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ABSTRACT

p-Dichlorobenzene and Naphthalene: Emissions and
Related Primary and Secondary Exposures in
Residential Buildings

Priscilla Annette Guerrero Ph.D.
The University of Texas at Austin, 2013

Supervisor: Richard L. Corsi

p-Dichlorobenzene (p-DCB) and naphthalene are compounds classified as Group C carcinogens
according to the USEPA. Sources of p-DCB and naphthalene include moth repellents and
deodorizers typically used in closets, garment bags, and toilet bowls found in pure form. In this
study, laboratory, closet, and garment bag experiments were used to determine emission rates of
p-DCB and naphthalene from consumer products (closet air freshener, toilet bowl deodorizer,
and moth repellent). Emission rates varied considerably between products that contain p-DCB,
primarily due to product packaging, and were generally suppressed when the product was used in
a closed closet or garments bag, relative to products placed in well-ventilated chambers.
Experimental mass emission rates were used in conjunction with a well-mixed reactor
model to predict indoor p-DCB and naphthalene concentrations for a range of reasonable

vi

residential scenarios. Results suggest that exposures under worst-case scenarios could lead to
excess lifetime cancer risks of greater than 20,000 in a million (2%) for those who use consumer
products that are pure p-DCB, a risk that dwarfs any reported environmental cancer risks over
large segments of the US population.
Since such products are typically used where clothing is kept, significant chemical
adsorption onto clothing is possible following sublimation from the solid product. Chamber
experiments were used to determine the amount of p-DCB and naphthalene mass that adsorbs
onto selected clothing materials made of cotton, polyester, or wool. Cloth specimens were kept
inside a chamber through which an air stream containing p-DCB or naphthalene was passed for
one month. After this time, p-DCB or naphthalene were chemically extracted from the cloth
specimens. Polyester was determined to be the most adsorbent material, while cotton was the
least adsorbent for each chemical. Equilibrium partition coefficients of 0.01 m3/g for p-DCB and
0.02 m3/g for naphthalene were determined experimentally for wool.
Desorption rates were determined in both laboratory chambers and a closet in a test
house. Results suggest prolonged persistence of p-DCB and naphthalene on polyester and wool,
e.g., half-lives of 12 to 20 days after a moth repellent is removed from the clothes storage
environment. An exposure scenario was also carried out to compare the inhalation and dermal
exposure risks associated with contaminated clothing.
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1.0

1.1

Introduction

Problem Statement

While Americans feel safe in their homes, several studies have indicated that human exposure to
a wide range of air pollutants, particularly toxic air contaminants, is dominated by what is
breathed indoors (Sexton et al., 2007; Corsi, 2000; Ott and Roberts, 1998). Pollutants found in
indoor residential environments include ozone, pesticides, particulate matter, volatile and semivolatile organic compounds (VOCs), to name a few. One specific VOC, p-dichlorobenzene (pDCB), is typically observed indoors at concentrations that are one or more orders of magnitude
higher than observed outdoors (Adgate et al., 2004; Chin et al., 2013), particularly if certain
consumer products are used in the indoor space. Similarly, naphthalene concentrations are
typically two orders of magnitude higher in indoor spaces than outdoors (Griego et al., 2008; Jia
and Batterman, 2010). Both of these aromatic VOCs (some classify naphthalene as an SVOC)
are readily available as off-the-shelf consumer products in nearly all U.S. states.
Some VOCs, including p-DCB and naphthalene, have relatively low vapor pressure and
contaminate building materials through sorption processes. Although sorptive interactions with
indoor materials actually reduce pollutant concentrations in air when a source is present,
desorption occurs when a source is not present, leading to persistent “secondary” exposures.
Furthermore, contaminated surfaces can lead to additional secondary exposures through dermal
uptake when building occupants come in contact with those surfaces.
p-Dichlorobenzene and naphthalene are each categorized as possible human carcinogens
(Group C) according to the US Environmental Protection Agency (EPA) and as chemicals
known to cause cancer according to the State of California. The evidence of adverse health
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effects has prompted the California Air Resources Board (CARB) to ban the use of any product
containing p-DCB (CARB, 2004). Of the large number of hazardous air pollutants (HAPs)
common to indoor environments, p-DCB leads to a relatively high cancer risk to Americans, and
up to a 3% lifetime risk for some who routinely use products that contain p-DCB (Hun et al.,
2009).
The widespread use of consumer products that contain p-DCB and naphthalene coupled
with evidence of adverse health effects underscores the need to better understand how people are
exposed to such compounds; with this knowledge, improved strategies for how to reduce such
exposures will be identified.

For example, both p-DCB and naphthalene are used in

microenvironments where sorptive contamination of clothing is likely. However, there is little to
no published literature related to exposures of either p-DCB or naphthalene emitted into the
breathing zone via desorption when contaminated clothes are worn, or absorbed through skin that
comes in contact with contaminated clothing.

1.2

Research Objectives

The primary goal of this research was to calculate emission rates of p-DCB and naphthalene
from a range of common off-the-shelf consumer products and to assess the potential for human
exposure to p-DCB and naphthalene following their sorptive interactions with clothing. The
primary goal was achieved through the following specific objectives:
1. Assess emission rates for p-DCB and naphthalene products.
2. Model p-DCB and naphthalene concentrations and associated cancer risks, and the effects
of air exchange rates in residential environments.
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3. Design and test an experimental system with appropriate standard indoor conditions
found in most U.S. homes to mimic a closet, drawer, and/or any other storage space
where products containing p-DCB and naphthalene are kept.
4. Identify and characterize three common clothing textiles used in closets and drawers
where p-DCB and naphthalene products are commonly stored, and use the experimental
system from objective 3 to determine equilibrium partition coefficients between these
materials and p-DCB and naphthalene.
5. Determine time scales for desorption of p-DCB and naphthalene for each of the test
materials.
6. Develop or adapt mathematical models to predict human inhalation and dermal exposures
when contaminated clothing is worn.

1.3

Scope of Research

This dissertation involved laboratory experiments, experiments in a full-scale test house, and
mathematical modeling. Product emission rates were used as inputs to a simple well-mixed,
steady-state, single zone model to predict indoor concentrations and cancer risks associated with
related inhalation exposures. Since many products that contain these moth repellents are stored
in closets, drawers, and garment bags (where clothing is kept), laboratory chamber experiments
were completed with different types of textiles commonly used by Americans to predict mass of
p-DCB and naphthalene adsorbed when clothing is exposed to prolonged and elevated
concentrations of each chemical. Concentrations were varied between experiments, and were
based on realistic product emission measurements and closet ventilation rates. Time scales for
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desorption from contaminated clothing were also determined.

A mathematical model was

utilized to predict primary and secondary inhalation exposures as well as adsorption through
skin. Results will be useful for providing guidance to the public on how to reduce exposures to
hazardous air pollutants such as p-DCB and naphthalene.
This research involved the use of three specific products that contain p-DCB and one
specific product that contained naphthalene. A total of 17 experiments were completed to
quantify emission rates from each product in both laboratory chambers and a test house.
Environmental conditions were measured but not controlled during experiments.
Three common clothing materials (cotton, polyester, and wool) were exposed to a range
of p-DCB and naphthalene concentrations. In each case the exposure time ranged from 14-28
days. Gas-phase concentrations ranged from 670-8700 µg/m3 for p-DCB and 68-400 µg/m3 for
naphthalene. Following exposure, p-DCB or naphthalene was chemically extracted from the
clothing and the mass of p-DCB or naphthalene adsorption was quantified. For the most relevant
clothing material in terms of exposure to moth repellents, wool, adsorption isotherms for each
chemical was developed. A total of 102 extractions were completed across all material-chemical
combinations.
Desorption experiments were also completed in both a test house and laboratory
chamber. Test house experiments involved sequential extractions of similarly-exposed material
specimens with an assumption of identical initial condition to ascertain desorption rates.
Laboratory chamber experiments involved mass recovered in air, and a final extraction for the
purpose of mass closure. A total of 124 extractions were completed for desorption experiments.
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Finally, experimental results were used as input to mass balance models to predict indoor
concentrations of p-DCB and naphthalene under a wide range of air exchange rates, and to
predict near source inhalation exposures and dermal uptake.

1.4

Broader Impacts

This work addresses a need to provide the public with clean indoor air by reducing their
exposure to harmful air pollutants such as p-dichlorobenzene and naphthalene. The approach
described herein provides novel insights related to secondary exposures of individuals to
chemicals adsorbed to contaminated clothing, and advances the state of knowledge related to
adsorption and desorption processes associated with contaminated clothing. In the process, new
predictive tools have been developed to improve and refine estimates of exposure to harmful
chemicals emitted by common consumer products. These tools will be helpful in the future to
better understand, and hopefully reduce, population exposures to toxic chemicals found in
common consumer products.
A focus on p-DCB as one of the two target contaminants is important as one sector of the
U.S. population (Hispanics) appears to use products that contain this chemical to a much larger
extent than others.

The exposure of Hispanics, including Hispanic children, to elevated

concentrations of p-DCB leads to lifetime cancer risks that can exceed 1%, surpassing almost all
other environmental cancer risks by orders of magnitude.
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2.0

2.1

Background

Properties of p-Dichlorobenzene (p-DCB) and Naphthalene

p-Dichlorobenzene (p-DCB) and naphthalene are aromatic compounds that are widely used
indoors as moth repellents, toilet bowl deodorizers, and in the case of p-DCB, sometimes even as
room air fresheners.

Related off-the-shelf consumer products are typically close to pure

chemical (> 99%). Several properties of p-DCB and naphthalene are listed in Table 1.

Table 1. Properties of p-Dichlorobenzene and Naphthalene.
Property

p-Dichlorobenzene

Naphthalene

147 g/mol

128 g/mol

Melting Point

53.1 °C

80.2 °C

Boiling Point

174.6 °C

217.9 °C

Density (20 °C)

1.25 g/ml

1.16 g/ml

Odor Threshold

180 ppb (1.1 mg/m3)

84 ppb (0.45 mg/m3)

79 mg/L

31 mg/L

1.74 mm Hg

0.085 mm Hg

3.44

3.29

0.27 M/atm

1.25 M/atm

Molecular Weight

Solubility (water)
Vapor Pressure (25 °C)
Log Octanol-Water Partition
Coefficient
Henry’s Law Constant (32 °C)

ATSDR, (1998) for p-DCB information and ATSDR, (2005) for naphthalene information.

Both p-DCB and naphthalene are classified as hazardous air pollutants (HAPs) if emitted to
outdoor air. Reaction rates between each chemical and ozone indicate that oxidative
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transformation is negligible given typical time scales for air in buildings (Weschler, 2000;
Atkinson et al., 1989; Kampschmidt and Wibaut, 1954).

2.2

Health Effects of p-DCB and Naphthalene

Severe respiratory symptoms of p-DCB inhalation are chronic cough, rhinitis, and difficulty
breathing (Aronson et al., 2007; Ashley et al., 1994; Hill et al., 1995). p-Dichlorobenzene may
affect the liver, respiratory system, eyes, kidneys, and skin (Aronson et al., 2007; Hsiao et al.,
2009). Aiso et al. (2005) analyzed chronic toxicity in mice and rats exposed to p-DCB through
inhalation for two years. Inhalation exposure of p-DCB led to dose-related increases in benign
and malignant liver tumors in mice only. Hyperplasia in the kidneys was observed in rats
exposed to p-DCB. Aiso et al. (2005) concluded that long-term inhalation exposure to p-DCB
accelerates the age related changes in degenerative responses of the nasal cavity, and loss of
olfactory cells.
The effects of human inhalation of p-DCB at elevated concentrations were studied by
Hsiao et al. (2009).
individuals.

They compared 46 workers exposed to p-DCB and 29 non-exposed

Exposed workers exhibited a significant increase in white blood cell count.

However, there is limited information to indicate adverse health effects for low-level exposures
to p-DCB in the general population.
The National Health and Nutrition Examination Survey (NHANES) was completed from
1988-1994 and included blood sampling for eleven VOCs, including p-DCB (Elliott et al., 2006).
Concentrations of VOCs in the blood of 953 adults were compared to pulmonary function
measures. Only p-DCB showed a decrease in pulmonary function, similar to smoking incidences.

7

The California Air Resources Board (CARB) considers p-DCB to be a human carcinogen
and has banned the use of solid deodorizers that contain p-DCB (CARB, 2004). The reported
inhalation unit risk factor (URF) for p-DCB is 1.1 x 10-5 m3/μg (OEHHA, 2008). Based on this
URF and concentrations measured during the Relationship of Indoor Outdoor Personal Air
(RIOPA) study, inhalation of p-DCB vapors in homes can lead to high cancer risks relative to
other volatile HAPs (Hun et al., 2009).
Naphthalene fumes can irritate the eyes, skin and the respiratory tract (Lu et al., 2005).
Continuous exposure can lead to kidney and liver damage along with dermatitis, cataracts and
retinal damage, and may attack the central nervous system, as observed in rats (Lu et al., 2005).
Naphthalene is also a blood toxicant; exposure to high concentrations can damage or destroy red
blood cells (Lu et al., 2005).

Cancer risks associated with naphthalene exposure are

controversial due to the lack of human studies. The inhalation unit risk factor for cancer is
3.4x10-5 m3/µg (OEHHA, 2010). Loh et al. (2007) compared cancer risks based on personal
exposures in different microenvironments and ranked naphthalene 9th amongst 19 carcinogenic
air pollutants. Human exposure to naphthalene has become an environmental and occupational
health concern since clear evidence for carcinogenic activity was associated with exposure
during a long-term inhalation study in rats (Preuss et al., 2005).

2.3

Sources of p-DCB and Naphthalene

The uses of and exposure to p-DCB are not uniform around the globe. Americans use 15 times
as much p-DCB per capita as do Europeans (Shinohara et al., 2008). Primary sources of p-DCB
include moth crystals that are often used in closets and clothing drawers, toilet deodorizers, and
in some cases as air “fresheners”.
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Shinohara et al. (2008) tested five different commercially-available moth repellents
containing p-DCB and leakage rates from six closed storage containers. Products included small
tablets (≈ 8 grams each) along with a block (≈ 26 grams) and a hanging dispenser (≈ 160 grams).
Emission rates for the tablet, block, and hanging dispenser were observed to be 6.7 mg/hr, 3.7
mg/hr, and 350 mg/hr, respectively.
Naphthalene is also used as a moth repellent (mothballs) in closets, drawers, and garment
bags, and cigarette smoke also contributes to naphthalene exposures (ATSDR, 2005; Jia and
Batterman, 2010; Preuss et al., 2005; Preuss et al., 2003).

Non-smokers exposed to

environmental tobacco smoke in residences average intake rates of 1-3 µg/day (Nazaroff and
Singer, 2004).

2.4

Non-Occupational Indoor Concentrations

p-Dichlorobenzene is one of the most frequently detected HAPs in U.S. homes and office
buildings (Girman et al., 1999; Hill et al., 1995; Chin et al., 2013). The average daily intake of
p-DCB in the United States is 97 μg/day per person (Nazaroff et al., 2012). Hill et al. (1995)
analyzed data for a subset of 1,000 American adults in the National Health and Nutrition
Examination Survey (NHANES) III study.

They observed that 98% of the subjects had

detectable concentrations of 2,5-dichlorophenol (a primary metabolite of p-DCB) in their urine,
and 96% of them had detectable p-DCB in their blood. Yoshida et al. (2002) found that both pDCB and 2,5-dichlorophenol were found in 99% of the urine and air samples of 119 study
participants from Osaka, Japan.

p-Dichlorobenzene has been observed at mean indoor

concentrations of 19-120 μg/m3 in several cities in Japan, at 1-5 μg/m3 in a wide range of homes
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in the U.S., and at relatively low concentrations in residential buildings in Scandinavia (Sakai et
al., 2004).
Children are likely to be in closer proximity or more frequently exposed to sources of pDCB than adults. Adgate et al. (2004) observed that children from two inner-city schools in
Minneapolis had twice the amount of p-DCB in their blood relative to adults, while 10% of the
children had ten times the amount relative to adults in the NHANES study.

The median

concentration of p-DCB measured in office, school, and home environments in Boston were
relatively consistent between types of buildings (0.20 μg/m3 for schools to 0.29 μg/m3 for
homes) (Dodson et al., 2007). The median personal concentration (0.54 μg/m3) was greater than
any of the microenvironments, and mean indoor concentrations of p-DCB were higher than
outdoor concentrations by a factor of 12. In contrast, Sax et al. (2006) reported mean (median)
indoor residential p-DCB concentrations of 75 μg/m3 (9.68 μg/m3) in New York City and 47
μg/m3 (5.27 μg/m3) in Los Angeles.
Concentrations of p-DCB were detected in a German museum where products containing
p-DCB were used. Schieweck et al. (2007) observed p-DCB concentrations inside several
dioramas ranging from 17 to 24 μg/m3. They also found traces of naphthalene, although it was
suspected that usage of naphthalene products were discontinued in the 1970’s. Concentrations of
naphthalene were consistent through all major rooms of the museum at 3 μg/m3, perhaps
reflective of outdoor naphthalene as a major contributor to indoor naphthalene. Griego et al.
(2008) reported exposure concentrations for naphthalene in ambient air (0.001–1.0 µg/m3),
vehicles (0.003–3.0 µg/m3), residences (0.1–10 µg/m3), residences with mothball use (1–100
µg/m3), and occupational low (3–100 µg/m3) and high (30–1,000 µg/m3). They observed high
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naphthalene concentrations due to off–label use, i.e., open trays placed inside attics and other
small rooms of a house.
Wilson et al. (2003) measured exposures of nine preschool children to naphthalene in
homes and daycare environments over a 48-hr period. Two daycare centers in North Carolina
were tested. Mean concentrations of naphthalene in air were 564 ng/m3 (day care centers), 413
ng/m3 (homes), and 56-78 ng/m3 (outdoors; day care centers and homes, respectively). Wilson et
al. (2003) also measured the concentrations of 1 and 2–naphthol, metabolites of naphthalene, to
be 0.585 ng/ml and 0.156 ng/ml, respectively, in the urine of children.
Logue et al. (2011) identified chronic and acute chemical contaminants in US homes.
Concentrations were found for over 260 chemicals. Of those, 31 were recognized as chronic
hazards. Of the 31 chronic hazards, nine were identified as priority chemical pollutants in US
residences, including p-DCB and naphthalene (Logue et al., 2011).

2.5

Theoretical Considerations – Emission Rates

Emission rates of p-DCB and naphthalene can be estimated based on fundamental mass transfer
principles.

