded and the space returned to typical room
temperature. Consequently, heating only clearly decreased the predicted cumulative exposures
for several compounds. The largest decrease in exposure of approximately 60 percent occurred
for Texanol®, the most abundant VOC and the dominant compound emitted by the latex paints.
Healing did not substantially reduce the exposure to ethylene glycol, the other abundant
compound emitted by the paints.
12.2 OTHER CONTROL OPTIONS
12.2.1 Delayed Occupancy
In general, the compartment concentrations of VOCs emitted by the latex paints decayed
rapidly over the first several days following painting. Peak exposures to these VOCs were highest
during this period and the predicted cumulative exposures for the first 48 hours after painting
accounted for more than 50 percent of the total exposures over the entire O - 240 hours of the
experiments. The experimental data also showed that additional ventilation and additional
ventilation with added air mixing had very limited effectiveness for reducing exposures to the
dominant VOCs from latex paints over both the initial and longer-term periods. Thus, delayed
occupancy for at least several days following painting appears to be an effective control option for
reducing exposures to voes emitted by latex paints.
The compartment concentrations of VOCs emitted by the carpet and vinyl flooring
assemblies decayed slowly in comparison to the concentrations of the paint voes.
Consequently, the predicted cumulative exposures to VOCs emitted by the carpet and vinyl
flooring assemblies for the first 48 hours after material installation were often 20 percent or less of
the total exposures for the two-week experimental period. Additional ventilation was also
frequently effective for reducing cumulative exposures to these VOCs over the initial 48-h time
period. Delayed occupancy for this initial period would also effectively reduce exposures.
However, delayed occupancy for periods considerably longer than several days might be required
to substantially reduce cumulative exposures to VOCs emitted by the carpet and vinyl flooring
assemblies.
One of the objectives of the long-term experiment with the combined assemblies was to
determine if exposures to voes emitted by these assemblies could be substantially reduced by
delaying occupancy for a period of a week or more. It is often assumed that concentrations of
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voes emitted by new building materials decrease rapidly, and perhaps exponentially, over a
period of a several weeks. However, few long-term measurements have been made in new or
renovated buildings to substantiate or refute this hypothesis. In one case, the emission rate of
4-PeH emitted by a new carpet was shown to remain relatively constant over a period of two to
seven weeks (Hodgson eta/., 1993).
The results of the long-term experiment demonstrated that under constant environmental
conditions the concentrations and emission rates of many of the dominant voes and TVOe
emitted by the three source assemblies remained relatively constant over a period of two to 12
weeks. The 75 percent decrease in the concentration of Texano® over this period was the most
significant reduction; however, even at 12 weeks this compound still had the highest concentration
among the target voes. Since voe concentrations did not decay rapidly or exponentially there
was no obviously optimal time for resumption of occupancy demarcated by a substantial reduction
in voe concentrations.
12.2.2 Product Substitution
As discussed above, additional ventilation, the most readily accessible control option, had
limited effectiveness for reducing occupant exposures to voes emitted by latex paint over the
initial two-day period and to voes emitted by all of the sources over the longer-term period.
Airing out of vinyl flooring materials and moderate heating also had limited effectiveness for
reducing occupant exposures to voes. These findings emphasize the importance of selecting
low voe-emitting or low-voe impact interior materials for use in new construction and
renovation. If smaller amounts of toxic or otherwise objectionable voes (i.e., compounds with
strong odors) are introduced into a building because lower-emitting materials are used, occupant
exposures to these voes will be lower and the need for subsequent control strategies should be
diminished.
Strategies for screening and selecting building materials and products based on their
emissions of voes have been presented (Alevantis, 1996; Levin and Hodgson, 1996). However,
these strategies, which require information about the emissions characteristics of materials, are
infrequently implemented. Levin and Hodgson (1996) discussed some of the major barriers or
disincentives to making selections of materials based on their emissions characteristics. These
barriers include: 1) the lack of sufficient data; 2) the difficulty of obtaining existing data; 3) the lack
of standardized test procedures; 4) the difficulty of evaluating potential toxicity and other health
effects; 5) the high costs associated with the testing of materials; and 6) the possibility of
increased liability for design and building professionals. The situation is further complicated by the
fact that there are a number of factors, other than emissions characteristics, which must be
considered when selecting a building material. One or more of these factors that include
appearance characteristics, durability, initial costs, and maintenance costs is frequently the
dominant issue in the final selection. Consequently, the most realistic role for voe emissions
