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Abstract: Both the recent classification of naphthalene as a possible human carcinogen
and its ubiquitous presence motivate this critical review of naphthalene’s sources and
exposures. We evaluate the environmental literature on naphthalene published since 1990,
drawing on nearly 150 studies that report emissions and concentrations in indoor, outdoor
and personal air. While naphthalene is both a volatile organic compound and a polycyclic
aromatic hydrocarbon, concentrations and exposures are poorly characterized relative to
many other pollutants. Most airborne emissions result from combustion, and key sources
include industry, open burning, tailpipe emissions, and cigarettes. The second largest
source is off-gassing, specifically from naphthalene’s use as a deodorizer, repellent and
fumigant. In the U.S., naphthalene’s use as a moth repellant has been reduced in favor of
para-dichlorobenzene, but extensive use continues in mothballs, which appears responsible
for some of the highest indoor exposures, along with off-label uses. Among the studies
judged to be representative, average concentrations ranged from 0.18 to 1.7 μg m-3 in nonsmoker’s homes, and from 0.02 to 0.31 μg m-3 outdoors in urban areas. Personal exposures
have been reported in only three European studies. Indoor sources are the major contributor
to (non-occupational) exposure. While its central tendencies fall well below guideline
levels relevant to acute health impacts, several studies have reported maximum
concentrations exceeding 100 μg m-3, far above guideline levels. Using current but draft
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estimates of cancer risks, naphthalene is a major environmental risk driver, with typical
individual risk levels in the 10-4 range, which is high and notable given that millions of
individuals are exposed. Several factors influence indoor and outdoor concentrations, but
the literature is inconsistent on their effects. Further investigation is needed to better
characterize naphthalene’s sources and exposures, especially for indoor and personal
measurements.
Keywords: air quality; ambient air; exposure; indoor air; naphthalene; personal exposure;
residences; risk; volatile organic compound

1. Introduction
Naphthalene is a toxic air pollutant widely found in ambient and indoor air due to emissions from
the chemical and primary metals industries, biomass burning, gasoline and oil combustion, tobacco
smoking, the use of mothballs, fumigants and deodorizers, and many other sources. Naphthalene is
widely used as an intermediate in the production of phthalic anhydride (66,000 metric tons in the U.S.
in 2000), surfactants (27,000 tons) and pesticides (14,000 tons) [1]. It is also found in many other
environments, e.g., 40% of National Priority List (Superfund) sites contain naphthalene in soils [2].
Naphthalene is also called tar camphor, naphthene, naphthalin, naphthaline, mothballs, mothflakes and
white tar; trade names include albocarbon, dezodorator, mighty 150, and mighty RD1 [2,3].
Naphthalene is rather a special compound in terms of its properties and chemical structure. It is a
flammable white solid with the formula C10H8 and the structure of two fused benzene rings, with
melting and boiling points of 80.5 and 218 °C, respectively. Its odor is fairly distinctive but not
unpleasant, and its odor threshold is about 440 μg m-3 [2]. It is classified as a semi-volatile organic
compound (SVOC) due to its vapor pressure of 0.087 mmHg at 25 °C, which is just below the 0.1
mmHg cut-off often used to define volatile organic compounds (VOCs) [4]. However, naphthalene
sublimes rapidly at room temperatures. Due to its bicyclic aromatic structure, naphthalene is also a
polycyclic aromatic hydrocarbon (PAH), and it is the most volatile member of this group. Naphthalene
has been a target compound in environmental studies examining VOCs, SVOCs and PAHs. While
known as a common and widespread air contaminant for many years [5], naphthalene received
relatively little attention prior to the finding of its carcinogenicity in rats in 2000 [3].
The general public is exposed to naphthalene mainly through inhalation of ambient and indoor air,
followed by dietary and non-dietary ingestion [6-8]. However, no study has explicitly compared
exposures across multiple routes for the general population. One estimate of the average intake rate for
inhalation is 19 μg day-1, and 0.002 to 4.0 μg day-1 for ingestion of water [9]. For nonsmokers exposed
to environmental tobacco smoke (ETS) in their residences, the intake rate due to residential ETS is 1 to
3 μg day-1 [10]. High exposures can occur among workers in industries where naphthalene is present at
high concentrations, e.g., mothball manufacturing and creosote-impregnation facilities [11]. High
exposures also have been suggested among forest firefighters [12].
Exposure to naphthalene has been linked to a number of adverse health effects [2,13-16]. The major
non-cancer endpoints are hyperplasia and metaplasia in respiratory and olfactory epithelium,
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respectively [17], and the cancer endpoint of concern are nasal tumors [16]. US EPA’s current risk
assessment dates from 1998, but a 2004 draft report and peer review [18] are under consideration to
update the inhalation cancer assessment, as well as the noncancer and oral risks, in response to a
National Toxicology Program chronic inhalation study [3]. This draft report has incorporated new
information and new risk assessment methods, with the effect of substantially lowering exposure
limits. It is being revised to include cancer and noncancer effects for both oral and inhalation exposure,
and is expected to be publicly available in mid 2011; a final assessment is expected in 2012. The
science behind the toxicity of naphthalene is controversial, and industry stakeholders have organized a
“Naphthalene Research Committee” with a 5 year (2007-2011) and reported $5.25 million program to
further investigate toxicokinetics, including naphthalene’s mode of action and effects at low doses, and
have sponsored a symposium and several review papers [5,19,20].
Naphthalene has been the subject of exposure and risk assessments since 1980 [5]. Table 1
summarizes U.S. guidelines for short- and long-term hazards and cancer risks. Occupational exposure
limits and guidelines formulated for naphthalene include OSHA’s permissible exposure limit (PEL)
and ACGIH’s threshold limit value (TLV), both 50 mg m-3 as a time weighted average (TWA,
measured over an 8-hr period), which is much higher than levels usually encountered by the general
public. Indoor and ambient standards have not been established. U.S. EPA lists naphthalene as a
Hazardous Air Pollutant (HAP), as a Mobile Source Air Toxic (MSAT) for which regulations are to be
developed under the U.S. Clean Air Act, and as one of 16 priority PAHs. U.S. EPA has set a chronic
reference concentration (RfC) of 3 μg m-3, based on a chronic inhalation mouse study reporting nasal
effects, included hyperplasia and metaplasia in respiratory and olfactory epithelium. This RfC includes
an uncertainty factor of 3,000 [15]. In the same assessment, EPA stated that naphthalene is a possible
human carcinogen, but that available data were inadequate to establish a causal association and thus no
quantitative guidance was given. In the 2002 National-Scale Air Toxics Assessment, U.S. EPA [21]
used a cancer unit risk estimate (URE) of 3.4 × 10-5 per μg m-3, which represents the upper-bound
(95% confidence) excess lifetime cancer risk estimated to result from continuous exposure at a
concentration of 1 µg m-3. This value was adopted from the California Office of Environmental Health
Hazard Assessment [22]. Naphthalene’s carcinogenicity potential was increased 3-fold with a URE of
1 × 10-4 per μg m-3 in the draft revision to EPA’s risk assessment [18] and naphthalene was considered
as a probable human carcinogen, based on increased risk of rare nasal tumors (respiratory epithelial
adenomas and olfactory epithelial neuroblastomas in male rats) found in the NTP [3] study, although
human evidence is lacking [23]. This draft URE value gives a concentration of 0.01 μg m-3 for chronic
inhalation that corresponds to a cancer risk of 10-6. Several U.S. states utilize guideline values that are
more comparable to the RfC and that also apply to ambient air. IARC [14] summarizes limit values for
other countries. The World Health Organization also is considering the development of an indoor air
guideline for naphthalene [24].
Meaningful estimates of exposures for the general public can only be developed with appropriate
and adequate information on concentrations in the various microenvironments frequented by people.
Often, the home residence is considered the most important microenvironment in exposure assessment
since this is where people spend most of their time, e.g., 69% in the U.S. [25] and 66% in Canada [26].
Focusing on current exposures is important as these represent the starting point for risk reduction
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efforts, and since exposures to many pollutants have declined due to actions aimed at controlling
pollutant use, emissions, and concentrations.
This paper reviews the more recent naphthalene literature, focusing on sources and concentrations
in residential indoor environments and outdoor air. We derive representative estimates of naphthalene
concentrations that can be used to estimate background levels and risks, and we discuss determinants
of exposure, information intended to inform the development of policies and regulations aimed at
improving air quality and reducing exposures. Our scope largely excludes occupational and industrial
settings, though we note that many workers may be exposed, e.g., in an older study, NIOSH [27]
estimated that 112,700 workers were potentially exposed to naphthalene. Exposure concentrations
from 0.7 to 93.2 μg m-3 have been reported in industrial settings in Germany [28], and have exceeded
1,000 μg m-3 in aluminum, coke, creosote and iron industries in Europe [29], much higher than seen in
the outdoor, indoor and personal air studies discussed in the body of this paper.
Table 1. Exposure limits and guidelines for naphthalene.
Organization

Reference

Unit

Interpretation

Year

Ref

3

μg m-3

Inhalation RfC

1998

[17]

3.6

μg m-3

Inhalation MRL (Chronic)

2005

[30]

9

μg m-3

Inhalation REL (Chronic)

2000

[31]

3.4 × 10-5

per μg m-3

Inhalation Unit Risk

2009

[22]

2004

[32]

2001

[33]

2005

[34]

2009

[35]

Level

Environmental
Environmental Protection Agency (EPA)
Agency for Toxic Substances and Disease
Registry (ATSDR)
Office of Environmental Health Hazard
Assessment (OEHHA), California
Office of Environmental Health Hazard
Assessment (OEHHA), California
Michigan Department of Environmental
Quality (MDEQ)

3
0.08

ITSL (24 hr)
μg m-3

IRSL (cancer risk of 10-6)
-5

0.8

SRSL (cancer risk of 10 )

Occupational
Occupational Safety & Health

50

μg m-3

PEL (TWA)

National Institute for Occupational Safety

50
75

μg m-3

REL (TWA)

and Health (NIOSH)
American Conference of Governmental

50

TLV (TWA)

Industrial Hygienists (ACGIH)

75

μg m-3

Administration (OSHA)

REL (STEL, 15 min)
TLV (STEL, 15 min)

Notes: RfC = Reference Concentration; MRL = Minimal Risk Level; REL = Reference Exposure Level;
ITSL = Initial Threshold Screening Level; IRSL and SRSL = Initial and Secondary Risk Screening Levels;
PEL = Permissible Exposure Limit; REL = Recommended Exposure Limit; TLV = Threshold Limit Value;
TWA = Time Weighted Average; STEL = Short Term Exposure Limit. This Table does not include the lower
levels given by EPA [18] in a “do not cite or quote” draft document discussed in the text. Ref = Reference.
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2. Methods
2.1. Literature sources
We searched the scientific literature dealing with sources, concentrations and/or exposure
measurements of naphthalene in residences and ambient air. Five major online databases were used:
(1) Science Citation Index Expanded (1900-present, ISI Web of Knowledge), which contains peerreviewed journal articles; (2) Conference Proceedings Citation Index - Science (ISI Web of
Knowledge), which searches in many conferences, symposia, seminars, colloquia, workshops, and
conventions in a wide range of disciplines; (3) ScienceDirect, which contains recent and but still inpress peer-reviewed journal articles, many of which are not searchable in the ISI listings; (4) Medline
(CSA), which focuses on biomedical literature but includes medical, epidemiological and exposure
studies reporting on chemical exposures; and (5) ProQuest, which includes dissertations and theses that
may not be published in the journal literature. We also reviewed proceedings, obtained on CD, from
the three major international societies addressing exposure assessment and air quality: (1) Air and
Waste Management Association Annual Conference & Exhibition (annual from 2000 to 2008);
(2) Indoor Air - International Conference on Indoor Air Quality and Climate (1999 to 2008 held triannually); and (3) International Society of Exposure Science (2006 to 2008). We also searched books
and internet resources, as well as the references cited in identified materials. An Endnote database was
assembled.
2.2. Data analysis
To facilitate analyses, concentrations reported in units of ppb or ppm were converted to μg m-3 at
standard conditions (25 °C, 1 atm), using the relationship of 1 ppb = 5.2 μg m-3.
We focused on measures of central tendency (medians and means) and extreme values (90th and
95th percentiles, maximum). Given a lognormal distribution, a common assumption in air pollution
studies [36,37,38], the geometric mean (GM) can be derived as [37]:
GM = AM / 1 + CV 2