The governing equation for emissions based on single-film theory is given by

Equation 1:

E = k g (C gi − C gr ) A

(1)

Where E is emission rate (mg/hr), kg is the mass transfer coefficient (m/hr), Cgi is the
concentration in air at the interface of a source (mg/m3), Cgr is the concentration in room air
(mg/m3), and A is the exposed (to air) surface area of product (m2). The concentration driving
11

force (Cgi - Cgr) changes depending on the environment into which a source is placed, e.g.,
middle of room versus a garment bag. For example, greater ventilation leads to a reduction in
Cgr, which increases emissions.
Temperature also affects p-DCB and naphthalene emission rates through effects on vapor
pressure, and thus the concentration at the interface (Cgi). For example, the vapor pressure of pDCB increases by nearly 40% for a temperature increase from 20˚C to 25˚C, a typical range for
many homes. For a product that is effectively pure, the saturation concentration at the interface
can be calculated based on the vapor pressure of the chemical and the ideal gas law, Equation 2:

C gi =

Pvp MW
RT

× 1,000

(2)

Where Cgi is the saturation concentration (mg/m3), Pvp is the vapor pressure (atm), MW is the
molecular weight (g/mol), R is the universal gas constant (82.05 x 10-6 atm⋅m3/mol⋅K), and T is
the temperature of product (K). The saturation concentration for p-DCB and naphthalene at 25
⁰C are 14,000 mg/m3 and 600 mg/m3, respectively.
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3.0

Assessment of p-DCB and Naphthalene Emissions

Emissions of p-DCB and naphthalene were determined experimentally for several common offthe-shelf consumer products. Specific products included air fresheners, toilet bowl deodorizers,
and moth repellents. The p-DCB products consisted of a closet air fresheners (hanging product
consisting of p-DCB cakes in a slotted plastic casing), toilet bowl deodorizers (tablet suspended
from edge of toilet bowl) and moth repellent crystals (crystals inside a cylindrical container with
lid removed). The naphthalene product was used in two different ways, as single mothballs and
as a box of mothballs. According to the manufacturers, each product contained 99% or more pDCB or naphthalene by weight. For the purposes of this study, each product was assumed to
contain pure p-DCB or naphthalene. Products were purchased at a grocery store in Austin,
Texas.
The closet air freshener consisted of two moth tablets (cakes) inside a slotted plastic
casing. The total initial surface area of the two closet air freshener moth tablets was 210 cm2.
However, the slotted plastic casing surrounded the moth tablets, therefore, the combined surface
area of the slots on the casing was 23 cm2. The toilet bowl deodorizer consisted of one moth
tablet held by an aluminum wire to facilitate placement on toilet bowls. The initial surface area
of the toilet bowl deodorizer tablet was approximately 130 cm2. Moth crystals were contained
within a cylindrical storage container. The lid was removed in order to expose the moth crystals
to the environment. The surface area of this product (cross-sectional area of container) was 44.2
cm2. The naphthalene product consisted of a rectangular box filled with mothballs. The open
cross-sectional area of the box was 50 cm2. An alternative use of this product involves removal
of individual mothballs, thus individual mothballs were placed on a tray with an initial mothball
surface area of 13 cm2.
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3.1

Determination of p-DCB and Naphthalene Emission Rates

A total of 17 experiments were completed: nine experiments with different combinations of
product/location and triplicate experiments for four combinations. In addition to gravimetric
measurements, air samples were collected at each test location. p-Dichlorobenzene experiments
were conducted over 2 to 4 week periods in triplicate to determine the p-DCB emission rate for
each product. The mass of each product was measured every third day at the same time each
day.

Naphthalene experiments were conducted over 2 to 4 month periods.

Triplicate

experiments were only completed for the individual mothballs. The mass of the individual
mothballs were measured every week, and the mass of the box of mothballs was measured once
per month. Changes in the mass of each product were measured gravimetrically using a digital
laboratory balance (Acculab VA Series 16,000) with an accuracy of ±500 mg. Temperature (T)
and relative humidity (RH) in the test environment were measured continuously using a
hygrometer (TSI, Q-track 8550/8551). Air speed was measured using a hot-wire anemometer
(Sensor Electronic & Measurement Equipment, HT-428) 3 cm from the source.

The

anemometer accuracy was ±0.02 m/s. The mean temperature, RH, and air speed measurements
for each experiment are shown in Table 2. Ranges of environmental conditions were reasonably
representative of conditions in many buildings.
Products were each placed inside one of two negatively pressurized ventilated walk-in
laboratory chambers with dimensions of 2.4 m (width) x 1.8 m (depth) x 2.5 m (height to exhaust
duct) and 2.4 m x 1.8 m x 2.8 m for Chamber 1 and 2, respectively. The chambers consisted of
plexiglass walls with steel bar reinforcement, sealed concrete floors, and an aluminum sheet
ceiling.
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Table 2. Mean environmental conditions for emission rate experiments.
Temperature

Relative Humidity

Air Speed

%

cm/s

Closet Air Freshenera

⁰C

22.2 ± 1.0

59 ± 5.1

3.1 ± 1.1

Closet Air Freshenerb

23.4 ± 1.7

47 ± 4.2

0.8 ± 0.9

Toilet Bowl Deodorizera

22.1 ± 1.0

60 ± 5.1

3.1 ± 1.1

Moth Crystalsa

23.3 ± 0.4

40 ± 11

4.4 ± 2.1

Moth Crystalsb

19.7 ± 3.4

50 ± 6.0

0.8 ± 0.9

Box of Mothballsa

22.3 ± 0.6

65 ± 7.2

2.7 ± 1.8

Box of Mothballsb

23.7 ± 2.6

44 ± 4.8

1.7 ± 1.2

Mothballa

22.1 ± 0.8

68 ± 8.2

1.6 ± 1.4

Mothballc

21.7 ± 0.1

43 ± 15

-

Product

Note: Mean values are shown along with ± 1 standard deviation for each experiment, except for
the box of mothballs for which uncertainty is (±) based on error propagation analysis. a.
Experiments completed in triplicate inside laboratory chambers. b. Experiments completed once
inside Test-House closet. c. Experiments completed in triplicate inside a garment bag.

Closet air fresheners were suspended on a clothing rack 1.5 meters above the floor in the
middle of Chamber 1. The toilet bowl deodorizer was hung on the rim of a bucket to simulate its
use in a toilet 0.5 meters above the floor near the middle of Chamber 2. The cylindrical
container full of moth crystals was placed in the middle of Chamber 2 about 1 meter from the
chamber floor. The box of mothballs was placed in the middle of Chamber 2 on a table about
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0.5 m above the floor. The mothballs were placed in the middle of Chamber 2 on an aluminum
tray 0.5 m above the floor. To evaluate emissions from mothballs in a location where they are
commonly used, three mothballs were also placed inside a polyethylene vinyl acetate garment
bag with dimensions of 0.38 m (width) x 0.52 m (depth) x 1.2 m (height). The garment bag was
suspended on a clothing rack in chamber 3. Chamber 3 was a positively pressured and ventilated
walk-in laboratory chamber with dimensions of 2.4 m (width) x 1.8 m (depth) x 2.4 m (height).
To evaluate emissions from products that are often used in closets, three products were
tested inside two different bedroom closets in a 3 bedroom/2 bath unoccupied test house at the
University of Texas at Austin. The test house has a floor area of 111 m2 and a volume of 275
m3. Products made of p-DCB were placed in closet 1, located in a master bedroom. Closet 1 had
dimensions of 4.3 m (width) x 0.64 m (depth) x 2.5 m (height). The master bedroom had
dimensions of 3.49 m x 4.01 m x 2.64 m (height). The closet air freshener was suspended from a
horizontal clothing pole in closet 1. Moth crystals were placed on an elevated shelf 1.7 m above
the closet floor. A box of mothballs was placed on a shelf 1.7 m above the floor in closet 2,
located in a second bedroom. Closet 2 had dimensions of 1.9 m (width) x 0.64 m (depth) x 2.8 m
(height). The adjacent bedroom had dimensions of 3.41 m x 3.84 m x 2.64 m (height). For all
closet experiments the door remained closed except when samples were removed for gravimetric
and area measurements.

Doors remained open for less than 30 seconds as products were

removed and later replaced.
In order to verify that p-DCB or naphthalene did not accumulate to levels in chamber air
that would affect product emission rates, concentrations of p-DCB and naphthalene were
collected using glass adsorbent tubes (SISS, Tapered/Frit3mm) packed with Tenax-TA (80/100
mesh size) and an air sample pump (SKC, Inc., Pocket Pump 210 Series). An air sample was
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collected for 10-15 minutes at a sample flow rate of 82 cm3/minute. Adsorbent tubes were
analyzed using thermal desorption with a programmable large-volume injector (ATAS Optic 2)
followed by gas chromatography (Agilent 6890) with flame ionization detection (TD/GC/FID).
The gas chromatograph was equipped with a RESTEK, Rxi-5Sil MS capillary column (30 m,
0.25 mm ID; 0.5 μm film thickness). All analyses were completed with a 10:1 split ratio. The
injector temperature was ramped at 10˚C/sec from 60˚C (initial injector temperature) to 280˚C
for an 18.5 minute desorption process. The oven temperature program was as follows: initial
temperature of 50˚C for two minutes, ramp at 15˚C/min to 280˚C, hold for one minute at 280˚C.
The GC-FID was calibrated using a seven-point calibration curve for p-DCB (R2= 0.999) and for
naphthalene (R2= 0.998). The standard used was a solution of p-DCB crystals (29.4 mg) and
naphthalene solid crystals (62.2 mg) dissolved in 50 mL of methanol. A range of 2-10 μL was
removed using a syringe and released into the adsorbent tube followed by a 20 minute nitrogen
gas purge prior to GC-FID analysis.
The mean p-DCB concentration in chamber air (Cgr) during these experiments was 2.0 ±
1.2 milligrams per cubic meter, less than 0.05% of the p-DCB saturation concentration at the
interface (Cgi = 11,900 mg/m3, T = 22˚C) (NIST, 2009). The mean naphthalene concentration in
chamber air (Cgr) for the box of mothballs was 0.23 ± 0.1 milligrams per cubic meter, less than
0.05% of the naphthalene saturation concentration (Cgi = 473 mg/m3, T = 22˚C) (Tevault et al.,
2009).

As such, emission rates should not have been affected by p-DCB or naphthalene

accumulation in chamber air.
Mass emission rates for p-dichlorobenzene are shown in Figure 1.

The toilet bowl

deodorizer in laboratory chamber 2 exhibited the highest mean initial emission rate at 400 mg/hr
but decayed rapidly over a 15 day period. The relatively rapid reduction in emission rate for the
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toilet bowl deodorizer coincided with a reduction in product surface area as p-DCB sublimated
from the solid product.

Figure 1. Mean emission rates for p-dichlorobenzene. Bars around mean values correspond to ±
1 standard deviation based on triplicate experiments, except for experiments in Closet 1 for
which (±) is based on error propagation analysis. Emission rates are plotted at the mid-points of
measurement intervals.

Relatively high initial emission rates from toilet bowl deodorizers may lead to high
concentrations in bathrooms, particularly if a ventilation fan is not used. Djohan et al. (2007)
studied p-DCB concentrations in three homes in Brisbane, Australia. Two of the homes used pDCB deodorant blocks in bathrooms while the other did not use any deodorant. Concentrations
observed in bathrooms of homes that used p-DCB blocks were as high as 871 μg/m3. Ventilation
conditions were not described by Djohan et al. (2007).
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The p-DCB emission rate from the cylindrical box of moth crystals placed in chamber 2
decayed slightly in just over five weeks, but were sustained at approximately 50 mg/hr over most
of the test period. Emissions from the same product placed in closet 1 of the test house were
lower by a factor of 2 to 4, likely due to a decrease in air speeds within the closet relative to the
laboratory chamber as explained later in this dissertation. Based on the initial mass of moth
crystals and emission rates during test house experiments, the lifetime of this product would
exceed two years.
Mean emission rates from the closet air freshener increased slightly over time in
laboratory chamber 1, but were generally in the range of 130 to 150 mg/hr over the test period.
Emissions from the same product placed in closet 1 of the test house had greater variation (from
125 to over 200 mg/hr), but on average were close to the final emission rate of 150 mg/hr for the
chamber experiment. The greater variations in emissions from the closet air freshener in the test
house closet were likely due to greater variations in air temperature. Based on the initial mass of
moth cakes and emission rates during laboratory chamber and test house experiments, the
lifetime of this product would be longer than 7 to 8 weeks; reductions in emissions as the cake
area decreases would prolong emissions.
Shinohara et al. (2008) tested p-DCB emissions from a hanging deodorizer with a cake
similar in mass to those used in this study, and was also held in a slotted plastic casing. The
product was placed in a dynamic (flow through) chamber at 25 oC and emissions were measured
based on gravimetric analysis. They observed an emission rate of 350 mg/hr, more than twice
the mean emission rates observed for the closet air freshener in this study. The higher emission
rate might have been due in part to a slightly higher experimental temperature than used in this
study. Shinohara et al. (2008) did not provide information about the slotted openings on the
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plastic casing of the product they tested, which might have also caused differences in emission
rates between their product and the closet air freshener tested in this study.
Mass emission rates for naphthalene are shown in Figure 2. Emissions from the box of
mothballs in laboratory chamber 2 varied between approximately 8 and 12 mg/hr over a nearly
three month period. The same product placed in closet 2 of the test house exhibited emissions
similar to that in the chamber initially, but decreased over time for most of the test period. Based
on the initial mass of naphthalene in the box of mothballs and the emission rates observed in this
study, the lifetime of this product would be over five years, particularly if placed in a closed
closet.

Emissions from individual mothballs in laboratory chamber 2 varied slightly around 2

mg/hr, but decayed from approximately 1.5 mg/hr to less than 0.2 mg/hr in a garment bag over
the test period.
Based on mass balances and regression analyses on several homes, Van Winkle and
Scheff (2001) estimated a naphthalene emission rate of 0.68 mg/hr for mothballs. Their analysis
could not account for age of mothballs but was generally within the range of our observations for
mothballs placed in a garment bag. Jo et al. (2008) completed small chamber experiments with
temperatures and air speeds similar to those used in this study to determine naphthalene
emissions from moth repellents of 0.16 to 0.19 mg/g-hr. For comparison, the mean (± standard
deviation) mass normalized, emission rate for mothballs in this study was 0.73 ± 0.09 mg/g-hr
for laboratory chamber experiments, roughly a factor of four greater than reported by Jo et al.
(2008). The difference in the results of Jo et al. (2008) and this study cannot be fully explained,
but may have been due to large naphthalene mass per chamber volume used by Jo et al. (2008).
Additional details related to p-DCB and naphthalene emissions are provided in a
published journal paper in Appendix A.
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Figure 2. Mean emission rates for naphthalene. Bars around mean values correspond to ± 1
standard deviation based on triplicate experiments, except for the box of mothballs for which (±)
is based on error propagation analysis. Emission rates are plotted at the mid-points of
measurement intervals.

3.2

Comparison with Whole-House Emission Rates

The Relationship of Indoor Outdoor Personal Air (RIOPA) study involved measurements and
analysis of concentrations of VOCs, including p-DCB and naphthalene.

Forty-eight hour

outdoor, indoor and personal air samples were collected simultaneously in approximately 100
non-smoking households in Elizabeth, New Jersey, Houston, Texas, and Los Angeles,
California. The air exchange rate was also measured for each home. Homes in close proximity
(less than 0.5 km) to sources of outdoor air toxics were preferentially (2:1) selected for sampling.
For this dissertation, whole-house emission rates of p-DCB and naphthalene were back
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calculated using data from the RIOPA study assuming pseudo steady-state conditions (Equation
3):

Ei = λi Vi (Cinside − Coutside )

(3)

Where i is home i in the RIOPA study (dimensionless), Cinside is the time-averaged indoor
concentration of p-DCB or naphthalene (mg/m3), Coutside is the time-averaged outdoor
concentration of p-DCB or naphthalene (mg/m3), E is the emission rate of p-DCB or naphthalene
(mg/hr), λ is the air exchange rate (hr-1), and V is the volume of the house (m3).
Cumulative distribution curves for whole-house emission rates found for each city in the
RIOPA study are provided in Figure 3 for p-DCB and naphthalene. Interestingly, 13% of the
homes in Houston had whole-house p-DCB emission rates in the range of those from single
product sources in this study, i.e., 25-350 mg/hr. In Elizabeth, about 6% of the homes had
whole-house p-DCB emission rates similar to single product values observed in this study. In
Los Angeles, only 3% of the homes had whole-house p-DCB emission rates in the range of those
observed in this study. Of the whole-house emission rates of naphthalene, 7%, 4%, and 1% for
Houston, Elizabeth, and Los Angeles, respectively, were in the range of those observed for
individual products tested in this study. About 4% and 2% of the homes in Houston and
Elizabeth, respectively, had whole-house emission rates of 20-330 mg/hr, e.g., four to sixty times
higher than the naphthalene emission rates observed in this study. The high naphthalene wholehouse emission rates may result from usage of naphthalene products in the homes that do not
conform to manufacturer recommendations.
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Figure 3. Cumulative distribution plots for whole-house p-DCB (left axis) and
naphthalene (right axis) emission rates based on homes in RIOPA Texas, California, and New
Jersey.

The percentages described above may reflect the approximate number of households in
the RIOPA study in which p-DCB and naphthalene products were actually employed in homes
during field sampling.

In 1986 California passed Proposition 65, which regulates toxic

substances used in consumer products (OEHHA, 2009).

Proposition 65 lists p-DCB and

naphthalene as toxic substances and as carcinogens (OEHHA, 2009). It is conceivable that
labeling of these products as cancer causing reduced their use in California. Products that
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contain p-DCB were banned from California in 2004, several years after the RIOPA study was
completed.
p-Dichlorobenzene whole-house emission rates of 10-20 mg/hr were common in many
homes in the RIOPA study. Chin et al. (2013) measured indoor concentrations of p-DCB in
multiple US cities. The 90th percentile concentration in Detroit led to a whole-house emission
rate of 5.3 mg/hr. This value is reasonably consistent but slightly lower than values calculated
based on RIOPA data. Lower whole-house emission rates might reflect desorption of p-DCB or
naphthalene from indoor materials after a source has been removed from the home, or active use
of a product in a poorly ventilated and confined area, e.g., a garment bag, away from the location
where air sampling was completed. Chin et al. (2013) also reported a whole-house emission rate
of 431 mg/hr for a maximum concentration measured in their study. This emission rate is higher
than any emission rates based on the RIOPA study or experiments completed for this
dissertation, except initial emissions for a toilet bowl deodorizer.
Additional information related to this analysis is provided in Appendix A.

3.3

Screening Model Estimates of Indoor Concentrations

Measured p-DCB and naphthalene emission rates were used to predict p-DCB and naphthalene
concentrations in a hypothetical 380 m3 home with varying air exchange rates. Concentrations
were calculated using Equation 4, a simplified model that is based on the assumptions of steadystate and well-mixed conditions, no sorptive interactions, and negligible outdoor concentration
for both contaminants.
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C=

E
λV

(4)

where C is the indoor concentration (mg/m3), E is the emission rate (mg/hr), λ is the building air
exchange rate (hr-1), and V is the building volume (m3). Emission rates were based on mean
values observed in this study. Resulting concentration profiles for p-DCB are presented in
Figure 4, where each curve corresponds to a single product emitting p-DCB as well as a “super
user”. The super user is assumed to use all three p-DCB products simultaneously. Naphthalene
concentration curves for emissions from a single box of mothballs and a single mothball are
presented in Figure 4.
The median air exchange rate in US homes was reported to be 0.5 hr-1 (Murray and
Burmaster, 1995). At this air exchange rate the predicted concentrations of p-DCB are 760
μg/m3, 1620 μg/m3, and 270 μg/m3 for a closet air freshener, toilet deodorizer, and moth crystals,
respectively.