testing and emissions test data in the near term may be to help consumers avoid problematic
materials and select lower emitting materials from among those that meet the other selection
criteria.
European scientists have proposed a relatively elaborate procedure for the testing and
evaluation of voe emissions from building products and materials (EeA, 1997; Maroni and
Lundgren, 1997). This procedure includes: 1) the determination of emission factors for individual
voes and TVOe using small-scale chamber measurements; 2) an exposure assessment based
on realistic exposure scenarios and made with an indoor air quality model; 3) a toxicological
evaluation that attempts to establish the "lowest concentrations of interest" for the individual
voes; and 4) a sensory evaluation of the emissions. Because of the complexity and presumably
high cost of the scheme, it is unlikely to be widely adopted and used in the near future, at least in
the United States.
Some of the data generated in the current study by the screening measurements may be
universal enough to assist consumers in their selection of materials. However, it needs to be
emphasized that this study was not an exhaustive survey of available materials in any of the
product categories. Such a survey would be a major undertaking and would have to be
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continually updated since new materials and reformulated products are constantly being
introduced into the market. Also, this study did not attempt to perform a health hazard
assessment for any of the materials that were tested. Such an assessment would be another
major undertaking. It must further be cautioned that lower overall emissions of VOCs indicated by
relatively low TVOC emission rates is not, by itself, an adequate measure of the potential for
health impacts since there is a wide range of potency among individual compounds that are
emitted by materials.
In the screening measurements, "non-VOC" flat and semi-gloss paints were compared to
conventional paints. These new generation paints did emit VOCs, but at levels based on the
SigmaVOC values that were 25 to 50 times lower than the conventional paints. Since this study
was initiated, more "non-VOC" or "low-VOC" paints have been introduced into the market. The
data suggests that exposures to the dominant VOCs in latex paints, such as ethylene glycol and
propylene glycol solvents and the Texanol® coalescing aid, may be dramatically reduced by the
use of these new generation paints. However, there are other issues, such as color availability,
coverage and durability relative to conventional paints, which were not addressed here, but which
must also be considered in the selection process.
Two 100 percent nylon fiber, intermediate grade carpets from different manufacturers
were compared to two versions of a less-expensive olefin fiber carpet in the screening
measurements. The emissions of TVOC and individual VOCs including the odorous compound,
4-PCH, were substantially lower from the nylon carpets than from the olefin carpet. Among these
specific materials, the nylon carpets would be the better choices with respect to the emissions of
VOCs and potential odor. It is not known if the results for the olefin fiber material are indicative of
emissions of voes from other olefin fiber carpets.
Two bonded urethane carpet cushions from different manufacturers were compared to a
synthetic fiber cushion in the screening measurements. The emission rates of TVOC and
individual VOCs were substantially lower from the synthetic fiber material than from the bonded
urethane materials. These results are in agreement with a previous study of 17 carpet cushions
of five different types that showed that synthetic fiber materials were generally the lowest emitting
cushions (Shaeffer et al., 1996). Although synthetic fiber cushions would be expected to result in
relatively low exposures to VOCs, other issues, such as the resilient feeling of the carpet
installation, must also be considered in the selection process.
A commercial sheet vinyl flooring material was compared to three different residential
"no-wax" materials in the screening measurements. The emission rate of TVOC was below the
lower limit of quantitation and the emissions rates of individually quantified VOCs were relatively
low for the commercial sheet vinyl. From this data alone, it would appear that the commercial
sheet vinyl was the best installation choice. However, subsequent maintenance of the
commercial product would presumably result in exposures to some VOCs since the product would
require periodic waxing and stripping. Additionally, the two product types are not closely
comparable, and appearance and maintenance issues would likely play a major role in their
selection.
These results illustrate some of the complexities and difficulties involved in selecting
building materials. There are many factors to consider and tradeoffs must frequently be made,
often in the absence of adequate information regarding emissions of VOCs and potential health
effects. VOC emission characteristics may be an important consideration for consumers;
however, it is frequently made subordinate to other issues such as appearance, cost or durability.
12.3 RECOMMENDED PRACTICES TO REDUCE OCCUPANT EXPOSURES
This study has shown that there are a few general practices that consumers can follow
that are likely to reduce their exposures to VOCs emitted by building materials used in new
construction and renovation. These recommended practices are outlined below.
1.