(1)

where AM = arithmetic mean; and CV = coefficient of variation = SD/AM where SD = arithmetic
standard deviation. Arithmetic averages may be unduly influenced by extreme values. The median is a
more robust measurement, and this statistic is emphasized. Because the GM and the median are
approximately equal under a log-normality assumption, the median was approximated using the GM if
the median was not reported.
Pollutant measurements can be influenced by many factors, e.g., community type (industrial, urban,
suburban, rural and remote areas), season, and the presence of smoking. We derived representative
ranges of average and median concentrations (minimum to maximum reported across the studies) by
targeting non-smoking populations in urban areas; this was also the typical study design. Four
measurement types were excluded in deriving representative concentration ranges: (1) concentrations
collected in smoking residences, if explicitly stated and reported separately; (2) concentrations
measured in rural and remote areas that are commonly treated as “background” levels; (3) “old” data,
that is, samples collected before around 1990. Data prior to 1990 has been previously reviewed (as
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reported in Section 3.2.1), and sometimes showed high concentrations; and (4) data with known or
suspected measurement bias, e.g., small sample size, and unreasonably high concentrations.
Data quality or representativeness issues are suspected or seem likely in those studies that used
small sample sizes or in which measurements were below or near method detection limits (MDLs). Of
course, all measurements are subject to various types of errors, e.g., sample losses and analysis issues,
however, errors are especially likely in ambient settings where naphthalene concentrations are
generally low. Studies in the peer-reviewed literature are emphasized.
3. Results
3.1. Emission sources of ambient and indoor naphthalene
Emission source of naphthalene may be classified in several ways. Based on the generation
mechanism, naphthalene is emitted as a product of incomplete combustion, e.g., from wood, straw,
tobacco, gasoline and diesel combustion, and from evaporation or sublimation of naphthalenecontaining materials, e.g., coal tar, crude oil, petroleum products, moth repellents and air fresheners.
Emissions can be classified as natural sources, e.g., wildfires, and as anthropogenic sources, which are
a much larger and more significant source of exposure. From an emission inventory perspective, it is
useful and common to classify sources as industrial, mobile, agricultural, natural and domestic [39]. In
California, for example, gasoline engines, diesel engines, slow cure asphalt, consumer products, and
industrial sources are estimated to contribute 44, 9, 13, 15, and 19% of the statewide total emissions,
respectively [40]. Emission factors (EF) for selected sources are presented in Table 2. Environmental
releases of naphthalene reported under the U.S. Toxics Release Inventory (TRI) in 2002 were
2.07 million pounds to air (mostly from combustion) and 0.37 million pounds to land [2]; this
inventory emphasizes industrial sources. Considerably larger emissions have been reported due to
naphthalene’s use as a moth repellent, e.g., 5,500 metric tons were estimated to have been released in
1989 from this use [61]; a more recent estimate of naphthalene’s use as a pesticide is 3,400 metric
tons [62]. Both EFs and inventory estimates have many gaps, and several types of sources have
particularly large uncertainties, as discussed below.
Table 2. Emission factors for naphthalene and selected sources.
Emission source

Emission
factor

Unit

Ref

Industrial stacks, furnaces, and boilers

Rice

69–2707

μg/kg

Fueled-boilers

10900

μg/kg

Diesel fueled-boiler

1263

μg/kg

HO-NG fueled-boiler

1835

μg/kg

COG-BFG fueled-boiler

37.3

μg/kg

Joss paper furnaces

41.2

mg/kg

Industrial stacks

Emission source

[42]

Wheat

[43]

Commercial cigarette
Research cigarette
In wallboard only room

[46]

In wallboard/carpet
room

19

mg/kg

Hardwood

8.2

mg/kg

factor

Unit

Ref

7.3–9.6

mg/kg

44.4–348

mg/kg

13.2

μg/ciga

[44]

15.1–18.1

μg/ciga

[45]

26–54

μg/ciga

28–42

μg/ciga

17–34

μg/ciga

[41]

Tobacco smoke**

Combustion of wood and coals
House coal

Emission

[48]

In fully furnished room
Mobile

[47]
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Table 2. Cont.
Pine wood

4–27.67

mg/kg

18.06

mg/kg

Anthracite coal

Nd

mg/kg

vehicle

Birchwood

52.8

mg/kg

Non-catalyst-equipped

Pinewood

71.4

mg/kg

gasoline-powered

Wood waste

9.1

mg/kg

Peat briquette

71.4

mg/kg

Heavy-duty diesel

Domestic Waste

331.5

mg/kg

vehicles-Idle

Pine

227

mg/kg

Wood

39.1

mg/kg

Coal briquette

44.5

mg/kg

Charcoal

7.48

mg/kg

vehicles-Transient

Almond

7.3

mg/kg

Heavy-duty diesel

Walnut

14.6

mg/kg

vehicles-Cruise

Fir

13.6

mg/kg

Pine

17.0

mg/kg

Rice husk briquettes

Catalyst-equipped
[49]

[51]

[52]
[54]

[41]

5.0–5.7*

mg/kg

Bean straw

1.8–3.6*

mg/kg

25.2

mg/kg

11.1–149.5

mg/kg

1.3–7.6

mg/kg

Barley
Corn

Heavy-duty diesel
Heavy-duty diesel

[59]
[41]

[50]
50

mg/km

10.2

μg/mile

505

μg/mile
[53]
μg/mile

20.1

μg/mile

503

μg/m3

[55]

72–5850

μg/kWh

[56]

6.5–244

μg/m

[57]

Caulking

310.0

g/(m2h)

Adhesive

1

g/(m2h)

0.001–57.7

g/(m2h)

0.02–0.2

g/(m2h)

Helicopter
Ship auxiliary engine

[58]

mg/km

276

Ship

Rice straw

1

vehicle

vehicles-Creep

Burning of agricultural residue

Agricultural debris

gasoline-powered

3

Household materials

Flooring materials
Wood materials

[60]

*: sum of the vapor and particulate phases. Ref = “Reference”.
**: as emitted in side-stream smoke.

3.1.1. Combustion sources
The formation of naphthalene (and other PAHs) during combustion has been extensively studied.
Combustion is considered to be the single largest emission source of naphthalene [2]. Fuel type,
oxygen supply and temperature are the major factors affecting emissions [63]. Naphthalene formed
during combustion is predominantly in the vapor phase [64], e.g., 90% was measured from burning of
rice and bean straw [58].
Emission factors (EF) for many biomass fuels have been determined in the laboratory under
controlled conditions (Table 2). EFs for open fires have been comprehensively reviewed [65]. For
biomass fuels, these factors span over three orders of magnitude: medians are 40, 17, and 8 mg kg-1 for
wood, coal and crop straw, respectively. Open burning of agricultural residues is a significant source in
developing countries. Burning of rice and bean straw in China, for example, emits an estimated 110 to
126 and 13 to 26 metric tons yr-1 of naphthalene, respectively [58]. Emissions from wildfires also can
be significant. In China, wildfires release 141 metric tons yr-1, including 68% and 32% from forest and
grassland fires, respectively [66]. In Africa, wildfire emissions are projected to exceed anthropogenic
emissions [67]. Wildfire emissions can contribute to naphthalene levels in urban areas by long range
transport [68,69]. Burning of wood and coal for domestic heating and cooking are additional sources.
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Overall, naphthalene EFs for biomass combustion vary considerably by region and time, and
uncertainties are high.
Vehicle emissions represent an important naphthalene source in urban areas. For gasoline-powered
cars and light-trucks, EFs for vehicles with and without catalytic converters are about 1 and 50 mg km-1,
respectively [50]. For diesel-powered vehicles, EFs are about 10, 505, 276, and 20 mg km-1 in idle,
creep, transient, and cruise modes, respectively [53]. Naphthalene has been found in exhausts of
helicopters and ships [55-57].
Second-hand cigarette smoking is among the largest contributor to personal exposures of
naphthalene. EFs of naphthalene in the side-stream smoke measured in the laboratory range from 12 to
15 μg cigarette-1 for commercial cigarettes [44], and slightly higher for research cigarettes [45]. Under
realistic conditions, reported EFs range more broadly, from 17 to 54 μg cigarette-1 and depend on air
exchange rates, furnishing level [47] and smoking condition [70]. All or most of these emissions are
due to the side stream smoke [44,70]. Naphthalene EFs for cigarettes across these studies are
reasonably consistent.
Mosquito coils may be an important source of naphthalene exposure. These coils are used both
indoors and outdoors; in Asia, they are commonly used in sleeping areas during the night. A recent
chamber study measured emissions from 4.8 to 19.5 µg h-1 from burning mosquito coils [71].
A final combustion source, also potentially important indoors, is the burning of incense sticks.
While very common in Asian residences and temples, EF estimates are lacking.
3.1.2. Pyrolysis sources
Naphthalene emissions during pyrolysis have been documented. The mean naphthalene concentration
in the exhaust of flares from the pyrolysis of scrap tires is 150 (range of 0.11 to 543) μg m-3 [72]. An EF
of 20.2 μg g-1 was determined for the pyrolysis of liquid crystal wastes [73].
Food cooking can involve pyrolysis when organic compounds are partially cracked to small
fragments, which then recombine with radicals to form relatively stable PAHs. Frying and boiling
yielded 0.25 to 4.4 μg m-3 of excess naphthalene concentrations per kg of fish or pork chops, while
boiling generated only 0.028 to 0.045 μg m-3 kg-1 [74].
3.1.3. Off-gassing and volatilization
Naphthalene is a natural component in coal tar and crude oil with typical contents of 11% and 1.3%,
respectively [2]. It is also a constituent of gasoline, diesel and jet fuel. In gasoline, the naphthalene
content has been expressed as 1.04 mg g-1 [50], 69 to 2600 mg L-1 [75], and 0.15 to 0.18% (w/w) [76].
Naphthalene’s content varies greatly by brand and grade, and “premium” gasoline tends to have higher
concentrations than “regular” gasoline [75]. In diesel, the naphthalene content varies from 6.6 to
1,600 mg L-1 [75]. In jet fuel, the naphthalene content is 0.26% (w/w) [77].
The use of naphthalene as a moth repellent has been stated to be the second largest naphthalene
exposure source after combustion [2], although its use in this application exceeds rates in the available
emission inventories (described later). A variety of materials are used as “moth preventatives” in the
form of balls, crystals, flakes, cakes, blocks, bars and “nuggets,” available loose and packaged in
porous bags and boxes, clothes hangers, and other niceties, and sometimes scented with cedar,
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lavender and other fragrances. In the U.S., most of these products are made of essentially pure pdichlorobenzene [78], which avoids the flammability hazard associated with naphthalene. However,
naphthalene remains readily available, e.g., sold as “old fashioned mothballs” or flakes, except in
California where it has not been registered under Proposition 65. At the federal level, naphthalene is
registered for use on indoor sites as a moth repellant in the form of balls and flakes (it is not formed in
blocks and other configurations). Based on industry reports [79], the U.S. moth preventative consumer
sales totals $14 million annually, of which 41% can be identified as naphthalene products. However,
these figures are incomplete, e.g., many merchandisers and bulk sales are excluded, and actual sales
are likely multiples of this value. Also, naphthalene’s actual share will be lower since many retailers
only stock items that can be sold nationally and, as mentioned, California sales for this purpose are
not permitted.
In chambers, the emission rate from moth repellents made of essentially pure naphthalene is 0.16 to
0.19 mg g-1 h-1 [80], and it tends to last longer than p-dicholorobenezene in the same application.
Clothes stored with moth repellents may adsorb naphthalene and subsequently become secondary
sources, e.g., a regular cotton shirt absorbed up to 3 mg of naphthalene when indirectly exposed to
mothballs in a storage cabinet [81]. US EPA [62] notes that application rates are “imprecise,” ranging
from 0.25 to 0.37 lbs per 12 ft-3 for mothballs or flakes used indoors as a moth repellant, and 1 lb per
12 ft-3 for flakes used indoors as an animal repellant.
More generally, naphthalene is used as a fumigant to repel animals and insects in closets, attics,
soils (including gardens), and other applications, and also as a deodorizer in diaper pails and toilets.
Outdoors, it is used to control nuisance vertebrate pests (snakes, squirrels, rats, rabbits, bats, etc.)
around garden and building peripheries with an application rate from 0.56 to 10.8 lb of granules or
flakes per treated area [62].
Many building materials emit naphthalene. A Canadian material emission database listed
naphthalene in 41 of 69 commonly used materials [60]. On an area basis, caulking has the highest
emission rate, 310 mg m-2 h-1, among materials tested, followed by carpet pads (installed underneath
carpets), 2.1 to 9.9 mg m-2 h-1. Emission rates fell below 1 mg m-2 h-1 for other materials tested, which
included solid and engineered materials and flooring materials. In a chamber study, naphthalene
emissions from rubber floor covering with a loading ratio of 0.4 m2 m-3 and an air exchange rate
(AER) of 0.5 h-1 resulted in a concentration of 3 μg m-3 [82]. Overall emission rates from materials in
ten urban homes in Chicago, Illinois, estimated using AER measurements and steady-state and fullmixing assumptions, averaged 0.245 mg h-1, and the median was 0.115 mg h-1 [83].
3.1.4. Emission inventories
A few countries have compiled estimates of nationwide emissions of naphthalene. Table 3 lists
annual releases from the U.S., Canada, Netherlands, Scotland and Switzerland. Of these countries, the
U.S. has the highest emissions: releases peaked at about 3,000 metric tons yr-1 in 1988 and 1998; more
recent figures are in the 1,500 metric ton yr-1 range. The main source is the chemical industry,
including the production of phthalic anhydride, and the manufacture of phthalate plasticizers, resins,
dyes and insect repellents [2]. The chemical industry accounted for as much as 41% of (industrial)
naphthalene emissions in 2006. The next largest category was the primary metals industry, which
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accounted for 28% of 2007 emissions. The data in Table 3 suggest downward trends over the last two
decades in aggregate emissions in the U.S. and the Netherlands as well as U.S. mobile emissions; the
trend for aggregate emissions in Canada appears to be flat. Decreases in aggregate emissions may be
reflected in the declining trend of outdoor concentrations (depicted later in Figure 4).
As noted, emission inventory estimates have many limitations and may not reflect true releases. The
quality of inventories, including their accuracy, validation and completeness, remains an issue. In fact,
most inventories do not include naphthalene, instead focusing on criteria air pollutants and selected
VOCs [84]. Additionally, inventories emphasize industrial and mobile sources, and most or all
residential and commercial sources are generally excluded. While individually small, collectively these
sources are important. For example, in 1989, about 5,500 metric tons of naphthalene were used as a
moth repellent, 7,000 metric tons in 1994 [2], and 3,400 metric tons in 2008 [62]; essentially all of
which was emitted to air. These quantities considerably exceed values listed in the national emission
inventory (2,215 and 1,624 metric tons in 1989 and 1994, respectively). These values are uncertain,
and they do not include off-label uses of naphthalene as a fumigant.
Table 3. Annual releases of naphthalene in the U.S., Canada, The Netherlands, Scotland
and Switzerland.
Year