The naphthalene concentration for a box of mothballs at the median U.S.

residential air exchange rate is predicted to be 50 μg/m3. Even the use of a single mothball leads
to a volume-averaged whole-house naphthalene concentration of 12 μg/m3.
For energy efficient newer homes, it is not uncommon for air exchange rates to be 0.3 hr-1
or lower. At an air exchange rate of 0.2 hr-1, the p-DCB concentrations are predicted to exceed
1,000 μg/m3 for both the closet air freshener and moth crystals, and 4,000 μg/m3 for the “super
user”. Of course, homes generally do not approach ideal well-mixed conditions.

Higher

concentrations than those predicted here may occur in microenvironments where a product is
placed, e.g., a closet, with lower concentrations than those predicted here for areas far from the
source.
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Figure 4. Predicted p-dichlorobenzene and naphthalene concentrations based on a hypothetical
380 m3 home (indoor air space). The “super user” corresponds to simultaneous use of all three
products that contain p-DCB.

3.4

Screening Model Estimates of Cancer Risks

Lifetime cancer risk due to inhalation of p-DCB and naphthalene in a home can be estimated
using Equation 5:

Rcan = C p ⋅ URF ⋅ f ⋅ 10 6

(5)
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Where Rcan is the cancer risk (excess cancers per million for a 70-year lifetime and constant inhome exposure), Cp is the predicted or measured personal concentration (µg/m3), URF is the
inhalation cancer unit risk factor (m3/µg), and f is the fraction of the time spent inside a home
(dimensionless). For the worst-case scenario it was assumed that products containing p-DCB
and/or naphthalene were used continuously and replaced as consumed in the home. An exposed
individual was assumed to spend 69% of time inside a home (f = 0.69) as per the U.S. population
average (Klepeis et al., 2001). The effects of sorptive interactions and air purification systems
were not considered.
Predicted cancer risks for a 380 m3 house with varied air exchange rates are shown in
Figure 5. The cancer risks due to inhalation of p-DCB in homes at an air exchange rate of 0.5 hr1

were predicted to be 5,800 per million, 12,300 per million, 2,040 per million, and 20,000 per

million for the closet air freshener, toilet bowl deodorizer, moth crystals, and the super user,
respectively. The super user risks are comparable to risks in homes where radon exceeds action
levels by a factor of five (US EPA, 2008). The cancer risks due to inhalation of naphthalene in
homes at an air exchange rate of 0.5 hr-1 were predicted to be 1,160 per million and 280 per
million for the moth box and single mothball, respectively. The effects of lowering air exchange
rates on increased cancer risks are clearly shown in Figure 5.
The mean and median cancer risk estimates for p-DCB measured in the RIOPA-Texas
study were 1,392 and 62 per million, respectively, somewhat lower than those predicted in this
study (Hun et al., 2009). The cancer risks predicted using one p-DCB product generally falls
within the 75th percentile and maximum concentrations reported in the RIOPA study, particularly
for Mexican-American homes. Importantly, the cancer risks measured in the RIOPA-Texas
study include homes for which no products containing p-DCB were used. As such, it is
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reasonable that the RIOPA study mean and median concentrations would be much lower than
predicted for individual homes with products that emit p-DCB.
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Figure 5. Predicted p-Dichlorobenzene and naphthalene cancer risks based on a hypothetical
380 m3 home.
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4.0

4.1

Assessment of Clothing Contamination

Overview of Clothing Contamination

Experiments were completed to determine the extent of contamination of three common clothing
fabrics with elevated but realistic concentrations of p-DCB and naphthalene. Total mass sorbed
of each contaminant on different fabrics used for shirts and sweaters were quantified, along with
equilibrium partition coefficients for each fabric and chemical where possible.

Desorption

experiments inside a closet and test chamber were used to evaluate the time scales for desorption
of p-DCB and naphthalene from contaminated fabrics.
To date, only a small number of studies have addressed adsorption of p-DCB and
naphthalene to building materials.

Borazzo et al. (1990) studied the sorptive interactions

amongst four VOCs and fibrous materials such as cotton and nylon. Of the VOCs selected, pDCB had the lowest vapor pressure. Borazzo et al. (1990) found that less volatile species (lower
vapor pressure) adsorb more mass on fibrous materials. Colombo et al. (1993) studied the
adsorption of several VOCs, including p-DCB, on indoor materials. For a specific material, they
observed that adsorption increases with the boiling point (inversely related to vapor pressure) of
compounds. This was confirmed in later studies completed by Won et al. (2001) and Popa and
Haghighat (2003) who observed adsorption to increase with decreasing vapor pressure of VOCs
for a wide range of indoor materials. Won et al. (2001 and 2001) studied o-DCB, a DCB isomer
with a vapor pressure almost identical to p-DCB, and observed a high degree of adsorption and
persistence of this chemical on carpet, gypsum board, and several other indoor materials.
Despite past work done to understand sorptive interactions between indoor pollutants and
materials, very little work has been done to understand the sorptive contamination of clothing in
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buildings. De Coensel et al. (2008) studied adsorption to cotton when moth repellent products
were placed in drawers. They found that a regular cotton shirt could adsorb up to 7 mg of pDCB and naphthalene. However, the authors did not test other commonly used textiles. They
concluded that clothing contaminated by hazardous air pollutants should be considered as
secondary sources of indoor air pollution.

4.2

Experimental Design

Cotton, polyester and wool were selected as test materials. Cotton and polyester shirts and a
wool sweater were purchased at a clothing store in Austin, TX. The cotton shirt was 100%
cotton and the overall mass was 120 g. The polyester shirt was 100% polyester and the total
mass was 90 g. Finally, the wool sweater was 100% merino wool with a total mass of 170 g.
The fabric specimens were placed inside a 300-L stainless-steel chamber illustrated in Figure 6a.
The experimental system consisted of a pump connected to a rotameter in order to adjust the
flow rate measurement. The rotameter was connected to a 4-L stainless steel-chamber (labeled
as the pollutant feed system). The pollutant feed system was used to hold half-filled 30 ml vials
of p-DCB or naphthalene and was partially submerged in a constant temperature water bath
where the temperature was maintained at 25 °C to assure a relatively constant emission rate. The
pollutant feed system was connected to a 300-L stainless-steel chamber (specimen chamber).
The specimen chamber consisted of an inlet and outlet where air samples were measured
periodically. Inside the specimen chamber a 40 mm fan was placed near the inlet to assure a
well-mixed condition inside the chamber. A metal wire apparatus was designed and constructed
to hold 36 samples in the center of the chamber, as shown in Figure 6b.
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Figure 6a. Schematic of the adsorption experimental system: pump (a), rotameter (b), pollutant
feed system (c), 30 mL vials of p-DCB or naphthalene (d), water-bath (e), specimen chamber (f),
outlet (g), sample port (h), sample pump with sorbent tube (i).

Figure 6b. Image of the 300-L experimental chamber used for adsorption experiments.

4.3

Determination of Mass Accumulation on Clothing Fabrics

Experiments required 13 specimens of cotton and polyester and 10 specimens of wool, i.e., three
specimens for the new, worn, and washed condition as well as four additional specimens of each
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for desorption experiments in a test house. Wool was not tested for the washed condition. Each
specimen was weighed using a digital analytical balance (Acculab ALC-Series RS232) before
experiments began.
The chamber was sealed for 28 days using C clamps and wing nuts on the face plate.
Airflow through the system was maintained at 2.5 L/min (air exchange rate of 0.5 hr-1). The air
flow rate was measured periodically using a bubble flow meter (Gilian Gilibrator). Temperature
and relative humidity were measured continuously throughout the exposure period. A Onset
HOBO wireless data logger measured temperature and relative humidity every 30 minutes
throughout the entire 28 day test period. Mean environmental conditions for contamination
(adsorption) experiments are presented in Table 3.
Concentrations of pollutants were measured periodically using glass adsorbent tubes
(SISS, Tapered/Frit3mm) packed with Tenax-TA (80/100 mesh size).

An air sample was

collected for five minutes, using a Buck Elite personal air sampler pump, at a sample flow rate of
20 cm3/minute through the sorbent tube.

Adsorbent tubes were analyzed using thermal

desorption with a programmable large-volume injector (ATAS Optic 2) followed by gas
chromatography (Agilent 6890) with flame ionization detection (TD/GC/FID).

The gas

chromatograph was equipped with a RESTEK, Rxi-5Sil MS column (30 m, 0.25 mm ID; 0.5 μm
film thickness). All analyses were completed with a 10:1 split ratio. The injector temperature
was ramped at 10˚C/sec from 60˚C (initial injector temperature) to 280˚C.
The adsorbent tubes were desorbed for 18.5 minutes. The oven temperature program was
as follows: initial temperature of 50˚C for two minutes, ramp at 15˚C/min to 280˚C, hold for one
minute at 280˚C.
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The GC-FID was calibrated using a seven point calibration curve (R2= 0.997) for p-DCB and
(R2= 0.995) for naphthalene.

The calibration standard used was a solution of p-DCB or

naphthalene crystal (≈ 50 mg) dissolved in 50 mL of methanol.

Table 3. Mean environmental conditions of the specimen chamber during specimen exposure.

(°C)

Relative
Humidity
(%)

Air Exchange
Rate
(hr-1)

Concentration in
Chamber Air
(µg/m3)

Exposure
Period
(days)

25.1 ± 0.64

35 ± 13

0.52 ± 0.02

7330 ± 585

28

24.2 ± 0.27

39 ± 16

0.57 ± 0.01

2900 ± 377

14

25.3 ± 0.75

49 ± 10

0.51 ± 0.02

650* ± 56

20

24.7 ± 0.36

48 ± 9.0

0.55 ± 0.02

6200 ± 377

14

25.4 ± 0.67

45 ± 10

0.53 ± 0.02

398 ± 23

28

24.1 ± 0.98

39 ± 11

0.54 ± 0.03

420 ± 24

14

24.9 ± 0.25

45 ± 8.0

0.56 ± 0.01

65* ± 11

20

22.1 ± 0.29

50 ± 11

0.53 ± 0.02

220 ± 19

20

Temperature
Pollutant
p-DCB

Naphthalene

*Temperature of water bath was changed from 25 °C to 5 °C for p-DCB and 10 °C for
naphthalene to lower chemical emission rates and concentrations.

These changes did not

appreciably affect chamber environmental conditions.

The solution was diluted down 10:1 and a series of 1-5 μL was removed using a syringe and
released into the adsorbent tube followed by a 20 minute nitrogen gas purge prior to GC-FID
analysis. Concentrations used during adsorption experiments were consistent with those likely to
occur in spaces such as closets when moth repellent products are used (Guerrero and Corsi,
2012).
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After the 14-28 day exposure period the experimental system was turned off and each
fabric specimen was removed and placed inside a 30 mL vial filled with methanol. The vials
were placed inside a sonicator for 48 hours. The samples were then analyzed by removing 5 or
10 μL with a syringe into an adsorbent tube followed by a 20 minute nitrogen gas purge, and
finally on to the GC-FID for analysis. The same GC-FID thermal desorption program as
described above was used.

4.4

Estimation of Mass Accumulation and Partition Coefficients

The mass of contaminant on clothing was normalized by the initial mass of each specimen tested
to determine a contaminant concentration (Equation 6):

Csorbed =

Vvial ⋅ C pollu tan t

(6)

m

Where Cpollutant is the pollutant concentration observed from FID analysis (µg/µL), Vvial is the
volume of methanol used during extraction process (µL), m is the initial mass of the fabric
specimen (g), and Csorbed is the pollutant concentration adsorbed to the fabric (µg/g). This
concentration was compared against the concentration in chamber air (Cair). For purposes of
modeling, the concentration on clothing specimens was scaled by the mass of the actual clothing
to estimate total contaminant mass on clothing, e.g., an entire shirt or sweater.
An assessment of equilibrium partition coefficients was also performed. The equilibrium
partition coefficient is defined by Equation 7:
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K eq =

C sorbed
C air

(7)

Where Keq is the equilibrium partition coefficient (m3/g), Csorbed is the pollutant concentration
adsorbed to the fabric at a condition of equilibrium (µg/g), and Cair is the mean concentration in
chamber air at equilibrium (µg/m3). For a linear adsorption process at equilibrium, the ratio of
Csorbed to Cair should not change appreciably with time. For such a condition, the slope of a bestfit line, for the data plotted as Csorbed versus Cair through the zero intercept, yields a slope that is
the equilibrium partition coefficient (Keq).

4.5

Assessment of Adsorption Effects

The sorbed-phase concentrations of both p-DCB and naphthalene varied significantly between
the fabrics tested, as depicted in Figures 7 and 8. Cotton was the least sorptive material, and
polyester was the most sorptive material in the presence of both contaminants.
Small differences were observed among the three conditions at which each material was
tested (new, washed, worn), but none were statistically different (Wilcoxon signed-rank test,
α=0.01). For the washed condition numerous chromatographic peaks were observed after the pDCB and naphthalene peaks, likely due to components of laundry detergent used before
exposure.
The amount of mass adsorbed to each individual shirt or sweater was estimated based on
the mass of each article of clothing during a 28-day exposure period. For the conditions tested in
this study, the masses adsorbed onto a polyester shirt were 23 mg and 4 mg of p-DCB and
naphthalene, respectively. Interestingly, the latter is slightly greater than the mass of a single
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mothball. The wool sweater adsorbed 10 mg and nearly 2 mg of p-DCB and naphthalene,
respectively.

The cotton shirt was the least sorptive and only adsorbed 1.4 mg and 0.3 mg of p-

DCB and naphthalene, respectively.

p-DCB Concentration on
Clothing (µg/g)

300

7330 µg/m3
8700 µg/m3
6200 µg/m3
2900 µg/m3
670 µg/m3

250
200
150
100
50
0

Cotton

Polyester

Wool

Figure 7. Sorbed concentration of p-DCB for each individual fabric exposed for 28 days at
different mean concentrations of p-DCB. Bars around mean values correspond to ± 1 standard
deviation based on triplicate samples.
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Naphthalene Concentration on
Clothing (µg/g)

45

398 µg/m3

40

330 µg/m3
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5
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Figure 8. Sorbed concentration of naphthalene for each individual fabric exposed for 28 days at
different mean concentrations of naphthalene. Bars around mean values correspond to ± 1
standard deviation based on triplicate samples.

De Coensel et al. (2008) conducted sorption experiments with p-DCB and naphthalene
products inside a drawer that contained a cotton shirt, and reported sorbed p-DCB and
naphthalene concentrations of 550 µg/g and 150 µg/g, respectively (mean values). The sorbed
concentrations observed in this study were lower than those reported by De Coensel et al. (2008)
by a factor of 45 for p-DCB and 50 for naphthalene. These differences may have been due to the
different environments where the clothing was placed and tested, e.g., poorly ventilated spaces or
stagnant spaces with higher concentrations and direct contact of product to cotton. De Coensel et
al. (2008) used two different fabric exposure scenarios.
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The first was direct exposure, which

consisted of 10 layers of cotton strips placed inside a perforated drawer while the tablet of pDCB or naphthalene was placed directly on top of and in contact with the first layer. This
experimental set-up was intended to determine the effect of downward migration of the moth
repellent agent. The second experimental set-up involved indirect exposure, which consisted of
three shelves with cotton strips placed inside (top, middle, lower). The moth repellent agent was
placed on the middle shelf to explore vapor transfer from within the cabinet. The results indicate
that direct contact causes an increase in adsorption to all moth repellent agents, p-DCB
demonstrated a higher overall mass adsorption to clothing.
Others have investigated the amount of adsorption from dry cleaning chemicals to
different types of clothing materials.

Sherlach et al. (2011) measured the residue of

perchloroethylene (PCE) on wool, cotton, polyester, and silk after dry cleaning the fabrics. They
found wool to be the most adsorbent material after successive dry cleaning cycles. Consistent
with this study, cotton was the least adsorbent material. Silk was found to not adsorb measurable
amounts of PCE.
The effects of temperature and relative humidity on emissions from fabrics and other
indoor surfaces have been reported by others (Wolkoff, 1998; Nnadili et al., 2011; Weschler and
Nazaroff, 2012). In this study, relative humidity and temperature were not varied, however,
environmental conditions did impact concentrations measured in the chamber. The contaminant
concentration measured in chamber air increased as the relative humidity increased.

In

particular, wool samples seemed to be affected the most, as the relative humidity in the chamber
fluctuated. This comparison is depicted in Figure 9. Instantaneous air concentrations were
compared to average temperature and relative humidity measurements that were collected every
other day. Other researchers have reported increasing indoor concentrations of VOCs as a
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function of increasing relative humidity (Wolkoff, 1998; Nnadili et al., 2011).

Many

decontamination strategies often involve changing environmental conditions to displace the
odors from previous chemicals used in homes (Hubbard et al., 2009; Chen et al., 2008; Buttner et
al., 2004).
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Figure 9. Effects of relative humidity changes on concentration in chamber.

4.6

Equilibrium Partition Coefficients for p-DCB and Naphthalene

The capacity to which clothing can adsorb chemicals at a specific concentration in air is defined
by a partition coefficient, i.e., the ratio of sorbed and gas-phase concentrations at equilibrium.
Equilibrium partition coefficients for p-DCB and naphthalene have not been well documented in
the published literature.
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Using the sorbed-phase concentrations of each pollutant and the measured air
concentration inside the chamber after 2-4 weeks, it was possible to determine Keq for p-DCB
and naphthalene sorption to wool. It was not clear from experimental data, for polyester or
cotton, whether an equilibrium condition had been achieved for either chemical. As such, Keq is
only reported for wool, the fabric most likely to be the focus of moth repellent usage.
Adsorption isotherms were developed for wool exposed to p-DCB and naphthalene (Figures 10
and 11).

Figure 10. Adsorption isotherm for p-DCB exposed to wool. Bounds around mean values
correspond to ± 1 standard deviation based for triplicate samples.
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Figure 11. Adsorption isotherm for naphthalene exposed to polyester and wool. Bounds around
mean values correspond to ± 1 standard deviation based for triplicate samples.

Based on a linear best-fit through the zero intercept, equilibrium partition coefficients were
determined as the slope of each curve. The equilibrium partition coefficients calculated for wool
was 0.01 m3/g and 0.02 m3/g for p-DCB and naphthalene, respectively.
For this research, concentrations of naphthalene and p-DCB were measured in a closet,
inside a test house, when a moth repellent product was placed inside the closet. Concentrations
varied significantly for individual products, but on average the p-DCB concentration in closet air
when using a closet air freshener was 28,000 µg/m3 (Guerrero and Corsi, 2012- see Appendix
A). The concentration of naphthalene measured in closet air while using a box of mothballs was
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1,700 µg/m3 (Guerrero and Corsi, 2012- see Appendix A). Given this information and using the
equilibrium partition coefficients calculated for wool, the sorbed-phase concentration for a wool
sweater would be as high as 280 µg/g of p-DCB (total mass of 48 mg for a 170 gram sweater)
and 34 µg/g of naphthalene (total mass of 6 mg for a 170 gram sweater).
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5.0

5.1

Desorption from Contaminated Clothing Fabrics

Experimental Design

Desorption experiments were completed to evaluate the rate at which p-DCB and naphthalene is
re-emitted to air from clothing once a source is removed. Preliminary desorption experiments
consisted of four additional specimens of each fabric that were exposed in the specimen
chamber. Once removed, these specimens were placed inside a closet in the UTest House, a
265.5 m3, 3 bedroom, 2 bath test house located at the University of Texas at Austin. The closet
has a volume of 6.3 m3. Previous air exchange rate experiments were conducted on the closet
using carbon dioxide decay rates (Guerrero and Corsi, 2012 - see Appendix A). An air exchange
rate of 4.1 hr-1 between the closet and adjoining bedroom was determined. One specimen from
each material type was removed from the closet once per week for four weeks. The extraction
process and analysis of each fabric was identical to those mentioned previously.
The same fabric materials were used for desorption experiments in a 48-L laboratory
chamber. The clothing was contaminated over a one month period inside a polyethylene vinyl
acetate garment bag with dimensions of 0.38 m (width) x 0.52 m (depth) x 1.2 m (height)
(Guerrero and Corsi, 2012). The amount of p-DCB and naphthalene used inside the garment bag
was based on manufacturer recommendations.