Materials that emit lower amounts of toxic VOCs should be selected whenever the opportunity
exists and there is sufficient data with respect to VOC emissions and possible health effects
upon which to base informed decisions.
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2.

Renovation/remodeling work should generally be done during periods when a building is
unoccupied so occupants are not exposed to the relatively high concentrations of voes that
can occur during and shortly after the application or installation of materials. If possible, the
building should remain unoccupied for several days following painting to reduce occupant
exposures to the dominant voes in paint.

3.

Very high mechanically induced ventilation rates should be used during the application or
installation of materials. This will help to protect the installers and any occupants that are
present. It may also reduce the subsequent occupant exposures to some compounds from
some sources.

4.

Subsequent to the installation, additional ventilation should be maintained for as long as
practically possible. In many cases, additional ventilation during the period of occupancy will
reduce exposures. The amount of additional ventilation should be maximized since the
beneficial effects of ventilation with respect to exposures are not, in many cases, in direct
proportion to the increase in the ventilation rate.

5.

When the opportunity exists, carpets and carpet cushions should be aired out for several days
in a well-ventilated clean, dry environment prior to their installation.

6.

The in-situ treatment of materials accomplished by applying heat to a room or building in
conjunction with additional ventilation after materials are installed is not recommended as a
general practice. Heating was shown to be relatively ineffective for reducing the subsequent
occupant exposures to most compounds. In addition, it may be difficult to implement an
effective heating strategy for an entire residence or building.

