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Abstract

When cleaning products and air fresheners are used indoors, occupants are exposed to airborne
chemicals, potentially leading to health risks. Indoor air pollutant exposures owing to cleaning
product and air freshener use depend on emissions from products, dynamic behavior of chemical
species, and human factors. A series of experiments was conducted to investigate volatile
organic compound emissions, concentrations, and reactive chemistry associated with the
household use of cleaning products and air fresheners. Research focused on two common
classes of ingredients in cleaning products and air fresheners: ethylene-based glycol ethers,
which are classified as toxic air contaminants, and terpenes, which react rapidly with ozone. A
shelf-survey of retail outlets led to the selection of 21 products whose chemical composition was
characterized. Among the criteria used to select these products were ready availability through
California retail outlets and, for the majority of products, expectation that they contained
ethylene-based glycol ethers, terpenes and related compounds, or both. Of the 17 cleaning
products characterized, four contained substantial levels of d-limonene (4-25% by mass), three
contained terpenoids that are characteristic of pine oil, six contained substantial levels of
ethylene-based glycol ethers (0.8-10% by mass), and five contained less than 0.2% of any of the
target analytes. Xylene in one product was the only other toxic air contaminant detected. Among
the four air fresheners characterized, three contained substantial quantities (9-14% by mass) of
terpene hydrocarbon and terpene alcohol constituents, with linalool being the most abundant.
Six of the 21 products were investigated in simulated-use experiments in which emissions and
concentrations of primary constituents were measured. Cleaning products that contain 2-
butoxyethanol as an active ingredient produced one-hour-average concentrations of 300 to 2,300
ng/m® immediately after simulated typical use in a room-sized chamber. For cleaning products
that contain d-limonene as an active ingredient, corresponding levels were 1,000 to 6,000 pg/m°.
Application of a pine-oil based cleaner produced one-hour-average concentrations of 10-1300
ng/m? for terpene hydrocarbons and terpene alcohols. Reactive chemistry was studied by
exposing constituents of three products to ozone, both in a bench-scale chamber and during
simulated use. Prominent products of the reaction of terpenes with ozone included formaldehyde
(a toxic air contaminant), hydroxyl radical, and secondary organic aerosol (a form of fine
particulate matter). Incorporating the new experimental data, exposures were estimated for
several simulated use scenarios. Under ordinary circumstances, exposures to 2-butoxyethanol,
formaldehyde, and secondary organic aerosol are not expected to be as high as guideline values
solely as a result of cleaning product or air freshener use. However, ordinary use could lead to
exposure levels of similar magnitude as guideline values. Scenario model results suggest that
exposure levels could exceed guideline values under exceptional yet plausible conditions, such
as cleaning a large surface area in a small room. The results of this study provide important
information for understanding the inhalation exposures to certain air pollutants that can result
from the use of common household products.
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Executive Summary

Background

Exposures to air pollutants cause health risks. The strategic plan of the California Air Resources
Board (ARB) recognizes the importance of developing better knowledge of human exposure to
air pollutants (http://www.arb.ca.gov/research/apr/apr.htm). The volatile organic compound
(VOC) composition of consumer products sold in California is regulated by ARB to limit their
contribution to photochemical smog production (http://www.arb.ca.gov/consprod/consprod.htm).
However, use of cleaning products and air fresheners in indoor environments can also lead to the
direct exposure of product users and other building occupants to air pollutants. Exposures of
potential concern can occur because certain consumer products may be formulated with VOCs
that are classified as toxic air contaminants (TACs). Of interest in this category are ethylene-
based glycol ethers, which are classified as TACs, although with relatively low toxicities. These
compounds are commonly used as solvents in cleaning products, causing many people to be
routinely exposed as the products are used during household cleaning activities. Additional
exposures of potential concern arise owing to reactive chemistry that occurs in the indoor
environment. This chemistry converts nontoxic primary constituents into secondary pollutants
that may pose human health risks. Of particular interest in this category are terpene-ozone
reactions. Terpenes, a class of VOCs derived from plant oils, are widely used in cleaning
products and air fresheners because of their favorable solvent properties and pleasant odors.
Ozone generated in outdoor air enters indoor environments along with ventilation air. Ozone
may also be emitted directly indoors from certain types of air cleaners and from photocopiers
and printers. Some terpenes and related organic compounds react rapidly with ozone. Ozone-
terpene chemistry produces the hydroxyl radical, which triggers an array of indoor chemical
reactions, and formaldehyde, a TAC with a low acceptable exposure limit. This chemistry also
converts some of the gaseous species into organic particulate matter, raising possible concerns
because of the strong association between ambient particulate matter levels and a host of adverse
health effects. The main objective of this research was to substantially increase our knowledge
of the concentrations of air pollutants, especially TACs that occur in indoor environments owing
to the use of widely available cleaning products and air fresheners, with and without the
simultaneous presence of ozone.