US Industry

US Mobile

Canada

Netherlands

Scotland

Switzerland

(ton)

(ton)

(ton)

(ton)

(kg)

(kg)

58

560

2007

2008
1,290

2,913
332

115

294

2006

1,521

504

115

19

2005

1,755

656

118

18

3,761

2004

1,560

294

2003

1,646

190

2002

1,368

2001

1,205

5,151

168

2000

1,400

221

1,747

253

1998

2,729

201

1997

1,504

613

1996

1,837

100

1995

1,510

69

1994

1,624

113

1993

1,470

1992

2,299
1,831

1990

2,286

1989

2,215

1988

3,049

Reference

[85]

35

358

1999

1991

30

133

196

263

[86]

[87]

[88]

[89]

[90]
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3.2. Exposure concentrations
This section reviews measurements of concentrations reported in indoor and outdoor studies. We
also discuss key determinants of exposures identified in the literature.
In the atmosphere, naphthalene exists in both vapor and particulate phases. The distribution
between these phases depends on temperature, precipitation and other environmental factors, but most
naphthalene (>95%) occurs in the vapor phase [91,92,93,94]. Naphthalene’s atmospheric lifetime is
short, less than 1 day [2]. The dominant transformation process is reaction with photochemicallyproduced hydroxyl and nitrate radicals, which produces nitro-naphthalene as a major product [95].
Rates of these reactions, and the atmospheric lifetime, will depend on ambient temperatures, the
amount of sunlight, and the mix and concentration of other atmospheric constituents.
3.2.1. Previous Reviews
Naphthalene concentrations in residences, along with other VOCs, have been reviewed in several
papers. An older U.S. EPA report [96] summarized indoor air concentrations measured from 1987 to
1989 and, interestingly, listed naphthalene separately as a VOC, PAH and pesticide. As a VOC, the
reported mean and median concentrations in 230 German homes were 2.3 and 2.0 μg m-3, respectively;
as a PAH, concentrations were 1.0 and 2.2 μg m-3 in homes with and without smokers, respectively;
and as a pesticide, concentrations ranged from 0.55 to 4.2 μg m-3 in U.S. residences. Brown et al. [37]
reviewed 50 studies between 1978 and 1990, and estimated that the weighted average GM
concentration was below 1 μg m-3 in various non-occupational indoor environments. Holcomb and
Seabrook [97] listed average VOC concentrations in various microenvironments from 27 studies;
naphthalene concentrations were reported in only two studies conducted before 1990 with quite high
concentrations, from 9.2 to 13.9 μg m-3. Hodgson and Levin [98] estimated that the most representative
median concentration in existing houses was 0.84 μg m-3. Wang et al. [99] reported naphthalene
concentrations 0 to 1.8 μg m-3 in aircraft, but residential concentrations were not noted. Generally,
naphthalene received little attention: it was omitted in other reviews of VOCs, e.g., Shah and Singh [100];
Dawson and McAlary [101], as well as in reviews of PAHs, e.g., Srogi [102] and Chang et al. [103].
Naphthalene-specific reviews have focused on its toxicity and health effects, although some have
reported indoor and outdoor concentrations. The Report on Carcinogens [16] is limited to
concentrations in workplaces. The IARC monograph [14] gives references only prior to 1995. The
ATSDR toxicological profile [2], updated in 2003, includes references up to 1999, but omits many
articles (which we cite in this review). Pruess et al. [11] reviews indoor and outdoor exposures, and
proposes a hygiene-based exposure limit of 1,500 μg m-3, which is far above environmental limits.
This review lists the means and ranges of concentrations found in 10 indoor residential studies and 21
outdoor studies. A recent summary of naphthalene exposure data [5] used a single study conducted in
day care centers to represent indoor levels.
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3.2.2. Indoor concentrations
Table 4 summarizes 21 studies that measured indoor concentrations of naphthalene from 1986 to
2006. Concentrations are highly skewed, both within and between studies, as shown by study averages
that greatly exceed medians, and by high peak concentrations (up to 144 μg m-3). Median
concentrations ranged from 0.17 to 4.1 μg m-3, and averages from 0.8 to 9.5 μg m-3. Two studies
showed strikingly high concentrations: the 150-home study in Syracuse, NY in which over 80% of the
homes had one or more tobacco smokers indoors [104]; and a study of 27 residences which included
many receiving complaints from occupants [105]. After excluding these studies, median concentrations
ranged from 0.18 to 1.7 μg m-3 in non-smoking residences, which we present as a representative range
for residences. Exaggerated by extreme values, means showed a wider range, 0.27 to 4.1 μg m-3. These
ranges resemble those suggested in the previous reviews [37,96,98], and they encompass the value
(0.95 μg m-3) used to estimate chronic inhalational doses and cancer risks [16].
Maximum concentrations reported in the different studies vary considerably, from around 1 to
144 μg m-3 (Table 4). The highest concentration (144 μg m-3) was observed in a home in Ottawa,
Canada [113]; a nearly comparable level (92 μg m-3) was measured in a southeast Michigan, USA
home [107]. However, most extrema were below 50 μg m-3, in accordance with Preuss et al. [11] who
stated that “the majority of investigations found naphthalene levels far below 50 μg m-3.” We do not
know whether these high concentrations reflect long-term levels and chronic exposure, or short-term
excursions that might have occurred due to intermittent use of a naphthalene product or for other some
other reason.
Although the effect of tobacco smoking is not always consistent (see below), we separately
estimated concentrations in residences containing smokers. Concentrations averaged 1.8 μg m-3 in 10
Michigan homes [44], 9.5 μg m-3 in over 120 New York State homes [104], and from 1.3 to
2.5 μg·m-3 in 6 Ohio homes [111]. One median concentration was available, 2.8 μg m-3, in Syracuse,
NY [104]. We propose a representative range of 1.8 to 9.5 μg m-3 for average (medians not available)
naphthalene concentrations in residences with smokers, considerably higher than that just discussed for
smoke-free residences.
Very elevated concentrations of naphthalene have been reported in rural homes in developing
countries, such as China and African countries, where coal, wood and crop residues are widely used in
simple and unvented cook stoves. For example, naphthalene concentrations averaged 28.7 μg m-3 in
rural houses in Burundi [124]. While beyond our present scope, these studies suggest the need for
further investigation given their significance and the scarcity of the data available.
Regional differences. Figure 1 displays ranges of median and mean concentrations for the U.S.,
Canadian and European studies. Naphthalene concentrations in US and Canada residences are similar.
The North American studies show the widest range of concentrations, and levels generally exceed
those in European studies, which show median concentrations below 0.6 μg m-3.
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Table 4. Naphthalene concentrations measured in residences.
Country

US

Location

Missoula, MT

Setting

Rural

Sampling
period
2005–2006

No. of residences
51 high school
students' homes

Sampling
method

Concentration (μg m-3)

DF

Rep

VOC/
PAH

SD

GM

Median

Max

-

-

-

0.3

1.4

N

VOC

3.49

-

-

0.84

91.75

Y

VOC

24-h active sorbent

9.52

-

-

2.84

44.7

N

VOC

[104]

12-h active sorbent

Urban
US

Southeast MI

and

2004–2005

159 homes

4-d passive sorbent

100%

suburban
US

Syracuse, NY

Urban

2001–2003

150 residential
buildings

Ref

AM

[106]
[107,
108]

Urban
US

Chicago, IL

and

2000–2001

10 homes

48-h active PUF

-

-

-

0.18

2.34

Y

PAH

[109]

1997

9 children's homes

48-h active PUF

0.43

-

-

-

1.24

Y

PAH

[7]

24-h active resin

2.19

1.87

-

1.67

9.7

Y

PAH

[6]

0.85

0.95

-

0.47

50

Y

PAH

[110]

1.4

-

-

-

4.2

N

PAH

[111]

100%

-

-

1.45

1.12

23.02

Y

VOC

[112]

83%

3.87

17.25

0.33

0.39

144.44

Y

VOC

[113]

100%

0.27

-

0.17

0.17

-

Y

PAH

[114]

suburban
RaleighUS

Durham-Chapel

Urban

Hill Area, NC
US
US
US
Canada
Canada
Canada

Five cities, NC
Southeast
Chicago, IL
Columbus, OH
Quebec City,
Quebec
Ottawa, Ontario
Montreal,
Quebec

Urban
and rural

1995

24 low-income
families

Urban

1994–1995

10 homes

24-h active PUF

Urban

1986–1987

8 homes

8-h active resin

Urban

2005

96 dwellings

7-d passive sorbent

Urban

2002–2003

75 residences

Urban

1991–1994

18 residences

100-min active
sorbent
24-h active resin

89%
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Canada
UK

Canada

754 homes

Urban

1999–2000

12 homes

Active sorbent

Urban

1994–2001

2103

4-week OVM

measurements

passive

nationwide
Birmingham
Leipzig,

Germany

Munchen, and

24-h passive

1991

Koln

sorbent

4-week OVM

Germany

Leipzig

Urban

1994–2001

222 measurements

Germany

Bremer

Urban

NA

182 measurements

Urban

2000–2001

Urban

1996–1997

201 homes

48-h active sorbent

NA

NA

50 normal houses

Active sorbent

Urban

N/A

Germany

SchleswigHolstein

Finland

Helsinki

Finland

NA

Australia

Melbourne

39 dwellings and
houses

22 non-complaint
homes
5 complaint homes
China

Hangzhou

Urban

1999

8 nonsmoking and
smoking homes

passive
Active PUP

sorbent
XAD-2 resin

-

-

-

-

Y

VOC

[115]

0.8

1

-

0.5

6

Y

VOC

[116]

0.8

-

-

0.3

1.8

Y

VOC

[117]

0.89

-

-

0.31

40.79

Y

VOC

[118]

-

-

0.81

30.91

N

PAH

[119]

1.2

2.8

0.31

0.46

14

Y

VOC

[120]

0.64

0.53

0.55

0.6

3.89

Y

VOC

[121]

0.44

0.46

-

0.31

1.63

N

VOC

[122]

1.6

1.6

4.1

4.1

-

N

VOC

[105]

3.94

4.59

20.57

N

PAH

[123]

100%

Active sorbent

30-50 min active

4.07

24%

30%

100%

3.2
6.9
6.77

-

6.90

Notes: DF = “Detection frequency”; AM = “Arithmetic mean”; SD = “Standard deviation”; GM = “Geometric mean”; Max = “Maximum”; Rep = “Representativeness”;
Y = “Yes”; N = “No”; VOC = “Volatile organic compound”; PAH = “Polycyclic aromatic hydrocarbon”. Medians in italics are derived using eq. (1). Ref = “Reference”.
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Figure 1. Indoor concentrations grouped by region.
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Urban vs. rural areas. Indoor concentrations did not show significant differences between rural and
urban residences in one study [6]. Other (inter-study) comparisons also suggest little if any difference,
e.g., the median concentration in a rural area in Missoula, MT, USA was only 0.3 μg m-3 [106], while
similar or lower concentrations have been found in urban settings, e.g., 0.18 μg m-3 in the Chicago
area [109]. Thus, excluding the measurements in rural areas [6,106] from the derivation of
representative concentration ranges does not significantly affect the indoor concentration ranges.
Long-term trends. Figure 2 shows study averages and median concentrations by year. Indoor levels
did not show any clear trend, even after removing observations from smoking and complaint
residences, or after stratifying by region or country. This differs from the decreasing trend seen for
many indoor VOCs in North America [98] and Europe [118], and it is somewhat surprising given
naphthalene's decreasing share of the moth repellent market. The flat trend may hint that the older
studies did not fully characterize naphthalene levels, possibly due to measurement problems as
discussed later.
Seasonal variation. Indoor concentrations of naphthalene did not show consistent seasonal patterns.
Higher concentrations were expected in winter due to lower air exchange rates and increased emissions
from wood-burning fireplaces, which might explain trends seen in the nationwide Canadian study
where concentrations averaged 6.7, 4.3 and 2.5 μg m-3 for outdoor temperatures ≤0 °C, 0 –15 °C and
≥15 °C, respectively [115]. However, the opposite trend may occur due to higher emission rates from
materials and outdoor barbecuing in summer, possible reasons for the higher levels in summer seen in
ten Chicago area homes [109]. Seasonal cycles of aromatic VOCs (but not naphthalene) have been
modeled in two German studies for aromatics [117,118].
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Figure 2. Long-term trends of naphthalene concentrations in residences.
Ave = Average; Med = Median. Trend lines show indoor average: y = 0.04x – 81.27,
R2 = 0.01; indoor median: y = –0.00x + 2.30, R2 = 0.00. The regression lines suggest
essentially a flat trend and should not be used for quantitative predictions.