A total of 82 g of p-DCB and 113 g of

naphthalene were initially placed in the garment bag. After contamination, the fabric samples
were placed inside 48-L stainless-steel chambers arranged in parallel as depicted in Figure 12.
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Figure 12. Schematic of laboratory desorption system: activated carbon air filter (a), pump (b),
split valve (c), relative humidity flow controller (d), temperature and relative humidity data
recorder (e), mass flow controllers (f), specimen chambers (g), outlet (h), sample port (i).

The laboratory desorption system consisted of an activated carbon cloth filter to remove
background VOCs from lab air (a), and a pump (b). Air was pumped to a split stream with split
controlled by a manually adjusted valve (c). A portion of the air stream was passed through a
water column (d), and then reconnected with the non-humidified stream. Relative humidity was
measured with a TSI Q-Track 8550/8551 (Shoreview, MN) (e) upstream of four mass flow
controllers (f) used to control the flow rate. The mass flow controllers were connected to the
inlet of the four parallel chambers (g) within which specimens were housed for 3 to 6 weeks.
Each 48-L chamber had an individual outlet (h) and a sample port (i). Air samples were
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collected and analyzed every two days in the same manner described above for adsorption
experiments.

5.2

Determination of Recovery in Air

Air samples collected during desorption experiments in laboratory chambers allowed for
determination of mass recovered in air, i.e., integrated mass removal to air normalized by initial
mass of a specimen. Mass recovery (Rair) in air was determined as:

t

Rair =

∫C

air

Qcham dt + C V

0

(8)

msorbed

Where, Cair is the concentration in chamber air at a specific time (µg/m3), Qcham is the volumetric
flow rate through the chamber (m3/hr), C is the concentration at the end of the analysis, V is the
volume of the chamber (m3), msorbed is the initial pollutant mass on a specimen (mg), and t is the
time after placement of the specimen in the chamber (hr). The value of msorbed is determined by:

msorbed = C sorbed ⋅ m

(9)

Where, Csorbed and m are as defined previously (Equation 6). The numerator of Equation 8 was
integrated numerically using time-specific concentration and flow measurements.
closure percentage was also calculated using Equation 10:
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A mass

mclosure =

mair + m sae
⋅ 100%
m sorbed

(10)

Where mclosure is the percent mass recovered (air + final material) (%), mair is the mass recovered
in air (µg), msae is the mass that remained sorbed at the end of the desorption experiment (µg).
All others are previously defined.
Fractional mass recovery curves for p-DCB and naphthalene desorption from polyester,
cotton, and wool, are presented in Figures 13 and 14. The mass recovered in air was determined
by measuring the air concentration in the chamber and multiplying by the volumetric flow rate of
the chamber system. The mass of pollutant measured was normalized by the initial mass on the
material.

Figure 13. Fractional recovery of p-DCB in air during laboratory desorption experiment.
Uncertainty (±) is based on error propagation analysis.
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The mass recovery of p-DCB and naphthalene for wool was 50% after 500 hours and nearly
100% of p-DCB was recovered after 1,250 hours (about two months). The mass recovery of pDCB and naphthalene for polyester was 40% after 500 hours (more than half a month). The
mass recovery of p-DCB for cotton was only 25% after 500 hours.

Figure 14. Fractional recovery of naphthalene in air during laboratory desorption experiment.
Uncertainty (±) is based on error propagation analysis.

In contrast, the mass recovery of naphthalene for cotton was nearly 80% after 500 hours. Results
indicate that both p-DCB and naphthalene can persist on clothing long after a source is removed,
validating closet desorption experiments. The fractional mass recovery in air for polyester and
wool exhibited similar time curves for both p-DCB and naphthalene, indicating that desorption
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processes for these materials were relatively unaffected by different physico-chemical properties,
e.g., vapor pressure, for both p-DCB and naphthalene. The same was not true for cotton for
which naphthalene desorbed much more rapidly than p-DCB.
The reader is referred to Appendix B for additional details related to clothing
contamination experiments.
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6.0

6.1

Exposure Assessment

Screening Model for Determining Dermal Adsorption Exposure

When worn, contaminants on clothing are available for uptake into the body by desorption and
inhalation, desorption and air-to-dermal uptake, or dermal uptake by direct contact between
fabric and skin (Wilson et al., 2010; Morgan et al., 2011; Weschler and Nazaroff, 2012). To
place the experimental results in context, a screening model was used to estimate dermal uptake
“transport to the blood” and inhalation exposure associated with wearing an article of clothing
contaminated with p-DCB and naphthalene.
Exposure by dermal uptake has been determined to be the main contributor to many
VOCs found in blood and urine samples of adults and children (Mattie et al., 1994; Weschler and
Nazaroff, 2012). In this study, the mass of p-DCB and naphthalene inhaled and uptake through
the skin was predicted. The model accounts for two different contact scenarios, 1) air gap - air to
skin contact, 2) direct contact - clothing to skin contact as depicted in Figure 15.
A recent study by Weschler and Nazaroff (2012) focused on SVOCs and the factors that
influence exposure via inhalation and dermal adsorption, along with specific physical and
chemical properties associated with these factors. According to Weschler and Nazaroff (2012)
the dermal adsorption process can be described in three steps. First, pollutants are transported to
exposed skin. Second, the pollutant partitions to the skin surface lipids. Finally, pollutant
transport through the epidermis to the dermis. The transport is due to removal by the capillary
where it is assumed that the pollutant concentration in the dermis is negligible (Weschler and
Nazaroff, 2012).
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Figure 15. Dermal exposure pathways. Direct contact – when clothing is in contact with the skin
and air gap – when clothing is not in direct contact with the skin.

6.2

Permeation of Organic Compounds from Skin to Capillaries
The extent to which p-DCB and naphthalene transports through the skin and to the blood

can be calculated using the permeation of organic compounds model (Weschler and Nazaroff,
2012). The model uses two contact scenarios; the first is described as the air gap. The air gap
represents a small gap of air that is present between the skin surface and the clothing surface.
The flux of pollutant that is transported through the epidermis to the capillaries is defined by
Equation 11:

Fgap = C gap ⋅ k p − gap

(11)
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Where Fgap is the flux from the air gap to the capillaries (µg/m2-hr), Cgap is the concentration in
the air gap (µg/m3), and kp-gap is the permeability coefficient from the gap to the capillaries
(m/hr). An important assumption made for this scenario is that the air gap concentration is at
equilibrium with the contaminated clothing.
The permeability coefficient, kp-gap, is defined by Weschler and Nazaroff (2012), as
Equation 12:

(

)

log(k p − gap ) = log(K lg ) − 0.0722 MW 2 / 3 − 5.252

(12)

Where Klg is the equilibrium partition coefficient between the skin surface lipids and the gasphase (dimensionless), MW is the molecular weight of the chemical compound (g/mol). Refer to
Table 1 in section 2.1 for molecular weight parameters. The equilibrium partition coefficient
between the skin surface lipids and gas-phase, Klg, was estimated using methods described in
Weschler and Nazaroff (2012) and Equation 13:

log(K lg ) = 0.74 log(K ow ) + log(H ) + log(RT )

(13)

Where Kow is the equilibrium partition coefficient of pollutant between octanol and water
(dimensionless), H is the Henry’s law constant (M/atm), R is the universal gas constant (0.0821
atm/M/K), and T is the skin surface temperature at 32 ⁰C (K). Refer to Table 1 in section 2.1 for
the octanol-water partition coefficient and the Henry’s law constant for each chemical.
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The second scenario involves the contaminated clothing in direct contact with the skin
surface lipids. The flux, which measures the amount of pollutant mass that is transported from
the clothing through the skin surface lipids to the capillaries is defined by Equation 14:

Fcontact = C skin−lipids ⋅ k p −lipids

(14)

Where Fcontact is the pollutant flux from the skin surface lipids to the capillaries (µg/m2-hr), Cskinlipids

is the concentration in the skin surface lipids (µg/m3), and kp-lipids is the permeability

coefficient from the clothing contact through the skin surface lipids to the capillaries (m/hr). The
permeability coefficient from the skin surface lipids to the capillaries, kp-lipids, can be calculated
as kp-gap over Klg (Weschler and Nazaroff, 2012).
Assuming that the clothing reaches equilibrium with the skin surface lipids
instantaneously, the concentration at the skin, Cskin-lipids, can be estimated using Equation 15:

C skin−lipids =

K lg
K eq

(15)

Ccloth

Where Ccloth, is the sorbed-concentration of the clothing material (µg/g), and all other parameters
were previously described. The value of Keq was obtained from experiments involving wool
which was carried out at 25 °C.
A mass balance on the clothing was completed to estimate the change in pollutant
concentration from clothing material. Equation 16 defines the mathematical model used to
estimate the clothing concentration as a function of time. The model accounts for a worst-case
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scenario and assumes that the air concentration and the clothing concentration instantaneously
reach equilibrium.

mcloth

dCcloth
E
= − − (Fgap )Acloth − gap − (Fcontact )Askin−contact
dt
2

(16)

Where mcloth is the original mass of the clothing article (g), dt is the change in time (hr), E is the
emission rate (decay rate) from contaminated clothing (μg/hr) divided by two in order to account
for the emissions released from one side of the clothing. The surface area, Acloth-gap, is the surface
area of the clothing (m2), and Askin-contact, is the skin surface area exposed to the clothing article
(m2). The surface area of the skin upper torso was assumed to be 0.515 m2 (Tikuisis et al.,
2001). The skin surface area is also defined by an additional subscript, gap and contact, to
account for differences in how fitted clothing is worn. Therefore, it was assumed that 50% was
in contact with the skin and 50% had an air gap between the skin surface and the clothing
surface.
In order to predict the amount of p-DCB and naphthalene that can transport to the
capillaries, i.e., blood, two equations are defined to account for the air-gap and direct contact
scenarios.

M pollu tan t = Fgap ⋅ Askin− gap ⋅ t

(17)

M pollu tan t = Fcontact ⋅ Askin−direct ⋅ t

(18)
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Where Mpollutant is the mass of p-DCB or naphthalene transported to the blood (μg), t is the time
of exposure (hr), which was assumed as a total of ten hours wearing the contaminated clothing,
other parameters are previously described. Table 4 summarizes all the inputs used in the skin
model.

Table 4. Model parameters used to predict dermal uptake from contaminated
wool.
Chemical
p-DCB
Naphthalene

Log Klg (—)
3.4
3.9

Keq (m3/g)

kp-gap (m/hr)

kp-lipids (m/hr)

0.005
0.025

1.96x10-6
2.95x10-6

Wool
0.01
0.02

Results from the skin to capillaries model are described herein. Given the model
presented above, the numerous assumptions made, and the ten hour wearing scenario, the mass
transported from a contaminated wool sweater to the blood was 15 µg of p-DCB and 20 µg of
naphthalene. The majority of the products available as moth repellents, whether it is p-DCB or
naphthalene, are commonly used to protect wool sweaters from moths, suggesting that dermal
uptake of these pollutants is likely. However, it is not common for wool to be in direct contact
with the skin.

Individuals that wear wool, often wear an undershirt as wool can be an

uncomfortable textile. Therefore, the undershirt would act as a layer of resistance and decrease
dermal uptake-exposure.
The flux from direct contact was not significantly different than the flux through the air
gap. A possible explanation for this is likely due to the retention of pollutant in the skin surface
lipids, where transport to the blood is substantially lower.
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To compare the results predicted from the skin model, chemical concentrations in blood
were estimated. The average human body contains five liters of blood (Starr and Starr, 1989).
The blood concentration can be estimated for the individual wearing contaminated wool clothing
during a ten hour period by using the mass of pollutant transported to the blood and dividing by
the volume of blood, assuming slow transformation of the chemical in the body.
The blood concentration over the ten hour exposure period was predicted to be 3 µg/L
and 4 µg/L for p-DCB and naphthalene, respectively. Hill et al. (1995) measured mean blood
concentrations of p-DCB in adults in residential environments of 2.1 µg/L; maximum values
were as high as 49 µg/L. Kamal et al. (2011) measured the naphthalene blood concentrations of
workers in an occupational environment (mechanic shop) and found that the concentration in
blood ranged from 54 µg/L to 980 µg/L. The predicted p-DCB blood concentration agrees with
the measured blood concentrations by Hill et al. (1995). The predicted naphthalene blood
concentration was much lower than the measured blood concentrations reported by Kamal et al.
(2011). A reasonable explanation for the differences in the measured values and the predicted
values is due to the occupational environment, where concentrations of pollutants may have been
much higher than what is reported in residential environments and may have also been affected
by tobacco smoking.

Also, measured blood concentrations usually account for inhalation,

ingestion, and dermal exposure, for which the predicted values only account for dermal uptake to
the blood.

6.3

Screening Model for Determining Inhalation Exposure

An additional exposure scenario was considered for which the thermal plume that is generated
due to warm body temperature, which forces airflow from the lower torso up to the breathing
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zone. Rim and Novoselac (2009) studied the flow patterns around a thermal manikin and found
that the degree of pollutant inhalation is larger than ambient concentrations when the source is
positioned near the floor. Clothing usually sits lower than the breathing zone, and therefore a
contaminated clothing article can potentially increase inhalation exposure during the period
when clothing is worn.
In order to calculate the extent of inhalation exposure from a contaminated sweater,
Equation 19 was used to estimate the concentration at the breathing zone by the contribution of
contaminated clothing assuming steady state conditions.

 E 

Cbz = Cr + 
Q
 bl 

(19)

Where Cbz is the pseudo steady-state concentration in the breathing zone (µg/m3), Cr is the air
concentration of the room (µg/m3), Qbl is the near body (boundary layer) volumetric flow rate
(m3/hr), and E is the emission rate from the contaminated clothing (µg/hr). The boundary layer
volumetric flow rate was calculated using the reported air speed and front torso surface area
calculated by Rim et al. (2009), (near skin air speed - 0.07 m/s). The concentration in room was
assumed to be zero.
An individual’s inhalation exposure can be estimated using equation 20. An important
assumption made here is that the mass inhaled is entirely transported to the blood, i.e., none is
exhaled after inhalation.
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t

M inh = ∫ Qb Cbz dt

(20)

0

Where Minh is the contaminant mass inhaled (µg) and Qb is the breathing rate (m3/hr). The mean
breathing rate of an adult human is 24 L/min (Rodriquez, 2012).

It is also assumed that

background concentrations of each chemical are negligible.
The predicted masses inhaled when contaminated wool (level of contamination consistent
with experiments described in this dissertation, i.e., 83 mg of p-DCB and 58 mg of naphthalene)
is worn for 10 hours were 4.6 µg and 3.8 µg of p-DCB and naphthalene, respectively. Predicted
inhalation masses are lower than those predicted for dermal uptake.
The mass inhaled from wearing a contaminated wool sweater can be replaced in the
context of equivalent indoor concentrations. Assuming there is a 300 m3 home with an air
exchange rate of 0.5 hr-1, the indoor concentration can be calculated assuming well-mixed
steady-state conditions in the house (refer to Equation 4 in Section 3.3). In order to inhale the
same amount of mass of naphthalene while wearing a contaminated sweater for ten hours, the
concentration in the room air would need to be 1.6 µg/m3. Many studies have reported similar if
not higher (> 1.6 µg/m3) naphthalene concentrations found in homes and closets (Jia and
Batterman, 2010; Guerrero and Corsi, 2012).
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7.0

7.1

Summary and Conclusions

Summary and Limitations

p-Dichlorobenzene and naphthalene are important indoor air pollutants.

Studies show that

amongst common volatile organic compounds (VOCs) found indoors, p-DCB is the only one to
cause significant short-term decreases in pulmonary function (Elliott et al., 2006). Children
generally have significantly higher blood levels of p-DCB and naphthalene than adults living in
similar households (Hill et al., 1995; Wilson et al., 2003). The dominant exposure pathway for
p-DCB and naphthalene is inhalation, and exposure is dominated by the occurrence of p-DCB
and naphthalene in indoor environments. Major sources of p-DCB and naphthalene in homes
include moth repellents, deodorizers, and air “fresheners.” These products generally contain
pure p-DCB or naphthalene.
Laboratory and test house experiments involved an analysis of four different products
(closet air freshener, toilet deodorizer, moth crystals, and mothballs) to determine emissions of pDCB and naphthalene. Emissions were measured by gravimetric changes in the product over
time. Mean emission rates varied from 56 mg/hr (moth crystals) to 300 mg/hr (toilet bowl
deodorizer) for p-DCB products. Mean emission rates for naphthalene products were only 2
mg/hr (individual mothballs) and 10 mg/hr (mothball box).

In the case of the toilet bowl

deodorizer (a fully exposed product) emission rates were twice those of the closet air freshener at
the beginning of an experiment.
Mathematical modeling was used to predict p-DCB and naphthalene concentrations and
cancer risks for a 300 m3 home. Cancer risks for p-DCB and naphthalene were predicted using
conventional risk assessment protocols. Super user (home with 3 emitting p-DCB products)

58

risks are comparable to risks in homes where radon exceeds action levels by a factor of five (US
EPA, 2008). The cancer risks due to inhalation of naphthalene in homes at an air exchange rate
of 0.5 hr-1 were predicted to be 1,160 per million and 280 per million for the moth box and single
mothball, respectively. The risks reported assume that the individual spends the majority of the
time indoors and exposed to p-DCB and naphthalene products.
The sorbed-phase concentrations of p-DCB and naphthalene products and different
clothing materials were studied. Polyester was the most adsorbent material for p-DCB and
naphthalene, while cotton was the least adsorbent. Although this study involved experiments on
three different fabric types, there are many other types used in clothing and furnishings and
sometimes as mixed fabrics, i.e., 50% rayon and 50% polyester.
Pollutant desorption was observed to be a very slow process for wool fabrics, and
relatively rapid for cotton fabrics. However, the temperature was not controlled and the relative
humidity was only controlled below 50%. Environmental conditions inside the closet were not
measured while the cloth specimens were inside.
Dermal and inhalation uptake when a person wears contaminated clothing was predicted
using a mathematical model. Dermal uptake is predicted to dominate the exposure pathway
when wearing a contaminated wool sweater. However, the model used in this study did not
account for the kinetics involved with the air boundary layer adjacent to clothing. The effects of
temperature and relative humidity were not included in the dermal and inhalation uptake
calculations. Other clothing fabrics that can act as barriers, e.g., cotton underneath wool, were
not considered in the exposure analysis presented in this dissertation.
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7.2

Conclusions

The potential for consumer products to directly affect human exposure through indoor
concentrations and contaminated clothing is evident based on the results presented in this
dissertation. Understanding the mechanistic behavior of such products can help in reducing
human exposure to toxic pollutants in buildings. The following conclusions stem from this study.
•

Emission rates of p-DCB and naphthalene from common consumer products vary largely
due to factors that affect the fundamental parameters described by Equation 1 (exposed
area, nature of kg). Emission rates for naphthalene products are considerably lower than
products containing p-DCB due to naphthalene’s lower vapor pressure.