12.4 POTENTIAL COSTS OF RECOMMENDED PRACTICES
There may be substantial costs associated with implementing the recommended
practices for reducing exposures to VOCs emitted by building materials.
There are commercial laboratories that can test small samples of materials for emissions
of VOCs following the guidelines of ASTM D 5516-90 (ASTM, 1990). Typical costs for such
dynamic, small-scale, chamber tests range between $1,000 - 2,000 per test (Levin and Hodgson,
1996). There would be additional expenditures if it were necessary to have a toxicologist or other
specialist interpret the results of the chamber tests with respect to potential health effects.
Because of these high costs, it is improbable that individual consumers would test materials to
obtain data for their selection process. Consumers would more likely seek information that was
freely available from manufacturers or from the scientific literature. Unfortunately, such
information is not available for most materials.
The initial purchase price of low-VOC content or low-VOC emitting materials may be
higher than the price of conventional or lower-grade materials. This is true for new-generation
low-VOC content latex paints for which the current price premium can be substantial. If 20
gallons (76 L) of paint were required to apply two coats of paint to the interior of a typical house,
the additional material cost might be as high as $200. If substantial demand for these products
develops, the price differential will likely be reduced. Higher quality nylon carpets are also
generally more expensive than carpets with olefin fibers. For example, it is estimated that
upgrading from a base-grade olefin carpet to an intermediate grade nylon carpet similar to those
tested in this study could increase the initial purchase price by a factor of two or roughly $7.50 per
square yard based on the materials used in this study. If 200 square yards (167 m2) of material
were required to fully carpet a typical house, the additional material cost would be $1,500.
The costs associated with airing out carpet assembly materials prior to their installation
are unknown but are likely to vary considerably depending upon the availability of a suitable
space. The costs might be relatively small if the materials could be aired out on site in a garage,
for example. In this case, the cost should largely be limited to any additional labor that was
required. If the materials had to be aired out off site in a commercial space, there would likely be
charges for rental of the space, labor and possibly transportation of the materials. These charges
could easily add ten percent or more to the cost of the material.
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The potential costs of in-situ heat treatment depend upon the duration and extent of the
heating and the unit costs of the energy that is consumed. The direct costs for a similar "bake
out" procedure ranged up to $0.23 per square foot ($2.50 m-2) for commercial buildings (Girman
et al., 1990). In addition, there are potential costs associated with lost or delayed occupancy of
commercial buildings during the treatment period.
The costs for additional ventilation are difficult to estimate. The scenario tested in this
study assumed that the additional ventilation used after installing the materials could be achieved
passively by opening exterior windows and doors in which case the cost would be negligible.
Passive ventilation might not be desirable or practical for security reasons or because of climatic
conditions. If mechanical ventilation and/or thermal conditioning of the indoor environment were
required, there would be associated energy costs. These costs would depend upon the amount of
energy consumed and the unit costs of the energy. If the period of additional ventilation was
limited to one month or less, it can reasonably be assumed that the energy costs would typically
be small relative to the costs of the materials and labor for painting or flooring installation.
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Figure 15. Concentration ratios of SigmaVOC to TVOC at 24 and 48 hours in the
screening measurements of the vinyl flooring materials.
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in the screening measurements of the sheet vinyl materials.
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in the screening measurements of the sheet vinyl materials.
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Figure 22. Compartment air relative humidity over 48 - 336 hours in Experiment P-2.
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of 4-PCH in Experiments C-1 - C-3.
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Figure 32. Compartment concentrations (µg m"3 ) of DPGME in Experiments C-1 - C-3.
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Figure 35. Specific emission rates (µg m·2 h" 1) of styrene in Experiments C-1 - C-3.
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Figure 36. Specific emission rates (µg m·2 h" 1) of 4-PCH in Experiments C-1 - C-3.
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Figure 38. Specific emission rates (µg m· h"
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Figure 39. Specific emission rates (µg m· h"
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Figure 40. Effects of the treatments on the 0- to 336-h cumulative mass emissions of
target VOCs and TVOC from the carpet assembly relative to base-case Experiment
C-1. "<" Indicates that treatment value was less than lower limit of quantitation.
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Figure 41. Effects of the treatments on the 0- to 48-h cumulative exposures to target
VOCs from the carpet assembly relative to base-case Experiment C-1.
"<" Indicates that treatment value was less than lower limit of quantitation.
The calculation assumes an occupancy of 20 hours per day.
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Figure 42. Effects of the treatments on the 48- to 336-h cumulative exposures to target
VOCs from the carpet assembly relative to base-case Experiment C-1. "<" Indicates
that treatment value was less than lower limit of quantitation. The calculation assumes
occupancy began two days after installation and averaged 20 hours per day.
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Figure 44. Compartment concentrations (µg m·3 ) of n-tridecane in Experiments V-1 - V-4.
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Figure 45a. Compartment concentrations (µg m-3) of toluene in Experiments V-1 - V-4.
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Figure 45b. Compartment concentrations (µg m·3 ) of toluene in Experiments V-2 - V-4.
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Figure 46. Compartment concentrations (µg m·3 ) of tetrahydrofuran in Experiments V-1 - V-4.
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Figure 47. Compartment concentrations (µg m·3 ) of phenol in Experiments V-1 - V-4.
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Figure 49. Compartment concentrations (µg m·3 ) of benzothiazole in Experiments V-1 - V-4.
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Figure 50. Compartment concentrations (µg m·3) of TVOC in Experiments V-1 - V-4.
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Figure 51. Specific emission rates (µg m· h"1 ) of n-tridecane in Experiments V-1 - V-4.
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Figure 52. Specific emission rates (µg m·2 h.1) of toluene in Experiments V-1 - V-4.
The 6-h emission rate in Experiment V-1 was 1,390 µg m·2 h.1 .
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Figure 53. Specific emission rates (µg m· 2 h"1 ) of phenol in Experiments V-1 - V-4.
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Figure 54. Specific emission rates (µg m· h"
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Figure 55. Specific emission rates (µg m· 2 h"
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of benzothiazole in Experiments V-1 - V-4.
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Figure 56a. Specific emission rates (µg m·2 h"1) ofTVOC in Experiments V-1 -V-4.
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Figure 57. Effects of the treatments on the 0- to 336-h cumulative mass emissions of target
VOCs and TVOC from the vinyl flooring assembly relative to base-case Experiment V-4.
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Figure 61. Compartment concentrations (µg m· ) of n-tridecane in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 62. Compartment concentrations (µg m" 3) of toluene in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6- 72 hours in ExperimentA-1.
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Figure 63. Compartment concentrations (µg m" ) of phenol in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 64. Compartment concentrations (µg m" ) of TXIB® in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 65. Compartment concentrations (µg m· ) of benzothiazole in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 66. Compartment concentrations (µg m" ) of 4-PCH in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 67. Compartment concentrations (µg m" ) of BHT in Experiments A-1 and A-2.
Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 68. Compartment concentrations (µg m"3) of ethylene glycol in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 69. Compartment concentrations (µg m· ) of Texanol® in Experiments A-1
and A-2. Compartment was heated to 33° C from 6- 72 hours in ExperimentA-1.
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and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 71. Specific emission rates (µg m· h" ) of n-tridecane in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 72. Specific emission rates (µg m· h- ) of toluene in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 73. Specific emission rates (µg m·2 h-1) of phenol in Experiments A-1
and A-2. Compartment was heated to 33° from 6 - 72 hours in Experiment A-1.
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Figure 74. Specific emission rates (µg m· 2 h. 1) of TXIB® in Experiments A-1
and A-2. Compartment was heated to 33° from 6 - 72 hours in Experiment A-1.
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Figure 75. Specific emission rates (µg m·2 h" ) of benzothiazole in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 76. Specific emission rates (µg m·2 h" 1) of 4-PCH in Experiments A-1
and A-2. Compartment was heated to 33° from 6 - 72 hours in Experiment A-1.
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Figure 77. Specific emission rates (µg m·2 h.1) of BHT in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 78. Specific emission rates (µg m·2 h" 1) of ethylene glycol in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 79. Specific emission rates (µg m·2 h" 1 ) of Texanol® in Experiments A-1
and A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 80. Specific emission rates (µg m· 2 h. 1) of TVOCR in Experiments A-1
and