3.2.3. Determinants of indoor concentrations
Our review indicates that several emission sources influence indoor concentrations, including
indoor tobacco smoking, use of moth repellents, and the presence of an attached garage. Additional
factors affecting indoor concentrations include season, building characteristics (location, house age,
and type of heating system), furniture, and ventilation condition. As discussed below, however, the
evidence for these sources and factors is inconsistent, and few studies have quantitatively apportioned
sources or the effects of these factors.
Attached garages. Garages containing vehicles or gasoline are known sources of aromatic compounds
and naphthalene, although naphthalene concentrations in garages have been rarely reported [125]. Thus,
garages attached to residences can significantly elevate indoor concentrations of aromatic compounds,
including naphthalene [108,112]. In southeast Michigan homes with attached garages, sources in the
garage were responsible for 35% of the indoor naphthalene levels; most of the remainder (65%) arose
from indoor sources; and contributions from outdoor sources were negligible [126].
Indoor tobacco smoking. Elevated naphthalene concentrations were found in residences with
tobacco smoking in an early study [111]. However, this was not the case in more recent studies,
including studies that specifically evaluated effects of environmental tobacco smoke
(ETS) [6,108,112], probably because ETS contributes only a small amount of naphthalene. Based on
an analysis using ETS tracers, Charles et al. [44] estimated only about 3% of naphthalene was due to
ETS. Nazaroff and Singer [10] provide a comparable estimate, a concentration increase of 0.1 to 0.2 μg
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m-3 due to smoking. These small contributions likely explain the inconsistent effect seen for
indoor smoking.
Moth repellents. Elevated naphthalene concentrations due to indoor storage of mothballs were seen
in a study of 10 residences [110]. Several older studies reported high indoor concentrations, 520 to
1200 μg m-3, in bedrooms and living rooms adjacent to closed spaces containing mothballs [23]. Price
and Jayjock [5] provide some simple calculations of naphthalene concentrations in homes using
mothballs, but supporting measurements are not given. Based on a mothball emission rate of
0.175 mg g-1 h-1, a ball or cake weight of 32 g [80], the typical U.S. house volume of 369 m3 and
exchange rate 0.63 h-1, and a fully mixed (box) model [5], the indoor concentration of naphthalene is
24 μg·m-3. Concentrations would gradually decline, but the product would last about 8 months. Most
users probably place a few mothballs in closed closets, plastic clothes bags, clothes chests or drawers
about once per year. Such environments have limited exchange to the rest of the home, and emission
rates can be affected by mass-transfer limitations and source-sink effects. These processes would tend
to lower concentrations, but concentrations could be predicted using more complex, multicompartment
models. Presently, p-dichlorobenzene appears to be the predominant ingredient in moth repellents sold
in the U.S., however, naphthalene’s use in this application also continues. In many other countries,
naphthalene continues to find more extensive use as both a repellent and deodorizer.
Griego et al. [20] state that Recochem, a Canadian company, is the sole U.S. registrant for pesticide
use of naphthalene, but that off-label uses of mothballs as area fumigants, e.g., many mothballs placed
on open trays in attics or other portions of homes, can elevated indoor levels by 10 to 300 μg m-3. The
maximum indoor levels noted earlier, 90 and 144 μg m-3 in Michigan and Ottawa homes, respectively,
fall in the range suggested for off-label uses, however, the specific use of naphthalene in these homes
is unknown. Overall, historical exposures that resulted from the use of mothballs as well as off-label
uses have not been documented.
Other factors. Domestic wood burning for heating has been reported to increase indoor PAH
concentrations [127]. However, no significant difference was found in the single study that specifically
examined fuel combustion and naphthalene levels [111]. Incense burning has been found to
significantly increase indoor naphthalene concentrations in Asian homes [128].
Air fresheners have been stated as naphthalene sources [2], but Heroux et al. [112] found lower
naphthalene concentrations in rooms containing air fresheners. Other chemicals appear to have
replaced naphthalene use in this application, at least in the U.S.
Naphthalene concentrations have been positively related to home age [109], the opposite of what
has been observed for other VOCs [105]. Lower naphthalene concentrations were found in homes with
new furniture (≤12 months old), attributed to the sink effect [112].
In summary, few determinants of naphthalene concentrations that are consistent across the studies
have been established. This may be caused by several factors. First, observed naphthalene
concentrations are frequently low, often near or below method detection limits (MDLs). Measurements
at such levels are prone to large uncertainties that may mask the true variation. Second, as discussed
later, current monitoring methods for environmental naphthalene (as opposed to occupational settings)
have not been fully validated. Third, the number of studies that have measured naphthalene is small,
and most were not designed to identify determinants. Fourth, source-sink effects for naphthalene may
be significant, and can complicate the collection of representative samples and the identification of
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primary (not re-emitting) sources. Lastly, in many cases there are multiple sources of naphthalene and
source attribution is not always easy.
3.2.4. Outdoor concentrations
Although the bulk of emissions occur to outdoor air, naphthalene is found at low concentrations in
most urban and suburban settings. The 24 studies reviewed reported average outdoor concentrations
below 1.0 μg m-3 and medians below 0.5 μg m-3. A set of studies considered to be representative of
urban or suburban levels was developed by excluding the studies conducted in remote or rural areas, or
those that used only one sampling site. This left 13 studies. Acknowledging some data quality issues,
our estimate of representative urban and suburban concentrations are 0.02 to 0.31 μg m-3 for medians,
and 0.01 to 0.82 μg m-3 for averages (Table 5). This range is within the 0.001 to 1.0 μg m-3 brackets
suggested in a recent review [5].
Maximum outdoor concentrations ranged from 0.01 to 4.7 μg m-3 (Table 5). The upper bound
concentration, about 5 μg m-3, might be used as a conservative exposure scenario for “general” urban
air. Occasionally, higher concentrations have been detected, e.g., 25 μg m-3 was observed outside of
eight Hangzhou, China homes [123], but this may have resulted from entraining indoor air. Levels may
be elevated near industrial and waste disposal sites containing strong sources, e.g., naphthalene levels
averaged 11 μg m-3 at a landfill site in summer in Guangzhou, South China [129].
Regional differences. Median outdoor concentrations of naphthalene in urban areas ranked by
region generally follow the following trend: U.S.A. > Europe > Canada (Figure 3). Median
concentrations measured elsewhere (as those summarized in Table 5) fall within the bounds of these
studies. It is not feasible to compare ambient concentrations measured in rural or remote areas due to
the very low concentrations seen and the small number of studies.
Temporal variation. Like many other pollutants, naphthalene concentrations in outdoor air undergo
both diurnal variation. Concentrations tend to peak at night and in the morning, and are lowest at midday [40,137]. Nighttime increases are attributable to low mixing heights that build up levels from local
sources, while morning peaks are associated with vehicle emissions at rush-hour and diminished
dispersion. Levels decrease during midday due to enhanced dispersion, lower traffic and reduced
emissions. A simulation study predicted peak concentrations increasing by roughly 0.2 μg m-3 due to
weak vertical mixing and photo-oxidation [40]. This pattern is similar to that seen for traffic-related
VOCs such as benzene, toluene and 1,3-butadiene [138] and some PAHs [139].
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Table 5. Naphthalene concentrations measured in ambient air. Otherwise as Table 4.
Country

US

US

Location

Missoula, MT

Southeast
Michigan

Setting

Rural
Urban
and
suburban
Urban

US

Chicago, IL

and
suburban

Sampling

No. of sampling

period

locations

2005–
2006

school

Rep

VOC/
PAH

Ref

AM

SD

GM

Median

Max

12-h active sorbent

-

-

-

0.1

0.4

N

VOC

[106]

0.28

-

-

0.18

4.72

Y

VOC

[107]

students' homes
Outside of 159

2005

homes

2001

Concentration (μg m-3)

DF

Outside of 51 high

2004–

2000–

Sampling method

4-d passive sorbent

94%

Outside of 10 homes

48-h active PUF

-

-

-

0.17

1.87

Y

PAH

[109]

4 sites

48-h active PUF

0.06

-

-

-

0.076

N

PAH

[7]

24-h active resin

0.43

0.51

-

0.28

1.82

Y

PAH

[6]

Outside of 8 homes

8-h active resin

0.17

-

-

-

0.33

N

PAH

[111]

5 sites, 305 samples

6L canister

-

-

-

1.96

Y

VOC

[130]

4 schools

24-h active PUF

-

-

-

1.04

Y

PAH

[91]

2 sites

5-day active sorbent

-

-

-

Y

PAH

[131]

Raleigh–
US

Durham–
Chapel Hill,

Urban

1997

NC
US
US
US

Five cities in
NC
Columbus, OH
Phoenix and
Tucson, AZ

Urban
and rural
Urban
Urban

1995
1986–
1987
1994–
1996

Outside of 24 lowincome families

0.01–
0.82

San Dimas,
US

Upland, Mira
Loma,

Urban

2001–
2002

0.21–
0.58

Riverside, CA
Los Angeles,
US

CA
Riverside, CA

Urban

2002–
2003

0.7
0.23

2.54
0.77
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US
Canada
Canada
Canada

Wildlife
Refuge, MS
Sarnia, Ontario
Ottawa,
Ontario
Western
Canada

Remote

1991

2 sites, 80 samples

4-day active PUF

0.0001

-

-

-

-

N

PAH

[132]

Urban

2005

37 sites

2-week OVM passive

0.12

0.05

-

0.11

-

Y

VOC

[133]

54%

0.18

-

-

0.02

3.9

Y

VOC

[113]

70%

0.008

-

0.003

0.003

1.7

N

VOC

[134]

0.3

0.2

-

0.2

0.9

Y

VOC

[116]

-

-

-

N

PAH

[92]

0.1

-

-

0.1

1.5

Y

VOC

[118]

Urban
Rural

UK

Birmingham

Urban

UK

Birmingham

Urban

Germany

Leipzig

Urban

Germany

Germany

Urban

Finland
Australia
India

Helsinki,
Finland

Urban

Melbourne

Urban

Delhi

Urban

2002–
2003
2004
1999–

Outside of 74 homes
11399 samples

100-min active
sorbent
1-month OVM
passive

Outside of 12 homes

Active sorbent

1site, 55 samples

24-h active PUF

222 measurements

4-week OVM passive

NA

47 measurements

Active PUP

100%

-

-

-

0.1

1.4

Y

PAH

[119]

1996–

Outside of 183

1997

homes

48-h active sorbent

<20%

-

-

-

-

1.3

N

VOC

[121]

N/A

27 sites

30%

<MDL

-

-

<MDL

-

N

VOC

[105]

2001

Multiple sites

4-h active sorbent

0.39

0.30

-

0.31

-

Y

VOC

[135]

Multiple sites

4-h active sorbent

0.10

0.12

-

0.06

-

Y

VOC

[136]

0.01

0.01

-

0.01

-

Y

PAH

[137]

6.31

6.82

3.15

4.15

19.83

N

PAH

[123]

0.41

-

-

-

-

N

0.28

-

-

-

-

Y

PAH

[94]