•

Product packaging can substantially affect p-DCB and naphthalene mass transfer
coefficients and, thus, mass emission rates. Mass transfer coefficients depend on the
surface area of the product, air speed adjacent to the products, and the resistance created
by individual packaging of each product.

•

Single product sources of p-DCB and naphthalene can easily expose occupants to high
indoor concentrations of p-DCB and naphthalene. p-Dichlorobenzene and naphthalene
concentrations easily exceed 50 µg/m3 for single products in a home, and can exceed
thousands to tens of thousands of µg/m3 when multiple products containing p-DCB and
or naphthalene are used. At an air exchange rate of 0.5 hr-1, the predicted concentrations
of p-DCB were higher than the p-DCB odor threshold through the use of one toilet bowl
deodorizer and one closet air freshener for single product usage.

•

Very few environmental cancer risks come close to the predicted cancer risks associated
with individual products containing pure p-DCB or naphthalene. A worst-case scenario
was assumed to involve all three p-DCB products tested continuously and replaced as
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consumed. A 20,000 per million cancer risk at an air exchange rate of 0.5 hr-1 was
estimated.
•

A comparison of product-specific and whole-house emission rates suggests that between
2% and 12% of homes in the RIOPA study had active sources of p-DCB and 5-15% had
active sources of naphthalene. Of three cities in the RIOPA study, Los Angeles had the
lowest percentage of homes for each chemical source, possibly because of a requirement
to list associated products as containing toxic or carcinogenic substances.

•

Polyester is a relatively adsorbent fabric for p-DCB and naphthalene, while cotton is a
low sorbing fabric. The amount of mass that adsorbs to fabric materials can increase
exposure to pollutants over long periods of time. Both p-DCB and naphthalene desorbed
from wool and polyester at very slow rates, with half-lives of 12 to 20 days after a moth
repellent is removed from the clothes storage environment.

•

Contaminated clothing can dominate dermal uptake exposure of pollutants. In particular,
the dermal uptake analysis showed that wool can contribute measureable amounts of
mass transported to the blood from p-DCB and naphthalene.
The aim of this study was to present the impact of moth repellents and deodorizers, which

are found in pure form, on indoor concentrations and clothing contamination. Based on the
results presented here, pollutants such as p-DCB and naphthalene pose a potentially significant
adverse health effect when used indoors and when clothing is present.
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7.3

Recommendations and Future Research

The information presented in this dissertation suggests that any moth repellent can yield high
concentrations of chemicals that are possible human carcinogens, and thus their use should be
avoided. If they are to be used, they should be placed in well-ventilated environments, which
may reduce the effectiveness of their intended outcome (moth repellent). In terms of clothing
decontamination, a reasonable solution would be to air-out the fabric before use or to place the
contaminated fabric in a dryer to increase the desorption rate and achieve lower sorbed-phase
concentrations.
Additional research is needed to ascertain product usage patterns, variations in products,
and integrated p-DCB and naphthalene concentrations in “product user” homes over prolonged
periods of time. The effects of indoor losses, such as adsorption, on exposure and cancer risks
remain an area for future study. Additional knowledge related to adsorption and desorption of pDCB and naphthalene to and from other types of clothing, and the effect of temperature and
relative humidity on contamination of and desorption from clothing fabrics should be studied.
Understanding dermal uptake in which all environmental parameters are accounted for would
enhance the understanding of dermal uptake.
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8.0

Appendix A – Emissions of p-Dichlorobenzene and Naphthalene from
Consumer Products

Emissions of p-Dichlorobenzene and Naphthalene from Consumer Products

Priscilla A. Guerrero and Richard L. Corsi
Department of Civil, Architectural, and Environmental Engineering, University of Texas at
Austin, Austin, Texas 78712 USA.
Dr. R.L. Corsi supervised the research project.

INTRODUCTION
p-Dichlorobenzene (p-DCB) and naphthalene are used indoors as moth repellents, toilet
bowl deodorizers, and in the case of p-DCB, sometimes even as room air fresheners. Related
off-the-shelf consumer products are typically close to pure chemical (>99%), thus leading to
potential for high emission rates and gas-phase concentrations in indoor environments where
such products are used.
Inhalation exposure to p-DCB or naphthalene can lead to adverse health effects. For
example, elevated exposures to p-DCB have been linked to increases in white blood cell counts
in humans (Hsiao et al., 2009). Of 11 VOCs in the blood of 953 human adults who participated
in the National Health And Nutrition Examination Survey (NHANES), only p-DCB led to
decreases in pulmonary function (Elliott et al., 2006). Chronic toxicity testing in mice and rats
exposed to p-DCB by inhalation led to malignant tumors in the livers of mice and hyperplasia in
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the kidneys of rats (Aiso et al., 2005). Elevated exposures to naphthalene can lead to damage or
destruction of red blood cells (Lu et al., 2009).
The potential cancer risks associated with inhalation exposure to p-DCB or naphthalene
have been studied (Hun et al., 2009; Loh et al., 2007; Logue et al., 2011). Based on personal
exposure concentrations measured during the Relationships of Indoor, Outdoor, and Personal Air
(RIOPA) study, Hun et al. (2009) estimated upper-tertile cancer risks associated with inhalation
exposure to p-DCB. Cancer risks for p-DCB exceeded those of 12 other VOCs that were
studied, were greater for Hispanic than white participants, and exceeded 10-3 in two of three
RIOPA cities. The 90th percentile cancer risk associated with p-DCB amongst 46 high school
students in New York City and 41 high school students in Los Angeles were greater than or
equal to 10-3 in each city. p-Dichlorobenzene accounted for between 65% and 75% of total
cancer risk amongst 13 other contaminants that were measured (Sax et al, 2006). Loh et al.
(2007) compared cancer risks based on personal exposures in different microenvironments and
ranked naphthalene 9th amongst 19 carcinogenic air pollutants. Logue et al. (2011) identified
chronic and acute chemical contaminants found in U.S. homes. Of the 31 chronic chemical
hazards, nine were identified as priority chemical pollutants found in U.S. residences, including
p-DCB and naphthalene.
Consumer products that contain nearly pure p-DCB and naphthalene are generally
available to most of the U.S. population as off-the-shelf products; approximately five million
pounds of p-DCB are sold to U.S. consumers each year, primarily as moth repellents (EPA,
2008). A better understanding of mass emissions from these products would be valuable to
facilitate inhalation exposure and risk predictions for specific scenarios or population risk
assessments. In this paper, mass emission rates of p-DCB and naphthalene from four common
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consumer products are presented. Products were tested in well-ventilated walk-in laboratory
chambers and in more typical use locations, including closets in a test house and in a garment
bag.

Emission rates derived experimentally for single consumer products are compared with

whole-house p-DCB and naphthalene emission rates from past field studies.

EXPERIMENTAL METHODS
Testing involved four off-the-shelf products placed in several environments with
measured environmental conditions. Descriptions of products, test locations, environmental
conditions, and experimental methods are provided below.

Product types, locations and

environmental conditions are listed in Tables 5 and 6 for products that contain p-DCB and
naphthalene, respectively.

Products Tested
Three different products containing p-DCB (closet air freshener, toilet bowl deodorizer,
and container of moth repellent crystals) and one containing naphthalene (box of mothballs)
were purchased from a retail store in Texas. The products that were tested in this study are from
the largest manufacturer of such products in the United States and are sold through several major
retail chains in the United States. According to the manufacturer, each product contained 99% or
more of p-DCB or naphthalene by weight.
The closet air freshener consisted of two moth tablets (cakes) housed inside a plastic
casing with slotted openings. Two different areas for this product are listed in Table 5, one for
the collective slot openings and a second for the actual cakes inside the casing. The toilet bowl
deodorizer consisted of one moth tablet (without casing) held by an aluminum wire to facilitate
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placement on toilet bowls. Moth crystals were contained within a cylindrical storage container
with its lid removed for experiments. The area listed in Table 5 for this product is the crosssectional area of the storage container.
Mothballs were tested two different ways, as a top-open box of 120 mothballs and as
individual mothballs. The box of mothballs was rectangular and the top of the box was open
during testing. The area listed in Table 6 for this product is the cross-sectional area of the box.
The individual mothballs were placed on a tray.
With the exception of the container of moth crystals and box of mothballs, for which
surface area was taken as the cross-sectional area of the container or box, product surface areas
were determined every time that a product was weighed, and in each case multiple measurements
were made of the same dimension and averaged. The surface areas of each product were
determined by measurement of product dimensions (diameter, thickness, etc.) using Vernier
calipers (Central Tool Company, No. 6421, ± 0.1 mm precision).

Test Locations
Products were placed in one or two of five different test locations. Specific locations for
each product are listed in Tables 5 and 6. The characteristics of each location are described
below.
Chambers 1 and 2 were each negatively pressurized, ventilated walk-in laboratory
chambers. Chamber 1 had dimensions of

2.4 m (width) x 1.8 m (depth) x 2.5 m (height).

Chamber 2 had dimensions of 2.4 m (width) x 1.8 m (depth) x 2.8 m (height). The closet air
freshener was suspended on a clothing rack 1.5 m above the floor in the middle of chamber 1.
Chamber 2 was used to test four different products. The toilet bowl deodorizer was hung on the
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inside rim of a container used to simulate a toilet. The container rim was 0.5 meters above the
floor near the middle of the chamber. The cylindrical container of moth crystals was placed in
the middle of the chamber, 1 m above the chamber floor. The box of mothballs was placed on a
small table in the middle of the chamber, 0.5 m above the chamber floor. Mothballs were placed
on an aluminum tray 0.5 m above the floor in the middle of the chamber.
To evaluate emissions from mothballs in a location where they are commonly used, three
mothballs were also placed inside a polyethylene vinyl acetate garment bag with dimensions of
0.38 m (width) x 0.52 m (depth) x 1.2 m (height). The garment bag was suspended on a clothing
rack in chamber 3. Chamber 3 was a positively pressured and ventilated walk-in laboratory
chamber with dimensions of 2.4 m (width) x 1.8 m (depth) x 2.4 m (height).
To evaluate emissions from products that are often used in closets, three products were
tested inside two different bedroom closets in a 3 bedroom/2 bath unoccupied test house at the
University of Texas at Austin. The test house has a floor area of 111 m2 and a volume of 275
m3. Products made of p-DCB were placed in closet 1, located in a master bedroom. Closet 1 had
dimensions of 4.3 m (width) x 0.64 m (depth) x 2.5 m (height). The master bedroom had
dimensions of 3.49 m x 4.01 m x 2.64 m (height). The closet air freshener was suspended from a
horizontal clothing pole in closet 1. Moth crystals were placed on an elevated shelf 1.7 m above
the closet floor. A box of mothballs was placed on a shelf 1.7 m above the floor in closet 2,
located in a second bedroom. Closet 2 had dimensions of 1.9 m (width) x 0.64 m (depth) x 2.8 m
(height). The adjacent bedroom had dimensions of 3.41 m x 3.84 m x 2.64 m (height). For all
closet experiments the door remained closed except when samples were removed for gravimetric
and area measurements.

Doors remained open for less than 30 seconds as products were

removed and later replaced.
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Environmental conditions for each test location are listed in Tables 5 and 6. Specific
measurement methods are described in the next section.

Experimental Measurements
A total of 17 experiments were completed: nine experiments with different combinations
of product/location and triplicate experiments for four combinations. In addition to gravimetric
measurements, air samples were collected at each test location and environmental conditions
were measured as described below.

Environmental Conditions. Temperature (T) and relative humidity (RH) in the test environments
were measured continuously and data logged (TSI, Q-Track 8550/8551 for laboratory chambers
and Onset HOBO U12 for test house experiments). Air speeds were measured intermittently for
30 minute periods (twice for each test house closet and between 7 and 39 times for product
analyses in laboratory chambers) using a hot-wire anemometer (Sensor Electronic &
Measurement Equipment, HT-428) 3 cm from the source. The anemometer accuracy was ±0.02
m/sec.
The mean temperature, RH, and air speed measurements for each product/location
combination are shown in Table 5. Over the course of experiments the air temperature was
reasonably consistent with ranges in typical U.S. homes with centralized heating and air
conditioning systems. However, there was generally greater variability in temperature in the test
house closets than laboratory chambers. Mean air speeds in test chamber environments were
reasonably consistent with those in residential homes (Matthews et al., 1989). Air speeds near
products were always lower in the more isolated (less ventilated) closet environments than in test
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chambers.

Air speed measurements were not made in the garment bag in order to avoid

disruption of experimental conditions for extended periods. However, air speeds were likely
quite low as the zipper on the bag was kept closed except when opened quickly to remove
mothballs for purposes of weighing and diameter measurements.
The air exchange rates (AERs) for chambers 1 and 2 and closets 1 and 2 were also
determined, although only once over the course of experiments. For laboratory chambers 1 and
2, a seven-point traverse with a hot-wire anemometer was used to measure air speed across the
exhaust vent with multiplicative area weighting to determine volumetric flow rate. The AER
was determined by dividing this flow rate by the chamber volume.
Air exchange rates between closets and adjacent bedrooms were determined by injecting
and monitoring the decay of carbon dioxide (CO2) inside the closets.

Carbon dioxide was

injected into each closet from a 10-L Tedlar bag placed in the closet and filled with pure CO2.
The bag was connected to a high volume air sample pump (Gilian AirCon- 2) that exhausted CO2
at 10 L/minute. For the wider closet (closet 1), CO2 was released through a perforated TygonTM
tube that stretched from one side of the closet to the other in order to distribute the CO2
throughout the closet. To ensure mixing of CO2 in closet 1, three 12 VDC computer fans were
distributed across the closet and activated during the time that CO2 was emptied from the bag
and for five minutes thereafter. For closet 2, a box fan was used for one minute after CO2
injection to ensure appropriate mixing of CO2 prior to initial concentration measurements.
Closet doors were closed during injection and measurement of CO2.

Carbon dioxide was

measured in closets and adjacent bedrooms using non-dispersive infrared detection instruments
(Telaire Model 7001 CO2 sensor) connected to data loggers that also recorded air temperature
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and relative humidity (Onset HOBO U12). Air exchange rates were determined by a best-fit of
experimental data to eq 21, which is obtained by a mass balance on the closet environment:

 C (t ) − C out 
− ln 
 = −λt
 C (t = 0) − C out 

(21)

Where C(t) is CO2 concentration (ppm) in the closet at time t (hr), C(t = 0) is the initial CO2
concentration (ppm) in the closet at 5 minutes after complete injection of CO2 from the Tedlar
bag, Cout is the CO2 concentration (ppm) in the adjacent bedroom, and λ is air exchange rate in
hr-1.

For each experiment all windows in bedrooms were closed and the test house was

unoccupied to avoid issues with expired CO2.

Gravimetric Analyses. A total of 105 gravimetric measurements were made during this study to
quantify changes in mass emission rates over time. The average mass emission rate over a time
period Δt was simply taken as the ratio of change in mass to Δt. Gravimetric measurements were
made every three to seven days for products that contained p-DCB and every one to four weeks
for products containing naphthalene.
Three-quarters of gravimetric measurements were made with both a triple beam
laboratory balance (Ohaus 2610) with an accuracy of ±100 mg and a digital laboratory balance
(Acculab VA Series 16,000) with an accuracy of ±500 mg. These two methods were shown to
be equivalent (Wilcoxon signed-rank test on paired measurements, α = 0.05). The remaining
25% of measurements were made using the digital balance, which was more appropriate for field
tests. Laboratory chamber tests involving the product of lowest mass, mothballs (mean mass =
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3.5 g), were completed only with the triple beam balance, with preliminary comparison and
method validation using an electronic balance (A&D Electronic Balance ER-180A) with ± 0.1
mg accuracy. Balance testing was performed with a standard weight before every measurement
and, if needed, balances were re-calibrated prior to measurement.

Gas-Phase Concentrations. In order to verify that p-DCB or naphthalene did not accumulate to
levels in air that would affect product emission rates, concentrations of p-DCB and naphthalene
were collected using glass adsorbent tubes (SISS, Tapered/Frit 3 mm inside diameter) packed
with Tenax-TA (80/100 mesh size) and connected to an air sample pump (SKC, Inc., Pocket
Pump 210 Series). For laboratory chamber experiments, samples were collected approximately
mid-way through each experiment. Air samples were collected from the chambers for 10-15
minutes at a sample flow rate of 82 cm3/minute. Air samples were also collected from the closet
where products were placed as well as in adjacent bedrooms in the test house. This allowed for
determination of realistic concentrations in rooms within an actual house where products are
used. Air samples in the closet and adjacent bedrooms were collected for 3-5 minutes at a
sample flow rate of 20-40 cm3/minute. A total of four paired measurements (closet + adjacent
bedroom) were made over the course of each closet/product experiment.

A single measurement

was made approximately 20 cm above mothballs in the garment bag using a sample time and
flow rate similar to those used in the closet. To avoid keeping the zipper open on the garment
bag during sampling, a small hole was made in the garment bag through which the sample tube
and tubing were inserted. The hole was sealed with Teflon tape secured externally with duct
tape after sample collection.
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Adsorbent tubes were analyzed using thermal desorption with a programmable largevolume injector (ATAS Optic 2) followed by gas chromatography (Agilent 6890) with flame
ionization detection (TD/GC/FID). The gas chromatograph was equipped with a RESTEK, Rxi5Sil MS capillary column (30 m, 0.25 mm ID; 0.5 μm film thickness). All analyses were
completed with a 10:1 split ratio. The injector temperature was ramped at 10˚C/sec from 60˚C
(initial injector temperature) to 280˚C for an 18.5 minute desorption process. The oven
temperature program was as follows: initial temperature of 50˚C for two minutes, ramp at
15˚C/min to 280˚C, hold for one minute at 280˚C. The GC-FID was calibrated using a sevenpoint external calibration curve for p-DCB (R2= 0.999) and for naphthalene (R2= 0.998) with
periodic mid-point checks to assure continued calibration within a 15% tolerance. Calibration
standards were prepared in high-purity methanol. A range of 2-10 μL of standard solution was
removed using a glass syringe and injected onto an adsorbent tube followed by a 20 minute
nitrogen gas purge prior to analysis. Quality assurance tests using two adsorbent tubes in series
indicated no breakthrough of either p-DCB or naphthalene during the nitrogen purge.
Adsorbent tubes were thermally pre-conditioned by running through a normal GC
analysis sequence as described above prior to use during experiments; this also allowed an
assurance of non-detectable amounts of naphthalene and p-DCB on conditioned tubes. Safe
volume adsorbent breakthrough tests were completed for both naphthalene and p-DCB by
passing known volumes of fixed concentrations of air drawn from a Tedlar bag through tubes
prior to the experimental program. Sample volumes during experiments were always less than
1% of maximum safe sample volumes. Lower detection limits (LDLs) were determined using
standard USEPA methods with seven replicate samples near expected detection limits (EPA,
1999). Values of LDL on a mass basis were 0.35 ng and 0.23 ng for p-DCB and naphthalene,
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respectively. Normalizing by the lowest volumes collected in this study, the maximum LDLs for
p-DCB and naphthalene were 6.5 µg/m3and 4.3 µg/m, respectively. These LDLs are 1 to 3
orders of magnitude lower than mean concentrations measured when moth repellent products
were present during this study. Blank adsorbent tubes were also analyzed for each set of
samples. Neither p-DCB nor naphthalene was ever detected on blank tubes.

