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Abstract

Common laundry products, used in washing and drying machines, can contribute to
outdoor emissions through dryer vents. However, the types and amounts of chemicals emitted
are largely unknown. To investigate these emissions, we analyzed the volatile organic
compounds (VOCs) both in the headspace of fragranced laundry products and in the air emitted
from dryer vents during use of these products. In a controlled study of washing and drying
laundry, we sampled emissions from two residential dryer vents during the use of no products,
fragranced detergent, and fragranced detergent plus fragranced dryer sheet. Our analyses found
more than 25 VOCs emitted from dryer vents, with highest concentrations of acetaldehyde,
acetone, and ethanol. Seven of these VOC:s are classified as hazardous air pollutants (HAPs), and
two as carcinogenic HAPs (acetaldehyde and benzene) with no safe exposure level, according to
the U.S. Environmental Protection Agency. As context for significance, the acetaldehyde
emissions during use of one brand of laundry detergent would represent 3% of total acetaldehyde
emissions from automobiles in the study area. Our study points to the need for additional
research on this source of emissions, and the potential impacts on human and environmental
health.

Background

Fragranced laundry detergents and dryer sheets emit chemicals into the environment
through air vented outdoors as well as through laundry wastewater, residue on laundered items,
and other routes. Little is known about chemicals in laundry products because their labels are not
required to list any or all ingredients (Steinemann 2009). The fragrance alone in a product can
contain up to several hundred chemicals among more than 2,600 chemicals documented as
fragrance ingredients (Ford et al. 2000; Bickers et al. 2003). Some of these chemicals are
classified as toxic or hazardous under federal laws (Steinemann et al. 2011). Given their
widespread use, fragranced laundry products represent a potentially significant source of
emissions.

Limited prior work has investigated fragranced consumer product ingredients and their
fate and transport in the environment. Some studies have analyzed volatile organic compounds
(VOCs) in the products themselves (Steinemann et al. 2011; Wallace et al. 1991; Cooper et al.
1992; Rastogi et al. 2001; Jo et al. 2008), while others have examined the generation of
secondary pollutants due to reactions between product VOCs and ozone (Nazaroft and Weschler
2004; Sarwar et al. 2004; Destaillats et al. 2006). Other work has focused on synthetic musks and
their presence in water, sediment, air, sewage sludge, wastewater treatment facilities, aquatic
organisms, and household products (Rimkus 1999; Peck and Hornbuckle 2006; Alvarez et al.
1999; Simonich et al. 2000; Simonich et al. 2002; Reiner et al. 2007; Reiner and Kannan, 2006).
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This paper represents the first study (to our knowledge) to identify and quantify
emissions from residential dryer vents during the use of fragranced laundry products. The goals
of this study were to determine the identities and concentrations of compounds in air vented
outdoors from residences during typical use of laundry products, to assess the potential
significance of the emissions, and to provide a foundation and direction for future study.

Approach

A detailed protocol was developed for this study (see Table 1). The machines and laundry
were prepared, and the samples collected and analyzed, using the same procedure at each
residential site. Dryer vent emissions were sampled during the use of (a) no products, (b)
detergent only, and (c) detergent and dryer sheets.” Grab samples of the dryer vent emissions,
one for each of the three usage conditions at each site, were collected approximately 15 minutes
into the drying cycle using evacuated 400 mL fused-silica lined stainless steel canisters. To
minimize the collection of ambient air (i.e., air not coming from the dryer vent), the canister inlet
was placed directly in the stream of air exiting the vent.

This study was conducted over two days at two homes in Seattle, Washington.
Homeowners volunteered the use of their laundry machines. Machines at both sites were in good
working condition, and dryers were vented to the outdoors through flexible aluminum tubing.
Both homeowners had previously used fragranced products in the machines; however, this was
an occasional use at Site 1 and typical use at Site 2.

The laundry products selected for use were those with the highest annual U.S. sales in
their market categories (MarketResearch.com 2007). The same brand of fragranced liquid
laundry detergent was used at both sites in the appropriate formulation (regular for top-loading at
Site 1, and high-efficiency for front-loading at Site 2) as well as the same brand of dryer sheets.