A-2. Compartment was heated to 33° C from 6 - 72 hours in Experiment A-1.
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Figure 81. Effects of the heating treatment in Experiment A-1 on the 0- to 336-h cumulative
mass emissions of target VOCs and TVOCR from the combined assembles relative to
base-case Experiment A-2.
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Figure 82. Effects of the heating treatment in Experiment A-1 on the 96- to 336-h
cumulative exposures to target VOCs from the combined assemblies relative
to base-case Experiment A-2. The calculation assumes an occupancy of
20 hours per day.
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Figure 83. Compartment concentrations (µg m-

over 336 - 2,016 hours in Experiment A-2.
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3
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benzothiazole over 336 - 2,016 hours in Experiment A-2.
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Figure 85. Compartment concentrations (µg m"

336 - 2,016 hours in ExperimentA-2.
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Figure 86. Compartment concentrations (µg m·

3

) of ethylene glycol and
Texanol® over 336 - 2,016 hours in Experiment A-2.
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Figure 87. Compartment concentrations (µg m" ) of SigmaVOCp (paint) and
TVOCR (remainder) over 336 - 2,016 hours in Experiment A-2.
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GLOSSARY OF TERMS, ABBREVIATIONS AND SYMBOLS
1,2-DCB
1,2,4-TMB
4-PCH
4-VCH
AIBN
ARB
ASTM
BDMA
Benz ale
Benzald
Benzothiaz
BHT
Butisothio
CB
CBA
CC(1-4)
C-hexone
CP(1-4)
CAI
CSTR
DEGBE
OHS
OMA
DPGME
EG
EPA
ER
ET
FLP(1-4)
GB
GC
GC/MS
HCs
HPLC
HVAC
ISTD
LPS(1&2)
MeGlutN
n-C10
n-C12
n-C13
n-C14
nd
PG
Phen ale
PW
SBA
SFA
SGLP(1-4)
SigmaVOC
SigmaVOCp

ss

ST
SV(1-5)

1 ,2-Dichlorobenzene
1 ,2,4-Trimethy1benzene
4-Phenylcyclohexene
4-Vinylcyclohexene or 4-ethenylcyclohexene
2,2' -Azobisisobutyronitrile
(California) Air Resources Board
American Society for Testing and Materials
N,N-Dimethylbenzylamine
Benzyl alcohol
Benzaldehyde
Benzothiazole
Butylated hydroxyloluene or 2,6-di-tert-buty1-4-methylphenol
tert-Butylisothiocyanate
Cove Base
Cove Base Adhesive
Carpet Cushion (1 - 4)
Cyclohexanone
Carpet (1 - 4)
Carpet and Rug Institute
Continuously-stirred tank reactor
Di(ethylene glycol)butyl ether or 2-(2-butoxyethoxy)ethanol
(California) Department of Health Services
N,N-Dimethylacetamide
Di(propylene glycol)methyl ether isomers
Ethylene glycol
(U.S.) Environmental Protection Agency
Specific emission rate
Elapsed time
Flat Latex Paint (1 - 4)
Gypsum Board
Gas chromatograph
Gas chromatography/mass spectrometry
Hydrocarbons
High-performance liquid chromatography
Heating, ventilating and air conditioning
Internal standard
Latex Primer Sealer (1 & 2)
2-Methy1eneglutaronitrile
n-Decane
n-Dodecane
n-Tridecane
n-Tetradecane
Not detected or below lower limit of quantitation
Propylene glycol
Phenethyl alcohol
Plywood
Styrene-butadiene rubber
Sheet Flooring Adhesive
Semi-Gloss Latex Paint (1 - 4)
Sum of individually quantified voes
Sum of individually quantified VOCs for latex paints
Seam Sealer
Seaming Tape
Sheet Vinyl (1 - 5)
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GLOSSARY OF TERMS, ABBREVIATIONS AND SYMBOLS, CONTINUED
TAC
TACs
Tenax-TA®
Texanol®
THF
TIC
TVOC
TVOCR
TXIB®
UL
UV
voe
voes

Toxic air contaminant
Toxic air contaminants
Trade name for sorbent material based on 2,6-diphenylene oxide
Trade name for 2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate isomers
Tetrahydrofuran
Total-ion current
A measure of total voes
Total voes minus the concentrations of quantified compounds
Trade name for 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate
Underlayment
Ultra violet
Volatile organic compound
Volatile organic compounds
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