Mass Transfer Coefficients. Differences in mass emission rates between products and the
locations where they were placed during experiments can be explained by single-film mass
transfer theory as defined by eq 22:
E = k g (C gi − C g ) A

(22)

Where E is the emission rate of p-DCB or naphthalene (mg/hr), kg is a mass transfer coefficient
(m/hr), Cgi is the concentration in air at the interface of a source (mg/m3), Cg is the concentration
in room air (mg/m3), and A is the exposed (to air) surface area of product (m2). For this study, eq
22 was inverted to solve for kg for each product, measurement period, and location.

Whole-House Emission Rates. Experimental emission rates for p-DCB and naphthalene were
compared with whole-house emission rates calculated based on data from approximately 308 and
57 non-smoking homes, respectively, in the RIOPA study (HEI, 2008). Whole-house emission
rates for p-DCB and naphthalene were determined in accordance with eq 23:

Ei = λi Vi (C inside ,i − C outside ,i )
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(23)

Where Ei is the emission rate for home i in the RIOPA study (mg/hr), λi is the air exchange rate
for home i (hr-1), Vi is the interior air volume for home i (m3), Cinside,i is the time-averaged indoor
concentration of p-DCB or naphthalene (mg/m3) in home i, and Coutside,i is the time-averaged
outdoor concentration of p-DCB or naphthalene (mg/m3) for home i. The RIOPA study involved
households in Elizabeth (New Jersey), Houston (Texas), and Los Angeles (California).
Measurements were made using passive samplers over 48-hour periods. Air exchange rates and
interior volumes were measured for each home. While other researchers have measured p-DCB
and naphthalene concentrations in homes, the few published papers on this subject often lack one
or more of the parameters needed in eq. 23. Because of this we focus only on results from the
RIOPA study for purposes of comparison with experimental results presented herein.

RESULTS AND DISCUSSION

Mass Emission Rates
Mass emission rates for p-dichlorobenzene are shown in Figure 16.

The toilet bowl

deodorizer in laboratory chamber 2 exhibited the highest mean initial emission rate at 400 mg/hr
but decayed rapidly over a 15 day period. The relatively rapid reduction in emission rate for this
source coincided with a reduction in product surface area as p-DCB sublimated from the solid
product.
Relatively high initial emission rates from toilet bowl deodorizers may lead to high
concentrations in bathrooms, particularly if a ventilation fan is not used. Djohan et al. (2007)
studied p-DCB concentrations in three homes in Brisbane, Australia. Two of the homes used p-
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DCB deodorant blocks in bathrooms while the other did not use any deodorant. Concentrations
observed in bathrooms of homes that used p-DCB blocks were as high as 871 μg/m3. Ventilation
conditions were not described by Djohan et al. (2007).
The p-DCB emission rate from the cylindrical box of moth crystals placed in chamber 2
decayed slightly in just more than five weeks, but were sustained at approximately 50 mg/hr over
most of the test period. Emissions from the same product placed in closet 1 of the test house
were lower by a factor of 2 to 4. This reduction was likely due to a decrease in air speeds within
the closet relative to the laboratory chamber, as explained later in this paper. Based on the initial
mass of moth crystals and emission rates during test house experiments, the lifetime of this
product would exceed two years.
Mean emission rates from the closet air freshener increased slightly over time in
laboratory chamber 1, but were generally in the range of 130 to 150 mg/hr over the test period.
Emissions from the same product placed in closet 1 of the test house had greater variation (from
125 to over 200 mg/hr), but on average were close to the final emission rate of 150 mg/hr for the
chamber experiment. The greater variation in emissions from the closet air freshener in the test
house closet were likely due to greater variations in air temperature, as explained later in this
paper. Based on the initial mass of moth cakes and emission rates during laboratory chamber
and test house experiments, the lifetime of this product would be longer than 7 to 8 weeks;
reductions in emissions as the cake area decreases would prolong emissions.
Shinohara et al. (2008) tested p-DCB emissions from a hanging deodorizer with a cake
similar in mass to those used in this study, and also held in a slotted plastic casing. The product
was placed in a dynamic (flow through) chamber at 25 oC and emissions were determined based
on gravimetric measurements. They observed an emission rate of 350 mg/hr, more than twice
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the mean emission rate observed for the closet air freshener in this study. The higher emission
rate might have been due in part to a slightly higher experimental temperature than used in this
study. Shinohara et al. did not provide information about the slotted openings on the plastic
casing of the product they tested, which might have also caused differences in emission rates
between their product and the closet air freshener tested in this study.
Mass emission rates for naphthalene are shown in Figure 17. Emissions from the box of
mothballs in laboratory chamber 2 varied between approximately 8 and 12 mg/hr over a nearly
three month period. The same product placed in closet 2 of the test house exhibited emissions
similar to that in the chamber initially but decreased over time for most of the test period. Based
on the initial mass of naphthalene in the box of mothballs and the emission rates observed in this
study, the lifetime of this product would be over five years, particularly if placed in a closed
closet.

Emissions from individual mothballs in laboratory chamber 2 varied slightly around 2

mg/hr, but decayed from approximately 1.5 mg/hr to less than 0.2 mg/hr in a garment bag over
the test period. Based on mass balances and regression analyses on several homes, Van Winkle
and Scheff (2001) estimated a naphthalene emission rate of 0.68 mg/hr for mothballs. Their
analysis could not account for age of mothballs but was generally within the range of our
observations for mothballs placed in a garment bag. Jo et al. (2008) completed small chamber
experiments with temperatures and air speeds similar to those used in this study to determine
mass-normalized naphthalene emission rates for moth repellents of 0.16 to 0.19 mg/g-hr. For
comparison, the mean (± standard deviation) mass normalized emission rate for mothballs in this
study was 0.73 ± 0.09 mg/g-hr for laboratory chamber experiments, roughly a factor of four
greater than reported by Jo et al (2008). The difference in the results of Jo et al. (2008) and this
study cannot be fully explained, but may have been due to a large naphthalene mass per chamber
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volume used by Jo et al. (2008). This may have led to much higher concentrations in the
chamber headspace and a reduction in the concentration driving force, as described by eq. 22.
The box of mothballs and container of moth crystals placed in a test house closet, and
individual mothballs placed in a garment bag, had lower time-integrated emission rates than
similar products placed in laboratory chambers.

In theory, this could be due to a lower

concentration driving force, (Cgi – Cg) in eq 22, caused by chemical accumulation in the more
poorly ventilated closet and garment bag environments.

However, the mean p-DCB

concentration in closet 1 when moth crystals were present (Cg = 28 mg/m3) was only 0.2% of the
mean saturation concentration during the test period (Cgi = 13 g/m3 based on application of
Antoine’s equation and constants at experimental temperatures (NIST, 2011)).

The

concentration of naphthalene above mothballs in the garment bag (Cg = 13.7 mg/m3) was 3% of
the mean saturation concentration (Cgi = 460 mg/m3 based on application of Antoine’s equation
and constants at experimental temperatures (Tevault et al., 2009)).

Similar results were

observed for naphthalene emitted from the box of mothballs in closet 2 (0.3 % of saturation) and
p-DCB emitted from the closet air freshener in closet 1 (0.2 % of saturation). For laboratory
chamber experiments the measured gas-phase concentrations of both p-DCB and naphthalene
were less than 0.05% of the saturation concentration for all products. As such, reductions in the
concentration driving force are not a plausible explanation for reductions in emissions when
products are moved from laboratory chambers to test house closets.
Mean mass transfer coefficients varied over an approximate factor of four for products
that contained p-DCB and a factor of five for products that contained naphthalene (Table 7).
The maximum mass transfer coefficient was for individual mothballs, an outcome reflective of
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enhanced mass transfer over smaller areas without well-developed boundary layers (Morrison et
al., 2006).
Chang and Krebs (1992) used p-DCB moth cakes in a test house.

Mass transfer

coefficients ranged from 2.3 to 5.4 m/hr for cakes placed on a shelf, floor, stand, and wall. This
range is in good agreement with the mass transfer coefficients found in this study for the exposed
toilet bowl deodorizer.
Product packaging played a major role in reducing mass transfer from products. For
example, the distance of moth crystals from the lip of the container was much greater than that of
mothballs from the lip of the box, thus increasing the diffusion pathway and reducing kg.
Similarly, the p-DCB mass transfer coefficient for the closet air freshener was a factor of three
less than kg for the toilet bowl deodorizer during laboratory experiments. This was likely due to
the plastic casing that added resistance to the otherwise boundary layer resistance.
Shinohara et al. (2008) also reported on the importance of packaging resistance for
products that emit p-DCB. Had the mass transfer coefficient for the closet air freshener been
based on the area of slots on the plastic casing, kg would have increased by a factor of four to 5.2
(± 0.74) m/hr, reasonably consistent with the upper bound kg reported by Chang and Krebs
(1992).
For three of the four products kg was substantially reduced when placed in a test house
closet or garment bag. The p-DCB mean mass transfer coefficient for the container of moth
crystals placed in a closet was a factor of 2.3 lower relative to kg in the laboratory chamber. For
the box of mothballs the naphthalene mean kg for laboratory experiments was reduced by a third
when placed in a closet. For individual mothballs the mean kg was reduced by over a factor of
five when placed in a garment bag.
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The one product for which the mass transfer coefficient did not change appreciably from
laboratory chamber to test house was the closet air freshener.

This is likely due to total

resistance to mass transfer being dominated by packaging (casing) resistance, which should not
be affected by reduced air speeds in the closet.
The Reynolds numbers for air flow around test products indicate that laminar boundary
layers existed for both chamber and test house experiments. For such cases it can be shown that
for similar air temperatures and product dimensions, the ratio of mass transfer coefficients should
be equal to the square root of the ratio of free stream air speeds (Morrison et al., 2006). For the
box of moth crystals the ratio of mean mass transfer coefficients between the laboratory chamber
and test house closet was 2.34 and the ratio of the square root of mean air speeds between the
two environments was 2.35. As such, it appears that differences in air speed were responsible
for differences in mass transfer coefficients. The relationship was not as clear for the box of
mothballs. For this naphthalene source the ratio of mean mass transfer coefficients between the
laboratory chamber and test house closet was 1.48 and the ratio of the square root of mean air
speeds between the two environments was 1.26.
Typical indoor variations in air temperature can cause variations in chemical emissions
by affecting Cgi, and to a much lesser extent kg, in eq 22. For example, the Cgi of p-DCB is
reduced by 40% with a decrease in temperature from 25 oC to 20 oC. The variations in p-DCB
emissions from the closet air freshener placed in closet 1 were generally consistent with
temperature variations in the closet. The mean emission rate early on in the experiment varied
around 175 mg/hr at 24 oC. The emission rate was reduced to as low as 125 mg/hr when the
temperature dropped to 17 oC, and then increased when the temperature increased to 24 to 25 oC.
Using 24 oC and 17 oC as before and after temperatures, the ratio of before and after emission
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rates was 1.41, while the ratio of before and after saturation concentrations of p-DCB was 1.56.
Similarly, the general decrease in naphthalene emissions from the box of mothballs in closet 2
coincided with an early maximum temperature as high as 27 oC with fluctuations around 25 oC
followed by reductions in temperature to fluctuations around 21 oC with a minimum of 15 oC,
coinciding with the lowest emission rate.

Using 25 oC and 21 oC as before and after

temperatures the ratios of before and after emission rates and saturation concentrations of
naphthalene were both 1.4. Variations in emission rates for individual mothballs placed in the
garment bag could not be attributed to changes in temperature. A reason for the variation could
not be discerned.

Comparison with Whole-House Emission Rates
Three cumulative distribution curves (one for each city in the RIOPA study) for wholehouse emission rates are provided in Figure 18 for p-DCB and naphthalene. For Houston, 13%
of homes had whole-house p-DCB emission rates in the range of those from single product
sources tested in laboratory chambers in this study, 25-350 mg/hr, and 12% of the homes had
whole-house emission rates in the range of products used in the closet of a test house in this
study, 15-170 mg/hr. In Elizabeth, these percentages were 6% and 7%, respectively, while in
Los Angeles they were only 3% and 2%, respectively. For naphthalene, 7%, 4%, and 1% of
whole-house emission rates for Houston, Elizabeth, and Los Angeles, respectively, were in the
range of those observed for individual products tested in laboratory chambers. In contrast, 11%,
9%, and 5%, respectively, were in the range of emissions observed for a box of mothballs placed
in a test house closet or from individual mothballs placed in a garment bag, 0.2 to 12 mg/hr.
Interestingly, 1 and 2 homes in Elizabeth and Houston, respectively, had whole-house emission
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rates four to sixty times higher than the naphthalene emission rates observed in this study. These
high naphthalene whole-house emission rates may have resulted from usage of multiple products
or applications that did not conform to manufacturer recommendations. Uncertainty bounds
based on error propagation could not be directly determined because of a lack of uncertainties
reported for variables in eq 23.

However, using “reasonable” uncertainties for these variables

(20% on each variable except 10% on volume) leads to overall uncertainties on the order of 30 to
40% based on error propagation analysis for most homes in the RIOPA study. The mean overall
uncertainty in whole-house emission rates increases to 80% if the uncertainty in air exchange
rate is increased to 40% for every home tested in the RIOPA study.
The relatively small percentages of whole-house emission rates that fall within the ranges
of single product emissions observed in this study may reflect the approximate number of
households in the RIOPA study in which p-DCB and naphthalene products were actually used
during field sampling.

In 1986 California passed Proposition 65, which regulates toxic

substances used in consumer products (CA EPA, 1986).

Proposition 65 lists p-DCB and

naphthalene as toxic substances and as carcinogens. It is conceivable that labeling of these
products as cancer causing reduced their use in California prior to completion of the RIOPA
study.

Concentrations in Test House
Experiments completed in the test house provide insight into realistic concentrations that
might be observed when the consumer products tested are used in actual homes. Concentrations
of p-DCB and naphthalene for products placed in the test house and in a garment bag are listed in
Table 8. The maximum mean concentration in a closet was 28 mg/m3 for p-DCB in closet 1.

81

Mean concentrations in closet environments exceeded odor thresholds for p-DCB and
naphthalene (1.1 mg/m3 for p-DCB (EPA, 1997) and 450 µg/m3 for naphthalene (Amoore and
Hautala, 1983)), but were lower than reported odor thresholds in bedroom air for applications of
the moth crystals and box of mothballs. Over the three products tested in closets, the ratio of
mean concentration in closet to adjacent bedroom ranged from 6.5 to 8.8.

In contrast, the ratio

of concentration in the garment bag to that in chamber 3 was nearly 70, although with a caveat
that only one concentration measurement was made in the garment bag.
p-Dichlorobenzene has been observed at mean indoor concentrations of 19-120 µg/m3 in
several cities in Japan, at 1-5 µg/m3 in a wide range of homes in the U.S., and at relatively low
concentrations in residential buildings in Scandinavia (Sakai et al., 2004).

The median

concentrations of p-DCB measured in home environments in Boston, Los Angeles and New
York have been reported to vary from less than 0.3 µg/m3 to slightly less than 10 µg/m3 (Sax et
al., 2006; Dodson et al., 2007). However, not all homes contain products that emit p-DCB and,
as such, field studies involving groups of homes should not be directly compared with
environments that include products that do emit p-DCB. The maximum indoor concentration of
p-DCB over 308 homes in the RIOPA study was observed to be 4.1 mg/m3. This value is 22%
higher than the mean concentration observed in bedroom 1 with the closet air freshener placed in
closet 1. It is nearly a factor of 10 higher than the mean concentration in bedroom 1 when the
container of moth crystals was placed in closet 1. The latter case is within the 97th percentile of
p-DCB concentrations measured in all homes during the RIOPA study.
The naphthalene mean concentration measured in bedroom 2 when a box of mothballs
was located in closet 2 was 260 µg/m3. Jia and Batterman (2010) completed a critical review of
naphthalene sources and exposures and reported concentrations measured in indoor air. For U.S.
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residences the arithmetic mean across six multi-home studies ranged from 0.43 to 9.5 µg/m3 with
the two largest and most recent studies having mean (median) concentrations of 3.49 (0.84) and
9.52 (2.84) µg/m3.

Many of these homes likely did not contain naphthalene-based moth

repellents. The maximum measured naphthalene concentration in any U.S. residence was 92
µg/m3, lower than that observed in bedroom 2. However, the emission source for the 92 µg/m3
event was not reported and may not have been near the sampling location. Of 57 homes in the
RIOPA study for which naphthalene measurements were made the maximum reported
concentration was 998 µg/m3, nearly four times greater than that measured in bedroom 2 for this
study.

The concentration in bedroom 2 falls within the 96th percentile of naphthalene

concentrations reported in the RIOPA study.

Limitations
This study had several limitations that should be addressed in future research. While the
products tested in this study are some of the most common of their kind marketed in the United
States, other products exist in the U.S. and elsewhere and should be studied.

Differences in

product packaging (casings, etc.), sizes and shapes may affect mass emission rates from different
products.
In this study we tested products in well-ventilated laboratory chambers, closets in an
unoccupied test house, and a garment bag. Additional tests are warranted to study emissions
when products such as mothballs are used in closed boxes or drawers. Closet air fresheners are
meant to be hung in closets amongst clothing that might shield the product from air flows and
therefore reduce emissions. Furthermore, adsorption to clothing and other indoor materials
might affect emission dynamics and lead to lower effective emissions while a source is active,
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but persistent releases via desorption processes when a source is removed. Additional studies
should be completed in spaces with clothing, whether under simulated conditions or in actual
occupied homes.
In this study we observed effects of both air temperature and air speed on emissions from
most products. However, a more systematic study is needed to ascertain responses in emissions
to changes in individual environmental variables.
Results of this study were compared with whole-house emission rates calculated from
RIOPA, a study completed over a decade ago. Moth repellent use may have changed during the
past decade. As such, future research is needed to update whole-house emission rates of p-DCB
and naphthalene for proper comparison with product-specific emission rates. The major, and
typically the only, source of p-dichlorobenzene in buildings is moth repellents.

However,

naphthalene is emitted from several other sources, including combustion. Future research related
to naphthalene emissions in residential and other buildings should attempt to account for these
other sources and not assume that naphthalene is present solely because of mothballs.
Finally, we have not attempted to use our data to predict ranges of p-DCB or naphthalene
concentrations in homes nor to predict acute or chronic health risks associated with inhalation
exposure to these chemicals when emitted from moth repellents. Given the rather high mass
emission rates that we observed from some products, even in closets, there should be motivation
for exposure scientists to study related health risks.

CONCLUSIONS
p-Dichlorobenzene and naphthalene mass emission rates were determined for four
different products placed in laboratory chambers and closets in a test house.
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Additional

experiments involving naphthalene emissions from mothballs placed in a garment bag were also
completed. Emission rates for naphthalene products were considerably lower than products
containing p-DCB due to naphthalene’s lower vapor pressure.
The effects of several factors on emission rates were considered in this study. Emission
rates from test products were generally suppressed when the product was used in a closed closet
or garment bag, i.e., compared to emissions when the product was placed in a well-ventilated
laboratory chamber. This reduction appears to have been due to lower air speeds and thus lower
mass transfer coefficients in closets and garment bags. Reductions in the concentration driving
force due to elevated concentrations in air above a product surface did not appear to be a major
factor affecting emission rates, even for products that were placed in closets or a garment bag.
Products that contain an exterior casing, such as the slotted plastic casing for the closet
air freshener used in this study, can lead to an additional and important mass transfer resistance
that inhibits emissions. This additional resistance can reduce the sensitivity of emission rates to
changes in air speed around a product.
Variations in air temperature within typical ranges observed in homes can significantly
influence emission rates of p-DCB and naphthalene from the types of products tested in this
study. The primary effect of temperature is on the saturation gas concentration at the interface of
the product and air adjacent to the product.
Concentrations of p-DCB and naphthalene in bedrooms adjacent to closets where moth
repellents are used can be elevated.