Methods

Headspace samples were prepared by placing approximately 2 grams of each consumer
product (laundry detergent and dryer sheet) in individual, clean 0.5 liter glass flasks that initially
contained only ambient laboratory air, followed by equilibration for at least 24 hours at room
temperature. Canisters containing dryer vent emissions were pressurized with hydrocarbon-free
air to facilitate analysis. Headspace and canister samples were then each analyzed once for
VOCs. Sample analysis and data reduction procedures were nominally identical to those
presented in Steinemann et al. (2011). Analysis was performed using an Agilent 6890/5973 gas
chromatograph/mass spectrometer (GC/MS) system interfaced to an Entech 7100A cryogenic
preconcentrator and generally followed the guidelines found in U.S. EPA Compendium Method
TO-15 (EPA 1999). The preconcentration system was operated in the microscale purge-and-trap
mode; either 2 mL (for the headspace vapors) or 200 mL (for the dryer vent canisters) was
concentrated. The top 20 peaks by total ion current area were selected from each chromatogram
and identified based on mass spectral library matching and consideration of the consistency of
the proposed structure and molecular weight with the observed retention time. Concentrations
were estimated using relative response factors of selected surrogate compounds, and levels in the
canisters were dilution-corrected. Only VOCs with headspace concentrations of greater than 100
ng/m’, and dryer vent sample concentrations greater than 2 pg/m’, were reported. ©

* We use the term "during" to refer to the entire wash and dry cycle.
% These thresholds were established to better ensure that only those compounds emitted from the products or from
the dryer vents were reported.



Results

The VOC:s in the dryer vent emissions varied by site and by samples taken during use of
(a) no products, (b) detergent only, and (c) detergent and dryer sheets (Table 2). During the use
of the detergent product, 21 unique VOCs were identified among both sites (13 VOCs at site 1,
and 19 VOC:s at site 2). The following VOCs were found at one or both sites during the use of
“detergent only” but not during “no products”: acetaldehyde, acetone, benzaldehyde, butanal,
dodecane, hexanal, limonene, nonanal, 1-propanal, and 2-butanone. Of the VOCs found in the
"detergent only" samples, four were found in the GC/MS headspace analysis of the detergent
product (Table 3): dodecane, ethanol, limonene, and 2-butanone.

During use of detergent and dryer sheets, 25 unique compounds were identified among
both sites (16 VOCs at Site 1 and 24 VOC:s at Site 2). The following VOCs were found at one or
both sites during the use of “detergent and dryer sheets” but not during “no products”:
acetaldehyde, acetone, benzaldehyde, butanal, dodecane, hexanal, limonene, nonanal, octanal,
tetramethylpropylidene cyclopropane, 1-(1,1-dimethylethyl)-4-ethylbenzene, 1-propanal, 2-
butanone, and 2,7-dimethyl-2,7-octanediol. Of the VOCs found in the "detergent and dryer
sheets" samples, four were found in the GC/MS headspace analysis of the detergent product
(Table 3): dodecane, ethanol, limonene, and 2-butanone, and eight were found in the GC/MS
headspace analysis of the dryer sheet product (Table 4): acetaldehyde, acetone, butane, ethanol,
isopropyl alcohol, limonene, methanol, and 2,7-dimethyl-2,7-octanediol.

Among all chemicals detected in dryer vent samples collected during the use of
fragranced products, the highest concentrations were of acetaldehyde, acetone, and ethanol.
Acetaldehyde ranged from 22 pg/m’ to 47 pg/m’, acetone ranged from 24 pg/m’ to 36 pg/m’,
and ethanol ranged from 15 ng/m’ to 50 ug/m’. Average annual ambient levels of acetaldehyde
and acetone,’ respectively, in the study area, during this sampling period, were 0.8 pg/m’
(monthly averages range from 0.5 pg/m’ to 1.2 pg/m’) and 2.3 pg/m’ (monthly averages range
from 1.4 pg/m’ to 3.0 pg/m’). Thus, concentrations of acetaldehyde in the emissions from the
dryer vents are more than 25 times the average annual ambient level, and more than 10 times for
acetone (EPA 2008).

We also detected seven VOCs in the dryer vent emissions that are classified as hazardous
air pollutants, or "HAPs" (EPA 1994): acetaldehyde, benzene, ethylbenzene, methanol, m/p-
xylene, o-xylene, and toluene. Concentrations of each of these HAPs were greater in dryer vent
samples than in typical mean ambient concentrations, suggesting that dryer vent emissions are a
potential source of these compounds.” Two of these compounds (acetaldehyde and benzene) are
classified as carcinogenic HAPs, with no safe exposure level (EPA 2005, 2010).