Methods

The broad objective stated in the previous paragraph was achieved by the following means.

First, we undertook a thorough review of published literature on air pollutant exposure associated
with the use of cleaning products and air fresheners. Next, we conducted a shelf-survey of
products that were available to consumers at five retail outlets in northern California. Ina
multistage process, 21 products were selected for further study considering these key criteria: (a)
products are readily available to California consumers through retail outlets; (b) most products
are either known or expected to contain substantial levels of reactive terpenes, terpene alcohols,
other unsaturated compounds, or ethylene-based glycol ethers; and (c) the set of products
includes at least one each of disinfectants, general-purpose degreasers, general-purpose cleaners,
wood cleaners, furniture maintenance products, spot removers, multi-purpose solvents, and air
fresheners. Then, we conducted measurements to characterize the VOC composition of the
selected cleaning products and air fresheners. Using these results, six products were selected to
study emissions and concentrations of the primary constituents during eighteen simulated-use
experiments in a room-size research chamber. Three products were selected from the set of 21 to
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study secondary pollutant formation when combined with ozone. Fifteen experiments were
carried out in a bench-scale chamber under well-controlled conditions. With the same products,
eleven experiments were executed employing simulated use in the room-sized chamber, with and
without the presence of ozone. These experiments examined the effect of ozone on the primary
VOC constituents of the cleaning products and air freshener, as well as the resultant production
of secondary pollutants, including formaldehyde, the hydroxyl radical, and fine particulate
matter. Finally, analyses were carried out to interpret the new experimental results to better
understand their significance for human inhalation exposure to air pollutants owing to the use of
cleaning products and air fresheners indoors.

Results

Among the 21 products whose composition was tested, six contained ethylene-based glycol
ethers, primarily 2-butoxyethanol, with levels ranging from 0.8% to 9.6%. Only one other toxic
air contaminant, xylene, was detected, and in only one product. Twelve of the 21 products
contained terpenes and other ozone-reactive compounds at overall levels ranging from 0.2% to
26%. Simulated full-strength use of cleaning products caused fractional emissions of terpenes
and glycol ethers of 35-100% of the amount dispensed when towels were retained in the test
chamber versus 20-50% when towels were removed. Floor mopping with a dilute solution of
pine-oil based cleaner led to terpene emissions of 7-12% of the amount dispensed. Simulated
cleaning product use caused peak 1-h average concentrations of the most prevalent target
compounds to be in the range of a few hundred to a few thousand micrograms per cubic meter,
as illustrated in Table ES-1.

When terpenes and related compounds in cleaning products and air fresheners were exposed to
ozone, we consistently observed a high degree of reactive chemistry. The effects included
reduced concentrations of primary constituents of the products, reduced ozone concentrations,
enhanced concentrations of formaldehyde, measurable levels of the OH radical, and substantial
secondary production of particulate matter. Table ES-2 illustrates this point by presenting data
on ozone and volatile organic compounds from one experiment in which volatile constituents of
a pine-oil-based cleaner were exposed to ozone.

Each of the fifteen experiments conducted in the bench-scale chamber produced a nucleation
event in which substantial amounts of new ultrafine particles were generated as a consequence of
the reactive chemistry. In the eleven room-scale simulated use experiments, we also observed
substantial secondary pollutant formation, as illustrated in Table ES-3. The use of a terpene-
containing cleaning product or air freshener in the presence of ozone (delivered through the
ventilation supply air at 114-120 ppb) increased the formaldehyde levels by 6-12 ppb. The
significance of regularly repeated exposures at such levels might be considered against
California’s chronic reference exposure level for formaldehyde of 2 ppb. Likewise, the use of a
terpene-containing cleaning product in the presence of ozone increased the fine particulate matter
concentrations by approximately 30-90 micrograms per cubic meter. California’s standard for
ambient fine particulate matter (PM25s) is 12 micrograms per cubic meter on an annual average
basis. California also has a 24-hour average standard of 50 micrograms per cubic meter for
ambient levels of all particulate matter smaller than 10 micrometers in diameter.
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Conclusions