For this study, the concentrations of p-DCB and

naphthalene in the bedroom air of an unoccupied test house were in the upper few percentiles of
those previously reported for residential indoor air.
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Emission rates determined in this study were compared with whole-house emission rates
derived from the RIOPA study. A comparison of product-specific and whole-house emission
rates suggests that somewhere between 2% and 12% of homes in the RIOPA study had active
sources of p-DCB and 5-15% had active sources of naphthalene. Of three cities in the RIOPA
study, Los Angeles had the lowest percentage of homes for each chemical source, possibly
because of a requirement to list associated products as containing toxic or carcinogenic
substances.
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Table 5. Conditions for p-dichlorobenzene experiments.
Environme
Vol
AE Duratio
Product
(m3)
(hr(Days)
1

Closet

Air

Chamber 1a

10.8

T
(⁰C)

RH
(%)

Air
(cm/sec)

Initial Surface Area
(cm2)

22.2 ±
1.0

59.3 ± 5.1

3.1 ± 1.1

23.4 (slots) 211(cake)b

)

40

21

Freshener
23.4 ±
46.8 ± 4.2
0.8 ± 0.9 23.4 (slots) 210 (cake)b
1.7
a
Container
of Chamber 2
12.1
36
38.5
23.3 ±
39.8 ± 11.1
4.4 ± 2.1
42
Moth Crystals
0.4
Closet 1
6.9
4.3
28
19.7 ±
49.8 ± 6.0
0.8 ± 0.9
42
3.4
Toilet
Bowl Chamber 2a
12.1
36
15
22.1 ±
59.6 ± 5.1
3.1 ± 1.1
121
Deodorizer
1.0
Note: Mean values are shown along with ± 1 standard deviation for each experiment, except for the closet experiments for which
uncertainty is (±) based on error propagation analysis. a. Experiments completed in triplicate. b. Combined area of both cakes in
casing.
Closet 1

6.9

4.3

21
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Table 6. Conditions for naphthalene experiments.
Environmen
Vol
AER
3
Product
(m )
(hr-1)
Box of Mothballs

Individual Mothballs

Duratio
(Days)

T
(⁰C)

RH
(%)

Air Speed
(cm/sec)

Initial Surface
(cm2)

Chamber 2

12.1

36

84

22.3 ± 0.6

65.3 ± 7.2

2.7 ± 1.8

50

Closet 2

3.4

0.8

49

23.7 ± 2.6

44.3 ± 4.8

1.7 ± 1.2

50

Chamber 2a

12.1

36

45.5

22.1 ± 0.8

67.9 ± 8.2

1.6 ± 1.4

3.3

Garment Bag

0.24

-

28

21.7 ± 0.1

43.3 ± 14.5

-

3.2

Note: Mean values are shown along with ± 1 standard deviation for each experiment, except for the box of mothballs for which
uncertainty is (±) based on error propagation analysis. a. Experiments completed in triplicate.
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Table 7. Experimental mass transfer coefficients.
Product
n
Location
p-Dichlorobenzene
Closet Air Freshener
Container of Moth Crystals
Toilet Bowl Deodorizer
Naphthalene
Box of Mothballs
Individual Mothballs

Mean kg (m/hr)

23
7
39
4
15

Chamber 1
Closet 1
Chamber 2
Closet 1
Chamber 2

1.3 ± 0.30
1.2 ± 0.19
0.96 ± 0.22
0.41 ± 0.10
4.0 ± 0.93

12
4
21
12

Chamber 2
Closet 2
Chamber 2
Garment Bag

4.3 ± 2.0
2.9 ± 0.77
23 ± 7.5
3.8 ± 3.0

n = total number of calculations of kg for a given product; kg = mass transfer coefficient shown
here as mean of “n” with ± 1 standard deviation.
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Table 8. Gas-phase concentrations of pollutants in different locations while in use.
Product
Location
Number of Samples
Gas Concentration
n
Cg (µg/m3)
p-DCB
Closet Air Freshener
Closet 1
4
28000 ± 6500
Bedroom 1
4
3200 ± 740
Moth Crystals
Closet 1
4
3500 ± 2400
Bedroom 1
4
430 ± 240
Naphthalene
Box of Mothballs

Closet 2
4
1700 ± 570
Bedroom 2
4
260 ± 120
Individual Mothballs
Garment Bag
1
13700 ± 2470
Chamber 3
4
200 ± 80
Note: Mean values are shown along with ± 1 standard deviation for each experiment, except for
the concentration of naphthalene inside the garment bag (only one measurement was recorded)
for which uncertainty (±) is based on error propagation analysis.
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FIGURE CAPTIONS

Figure 16. Mean emission rates for p-dichlorobenzene. Bars around mean values correspond to
± 1 standard deviation based on triplicate experiments, except for experiments in Closet 1 for
which (±) is based on error propagation analysis. Emission rates are plotted at the mid-points of
measurement intervals.

Figure 17. Mean emission rates for naphthalene. Bars around mean values correspond to ± 1
standard deviation based on triplicate experiments, except for the box of mothballs for which (±)
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is based on error propagation analysis.

Emission rates are plotted at the mid-points of

measurement intervals.
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Figure 18. Cumulative distribution plots for whole-house p-DCB and naphthalene emission rates
based on homes in RIOPA Texas, California, and New Jersey.
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Appendix B – Contamination of Clothing by Moth Repellents

Contamination of Clothing by Moth Repellents
P.A. Guerrero and R.L. Corsi
Department of Civil, Architectural, and Environmental Engineering, University of Texas at
Austin, Austin TX, 78712 USA
Keywords: p-dichlorobenzene, naphthalene, adsorption, partition coefficient, clothing
Dr. R.L. Corsi supervised the research project.

Abstract:
p-Dichlorobenzene (p-DCB) and naphthalene are commonly used as moth repellents and are
available to the public at nearly pure solid phase. Such products are typically used where
clothing is kept, e.g., closets, drawers, and garment bags.

Therefore, significant chemical

adsorption onto clothing is possible following sublimation from the solid product. Chamber
experiments were used to determine the amount of p-DCB and naphthalene mass that adsorbs
onto selected clothing materials made of cotton, polyester, or wool. Cloth specimens were
suspended inside a chamber through which an air stream containing p-DCB or naphthalene was
passed at elevated but realistic gas-phase concentrations for one month. After this time, p-DCB
or naphthalene were chemically extracted from cloth specimens. Chemical concentrations to
which clothing was exposed were varied. Polyester was determined to be the most adsorbent
material, while cotton was the least adsorbent for each chemical. An equilibrium partition
coefficient of 0.01 m3/g for p-DCB and 0.02 m3/g for naphthalene was determined
experimentally for wool. The mass recovered in air was determined based on laboratory chamber
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experiments. Results suggest prolonged persistence of p-DCB and naphthalene on polyester and
wool, e.g., half-lives of 12 to 20 days after a moth repellent is removed from the clothes storage
environment.

Introduction
Several researchers have addressed contamination of clothing by airborne pollutants.
Past research has focused on military personnel due to the risk of exposure to chemical and
biological warfare agents (Sansom, 2007; Lake et al., 2000).

Research related to

methamphetamine laboratories has emphasized the need for understanding decontamination
strategies for different materials in homes, including clothing and other fabrics (Serrano et al.,
2012). However such extreme events affect only a small part of the general population.
Closet air fresheners and moth repellents are used for clothing protection and deodorizing, and
the majority of these affect the general population since the products are readily available in
many retail outlets across the United States. Many of these products contain p-dichlorobenzene
(p-DCB) or naphthalene in near pure form, and recent studies report that indoor residential pDCB concentrations range from 0.36 to 28,000 µg/m3 (Chin et al., 2013; Guerrero and Corsi,
2012).

It is surprising that efforts to better understand the effects of adsorption to, and

contamination of, clothing have not been reported in the published literature.
Indoor materials affect adsorption and desorption processes in buildings, leading to what
is commonly known as the “sink effect” (Sakr et al., 2006). Cotton, wool, and polyester are
commonly found in different furnishings, including clothing. A relatively small number of
studies address adsorption of contaminants to clothing and the subsequent potential for increases
in dermal and inhalation exposures (Ueta et al., 2010).
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To date, only a small number of studies have addressed adsorption of p-DCB and naphthalene to
building materials. Borazzo et al. (1990) studied adsorption of four VOCs, including p-DCB, to
cotton and nylon.

Equilibrium partition coefficients on the cotton and nylon fibers were

determined to be 50 cm3/g and 450 cm3/g, respectively. Of the VOCs studied, p-DCB had the
lowest vapor pressure and resulted in the highest equilibrium partition coefficient of all the
compounds tested. Won et al. (2001 and 2001) studied o-DCB, a DCB isomer with properties
similar to p-DCB, and observed a high degree of adsorption and persistence of this chemical on
carpet, gypsum board, and several other indoor materials. Colombo et al. (1993) studied the
adsorption of several VOCs, including p-DCB, onto indoor materials. For a specific material,
they observed that the degree of adsorption increases with the boiling point (inversely related to
the vapor pressure). This was confirmed in later studies completed by Won et al. (2001) and
Popa and Haghighat (2003), who observed adsorption to increase with decreasing vapor pressure
of VOCs for a wide range of indoor materials. Weschler (2003) provided a detailed analysis
related to the relationship between vapor pressure and equilibrium partition coefficients for
indoor materials, airborne particles, and particle cake on filters.
Despite past efforts to understand sorptive interactions between indoor pollutants and
materials, little work has been done to understand the sorptive contamination of clothing in
buildings. De Coensel et al. (2008) studied adsorption to cotton when moth repellent products
were placed in drawers. They found that a 200 g cotton shirt can adsorb up to 7 mg of p-DCB
and naphthalene. However, the authors did not test other commonly used clothing materials.
Feldman (2010) observed that down-fleece outwear adsorbs two times more methyl salicylate
than lightweight cotton when exposed to the same concentration (Feldman, 2010).
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In this paper we measure the amount of p-DCB and naphthalene mass adsorbed to different
clothing materials at various concentrations that are typically found in indoor air. We also
evaluate the mass recovered in air for each pollutant from polyester wool, and cotton.
Methodology
Adsorption Experiments: Cotton, polyester and wool were selected as test materials.
Cotton and polyester shirts and a wool sweater were purchased at a clothing store in Austin, TX.
The cotton shirt was 100% cotton and the overall mass was 120 g. The polyester shirt was 100%
polyester and the total mass was 90 g. The wool sweater was 100% merino wool with a total
mass of 170 g. Three identical articles of clothing were purchased for each fabric. One article
remained as purchased (new condition), the second was worn for 12-15 hours (worn condition),
and the third was unworn but machine washed with cold water and liquid detergent and
immediately suspended in air to dry (washed condition).
The articles of clothing were cut into small specimens and placed inside a 300-L
stainless-steel chamber depicted in Figure 19. The experimental system consisted of a pump (a)
connected to a rotameter (b) in order to adjust the flow rate. The rotameter was connected to a 4L stainless-steel chamber (c). A half-filled 30 ml vial (d) of p-DCB or naphthalene was placed in
the feed system to allow a diffusive flux of the chemical during experiments. To reduce the
emission rate during some experiments the vial was also filled with cotton and covered with
perforated aluminum foil. The 4-L stainless steel chamber was partially submerged in a constant
temperature water bath (e) with the temperature maintained at 25° C for both chemicals and later
changed to 5° C for p-DCB and 10° C for naphthalene. The pollutant feed system was connected
to a 300-L stainless-steel chamber (f). A metal wire apparatus was designed and constructed to
hold 36 small (6 cm x 3 cm) clothing specimens in the center of the chamber. The 300-L

101

chamber consisted of two outlets (g & h) where air samples were collected periodically (i). A 40
mm fan was placed inside and near the inlet of the chamber to assure a well-mixed condition.

Figure 19. Schematic of the adsorption experimental system: pump (a), rotameter (b), pollutant
feed system (c), 30 mL vials of p-DCB or naphthalene (d), water-bath (e), specimen chamber (f),
outlet (g), sample port (h), sample pump with sorbent tube (i).

For each experiment 13 specimens of cotton and polyester and 10 specimens of wool, i.e., three
specimens for the new, worn, and washed condition as well as four additional specimens of each
for follow-up desorption experiments, were exposed to a moth repellent chemical. Wool was not
tested for the washed condition. Each specimen was weighed using an electronic balance (A&D
electronic balance ER-180A: San Jose, CA) with ±0.1 mg accuracy before experiments began.
The chamber was sealed using C-clamps and wing nuts on the face plate. Airflow
through the system was maintained at 2.5 L/min (air exchange rate of 0.5 hr-1). The air flow rate
was measured periodically using a bubble flow-meter (Gilian Gilibrator; West Caldwell, NJ).
An Onset HOBO U12 (Bourne, MA) wireless data logger was used to measure temperature and
relative humidity every 30 minutes throughout the entire test period. Test periods varied from 14
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to 28 days. Mean (± standard deviation) environmental conditions for adsorption experiments
are presented in Table 9.

Table 9. Mean environmental conditions of the specimen chamber during exposure period.
Temperature

Relative

Air Exchange Concentration in Exposure

Humidity

Rate

Chamber Air

Period

Pollutant

(°C)

(%)

(hr-1)

(µg/m3)

(days)

p-DCB

25.1 ± 0.64

35 ± 13

0.52 ± 0.02

7330 ± 585

28

24.9 ± 0.73

46 ± 7.0

0.59 ± 0.01

8700 ± 377

14

24.2 ± 0.27

39 ± 16

0.57 ± 0.01

2900 ± 237

14

25.3 ± 0.75

49 ± 10

0.51 ± 0.02

670* ± 58

20

24.7 ± 0.36

48 ± 9.0

0.55 ± 0.02

6200 ± 884

14

25.4 ± 0.67

45 ± 10

0.53 ± 0.02

398 ± 23

28

24.1 ± 0.98

39 ± 11

0.54 ± 0.03

330 ± 24

14

24.9 ± 0.25

45 ± 8.0

0.56 ± 0.01

65* ± 11

20

22.1 ± 0.29

50 ± 11

0.53 ± 0.02

220 ± 19

20

Naphthalene

* Temperature of water bath was changed from 25 °C to 5 °C for p-DCB and 10 °C for

naphthalene to lower chemical emission rates and concentrations.

These changes did not

appreciably affect chamber environmental conditions.

Concentrations of p-DCB and naphthalene were measured every other day using glass adsorbent
tubes (SISS, Tapered/Frit, 3 mm inside diameter; Round Rock, TX) packed with Tenax-TA
(80/100 mesh size; St. Louis, MO) and a personal air sample pump (SKC, Pocket Pump 210
Series; Eighty Four, PA) attached downstream of the adsorbent tube. An air sample was
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collected for five minutes at a sample flow rate of 20 cm3/minute. Adsorbent tubes were
analyzed using thermal desorption with a programmable large-volume injector (ATAS Optic 2;
Eindhoven, Netherlands) followed by gas chromatography (Agilent 6890; Santa Clara, CA) with
flame ionization detection (TD/GC/FID).

The gas chromatograph was equipped with a

RESTEK, Rxi-5Sil MS column (30 m, 0.25 mm internal diameter (ID); 0.5 μm film thickness;
Bellefonte, Pa). All analyses were completed with a 10:1 split ratio. The injector temperature
was ramped at 10˚C/sec from 60˚C (initial injector temperature) to 280˚C. The adsorbent tubes
were desorbed for 18.5 minutes.

The oven temperature program was as follows: initial

temperature of 50˚C for two minutes, ramp at 15˚C/min to 280˚C, hold for one minute at 280˚C.
The GC-FID was calibrated using a seven-point calibration curve for p-DCB (R2= 0.997)
and naphthalene (R2= 0.995). The calibration standard was a solution of p-DCB or naphthalene
crystal (≈50 mg) dissolved in 50 mL of methanol. The solution was diluted 10:1 and a series of
1-5 μL was removed using a syringe and injected into the adsorbent tube, followed by a 20
minute nitrogen gas purge prior to GC-FID analysis. Concentrations used during adsorption
experiments were consistent with those likely to occur in spaces such as closets when moth
repellent products are used (Guerrero and Corsi, 2012).
After the exposure period the experimental system was switched off, and specimens were
removed and placed inside a 30-mL vial filled with methanol. The vials were placed inside a
sonicator for 48 hours. The samples were then analyzed by removing 5 or 10 μL of extract liquid
with a syringe and subsequent injection into an adsorbent tube followed by a 20 minute nitrogen
gas purge. The sorbent tube was analyzed by GC-FID using the same thermal desorption
program described above.
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Desorption Experiments
Preliminary desorption experiments consisted of four specimens of each fabric that were
originally exposed in the specimen chamber. Once removed, the specimens were placed inside a
closet in the UTest House, a 265.5 m3, 3 bedroom/ 2 bath test house located at the University of
Texas at Austin. The closet has a volume of 6.3 m3. Previous air exchange rate experiments
were conducted on the closet based on carbon dioxide decay rates (Guerrero and Corsi, 2012). A
mean air exchange rate of 4.1 hr-1 between the closet and adjoining bedroom was determined.
One specimen from each material type was removed from the closet once per week for four
weeks. Specimens were placed inside a 30 mL vial filled with methanol and brought to the
laboratory for immediate extraction. The extraction process and analysis of each fabric was
identical to those mentioned previously.
A second set of desorption experiments was completed in laboratory chambers. The
same fabric materials were used and contaminated over a one month period inside a polyethylene
vinyl acetate garment bag with dimensions of 0.38 m (width) x 0.52 m (depth) x 1.2 m (height)
(Guerrero and Corsi, 2012). The amount of p-DCB and naphthalene used inside the garment bag
was based on manufacturer recommendations.

A total of 82 g of p-DCB and 113 g of

naphthalene were initially placed in the garment bag. After contamination, the fabric samples
were placed inside 48-L stainless-steel chambers arranged in parallel, as depicted in Figure 20.
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Figure 20. Schematic of laboratory desorption system: activated carbon air filter (a), pump (b),
split valve (c), relative humidity flow controller (d), temperature and relative humidity data
recorder (e),mass flow controllers (f), specimen chambers (g), outlet (h), sample port (i).