Significance of Emissions

To provide context for the significance of dryer vent emissions, we estimated the mass of
annual emissions of acetaldehyde during use of the laundry detergent tested in this study, and
compared that to annual emissions of acetaldehyde from motor vehicles in King County,
Washington. The annual emissions of acetaldehyde, during use of only this laundry detergent,
would be approximately 1,660 pounds/year. Compared to automobile emissions of
approximately 56,000 pounds/year, the dryer vent emissions during use of only this laundry
detergent would represent 3% of automobile emissions. If we consider potential emissions from
households using one of the five top-selling laundry detergents, assuming emissions from the
other four fragranced laundry products are similar to this top-selling product, the estimated dryer
vent emissions would be 3,545 pounds/year, representing 6% of automobile emissions."



Discussion

This study investigated dryer vent emissions from individual households during typical
use of fragranced laundry products. Between the two sites, over 25 VOCs were found in the
dryer vent emissions, including seven HAPs and two probable carcinogens. Thus, a key result is
the identification and quantification of potentially hazardous emissions from dryer vents. Of
interest, acetaldehyde was found in the headspace analysis of the dryer sheet product, but not in
the detergent product, even though acetaldehyde was identified in dryer vent samples at both
sites during the use of the detergent. Thus, acetaldehyde could be a secondary pollutant resulting
from a reaction between product ingredients (e.g., terpenes, such as limonene) and ambient
compounds (e.g., ozone) (Nazaroff and Weschler 2004). It also could be a residual from prior
use of products, from heating and reactions of fragranced products in machines, or other
factors.”

Virtually none of the VOCs identified in the GC/MS headspace analysis of the products
were listed on the product label or the product MSDS. (Only ethanol was listed on the MSDS of
the laundry detergent.) Instead of listing chemical ingredients, the product labels and MSDSs
used only general terms, such as "biodegradable surfactants," "softeners," or "perfume." Thus,
consumers may not be aware of potentially hazardous chemicals emitted from the products.

This study, the first to characterize dryer vent emissions during the use of fragranced
laundry products, found that many chemicals are emitted from dryer vents, including some
classified as hazardous (EPA 2010). Furthermore, in the case of acetaldehyde, such emissions
potentially represent a non-trivial contribution to overall concentrations in populated areas.

The goal of the study was to elucidate the types, concentrations, and potential
significance of the emissions, rather than to explain why emissions varied among the sites, or the
precise sources of the compounds identified. In light of these results, additional research is
warranted to investigate the potential impact of emissions from such products from dryer vents
on the environment and on human health. Future research can investigate the following: the
persistence of fragranced laundry product chemicals and their contributions to emissions (i.e.,
residual compounds from prior use of products in machines); a comparison of emissions between
fragranced and fragrance-free products; emissions of semivolatile organic compounds and
secondary organic aerosols; and the additional burden of dryer vent emissions on ambient air.
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Table 1. Protocol for Laundry Cycles and Air Sampling

Preparation Each washer and dryer was wiped on the inside with white vinegar and

Sample a:

Sample b:

Sample c:

unbleached paper towels to remove residue. Each washer was run empty through
a full wash/rinse cycle and each dryer was run empty for 10 minutes. A new set of
six dye-free, 100% organic cotton bath towels was used for each site. Each set
was pre-rinsed in water only and dried using an off-site washer and dryer that had
no prior fragranced product use.

No products. Using only towels in the wash and dry cycle, samples were taken at
dryer vent in air stream, after 15 minutes into the dry cycle, to measure baseline
concentrations of compounds.

Fragranced liquid laundry detergent. Two capfuls of detergent were used with
the towels in the washing machine, as recommended by product packaging for
larger loads. Samples were taken at dryer vent in air stream after 15 minutes.

Fragranced liquid laundry detergent and dryer sheet. After detergent was used
in the wash, two fragranced fabric softener dryer sheets were used with the towels
in the dryer, as recommended by product packaging for larger loads. Samples
were taken at dryer vent in air stream after 15 minutes.




Table 2. Compounds Found in Dryer Vent Samples

(concentrations in pg/m’)

Compound* CAS # 1(a) 1(b) 1(c) 2(a) 2(b) 2(c)
acetaldehyde 75-07-0 36 22 41 47 36
acetone 67-64-1 36 24 28 32 31
benzaldehyde 100-52-7 5.8 4.9
benzene 71-43-2 2.7 2.2
butanal 123-72-8 3.8 2.6 3.5 4.0 3.0
butane 106-97-8 5.2 5.2 53 5.9 4.5 4.6
dodecane 112-40-3 2.6 3.0 3.7
ethanol 64-17-5 22 32 50 14 25 15
ethylbenzene 100-41-4 3.8 23 2.2
formic acid hydrazide 624-84-0 6.0 5.6 4.7 7.9 8.2 6.4
hexanal 66-25-1 2.4 2.3 5.7 32
isobutane 75-28-5 32