The study results indicate that, in California and elsewhere, elevated inhalation exposures to air
pollutants can be expected to occur under some circumstances owing to the use of common
cleaning products and air fresheners. Several of the products studied contained and emitted
substantial amounts of a single TAC, 2-butoxyethanol. This ethylene-based glycol ether was
found to be an active ingredient in six of the 21 products characterized. The measured peak
concentrations of 2-butoxyethanol owing to the use of these products were below relevant acute
exposure guidelines. However, modeled exposures for high-use scenarios suggest that the
California acute (one-hour) exposure level of 14 mg m™ might be exceeded under some
circumstances. Also of potential concern are the terpenes and related unsaturated organic
compounds. These constituents are widely used as solvents and as scenting agents. Many
species in this class react rapidly with ozone, leading to the formation of formaldehyde, a TAC
with a low chronic reference exposure level, and particulate matter, a regulated pollutant class in
ambient air. Other oxidation products are also formed with unknown toxicological properties
(e.g., hydroperoxides from linalool.) Thus, it appears that, when compared with health-based
concentration guidelines and standards, the levels of 2-butoxyethanol, formaldehyde and
particulate matter associated with the use of certain consumer products can be high enough under
some circumstances to warrant further consideration. Further consideration should also be given
to the toxicological properties of yet-to-be-evaluated oxidation byproducts of ozone-terpene
chemistry.
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Table ES-1. Peak one-hour-average air concentrations of selected chemicals from simulated

cleaning-product use (83.4). *

Experiment

Species concentration (micrograms per cubic meter)

2-Butoxyethanol

d-Limonene

Terpinolene

a-Terpineol

Counter cleaning with glass
cleaner GLC-1, full strength
(1A, 1L)

270, 330

Counter cleaning with general-
purpose cleaner GPC-1, full
strength (1B, 1E)

960, 1100

890, 1040

260, 340

Counter cleaning with general-
purpose cleaner GPC-3, full
strength (1C, 1F-1H)

1540-2300

Counter cleaning with general-
purpose cleaner GPC-4, full
strength (1D, 11-1K)

2170-2530

640-730

Floor mopping with general-
purpose cleaner GPC-1, dilute
(IN)

1130

1270

700

Floor mopping with general-
purpose cleaner GPC-3, dilute
(10)

1300

Floor mopping with general-
purpose cleaner GPC-4, dilute

(1P, 1Q)

380, 1150

2900, 6200

& Experiments conducted in 50 cubic meter (1800 cubic foot) chamber ventilated at

approximately one air change every two hours. For counter cleaning, area cleaned was 0.56

square meters (6 square feet). Floor mopping was applied to an area of 3.9 square meters (42

square feet). Product usage was designed to be in the upper part of the normal range for

residential use. Concentrations reflect the time-average value for chamber air during the first

hour following the start of cleaning activity.
> Experiment number noted in parentheses.
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Table ES-2. Reactive chemistry observed in bench-scale (198 liter) chamber when volatile
components of pine-oil based cleaning product GPC-1 were combined with ozone (84.2-4.3). ?

Species Concentration (ppb) ® | Reacted (%) ° | Yield (%) °
Ozone 130 94

Selected VOC components of cleaning product

a-Terpinene 25 89

d-Limonene 229 15

Terpinolene 266 33

y-Terpineol 12 19

Volatile oxidation products

Formaldehyde 35 27
Acetaldehyde 2 1
Acetone 83 63
Glycolaldehyde 12 5
Formic acid 12 9
Acetic acid 22 17

a
b

Results presented for Experiment 2C. Air-exchange rate was 1.0 chamber volumes per hour.
For ozone and “selected VOC components of cleaning product,” concentrations are the levels
in the chamber air in the absence of reactive chemistry. For “volatile oxidation products,”
concentrations are the steady-state levels in the chamber air owing to reactive chemistry
between ozone and the primary cleaning product constituents.

Reacted (%) represents the proportional reduction of the constituent concentration in chamber
air owing to reactive chemistry.

Yield (%) represents the moles of product formed per mole of ozone consumed owing to
reactive chemistry.
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Table ES-3. Concentrations of secondary pollutants from simulated use of cleaning products
and air freshener in the presence of ozone (84.4-4.5). °

HCHO (ppb) ° PMu, (g m)°
Experiment b No ozone | Ozone® No o0zone Ozone *
Surface cleaning with general-purpose 8 20 2 89
degreaser GPD-1, full strength (3A-3C)
Floor mopping with general-purpose 7 13 3 34
cleaner GPC-1, dilute (3D-3H)
Air freshener, scented-oil plug-in, 5 11 1 4
AFR-1 (3J-3K)
a

Experiments conducted in 50 cubic meter (1800 cubic foot) chamber ventilated at
approximately one air change every hour. For surface cleaning, amount of product dispensed
was 3.7 g to clean an area of 0.11 square meters (1 square foot). For floor mopping,
approximately 50 g of product was used in a dilute aqueous solution to mop an area of 3.9
square meters (42 square feet). The air freshener was plugged into an electrical outlet.
Experiment number noted in parentheses.