0.22

-

-

-

-

N

2000
1992
1994–
2001

2001–

30–50 min active
sorbent

India

Mumbai

Urban

Korea

Seoul

Urban

1999

1 site

24-h active PUF

China

Hangzhou

Urban

1999

Outside of 8 homes

XAD-2 resin

2002

Industrial
Taiwan

Taichung

Urban
Rural

2002

1 site

3-day active PUF

0.002–
0.012

100%
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Figure 3. Outdoor concentrations grouped by region.
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Outdoor concentrations also show seasonal variations, and higher levels are seen in winter as
compared to summer [40,130,131,137]. Seasonal changes were 0.96 μg m-3 in Los Angles and
0.20μg·m-3 in Riverside, California, USA [131]. (Other studies did not quantify seasonal changes.) In
general, the seasonal changes follow patterns seen for VOCs, i.e., in winter, cool temperatures are
often associated with decreased photochemical reaction rates [140], increased emissions from heating
sources [39], and decreased dispersion due to more stable air and lower mixing heights [141].
All but one of the ambient studies used sampling periods less than 3 years in length, and thus longterm trends were not investigated. In Leipzig, German, ambient measurements were collected for 8
years, but naphthalene trends were not identified [118]. We attempted to discern trends by aggregating
the 12 urban studies, and plotting means and medians against the 15 years spanned (Figure 4). These
data suggest a downward trend, especially for median concentrations, but the variation is very large
across the studies. Such multi-study comparisons cannot identify trends occurring at specific sites,
which are best examined using long-term monitoring at the same sites, consistent methods, and
sampling strategies that account for diurnal and seasonal variation.
Rural areas. Unsurprisingly, outdoor concentrations are lower in rural areas that have little traffic
and fewer if any industrial facilities (Table 5). Based on measurements in Missoula, MT, U.S. [106]
and rural Western Canada [134], rural concentrations typically fall below 0.1 μg m-3. Several studies
have compared urban and rural areas. In North Carolina, U.S., the average concentration at rural sites
was four times lower than at inner city sites in Durham [6]. In southern California, average
naphthalene concentrations ranged from 0.06 to 0.27 μg m-3 in two rural communities [91].
Occasionally, rural areas experience locally elevated concentrations due to open burning of crop
residues and possibly other materials, as shown in an agricultural county in Taiwan where naphthalene
levels increased by 1.3 to 2.6 times to 0.38 to 0.44 μg m-3 during the burning period [93]. Such events
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are sporadic but may result in air pollution episodes with unfavorable meteorology [142,143]. Our
search failed to find any measurements of naphthalene during air pollution episodes.
Remote locations. Naphthalene concentrations measured at remote locations, such as rural areas of
Western Canada, typically range from below method detection limits (<MDLs) to 0.01 μg m-3 [134].
This is similar to the 0.0001 to 0.003 μg m-3 range suggested by Price and Jayjock [5]. These
“background” naphthalene concentrations are small and generally negligible compared to urban levels.
Figure 4. Long-term trends of naphthalene concentrations in residences. Ave = Average;
Med = Median. Trend lines show outdoor averags: y = –0.02x + 31.78, R2 = 0.05; and
outdoor median: y = –0.02x + 31.03, R2 = 0.39. The regression lines suggest a decreasing
trend but should not be used for quantitative predictions.
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3.2.5. Determinants of outdoor concentrations
Traffic. Although a known constituent of vehicle exhaust, few studies have examined the effect of
traffic on naphthalene concentrations. Naphthalene has been rarely reported in tunnel studies, a
common way to characterize traffic emissions. One study in two highway tunnels in Chicago reported
a concentration of 8.0 μg m-3 [144]. In a multi-community monitoring program in Southern California,
naphthalene concentrations varied from 0.06 μg m-3 in a community with light traffic to 0.58 μg m-3 in
a community traversed by 200,000 vehicles day-1 [91]. The naphthalene gradient due to traffic-related
emissions has not been characterized.
Proximity to industrial facilities can increase naphthalene concentrations. In Sarnia, Canada, a clear
concentration gradient was seen around a large cluster of industrial and chemical facilities [133]. In
southeast Michigan, higher concentrations were observed in an industrial city than a suburban
community in Michigan [107]. A modeling study of Los Angeles showed a similar pattern [40]. As
mentioned earlier, quite high concentrations (11 μg m-3) were noted at a landfill site in China in

Int. J. Environ. Res. Public Health 2010, 7

2925

summer [129]. A slightly elevated concentration, 1.1 μg m3, was seen near a former manufactured gas
plant [145]. (Note that this concentration was incorrectly reported (as 1,100 μg m3) in this paper due to
a unit problem.)
In summary, ambient concentrations of naphthalene vary spatially and temporally. Concentrations
in urban areas typically range from 0.02 to 0.31 μg m-3; levels are much lower in rural and remote
areas, below 0.1 μg m-3. Particularly in urban areas, concentrations show diurnal and seasonal patterns,
reflecting variability in emission sources and meteorological influences. Rural areas may experience
occasional elevated concentrations due to open biomass burning. While several studies used a large
number of measurements, no long-term trends were discerned, and this was not investigated in any of
the studies. Outdoor concentrations form a “floor” for indoor concentrations, i.e., they represent the
level in residences that do not contain naphthalene-containing products.
3.2.6. Personal exposures
Personal exposure to naphthalene have been reported in only three European studies (Table 6).
These show median concentrations from 0.5 to 2.0 μg m-3 and averages from 0.78 to 2.3 μg m-3. These
levels are within the ranges discussed for indoor residential concentrations (and much higher than
outdoor concentrations), suggesting that personal exposures mainly result from exposures and sources
indoors. The maximum personal exposures varied from 2.7 to 12.7 μg m-3. The maxima ranked as urban
> suburban > rural in the U.K.; median and mean concentrations did not depend on urbanization [146].
Edwards et al. [121] made simultaneous indoor, outdoor and personal measurements, and found that
personal exposures (including means, medians, and maxima) were lower than indoor concentrations.
This suggests that personal contact with naphthalene sources is rare, and that the “personal cloud”
effect seen for some other pollutants may not apply to naphthalene. This seems reasonable given that
individuals spend minimal amounts of time in a closet or bathroom where mothballs, deodorizers and
air fresheners might be used, while monitoring in nearby rooms might end up with high concentrations,
and since individuals are outdoors or in other environments where levels are low.
A recent UK study [146] thoroughly analyzed determinants of personal exposure, and found that the
presence of an attached garage and exposure to ETS were determinants of VOC exposures, and ETS was
the primary determinant of PAH exposures. However, these factors did not significantly affect naphthalene
exposures. Other factors, including community setting and property value, also were not influential.
The lack of studies examining personal exposures in North America, where naphthalene has found
extensive indoor use and where both indoor and outdoor concentrations are higher, represents a
significant gap in the literature. While largely beyond our scope, the same gap appears to exist in the
occupational setting, e.g., Rappaport et al. [29] used exclusively European studies to establish the
relationship between personal naphthalene exposure and total PAH exposures. Information is also
lacking for Australia and other countries where indoor use of naphthalene is common.
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Table 6. Personal exposure measurements of naphthalene. Otherwise as Table 4.
Country

UK

Location

Setting

London
and
Birmingham

Urban

Birmingham

Suburban

Midlands
Wales

Rural

and

Sampling
period

Sample
size

Sampling
method

Concentration (μg m-3)

191
2005–2007

209

5-day
sorbent
active

100

Germany

West Germany

Urban

1990–1991

113

Finland

Helsinki

Urban

1996–1997

183

7-day
OVM
passive
2-day
sorbent
active

Rep

DF
AM

SD

GM

Median

Max

0.78

1.49

0.49

0.49

12.67

Y

0.72

0.75

0.55

0.55

6.35

Y

0.71

0.54

0.58

0.58

2.84

N

VOC/
PAH

Ref

VOC

[146]

96%

2.3

2.1

2.0

4.0

Y

VOC

[147]

10%

na

na

na

2.7

N

VOC

[121]

3.3. Health risk assessment
As noted at the onset, health risk assessments for naphthalene are in flux. The current reference
concentration (RfC) of 3 μg m-3 established by US EPA [17] represents a threshold effects level. Five
studies have reported higher average indoor concentrations: one study of mostly smoking homes [104];
one including homes receiving occupant complaints [105]; and three more representative
studies [107,113,115]. None of the outdoor studies and none of the median concentrations in the
indoor studies exceeded the RfC.
The estimated cancer risks from naphthalene exposure are notable. The 2002 National-Scale
Assessment concluded that naphthalene in ambient air was a regional cancer risk “driver”, defined as
an air toxic where the typical individual chronic cancer risk exceeded 10-5 [21]. Naphthalene was
ranked the second highest indoor risk driver and the third highest outdoor risk driver in a Michigan
study [107]. Loh et al. [36] derived personal exposures using a microenvironmental model, and ranked
naphthalene as ninth among 19 carcinogenic air pollutants. Using the draft URE [18], cancer risks will
increase 3-fold and typical risk levels will approach or fall into the 10-4 range, while peak
measurements, if reflective of chronic exposure, represent cancer risks in the 10-3 or possibly even
higher range. If the tumor response in experimental animals is confirmed to be predictive of human
health risk, these risks will be significant, especially given the millions of individuals exposed.
The true cancer risk due to naphthalene exposure remains controversial. Much of the debate focuses
on site concordance, that is, whether carcinogenic effects seen in experimental animals [3] can be
extrapolated to humans. Both U.S. EPA [18] and IARC [14] judge that epidemiological data are
inadequate for determining human carcinogenicity. In a screening level assessment, the predicted
number of naphthalene-induced nasal tumor cases in the U.S. using the draft EPA unit risk factor
(URFs) was 65,905, far exceeding the 910 observed [23]. Clearly, the URFs derived from animal data
have large uncertainties.
4. Discussion
Naphthalene is one of the least volatile VOCs and the most volatile PAH. Because this compound
has often been excluded in both VOC and PAH studies, the exposure-relevant literature is, in many
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ways, deficient and inferior to the VOC and PAH literature. Still, we identified 20 recent indoor
studies and 21 recent outdoor studies, which were used to derive representative ranges of
concentrations applicable to residences and urban settings. Only three studies making personal
measurements in community settings were identified, all in Europe.
4.1. Information gaps
We note a number of important information gaps. For indoor settings, the available studies are
suggestive but inconsistent with respect to the influence of potential naphthalene sources, such as moth
repellents, air fresheners, and deodorizers. There is little if any quantification of these sources. In the
outdoor studies, information regarding emission inventories, long range transport, source apportionments
and long-term trends is incomplete, certainly as compared to other VOCs and PAHs [148]. Large gaps
exist regarding the availability of information on personal exposures, and no North American studies
were identified. This is an important gap since personal exposure measurements are considered the
best estimate of true exposures [149] and since U.S. and Canadian homes tended to have higher indoor
concentrations than European homes. We did note that sample sizes were often limited. Finally, the
suggested representative ranges for outdoor, indoor and personal measurements are rather large. We
have limited confidence in the upper range of concentration measurements, e.g., our recent work has
shown several homes in Detroit with naphthalene concentrations far above any listed in Table 4
(unpublished data).
Comparisons among different studies are complicated by sampling issues (discussed below) and
different siting criteria used in the various studies. Clearly, it is important to differentiate studies using
monitoring sites designed to reflect urban population exposure from those designed to capture
“hotspots” due to industry or traffic, as well as studies intended to characterize “background” and
“remote” conditions.
4.2. Measurement issues
Naphthalene has not been included in many VOC studies, in part due to limitations of the sampling
techniques. Whole-air canister sampling (TO-15), a standard U.S. EPA method [150], does not include
naphthalene as a target compound, and canister methods for this compound have not been validated. Thus,
ambient concentrations of naphthalene are not monitored in the nationwide Urban Air Toxics Monitoring
Program. The standard adsorbent-based methods (TO-17), using either active (pumped) or passive
(diffusion) sampling [151], also do not specify naphthalene as a target compound. While used, the method
has been only partially validated [152]. Two popular and commercially available passive adsorbent
samplers, OVM and Radiello, were not intended for naphthalene in their initial design [153,154].
None of the studies reviewed had much if any discussion of data quality issues, e.g., blank
contamination, reproducibility and detection limits. Our evaluations using Tenax GR and Carbosieve
adsorbents, short-path thermal desorption, and GC/MS analysis show reasonable performance can be
obtained using adsorbent-based methods, although the recovery, reproducibility and other performance
indicators for naphthalene are often inferior to that for other VOCs [155].
In outdoor air, vapor phase PAHs are frequently collected using high volume methods, typically
with polyurethane foam (PUF) adsorbents and flow rates of 255 L min-1 (TO-13A) [156]. This method

Int. J. Environ. Res. Public Health 2010, 7

2928

was not recommended for naphthalene due to low recovery efficiency, low storage capability [156]
and high breakthrough [156,157]. Because naphthalene is typically present at concentrations that are
one to two orders of magnitude higher than other PAHs, it is sometimes excluded from chemical and
data analyses. Price and Jayjock [5] have suggested that naphthalene seems to be included either as a
VOC or PAH for sake of completeness but that the collected data were not thoroughly analyzed.
We did not locate published reports that systematically documented laboratory or field intercomparisons between canister or adsorbent-based sampling for VOCs, and PUF sampling for PAHs. A
recent case study shows that EPA TO-15 generally yields higher concentrations for vapor phase
naphthalene than EPA TO-13A [158]. In indoor applications, we have shown reasonable agreement
(within factor of two) between VOC sampling using passive methods and Tenax GR adsorbents and
active medium flow PUF sampling (unpublished data). However, comprehensive and robust
performance evaluations are needed. While consistent and low MDLs are ideal for exposure
assessment [159], the various measurement techniques attain very different MDLs, e.g., standard VOC
measurements attain MDLs of about 0.01 μg m-3 [160], while PUF methods can go orders of
magnitude lower.
5. Conclusion
Concern regarding human exposure to naphthalene through inhalation has greatly increased due to
its potential carcinogenicity, which was discovered in 2000 [3]. We derived representative ranges of
residential, outdoor and personal concentrations of naphthalene, emphasiz ing the more recent
literature. This literature is limited, especially for personal exposures. Considering what is available,
we conclude that personal and residential concentrations are similar, while ambient concentrations are
about an order of magnitude lower. Our estimate of representative ranges of indoor concentrations are
about 0.2 to 2 μg m-3 for medians, and about twice that for averages.
We did not observe a decline in indoor concentrations over the past 10 to 15 years, in contrast to
trends seen for other VOCs and PAHs, however, outdoor measurements did appear to decline. We
anticipate that decreased indoor smoking, improved emission controls on vehicles, and substitution of
the naphthalene in moth and other animal repellents and deodorizers has significantly reduced
exposures in the U.S. However, available data are not ideal for quantitative trend studies.
Most measurements fall below the current U.S. EPA reference concentration of 3 μg m-3
established for non-cancer effects, although measurements in several homes show concentrations
approaching or exceeding 100 μg m-3. Outdoor exposures, except where there are strong industrial
sources, are well below the RfC. However, using the available cancer risk factors, some of which are
draft and under review, indoor and outdoor concentrations correspond to individual risks in the 10-5 to
10-3 range, very high for an environmental exposure. The cancer risk factors have large uncertainties
and are controversial, but in many assessments naphthalene ranks at or near the top of those
substances posing inhalation cancer risks. This analysis suggests that further study, control and
abatement are warranted. We anticipate much higher exposures and risks in countries where these
controls are lacking, or where other sources are present.
We noted a number of important information gaps and research needs. Existing exposure data are
limited, and monitoring surveillance should be improved. There is a need to validate and intercompare
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VOC and PAH measurement techniques. This will also ensure the comparability of studies and reduce
uncertainties. The spatial and temporal variability of concentrations near roads, industrial and other
sources, is poorly characterized. Factors affecting indoor concentrations, including the causes of the
highest levels, are not well understood, and populations at risk of high of exposure presently cannot be
identified. Better information regarding product usage patterns, emission rates of consumer products,
building materials, and other sources of naphthalene is needed, as are long term measurements. Future
studies might address losses due to adsorption onto building materials, chemical reactions, and utilize
multicompartment models to better understand current and estimate historical exposures.
Acknowledgements
Financial support for this review was provided by the Water, Air & Climate Change Bureau of
Health Canada and the University of Memphis startup fund 114000-224848. We thank Huda Elasaad,
Patrick Goegen, Margaret Yoke, O. Burgan, and Patrick Denning for their assistance and review. We
also thank the reviewers for their comments and suggestions.
References
1.
2.