isopropyl alcohol 67-63-0 4.2 29 3.0

limonene 138-86-3 9.3 3.5 14.7
m/p-xylene 106-42-3 12 8.8 9.4
methanol 67-56-1 6.5 12 10 15 21 14
nonanal 124-19-6 2.1 4.0 3.7
norflorane 811-97-2 31 3.7

o-xylene 95-47-6 4.8 34 3.6
octanal 124-13-0 24 4.7
pentanal 110-62-3 32 3.8
tetramethylpropylidene cyclopropane 24519-04-8 2.1
toluene 108-88-3 43 4.2 29 7.1 9.5 5.0
1-(1,1-dimethylethyl)-4-ethylbenzene 7364-19-4 23
1-propanol 71-23-8 3.5 3.0 3.7 4.8 4.0
2-butanone (methyl ethyl ketone) 78-93-3 43 3.0 59 59 4.9
2-methylbutane 78-78-4 6.4

2,2-dimethylhexane 590-73-8 2.2 2.1
2,7-dimethyl-2,7-octanediol 19781-07-8 4.0

*Compounds listed in alphabetical order.
Site 1: 1(a) no products, 1(b) detergent only, and 1(c) detergent and dryer sheets.
Site 2: 2(a) no products, 2(b) detergent only, and 2(c) detergent and dryer sheets.




Table 3. Compounds Found in Headspace Analysis of Detergent

(listed in decreasing order of headspace concentration)

Compound CAS #
ethanol 64-17-5
limonene 138-86-3
2-methyl-2-propanol (t-butyl alcohol) 75-65-0
1,4-dioxane 123-91-1
3,7-dimethyl-1,6-octadiene 10281-56-8
ethyl acetate 141-78-6
alpha-pinene 80-56-8
beta-pinene 127-91-3
2-butanone (methyl ethyl ketone) 78-93-3
1-methyl-3-(1-methylethyl)-cyclohexene 13828-31-4
2,4-dimethyl-3-cyclohexene-1-carboxaldehyde (Triplal 1) 68039-49-6
undecane 1120-21-4
beta-terpinene 99-84-3
benzyl acetate 140-11-4
dodecane 112-40-3
alpha-terpinene 99-86-5
carene isomer e.g. 13466-78-9
bornane 464-15-3



Table 4. Compounds Found in Headspace Analysis of Dryer Sheet

(listed in decreasing order of headspace concentration)

Compound CAS #
limonene 138-86-3
methanol 67-56-1
2,7-dimethyl-2,7-octanediol 19781-07-8
butane 106-97-8
(Z2)-2-(3,3-dimethylcyclohexylidene)ethanol 26532-23-0
acetone 67-64-1
acetaldehyde 75-07-0
beta-pinene 127-91-3
carbonyl sulfide 463-58-1
isopropyl alcohol 67-63-0
ethanol 64-17-5
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Endnotes

' Ethanol data not available.

I Mean ambient concentrations (pg/m’), from the study area site (Seattle, Beacon Hill), 2008, are as follows:
acetaldehyde, 0.81; benzene, 0.76; ethylbenzene, 0.27; toluene, 1.36; m/p xylene, 0.78; o-xylene, 0.29; methanol,
not available (EPA 2008).

" Calculations, assumptions, and sources:

Data based on the year 2005: 746,109 households in King County (U.S. Census Bureau 2005); acetaldehyde
emissions from automobiles in King County = 56,000 pounds/year (Washington State 2005); 453.59 grams = 1
pound; 187.5 cfm dryer vent flow rate = 5.6 m’/minute = 336 m*/hour (State of Wisconsin, 2001; Hardin County,
2008); 268 hours drying/year per household (U.S. DOE 2009; Efficiency Vermont 2010); 41.5 pug/m’ emissions of
acetaldehyde after using laundry detergent (average of each site, 47 ug/m® and 36 pug/m’, from this study), assuming
negligible contribution from ambient air; 37% of households use the top-selling laundry detergent tested in this
study (MarketResearch 2007, based on data for 2006, assume similar market penetration as 2005); 79% of all
households use one or more of the five top-selling laundry detergents (MarketResearch 2007); 73% of all
households have clothes dryers (CPSC 2000), multiplied by 37% and 79%, respectively, for conservative
calculations.

" Similarly, VOCs in the "no products" samples could be from residual VOCs in machines from prior use of
products, offgassing of machine components, entrained indoor air, reactions between residual VOCs and ambient
compounds, or other factors.

The final publication is available at www.springerlink.com
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