The laboratory desorption system consisted of an activated carbon cloth filter to remove
background VOCs from lab air (a) and a pump (b). Air was pumped to a split stream with a
manually adjusted valve (c). A portion of the air stream was passed through a water column (d),
and then reconnected with the non-humidified stream. Relative humidity was measured (TSI QTrack 8550/8551) (e) prior to air flow through four mass flow controllers (f). The mass flow
controllers were connected to the inlet of the four parallel chambers (g) within which specimens
were housed for 3 to 6 weeks. Each 48-L chamber had an individual outlet (h) and a sample port
(i). Air samples were collected and analyzed every other day in the same manner described
above for adsorption experiments.
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Data Analysis
The mass of contaminant on clothing was normalized by the initial mass of the fabric specimen
tested to determine a sorbed-phase contaminant concentration (Equation 24):
C sorbed =

Vvial ⋅ C pollu tan t

(24)

m

Where Cpollutant is the pollutant concentration following extraction by methanol (µg/µL), Vvial is
the volume of methanol used during the extraction process (µL), m is the initial mass of the
fabric specimen (g), and Csorbed is the pollutant concentration adsorbed to the fabric (µg/g). This
concentration was compared against the concentration in chamber air (Cair). For purposes of
modeling, the concentration on clothing specimens was scaled by the mass of the actual clothing
to estimate total contaminant mass on clothing, e.g., an entire shirt or sweater.
An assessment of equilibrium partition coefficients was also performed. The equilibrium
partition coefficient is defined by Equation 25:
K eq =

C sorbed
C air

(25)

Where Keq is the partition coefficient (m3/g), Csorbed is the pollutant concentration
adsorbed to the fabric at a condition of equilibrium (µg/g), and Cair is the mean concentration in
chamber air at equilibrium (µg/m3). For a linear adsorption process at equilibrium, the ratio of
Csorbed to Cair should not change appreciably with time. For such a condition the slope of a bestfit line, for data plotted as Csorbed versus Cair through the zero intercept, yields a slope that is the
equilibrium partition coefficient (Keq).
For desorption experiments in laboratory chambers, the mass recovered in air was
determined as:
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t

Rair =

∫C

air

Qcham dt + CV

0

(26)

m sorbed

Where, Cair is the concentration in chamber air at a specific time (µg/m3), Qcham is the volumetric
flow rate through the chamber (m3/hr), C is the concentration in the chamber air at the end of the
entire recovery test, V is the volume of the chamber (m3), msorbed is the initial pollutant mass on a
specimen (mg), and t is the time after placement of specimen in the chamber (hr). The value of
msorbed is determined by:

msorbed = C sorbed ⋅ m

(27)

Where, Csorbed and m are as defined previously (Equation 24). The numerator of Equation 26
was integrated numerically using time-specific concentration and air flow rate measurements. A
mass closure percentage was also calculated using Equation 28:
mclosure =

mair + m sae
⋅ 100%
m sorbed

(28)

Where mclosure is the percent mass recovered (air + final material) (%), mair is the mass recovered
in air (µg), msae is the mass that remained sorbed at the end of the recovery experiment (µg). All
others are previously defined.
Results
The sorbed-phase concentrations of both p-DCB and naphthalene varied significantly
between the fabrics tested as depicted in Figures 21 and 22. Cotton was the least sorptive
material and polyester was the most sorptive material in the presence of both contaminants.
Small differences were observed among the three conditions at which each material was tested
(new, washed, worn), but none was statistically different (Wilcoxon signed-rank test, α=0.01)
from the others for the same material and chemical, as depicted in Figures 23 and 24. For the

108

washed condition, numerous chromatographic peaks were observed after the p-DCB and
naphthalene peaks, likely due to components of laundry detergent used before exposure.

p-DCB Concentration on
Clothing (µg/g)

300

7330 µg/m3
8700 µg/m3
6200 µg/m3
2900 µg/m3
670 µg/m3

250
200
150
100
50
0

Cotton

Polyester

Wool

Figure 21. Sorbed concentration of p-DCB for each individual fabric exposed for 28 days at
different mean concentrations of p-DCB. Bars around mean values correspond to ± 1 standard
deviation based on triplicate samples.
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Naphthalene Concentration on
Clothing (µg/g)

45

398 µg/m3

40

330 µg/m3

35

220 µg/m3
65 µg/m3

30
25
20
15
10
5
0
Cotton

Polyester

Wool

Figure 22. Sorbed concentration of naphthalene for each individual fabric exposed for 28 days
at different mean concentrations of naphthalene. Bars around mean values correspond to ± 1
standard deviation based on triplicate samples.
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µg of p-DCB/g of clothing

300

New

250

Worn

200

Washed

150
100
50
0
Cotton

Polyester

Wool

Figure 23. Sorbed concentration of p-DCB for each individual fabric exposed for 28 days at a pDCB mean concentration of 7330 µg/m3. Bars around mean values correspond to ± 1 standard

µg of naphthalene/ g of clothing

deviation based on triplicate samples. Washed wool specimens were not tested.

60

New
Worn
Washed

50
40
30
20
10
0
Cotton

Polyester

Wool

Figure 24. Sorbed concentration of naphthalene for each individual fabric exposed for 28 days
at a naphthalene mean concentration of 398 µg/m3. Bars around mean values correspond to ± 1
standard deviation based on triplicate samples. Washed wool specimens were not tested.
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The amount of mass adsorbed to each individual shirt or sweater was estimated based on
the mass of each article of clothing. For the conditions tested in this study, the masses adsorbed
onto an entire polyester shirt were approximately 23 mg and 4 mg of p-DCB and naphthalene,
respectively. For some perspective, the latter is slightly greater than the mass of a single
mothball. The wool sweater adsorbed 10 mg and 2 mg of p-DCB and naphthalene, respectively.
The cotton shirt was the least sorptive and only adsorbed 1.4 mg and 0.3 mg of p-DCB and
naphthalene, respectively.
De Coensel et al. (2008) conducted sorption experiments with p-DCB and naphthalene
products inside a drawer which contained a cotton shirt, and reported mean sorbed p-DCB and
naphthalene concentrations of 550 µg/g and 150 µg/g, respectively.

The sorbed-phase

concentrations observed in this study were lower than those reported by De Coensel et al. (2008)
by a factor of 45 for p-DCB and 50 for naphthalene. These differences may have been due to the
different environments where the clothing was placed and tested, e.g., poorly ventilated spaces or
stagnant spaces with higher concentrations and direct contact of product with cotton.

De

Coensel et al. (2008) did not report concentrations of p-DCB or naphthalene in the air of their
experimental system.
De Coensel et al. (2008) used two different fabric exposure scenarios.

The first was

direct exposure which consisted of 10 layers of cotton strips placed inside a perforated drawer,
during which the tablet of p-DCB or naphthalene was placed directly on top of the first layer.
This allowed a determination of downward migration of the moth repellent agent. The top layer
was found to have the highest concentrations, 690 µg/g and 175 µg/g for p-DCB and
naphthalene, respectively. The second experimental set-up involved indirect exposure, which
consisted of three shelves with cotton strips placed inside (top, middle, lower). The moth
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repellent agent was placed on the middle shelf to determine vapor transfer from within the
cabinet.

Results of each exposure scenario indicate that direct contact of the product and

clothing causes an increase in adsorption.
Others have investigated the amount of adsorption from dry cleaning chemicals to
different types of clothing materials.

Sherlach et al. (2011) measured the residue of

perchloroethylene (PCE) on wool, cotton, polyester, and silk after dry cleaning the fabrics. They
found wool to be the most adsorbent material after successive dry cleaning cycles. Consistent
with this study, cotton was the least adsorbent material. Silk was found to not adsorb measurable
amounts of PCE.

Equilibrium Partition Coefficients
The capacity to which clothing can adsorb a chemical at a given gas-phase concentration
is defined by an equilibrium partition coefficient, i.e., the ratio of sorbed-phase to gas-phase
concentrations at equilibrium. Using the mean sorbed-phase concentrations of each pollutant
and the measured concentration in chamber air after 2-4 weeks, adsorption isotherms were
developed for wool exposed to p-DCB and naphthalene (Figures 25 and 26).
Although the sorbed-phase concentrations for p-DCB were significantly higher, the
equilibrium partition coefficients calculated for naphthalene was a factor of two greater than pDCB. Of all the materials tested the only one material that appeared to have reached equilibrium
was wool. Polyester was the most sorbent materials however based on the different sorbed phase
concentrations the material did not show to have reached equilibrium.
The equilibrium partition coefficients calculated for wool were 0.01 m3/g and 0.02 m3/g
for p-DCB and naphthalene, respectively. Won et al. (2001), investigated sorptive interactions
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with various indoor materials such as carpet, gypsum board, and upholstery.

Equilibrium

partition coefficients were calculated for eight chemicals, including o-dichlorobenzene, a
compound with similar chemical properties and structure as p-DCB. Across all materials tested,
Keq for o-DCB ranged from 0.5 m to 8 m for carpet, gypsum board, vinyl flooring, wood
flooring, ceiling tile, and apples. For comparison, the partition coefficients determined for this
steady study were converted to units of meters by normalizing the mass sorbed to materials by
the horizontally-projected area of the material, instead of mass of the material. The resulting
coefficients for wool were 2.6 m and 5.1 m for p-DCB and naphthalene, respectively. Of the
materials Won et al. (2001) tested, the Keq calculated in this study was similar to those of carpet,
carpet with padding, virgin and painted gypsum board, and vinyl flooring.
Guerrero and Corsi (2012) measured concentrations of naphthalene and p-DCB within a
closet inside a test house when a moth repellent product was placed inside the closet.
Concentrations varied significantly for individual products, but on average the p-DCB
concentration inside a closet, when using a closet air freshener, was 28,000 µg/m3 (Guerrero and
Corsi, 2012).

The naphthalene concentration measured in a closet, while using a box of

mothballs, was reported to be 1,700 µg/m3 (Guerrero and Corsi, 2012). Given this information
and using the equilibrium partition coefficients calculated for wool, the sorbed-phase
concentration for a wool sweater would be as high as 280 µg/g of p-DCB (total mass of 48 mg
for a 170 gram sweater) and 34 µg/g of naphthalene (total mass of 6 mg for a 170 gram sweater).
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Figure 25. Adsorption isotherm for p-DCB exposed to wool. Bounds around mean values
correspond to ± 1 standard deviation based for triplicate samples.
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Figure 26. Adsorption isotherm for naphthalene exposed to polyester and wool. Bounds around
mean values correspond to ± 1 standard deviation based for triplicate samples.

Desorption Experiments – Test House Closet
The decay of sorbed-phase concentration for each fabric and chemical following
placement in a test house closet are presented in Figure 27. Cotton was the only material that
could not be evaluated for p-DCB due to rapid desorption after week 1. The p-DCB and
naphthalene concentrations on polyester decreased by 27% (from 150 to 110 µg/g) and by 19%
(from 26 to 21 µg/g), respectively,

over four weeks.
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The p-DCB and naphthalene

concentrations on wool decreased by 67% (from 30 to 10 µg/g) and by 33% (from 6 to 4 µg/g),
respectively, over four weeks.

A.

B.

Figure 27. Decay of sorbed-phase concentrations for each fabric placed inside a closet over
four weeks. (A). p-DCB and (B). Naphthalene

Desorption Experiments – Laboratory Chambers
Air samples collected during desorption experiments in laboratory chambers allowed for
determination of mass recovered in air (Rair), i.e., integrated mass removal in air normalized by
initial mass on a specimen (Equation 26). Fractional mass recovery curves for p-DCB and
naphthalene desorption from polyester, cotton, and wool are shown in Figures 28 and 29,
respectively. The mass recovery of p-DCB and naphthalene for wool was 50% after 500 hours,
and nearly 100% of p-DCB was recovered after 1250 hours (1.7 months). The mass recovery of
p-DCB and naphthalene for polyester was 40% after 500 hours (more than half a month). The
mass recovery of p-DCB for cotton was only 25% after 500 hours. In contrast, the mass
recovery of naphthalene for cotton was nearly 80% after 500 hours. Results indicate that both pDCB and naphthalene can persist on clothing long after a source is removed, consistent with
closet desorption experiments. The fractional mass recovery in air for polyester and wool
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exhibited similar time curves for both p-DCB and naphthalene.

Indicating that desorption

processes for these materials are relatively unaffected by different physico-chemical properties,
e.g., vapor pressure, for the two contaminants. The same was not true for cotton, for which,
naphthalene surprisingly desorbed much more rapidly than p-DCB.
After the desorption experiments, chemical extraction was completed on the fabric
specimen in the chamber (in triplicate). The chemical extraction results revealed the mass which
remained on the fabric, and Equation 28, was used to calculate the mass closure for each
material. The mean mass closure percentages for p-DCB adsorbed to polyester, wool, and cotton
were 110%, 102%, and 87%, respectively. The mean mass closure percentages for naphthalene
adsorbed to polyester, wool, and cotton were 109%, 103%, and 82%, respectively. These mass
closure results reflect overall uncertainties in experimental and data analysis.

Figure 28. Fractional recovery of p-DCB in air during laboratory desorption experiment.
Uncertainty (±) is based on error propagation analysis.
118

Figure 29. Fractional recovery of naphthalene in air during laboratory desorption experiment.
Uncertainty (±) is based on error propagation analysis.

Conclusion
The results of this study provide insight into contaminated surfaces (clothing) that exist in
close proximity to human skin and human breathing zone. When contaminated clothing is worn,
the mass of pollutant adsorbed to the clothing is available for uptake by desorption and
inhalation, desorption and air-to-dermal uptake, or dermal uptake by direct contact between
fabric and skin (Wilson et al., 2010; Morgan et al., 2011; Weschler and Nazaroff, 2012).
Condensation of VOCs on particles as a method of transport can be a concern for some VOCs,
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however, the literature provided no insight of p-DCB and naphthalene increasing exposure by
particle condensation.
Additional research is needed to translate the results provided herein, and estimate human
dermal and inhalation exposure when contaminated clothing is worn.

In this study, we

determined equilibrium partition coefficients between of wool from p-DCB and naphthalene.
Estimated the half lives of p-DCB and naphthalene from desorption experiments and the mass
recovery analysis. The following conclusions stem from this study:
•

Polyester was the most sorbent fabric of p-DCB and naphthalene.

•

Cotton is relatively resistant to contamination by moth repellents.

•

Once contaminated, p-DCB and naphthalene can persist on clothing for months.

•

The presence of skin oils on worn clothing or residual detergent on washed clothing has
little affect on adsorption of p-DCB or naphthalene to fabrics.

•

The extent to which mass adsorbed to polyester and wool suggest that exposure to p-DCB
and naphthalene can be a major threat.

Although we studied three different fabric types, there are many other materials used in
clothing, sometimes as mixed fabrics, e.g., 50% rayon and 50% polyester. Relative humidity
was not controlled during adsorption or closet desorption experiments. Additional research is
warranted to evaluate effects of relative humidity on desorption rates, especially for scenarios
when clothing surfaces are affected by the human body. Desorption experiments should also be
completed at temperatures representative of those for clothing in contact with the human body.
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10.0 Appendix C– Quality Assurance: Adsorption Experiments

Preliminary experiments were carried out in order to confirm that p-DCB and naphthalene
adsorbed to cotton, polyester, and wool. Static experiments simulated a “closed” environment
such as a clothing drawer or garment bag containing moth repellents and high gas-phase
concentrations of p-DCB or naphthalene.
Preliminary static chamber experiments were completed using a sealed 3.8-L stainless steel
chamber. The chamber included specimens of wool, cotton, and polyester. One-half of a gram of
p-DCB and naphthalene was placed inside a vial in the chamber.
Following the exposure process, each clothing specimen was placed in a separate 30-mL
vial filled with methanol. Samples were sonicated during a two day extraction period. After 48
hours, a 1 µL volume of methanol is removed from the vial and injected into a sorbent tube along
with a purge air sweep with ultra-high-purity nitrogen to evaporate the methanol.
Adsorbent tubes are thermally desorbed with a programmable large-volume injector
(ATAS Optic 2) followed by gas chromatography (Agilent 6890) with flame ionization detection
(TD/GC/FID) to determine contaminant mass/µL of methanol, and by extrapolation to 30-mL,
the contaminant mass per fabric specimen. This mass is then normalized by the pre-weighed
fabric mass to determine a mass of contaminant per mass of fabric.
After the 48 hour sonication period and GC-FID analysis, the samples remained in the lab
for a period of about 1 month. After this time the GC-FID analysis was repeated three times to
confirm that additional desorption was not occurring. The amount of mass adsorbed to the
clothing, regardless of the time the sample was analyzed through the GC-FID, was nearly the
same. Therefore confirming that most of the mass desorbed occurred in the initial analysis.
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11.0 Appendix D– Uncertainty Analysis

When calculating the emission rates for the experiments described in section 3.1, an error
(uncertainty) calculation was completed for all tests.

The following equation was used to

incorporate uncertainty in the digital scale measurements and the time at which each recording
was done.


 1
  ∆m
∆(∆t )
∆E =  ∆(∆m ) +  −
2
  (∆t )
 ∆t

2

2

(29)

Where ΔE, is the uncertainty in product emission rate (mg/hr), Δm change in mass (mg), Δt
change in time (hr), Δ(Δt) estimated uncertainty in time interval (hr), Δ(Δm) scale accuracy (mg).
The digital scale is accurate to 0.5 grams (Δ(Δm)). A three day change in time (Δt) was used for
all experiments, and measurements were always recorded within 30 minutes of the elapsed time,
which is the estimated time error (Δ(Δt)).
When calculating the mass recovered for the desorption experiments described in section
5.2, an error (uncertainty) calculation was completed for all samples. The following equation
was used to incorporate uncertainty in the mass recovered.

 
  V
 Q C
 ∑ Cair ∆t
CV
  Q C ∆t
  C

(∆Q ) +  ∑ air ∆(∆t ) +  Q∆t (∆Cair ) +  − ∑ air 2 (∆minitial ) − f f 2 (∆minitial ) +  f (∆C f ) +  f (∆V f )
∆Rair = 
(minitial )
  (minitial )
  minitial

  minitial
  minitial
  minitial
 minitial
2

2

2

2

2

(30)
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2

Where ΔRair, is the uncertainty in the mass recovered (-), ΔQ, is the uncertainty in the chamber
flow rate (m3/hr) (equipment accuracy of 0.5 cm3/min), Δ(Δt), is estimated uncertainty in the
time interval (hr), ∑ΔCair, is the uncertainty in the change in the measured concentration (see
Equation 31), Δminitial, is the uncertainty in the mass sorbed measurement which was determined
as the standard deviation from the mass sorbed on the cloth specimens (µg), ΔCf,

is the

uncertainty in the final air concentration measured (µg /m3), ΔVf, is the volume of the chamber
(m3) assuming a 10% engineering error. All other parameters were previously described.
In order to calculate the error in the summation of the change in measured concentrations,
the following uncertainty equation was used.

∑ ∆C

= ∆Ci ....
2

air

(31)

Where ∆Ci, is the change in concentration measured at each time interval (µg /m3). All other
parameters were previously described.
The uncertainty measured at the final concentration was calculated using Equation 32:


  m
1
∆V 
∆C f =  ∆m  +  −
2
  (V )
V

2

2

(32)

Where Δm, is the uncertainty in the mass of pollutant measured in air which was determined as
the standard deviation from all air measurements (µg), ΔV, is the uncertainty in the volume of air
sampled which was determined using equation 33.
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In order to calculate the uncertainty in the volume of air that was sampled, the following
equation was used.

∆V =

(∆t ⋅ ∆Q ) + (Q
2

samp

∆(∆t ))

2

samp

(33)

Where ΔQsamp, is the uncertainty in the volumetric flow rate of the sampled air which was
determined as the equipment uncertainty of 0.5 cm3/min, Δ(Δt), is the uncertainty in the interval
of time for which the air was sampled (about 30 seconds).
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