CEH. Chemical Economics Handbook, V. 27.; SRI International: Menlo Park, CA, USA, 2000.
ATSDR. Toxicological Profile for Naphthalene, 1-methylnaphthalene, and 2methylnaphthalene; U.S. Department of Health and Human Services, Agency for Toxic
Substances and Disease Registry: Atlanta, GA, USA, 2005; pp. 1-291.
3. NTP. Toxicology and Carcinogenesis Studies of Naphthalene (CAS No. 91-20-3) in F344/N Rats
(Inhalation Studies). Technical Report Series No 500; National Toxicology Program: Research
Triangle Park, NC, USA, 2000; pp. 1-173.
4. US EPA. Compendium Method TO-15, Determination of Volatile Organic Compounds (VOCs)
in Air Collected in Specially-Prepared Canisters and Analyzed by Gas Chromatograpy/Mass
Spectrometry (GC/MS); U.S. Environmental Protection Agency: Cincinnati, OH, USA, 1999; p. 1.
5. Price, P.S.; Jayjock, M.A. Available data on naphthalene exposures: Strengths and limitations.
Regul. Toxicol. Pharm. 2008, 51, S15-S21.
6. Chuang, J.C.; Callahan, P.J.; Lyu, C.W.; Wilson, N.K. Polycyclic aromatic hydrocarbon
exposures of children in low-income families. J. Expo. Anal. Environ. Epidemiol. 1999, 9, 85-98.
7. Wilson, N.K.; Chuang, J.C.; Lyu, C.; Menton, R.; Morgan, M.K. Aggregate exposures of nine
preschool children to persistent organic pollutants at day care and at home. J. Expo. Anal.
Environ. Epidemiol. 2003, 13, 187-202.
8. Li, Z.; Mulholland, J.A.; Romanoff, L.C.; Pittman, E.N.; Trinidad, D.A.; Lewin, M.D.; Sjodin,
A. Assessment of non-occupational exposure to polycyclic aromatic hydrocarbons through
personal air sampling and urinary biomonitoring. J. Environ. Monit. 2010, 12, 1110-1118.
9. Howard, P.H. Handbook of Environmental Fate and Exposure Data for Organic Chemicals;
Lewis Publishers: Chelsea, MI, USA, 1989; pp. 408-421.
10. Nazaroff, W.W.; Singer, B.C. Inhalation of hazardous air pollutants from environmental tobacco
smoke in US residences. J. Expo. Anal. Environ. Epidemiol. 2003, 14, S71-S77.

Int. J. Environ. Res. Public Health 2010, 7

2930

11. Preuss, R.; Angerer, J.; Drexler, H. Naphthalene–an environmental and occupational toxicant.
Int. Arch. Occup. Environ. Health 2003, 76, 556-576.
12. Robinson, M.S.; Anthony, T.R.; Littau, S.R.; Herckes, P.; Nelson, X.; Poplin, G.S.; Burgess, J.L.
Occupational PAH exposures during prescribed pile burns. Ann. Occup. Hyg. 2008, 52, 497-508.
13. Stohs, S.J.; Ohia, S.; Bagchi, D. Naphthalene toxicity and antioxidant nutrients. Toxicology
2002, 180, 97-105.
14. IARC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans–Naphthalene;
IARC: Lyon, France, 2002; pp. 367-435.
15. US EPA. Toxicological Review of Naphthalene; U.S. Environmental Protection Agency:
Washington, DC, USA, 1998; pp. 1-42.
16. NTP Report on Carcinogens - Naphthalene, Eleventh Edition; U.S. Department of Health and
Human Services, Public Health Service, National Toxicology Program: 2004; pp. 1-2.
17. US EPA. Integrated Risk Information System–Naphthalene. Available online:
http://www.epa.gov/iris/subst/0436.htm#refinhal/ (accessed on 16 March 2010).
18. US EPA. Toxicological Review of Naphthalene [External Review Draft]; U.S. Environmental
Protection Agency: Washington, DC, USA, 2004; pp. 1-74.
19. Belzer, R.B.; Bus, J.S.; Cavalieri, E.L.; Lewis, S.C.; North, D.W.; Pleus, R.C. The naphthalene
state of the science symposium: Objectives, organization, structure, and charge. Regul. Toxicol.
Pharm. 2008, 51, S1-S5.
20. Griego, F.Y.; Bogen, K.T.; Price, P.S.; Weed, D.L. Exposure, epidemiology and human cancer
incidence of naphthalene. Regul. Toxicol. Pharm. 2008, 51, S22-S26.
21. US EPA. Summary of Results for the 2002 National-Scale Assessment. Available online:
http://www.epa.gov/ttn/atw/nata2002/risksum.html (accessed on 16 March 2010).
22. OEHHA. Air Toxics Hot Spots Program Risk Assessment Guidelines Part II: Technical Support
Document for Cancer Potency Factors, Appendix B; Office of Environmental Health Hazard
Assessment: Sacramento, CA, USA, 2009; p. B91.
23. Magee, B.; Samuelian, J.; Haines, K.; Chappel, M.; Penn, I.; Chin, D.; Anders, D.; Hinz, J.
Screening-level population risk assessment of nasal tumors in the US due to naphthalene
exposure. Regul. Toxicol. Pharm. 2010, 57, 168-180.
24. WHO. Development of WHO Guidelines for Indoor Air Quality; World Health Organization:
Geneva, Switzerland, 2006; pp. 1-15.
25. Klepeis, N.E.; Nelson, W.C.; Ott, W.R.; Robinson, J.P.; Tsang, A.M.; Switzer, P.; Behar, J.V.;
Hern, S.C.; Engelmann, W.H. The National Human Activity Pattern Survey (NHAPS): a
resource for assessing exposure to environmental pollutants. J. Expo. Anal. Environ. Epidemiol.
2001, 11, 231-252.
26. Leech, J.A.; Nelson, W.C.; Burnett, R.T.; Aaron, S.; Raizenne, M.E. It's about time: A
comparison of Canadian and American time-activity patterns. J. Expo. Anal. Environ. Epidemiol.
2002, 12, 427-432.
27. NIOSH National Occupational Exposure Survey, Estimated Numbers of Employees Potentially
Exposed to Specific Agents by 2-Digit Standard Industrial Classification (SIC)–Naphthalene.
Available online: http://www.cdc.gov/noes/noes1/49600sic.html/ (accessed on 16 March 2010).

Int. J. Environ. Res. Public Health 2010, 7

2931

28. Preuss, R.; Drexler, H.; Bottcher, M.; Wilhelm, M.; Bruning, T.; Angerer, J. Current external and
internal exposure to naphthalene of workers occupationally exposed to polycyclic aromatic
hydrocarbons in different industries. Int. Arch. Occup. Environ. Health 2005, 78, 355-362.
29. Rappaport, S.M.; Waidyanatha, S.; Serdar, B. Naphthalene and its biomarkers as measures of
occupational exposure to polycyclic aromatic hydrocarbons. J. Environ. Monit. 2004, 6, 413-416.
30. ATSDR. ATSDR Minimal Risk Levels; U.S. Department of Health and Human Services, Agency
for Toxic Substances and Disease Registry: Atlanta, GA, USA, 2009; p. 9.
31. OEHHA. Air Toxics Hot Spots Program Risk Assessment Guidelines Part III. The Determination
of Chronic Reference Exposure Levels for Airborne Toxicants; Office of Environmental Health
Hazard Assessment: Sacramento, CA, USA, 2000.
32. MDEQ. Michigan Air Toxic Program, Screening Level List; Michigan Department of
Environmental Quality: Lansing, MI, USA, 2010.
33. OSHA. 1910.1000 TABLE Z-1, Permissible Exposure Limits for Air Contaminants;
Occupational Safety & Health Administration: Washington, DC, USA, 2001.
34. NIOSH. NIOSH Pocket Guide to Chemical Hazards - Naphthalene, Publication Number 2005149; National Institute for Occupational Safety and Health: Atlanta, GA, USA, 2005.
35. ACGIH. ACGIH 2009 TLVs® and BEIs® Book; American Conference of Governmental
Industrial Hygienists: Cincinnati, OH, USA, 2009.
36. Loh, M.M.; Levy, J.I.; Spengler, J.D.; Houseman, E.A.; Bennett, D.H. Ranking cancer risks of
organic hazardous air pollutants in the United States. Environ. Health Perspect. 2007, 115,
1160-1168.
37. Brown, S.K.; Sim, M.R.; Abramson, M.J.; Gray, C.N. Concentrations of volatile organiccompounds in indoor air–A review. Indoor Air 1994, 4, 123-134.
38. Jia, C.R.; D'Souza, J.; Batterman, S. Distributions of personal VOC exposures: A populationbased analysis. Environ. Int. 2008, 34, 922-931.
39. Ravindra, K.; Sokhi, R.; Van Grieken, R. Atmospheric polycyclic aromatic hydrocarbons:
Source attribution, emission factors and regulation. Atmos. Environ. 2008, 42, 2895-2921.
40. Lu, R.; Wu, J.; Turco, R.P.; Winer, A.M.; Atkinson, R.; Arey, J.; Paulson, S.E.; Lurmann, F.W.;
Miguel, A.H.; Eiguren-Fernandez, A. Naphthalene distributions and human exposure in a
Southern California. Atmos. Environ. 2005, 39, 489-507.
41. Jenkins, B.M.; Jones, A.D.; Turn, S.Q.; Williams, R.B. Emission factors for polycyclic aromatic
hydrocarbons from biomass burning. Environ. Sci. Technol. 1996, 30, 2462-2469.
42. Yang, H.H.; Lee, W.J.; Chen, S.J.; Lai, S.O. PAH emission from various industrial stacks. J.
Hazard. Mater. 1998, 60, 159-174.
43. Li, C.T.; Mi, H.H.; Lee, W.J.; You, W.C.; Wang, Y.F. PAH emission from the industrial boilers.
J. Hazard. Mater. 1999, 69, 1-11.
44. Charles, S.M.; Jia, C.; Batterman, S.A.; Godwin, C. VOC and particulate emissions from
commercial cigarettes: Analysis of 2,5-DMF as an ETS tracer. Environ. Sci. Technol. 2008, 42,
1324-1331.
45. Charles, S.M.; Batterman, S.A.; Jia, C.R. Composition and emissions of VOCs in main- and
side-stream smoke of research cigarettes. Atmos. Environ. 2007, 41, 5371-5384.

Int. J. Environ. Res. Public Health 2010, 7

2932

46. Yang, H.H.; Jung, R.C.; Wang, Y.F.; Hsieh, L.T. Polycyclic aromatic hydrocarbon emissions
from joss paper furnaces. Atmos. Environ. 2005, 39, 3305-3312.
47. Singer, B.C.; Hodgson, A.T.; Guevarra, K.S.; Hawley, E.L.; Nazaroff, W.W. Gas-phase organics
in environmental tobacco smoke. 1. Effects of smoking rate, ventilation, and furnishing level on
emission factors. Environ. Sci. Technol. 2002, 36, 846-853.
48. Lee, R.G.M.; Coleman, P.; Jones, J.L.; Jones, K.C.; Lohmann, R. Emission factors and
importance of PCDD/Fs, PCBs, PCNs, PAHs and PM10 from the domestic burning of coal and
wood in the UK. Environ. Sci. Technol. 2005, 39, 1436-1447.
49. Oanh, N.T.K.; Albina, D.O.; Ping, L.; Wang, X.K. Emission of particulate matter and polycyclic
aromatic hydrocarbons from select cookstove-fuel systems in Asia. Biomass Bioenerg. 2005, 28,
579-590.
50. Schauer, J.J.; Kleeman, M.J.; Cass, G.R.; Simoneit, B.R.T. Measurement of emissions from air
pollution sources. 5. C-1-C-32 organic compounds from gasoline-powered motor vehicles.
Environ. Sci. Technol. 2002, 36, 1169-1180.
51. Kakareka, S.V.; Kukharchyk, T.I.; Khomich, V.S. Study of PAH emission from the solid fuels
combustion in residential furnaces. Environ. Pollut. 2005, 133, 383-387.
52. Schauer, J.J.; Kleeman, M.J.; Cass, G.R.; Simoneit, B.R.T. Measurement of emissions from air
pollution sources. 3. C-1-C-29 organic compounds from fireplace combustion of wood. Environ.
Sci. Technol. 2001, 35, 1716-1728.
53. Shah, S.D.; Ogunyoku, T.A.; Miller, J.W.; Cocker, D.R. On-road emission rates of PAH and nalkane compounds from heavy-duty diesel vehicles. Environ. Sci. Technol. 2005, 39, 5276-5284.
54. Oanh, N.T.K.; Reutergardh, L.B.; Dung, N.T. Emission of polycyclic aromatic hydrocarbons and
particulate matter from domestic combustion of selected fuels. Environ. Sci. Technol. 1999, 33,
2703-2709.
55. Chen, Y.C.; Lee, W.J.; Uang, S.N.; Lee, S.H.; Tsai, P.J. Characteristics of polycyclic aromatic
hydrocarbon (PAH) emissions from a UH-1H helicopter engine and its impact on the ambient
environment. Atmos. Environ. 2006, 40, 7589-7597.
56. Cooper, D.A. Exhaust emissions from ships at berth. Atmos. Environ. 2003, 37, 3817-3830.
57. Cooper, D.A. Exhaust emissions from high speed passenger ferries. Atmos. Environ. 2001, 35,
4189-4200.
58. Lu, H.; Zhu, L.Z.; Zhu, N. Polycyclic aromatic hydrocarbon emission from straw burning and
the influence of combustion parameters. Atmos. Environ. 2009, 43, 978-983.
59. Kakareka, S.V.; Kukharchyk, T.I. PAH emission from the open burning of agricultural debris.
Sci. Total Environ. 2003, 308, 257-261.
60. Won, D.; Magee, R.J.; Yang, W.; Lusztyk, E.; Nong, G.; Shaw, C.Y. A Material Emission
Database for 90 Target VOCs. In 10th International Conference on Indoor Air Quality and
Climate (Indoor Air 2005); Tsinghua University Press: Beijing, China, 2005; pp. 2070-2075.
61. CEH. Chemical Economics Handbook. File 359 on DIALOG; DIALOG Information Services,
Inc: Palo Alto, CA, USA, 1993.
62. US EPA. Reregistration Eligibility Decision for Naphthalene, EPA 738-R-07-010; U.S.
Environmental Protection Agency: Washington, DC, USA, 2008.

Int. J. Environ. Res. Public Health 2010, 7

2933

63. Lima, A.L.C.; Farrington, J.W.; Reddy, C.M. Combustion-derived polycyclic aromatic
hydrocarbons in the environment–A review. Environ. Forensics 2005, 6, 109-131.
64. Mastral, A.M.; Callen, M.S. A review on polycyclic aromatic hydrocarbon (PAH) emissions
from energy generation. Environ. Sci. Technol. 2000, 34, 3051-3057.
65. Lemieux, P.M.; Lutes, C.C.; Santoianni, D.A. Emissions of organic air toxics from open
burning: a comprehensive review. Prog. Energy Combust. Sci. 2004, 30, 1-32.
66. Yuan, H.S.; Tao, S.; Li, B.G.; Lang, C.; Cao, J.; Coveney, R.M. Emission and outflow of
polycyclic aromatic hydrocarbons from wildfires in China. Atmos. Environ. 2008, 42, 6828-6835.
67. Masclet, P.; Cachier, H.; Liousse, C.; Wortham, H. Emissions of polycyclic aromatichydrocarbons by savanna fires. J. Atmos. Chem. 1995, 22, 41-54.
68. Damoah, R.; Spichtinger, N.; Forster, C.; James, P.; Mattis, I.; Wandinger, U.; Beirle, S.;
Wagner, T.; Stohl, A. Around the world in 17 days–hemispheric-scale transport of forest fire
smoke from Russia in May 2003. Atmos. Chem. Phys. 2004, 4, 1311-1321.
69. Forster, C.; Wandinger, U.; Wotawa, G.; James, P.; Mattis, I.; Althausen, D.; Simmonds, P.;
O'Doherty, S.; Jennings, S.G.; Kleefeld, C.; Schneider, J.; Trickl, T.; Kreipl, S.; Jager, H.; Stohl,
A. Transport of boreal forest fire emissions from Canada to Europe. J. Geophys. Res. Atmos.
2001, 106, 22887-22906.
70. Moir, D.; Rickert, W.S.; Levasseur, G.; Larose, Y.; Maertens, R.; White, P.; Desjardins, S. A
comparison of mainstream and sidestream marijuana and tobacco cigarette smoke produced
under two machine smoking conditions. Chem. Res. Toxicol. 2008, 21, 494-502.
71. Zhang, L.; Jiang, Z.; Tong, J.; Wang, Z.; Han, Z.; Zhang, J. Using charcoal as base material
reduces mosquito coil emissions of toxins. Indoor Air 2010, 20, 176-184.
72. Chen, S.J.; Su, H.B.; Chang, J.E.; Lee, W.J.; Huang, K.L.; Hsieh, L.T.; Huang, Y.C.; Lin, W.Y.;
Lin, C.C. Emissions of polycyclic aromatic hydrocarbons (PAHs) from the pyrolysis of scrap
tires. Atmos. Environ. 2007, 41, 1209-1220.
73. Chien, Y.C.; Liang, C.P.; Shih, P.H. Emission of polycyclic aromatic hydrocarbons from the
pyrolysis of liquid crystal wastes. J. Hazard. Mater. 2009, 170, 910-914.
74. Zhu, L.Z.; Wang, J. Sources and patterns of polycyclic aromatic hydrocarbons pollution in
kitchen air, China. Chemosphere 2003, 50, 611-618.
75. Marr, L.C.; Kirchstetter, T.W.; Harley, R.A.; Miguel, A.H.; Hering, S.V.; Hammond, S.K.
Characterization of polycyclic aromatic hydrocarbons in motor vehicle fuels and exhaust
emissions. Environ. Sci. Technol. 1999, 33, 3091-3099.
76. Harley, R.A.; Coulter-Burke, S.C.; Yeung, T.S. Relating liquid fuel and headspace vapor
composition for California reformulated gasoline samples containing ethanol. Environ. Sci.
Technol. 2000, 34, 4088-4094.
77. McDougal, J.N.; Pollard, D.L.; Weisman, W.; Garrett, C.M.; Miller, T.E. Assessment of skin
absorption and penetration of JP-8 jet fuel and its components. Toxicol. Sci. 2000, 55, 247-255.
78. HSDB Hazardous Substances Data Bank–Naphthalene. Available online: http://sis.nlm.nih.gov/
(accessed on 16 March 2010).
79. Nielsen. Brand Rank Report for Total Moth Preventatives, 52 Weeks Ending 12/29/07; AC
Nielsen: New York, NY, USA, 2008.

Int. J. Environ. Res. Public Health 2010, 7

2934

80. Jo, W.K.; Lee, J.H.; Lim, H.J.; Jeong, W.S. Naphthalene emissions from moth repellents or toilet
deodorant blocks determined using head-space and small-chamber tests. J. Environ. Sci. (China)
2008, 20, 1012-1017.
81. De Coensel, N.; Desmet, K.; Sandra, P.; Gorecki, T. Domestic sampling: Exposure assessment to
moth repellent products using ultrasonic extraction and capillary GC-MS. Chemosphere 2008,
71, 711-716.
82. Wilke, O.; Jann, O.; Brödner, D. VOC- and SVOC-emissions from adhesives, floor coverings
and complete floor structures. Indoor Air 2004, 14, 98-107.
83. Van Winkle, M.R.; Scheff, P.A. Volatile organic compounds, polycyclic aromatic hydrocarbons
and elements in the air of ten urban homes. Indoor Air-Int. J. Indoor Air Qual. Clim. 2001, 11,
49-64.
84. Baldasano, J.M.; Guereca, L.P.; Lopez, E.; Gasso, S.; Jimenez-Guerrero, P. Development of a
high-resolution (1 km x 1 km, 1 h) emission model for Spain: The High-Elective Resolution
Modelling Emission System (HERMES). Atmos. Environ. 2008, 42, 7215-7233.
85. US EPA. Toxic Release Inventory (TRI). Available online: http://www.epa.gov/triexplorer/
chemical.htm/ (accessed on 30 November 2009).
86. US EPA. National Emissions Inventory (NEI). Available online: http://www.epa.gov/ttn/chief/
eiinformation.html/ (accessed on 30 November 2009).
87. Environment Canada National Pollutant Release Inventory (NPRI). Available online:
http://www.ec.gc.ca/pdb/websol/querysite/query_e.cfm/ (accessed on 30 November 2009).
88. Netherlands Environmental Assessment Agency Pollutant Release & Transfer Register.
Available online: http://www.emissieregistratie.nl/ERPUBLIEK/erpub/selectie/criteria.aspx/
(accessed on 30 November 2009).
89. Scottish EPA. Scottish Pollutant Release Inventory (SPRI). Available online:
http://www.sepa.org.uk/air/process_industry_regulation/pollutant_release_inventory.aspx/
(accessed on 30 November 2009).
90. FOEN Pollutant and transfer registry (PRTR). Available online: http://www.bafu.admin.ch/
chemikalien/prtr/index.html?lang=en/ (accessed on 30 November 2009).
91. Eiguren-Fernandez, A.; Miguel, A.H.; Froines, J.R.; Thurairatnam, S.; Avol, E.L. Seasonal and
spatial variation of polycyclic aromatic hydrocarbons in vapor-phase and PM 2.5 in Southern
California urban and rural communities. Aerosol Sci. Technol. 2004, 38, 447-455.
92. Harrison, R.M.; Smith, D.J.T.; Luhana, L. Source apportionment of atmospheric polycyclic
aromatic hydrocarbons collected from an urban location in Birmingham, UK. Environ. Sci.
Technol. 1996, 30, 825-832.
93. Lai, C.H.; Chen, K.S.; Wang, H.K. Influence of rice straw burning on the levels of polycyclic
aromatic hydrocarbons in agricultural county of Taiwan. J. Environ. Sci. (China) 2009, 21,
1200-1207.
94. Fang, G.C.; Chang, K.F.; Lu, C.S.; Bai, H.L. Estimation of PAHs dry deposition and BaP toxic
equivalency factors (TEFs) study at Urban, Industry Park and rural sampling sites in central
Taiwan, Taichung. Chemosphere 2004, 55, 787-796.
95. Atkinson, R.; Arey, J. Atmospheric chemistry of gas-phase polycyclic aromatic-hydrocarbons–
formation of atmospheric mutagens. Environ. Health Perspect. 1994, 102, 117-126.

Int. J. Environ. Res. Public Health 2010, 7

2935

96. US EPA. Indoor Concentrations of Environmental Carcinogens; Environmental Criteria and
Assessment Office: Research Triangle Park, NC, USA, 1991.
97. Holcomb, L.C.; Seabrook, B.S. Review: Indoor concentrations of volatile organic compounds:
Implications for comfort, health and regulation. Indoor Built. Environ. 1995, 4, 7-26.
98. Hodgson, A.T.; Levin, H. Volatile Organic Compounds in Indoor Air: A Review of
Concentrations Measured in North America since 1990; LBNL-51715; Lawrence Berkeley
National Laboratory: Berkeley, CA, USA, 2003.
99. Wang, S.B.; Ang, H.M.; Tade, M.O. Volatile organic compounds in indoor environment and
photocatalytic oxidation: State of the art. Environ. Int. 2007, 33, 694-705.
100. Shah, J.J.; Singh, H.B. Distribution of volatile organic chemicals in outdoor and indoor air–A
national VOCs data base. Environ. Sci. Technol. 1988, 22, 1381-1388.
101. Dawson, H.E.; McAlary, T. A compilation of statistics for VOCs from post-1990 indoor air
concentration studies in North American residences unaffected by subsurface vapor intrusion.
Ground Water Monit. Remediat. 2009, 29, 60-69.
102. Srogi, K. Monitoring of environmental exposure to polycyclic aromatic hydrocarbons: a review.
Environ. Chem. Lett. 2007, 5, 169-195.
103. Chang, K.F.; Fang, G.C.; Chen, J.C.; Wu, Y.S. Atmospheric polycyclic aromatic hydrocarbons
(PAHs) in Asia: A review from 1999 to 2004. Environ. Pollut. 2006, 142, 388-396.
104. Zhang, Z.; Guo, B.; Zhang, J.S. Determination of volatile organic compounds in residential
buildings. In the International Conderence on Indoor Air Quality Problems and Engineering
Solutions, Research Triangle Park, NC, USA, 21-23 July 2003.
105. Brown, S.K. Volatile organic pollutants in new and established buildings in Melbourne,
Australia. Indoor Air 2002, 12, 55-63.
106. Ward, T.J.; Underberg, H.; Jones, D.; Hamilton, R.F.; Adams, E. Indoor/ambient residential air
toxics results in rural western Montana. Environ. Monit. Assess. 2009, 153, 119-126.
107. Jia, C.; Batterman, S.; Godwin, C. VOCs in industrial, urban and suburban neighborhoods, Part
1: Indoor and outdoor concentrations, variation, and risk drivers. Atmos. Environ. 2008, 42,
2083-2100.
108. Jia, C.; Batterman, S.; Godwin, C. VOCs in industrial, urban and suburban neighborhoods, Part
2: Factors affecting indoor and outdoor concentrations. Atmos. Environ. 2008, 42, 2101-2116.
109. Li, A.; Schoonover, T.M.; Zou, Q.; Norlock, F.; Conroy, L.M.; Scheff, P.A.; Wadden, R.A.
Polycyclic aromatic hydrocarbons in residential air of ten Chicago area homes: Concentrations
and influencing factors. Atmos. Environ. 2005, 39, 3491-3501.
110. Van Winkle, M.R.; Scheff, P.A. Volatile organic compounds, polycyclic aromatic hydrocarbons
and elements in the air of ten urban homes. Indoor Air 2001, 11, 49-64.
111. Chuang, J.C.; Mack, G.A.; Kuhlman, M.R.; Wilson, N.K. Polycyclic aromatic-hydrocarbons and
their derivatives in indoor and outdoor air in an 8-home study. Atmos. Environ. Part B-Urban
Atmosphere 1991, 25, 369-380.
112. Heroux, M.-E.; Gauvin, D.; Gilbert, N.L.; Guay, M.; Dupuis, G.; Legris, M.; Levesque, B.
Housing characteristics and indoor concentrations of selected volatile organic compounds
(VOCs) in Quebec City, Canada. Indoor Built. Environ. 2008, 17, 128-137.

Int. J. Environ. Res. Public Health 2010, 7

2936

113. Zhu, J.P.; Newhook, R.; Marro, L.; Chan, C.C. Selected volatile organic compounds in
residential air in the city of Ottawa, Canada. Environ. Sci. Technol. 2005, 39, 3964-3971.
114. Sanderson, E.G.; Farant, J.P. Indoor and outdoor polycyclic aromatic hydrocarbons in residences
surrounding a Soderberg aluminum smelter in Canada. Environ. Sci. Technol. 2004, 38,
5350-5356.
115. Fellin, P.; Otson, R. Assessment of the influence of climatic factors on concentration levels of
volatile organic compounds (Vocs) in Canadian homes. Atmos. Environ. 1994, 28, 3581-3586.
116. Kim, Y.M.; Harrad, S.; Harrison, R.M. Concentrations and sources of VOCs in urban domestic
and public microenvironments. Environ. Sci. Technol. 2001, 35, 997-1004.
117. Schlink, U.; Rehwagen, M.; Damm, M.; Richter, M.; Borte, M.; Herbarth, O. Seasonal cycle of
indoor-VOCs: comparison of apartments and cities. Atmos. Environ. 2004, 38, 1181-1190.
118. Rehwagen, M.; Schlink, U.; Herbarth, O. Seasonal cycle of VOCs in apartments. Indoor Air
2003, 13, 283-291.
119. Zorn, C.; Kohler, M.; Weis, N.; Scharenberg, W., Proposal for assessment of indoor air
polycyclic aromatic hydrocarbon (PAH). In 10th International Conference on Indoor Air Quality
and Climate (Indoor Air 2005); Yang, X., Zhao, B., Zhao, R., Eds.; Tsinghua University Press:
Beijing, China, 2005; pp. 2535-2540.
120. Hippelein, M. Background concentrations of individual and total volatile organic compounds in
residential indoor air of Schleswig-Holstein, Germany. J. Environ. Monit. 2004, 6, 745-752.
121. Edwards, R.D.; Jurvelin, J.; Saarela, K.; Jantunen, M. VOC concentrations measured in personal
samples and residential indoor, outdoor and workplace microenvironments in EXPOLISHelsinki, Finland. Atmos. Environ. 2001, 35, 4531-4543.
122. Kostiainen, R. Volatile organic compounds in the indoor air of normal and sick houses. Atmos.
Environ. 1995, 29, 693-702.
123. Liu, Y.J.; Zhu, L.Z.; Shen, X.Y. Polycyclic aromatic hydrocarbons (PAHs) in indoor and
outdoor air of Hangzhou, China. Environ. Sci. Technol. 2001, 35, 840-844.
124. Viau, C.; Hakizimana, G.; Bouchard, M. Indoor exposure to polycyclic aromatic hydrocarbons
and carbon monoxide in traditional houses in Burundi. Int. Arch. Occup. Environ. Health 2000,
73, 331-338.
125. Batterman, S.; Hatzvasilis, G.; Jia, C.R. Concentrations and emissions of gasoline and other
vapors from residential vehicle garages. Atmos. Environ. 2006, 40, 1828-1844.
126. Batterman, S.; Jia, C.R.; Hatzivasilis, G. Migration of volatile organic compounds from attached
garages to residences: A major exposure source. Environ. Res. 2007, 104, 224-240.
127. Gustafson, P.; Ostman, C.; Sallsten, G. Indoor levels of polycyclic aromatic hydrocarbons in
homes with or without wood burning for heating. Environ. Sci. Technol. 2008, 42, 5074-5080.
128. Li, C.S.; Ro, Y.S. Indoor characteristics of polycyclic aromatic hydrocarbons in the urban
atmosphere of Taipei. Atmos. Environ. 2000, 34, 611-620.
129. Zou, S.C.; Lee, S.C.; Chan, C.Y.; Ho, K.F.; Wang, X.M.; Chan, L.Y.; Zhang, Z.X.
Characterization of ambient volatile organic compounds at a landfill site in Guangzhou, South
China. Chemosphere 2003, 51, 1015-1022.
130. Zielinska, B.; Fujita, E.; Sagebiel, J.; Harshfield, G.; Uberna, E.; Hayes, T.; Keene, F. Arizona
hazardous air pollutants monitoring program. J. Air Waste Manage. Assoc. 1998, 48, 1038-1050.

Int. J. Environ. Res. Public Health 2010, 7

2937

131. Reisen, F.; Arey, J. Atmospheric reactions influence seasonal PAH and nitro-PAH
concentrations in the Los Angeles basin. Environ. Sci. Technol. 2005, 39, 64-73.
132. White, D.H.; Hardy, J.W. Ambient air concentrations of PCDDs, PCDFs, coplanar PCBs, and
PAHs at the Mississippi Sandhill Crane National-wildlife-refuge, Jackson county, Mississippi.
Environ. Monit. Assess. 1994, 33, 247-256.
133. Miller, L.; Xu, X.H.; Luginaah, I. Spatial Variability of Volatile Organic Compound
Concentrations in Sarnia, Ontario, Canada. J. Toxicol. Env. Heal. A–Current Issues 2009, 72,
610-624.
134. You, X.Q.; Senthilselvan, A.; Cherry, N.M.; Kim, H.M.; Burstyn, I. Determinants of airborne
concentrations of volatile organic compounds in rural areas of Western Canada. J. Expo. Sci.
Environ. Epidemiol. 2008, 18, 117-128.
135. Srivastava, A. Variability in VOC concentrations in an urban area of Delhi. Environ. Monit.
Assess. 2005, 107, 363-373.
136. Srivastava, A.; Joseph, A.E.; Devotta, S. Volatile organic compounds in ambient air of Mumbai–
India. Atmos. Environ. 2006, 40, 892-903.
137. Park, S.S.; Kim, Y.J.; Kang, C.H. Atmospheric polycyclic aromatic hydrocarbons in Seoul,
Korea. Atmos. Environ. 2002, 36, 2917-2924.
138. McCarthy, M.C.; Hafner, H.R.; Chinkin, L.R.; Charrier, J.G. Temporal variability of selected air
toxics in the United States. Atmos. Environ. 2007, 41, 7180-7194.
139. Prevedouros, K.; Brorstrom-Lunden, E.; Halsall, C.J.; Jones, K.C.; Lee, R.G.M.; Sweetman, A.J.
Seasonal and long-term trends in atmospheric PAH concentrations: Evidence and implications.
Environ. Pollut. 2004, 128, 17-27.
140. Mohamed, M.F.; Kang, D.W.; Aneja, V.P. Volatile organic compounds in some urban locations
in United States. Chemosphere 2002, 47, 863-882.
141. Cheng, L.; Fu, L.; Angle, R.P.; Sandhu, H.S. Seasonal variations of volatile organic compounds
in Edmonton, Alberta. Atmos. Environ. 1997, 31, 239-246.
142. Lewis, A.C.; Bartle, K.D.; Pilling, M.J. Formation and lifetime of polycyclic aromatic
compounds during a national-scale transient pollution episode. Polycyclic Aromat. Compd. 2002,
22, 175-196.
143. Afroz, R.; Hassan, M.N.; Ibrahim, N.A. Review of air pollution and health impacts in Malaysia.
Environ. Res. 2003, 92, 71-77.
144. Khalili, N.R.; Scheff, P.A.; Holsen, T.M. PAH source fingerprints for coke ovens, diesel and,
gasoline engines, highway tunnels, and wood combustion emissions. Atmos. Environ. 1995, 29,
533-542.
145. Collins, M.J.; Williams, P.L.; McIntosh, D.L. Ambient air quality at the site of a former
manufactured gas plant. Environ. Monit. Assess. 2001, 68, 137-152.
146. Saborit, J.M.D.; Aquilina, N.J.; Meddings, C.; Baker, S.; Vardoulakis, S.; Harrison, R.M.
Measurement of Personal Exposure to Volatile Organic Compounds and Particle Associated
PAH in Three UK Regions. Environ. Sci. Technol. 2009, 43, 4582-4588.
147. Hoffmann, K.; Krause, C.; Seifert, B.; Ullrich, D. The German Environmental Survey 1990/92
(GerES II): Sources of personal exposure to volatile organic compounds. J. Expo. Anal. Environ.
Epidemiol. 2000, 10, 115-125.

Int. J. Environ. Res. Public Health 2010, 7

2938

148. Callen, M.S.; de la Cruz, M.T.; Lopez, J.M.; Murillo, R.; Navarro, M.V.; Mastral, A.M. Longrange atmospheric transport and local pollution sources on PAH concentrations in a South
European urban area. Fulfilling of the european directive. Water Air Soil Pollut. 2008, 190,
271-285.
149. NRC. Human Exposure Assessment of Airborne Pollutants: Advances and Opportunities;
National Research Council, National Academy of Science: Washington, DC, USA, 1991.
150. US EPA. Compendium Method TO-14A. Determination of Volatile Organic Compounds in
Ambient Air Using Specially Prepared Canisters with Subsequent Analysis by Gas
Chromatography. January 1999. Report No. EPA/625/R-96/010b; U.S. Environmental
Protection Agency: Cincinnati, OH, USA, 1999.
151. Ras, M.R.; Borrull, F.; Marce, R.M. Sampling and preconcentration techniques for determination
of volatile organic compounds in air samples. Trac-Trend. Anal. Chem. 2009, 28, 347-361.
152. US EPA. Compendium Method TO-17, Determination of Volatile Organic Compounds in
Ambient Air Using Active Sampling onto Sorbent Tubes; U.S. Environmental Protection Agency:
Cincinnati, OH, USA, 1999.
153. Chung, C.W.; Morandi, M.T.; Stock, T.H.; Afshar, M. Evaluation of a passive sampler for
volatile organic compounds at ppb concentrations, varying temperatures, and humidities with 24h exposures. 2. Sampler performance. Environ. Sci. Technol. 1999, 33, 3666-3671.
154. Pennequin-Cardinal, A.; Plaisance, H.; Locoge, N.; Ramalho, O.; Kirchner, S.; Galloo, J.C.
Performances of the Radiello® diffusive sampler for BTEX measurements: Influence of
environmental conditions and determination of modelled sampling rates. Atmos. Environ. 2005,
39, 2535-2544.
155. Peng, C.Y.; Batterman, S. Performance evaluation of a sorbent tube sampling method using short
path thermal desorption for volatile organic compounds. J. Environ. Monit. 2000, 2, 313-324.
156. US EPA. Compendium Method TO-13A, Determination of Polycyclic Aromatic Hydrocarbons
(PAHs) in Ambient Air Using Gas Chromatography/Mass Spectrometry (GC/MS); U.S.
Environmental Protection Agency: Cincinnati, OH, USA, 1999.
157. Naumova, Y.Y.; Eisenreich, S.J.; Turpin, B.J.; Weisel, C.P.; Morandi, M.T.; Colome, S.D.;
Totten, L.A.; Stock, T.H.; Winer, A.M.; Alimokhtari, S.; Kwon, J.; Shendell, D.; Jones, J.;
Maberti, S.; Wall, S.J. Polycyclic aromatic hydrocarbons in the indoor and outdoor air of three
cities in the US. Environ. Sci. Technol. 2002, 36, 2552-2559.
158. Fortune, A.; Gendron, L.; Tuday, M. Comparison of naphthalene ambient air sampling &
analysis methods at former manufactured gas plant (MGP) remediation sites. Int. J. Soil
Sediment Water 2009, 3, Article 1.
159. MacIntosh, D.L.; Spengler, J.D. Human Exposure Assessment; Wolrd Health Organization:
Geneva, Switzerland, 2000.

Int. J. Environ. Res. Public Health 2010, 7

2939

160. Barro, R.; Regueiro, J.; Llompart, M.; Garcia-Jares, C. Analysis of industrial contaminants in
indoor air: Part 1. Volatile organic compounds, carbonyl compounds, polycyclic aromatic
hydrocarbons and polychlorinated biphenyls. J. Chromatogr. A 2009, 1216, 540-566.
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