HCHO is formaldehyde. PM; ; represents the fine particle mass concentration. For the
cleaning products, values represent 12-hour averages commencing with the start of the
cleaning activity. For the air freshener, HCHO concentrations reflect three-hour averages
immediately before, or beginning two hours after the onset of ozone supply. PM 1
concentrations reflect 5-hour averages immediately before and immediately after the onset of
ozone supply.

Ozone was provided in the supply air at a level of 114-120 ppb; residual chamber
concentration was approximately 60 ppb absent cleaning product or air freshener, but was as
low as 5 ppb during the first hour after the cleaning activity.
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1. INTRODUCTION

The use of certain common cleaning products and air fresheners indoors can cause an
increase in the indoor airborne concentrations of gaseous and particulate species. When these
increases occur in occupied spaces, human inhalation exposures to the species will result. In the
event that harmful species are directly released from a product, there may be increases in adverse
health risks. Because of the large fraction of time people spend indoors, such increases are of
potential concern.

In addition to direct emissions, secondary pollutant formation is of concern. In particular,
there is evidence suggesting that ozone-terpene reactions may be of considerable importance
indoors. Such reactions can generate toxic air contaminants (TACS), such as formaldehyde.
These reactions also produce hydroxyl radicals, which can react with many species, altering
TAC levels.

Ozone mainly enters buildings from outdoors as a pollutant in the ventilation air. Indoor
sources also exist, including photocopiers, electrostatic air filters and ozone generators. In the
absence of indoor sources, concentrations indoors are lower than outdoors because ozone reacts
with indoor surfaces and certain gaseous contaminants. Typical indoor-outdoor ozone ratios are
0.2-0.7 (Weschler, 2000), so peak indoor levels in the range of 30-100 ppb are expected when
ambient pollution levels are high. Terpenes, such as d-limonene and a-pinene, are volatile
organic compound (VOC) constituents of products that are used indoors. For example, terpenes
are widely used as scenting agents in cleaning products (Weschler and Shields, 1996; Wolkoff et
al., 1998; Zhu et al., 2001). Indoor terpene levels of several ppb are common and concentrations
in excess of 100 ppb have been reported (Weschler, 2000). One may also infer that elevated
concentrations occur by the following logic. The odor thresholds of limonene and pinene are
440 ppb and 700 ppb, respectively (Devos et al., 1990; Mglhave et al., 2000). Because the odor
of terpenes is commonly detected when certain cleaning agents are used, short-term peak
concentrations of terpenes in indoor air may approach or exceed ppm levels.

Ozone reacts rapidly with terpenes. For example, the lifetimes of d-limonene and a-
pinene in the presence of 50 ppb ozone are 0.75 and 1.8 h, respectively (Weschler, 2000). The
residence time of air indoors before being replaced by ventilation is typically a few hours. Thus,
the reactions are fast enough for significant secondary-product formation to occur before
reactants are removed by air exchange.

The direct products of ozone-terpene reactions include formaldehyde (Hatakeyama et al.,
1989). Existing information at the time this project was started indicated that formation of
formaldehyde by ozone-terpene chemistry indoors is potentially significant, capable of
contributing tens of ppb to indoor levels on a transient basis.

Another product of ozone-terpene chemistry is the hydroxyl radical (OH). The OH yield
for ozone-terpene reactions is high: 0.85 for a-pinene and 0.86 for d-limonene, for example
(Weschler and Shields, 1996). This is important, because OH reacts rapidly with a broad
spectrum of VOCs and its presence in indoor air may, therefore, influence pollutant
concentrations. Under simulated but realistic conditions in an office, Weschler and Shields
(1997a) used an indirect measurement technique to estimate that OH levels were ~ 7 x 10°
molecules cm™ when ozone and d-limonene were simultaneously elevated to ~ 100 ppb each.
Although less than the midday peak for polluted conditions (5 x 10° molecules cm™), this OH
level is sufficiently high to affect indoor concentrations of certain TACs.

A third potentially important product of ozone-terpene chemistry is secondary organic
aerosol (Weschler and Shields, 1999; Long et al., 2000; Wainman et al., 2000). When ozone



reacts with terpenes, the products formed include oxygenated organic compounds with higher
molecular weight, increased polarity, and reduced vapor pressure relative to the parent
compounds. These products, which include organic acids and aldehydes, can condense from the
gas phase, adding to airborne particulate matter. Under some circumstances, the condensation
will occur on preexisting particles, causing their size and mass to increase. If the rate of
formation of these secondary products is sufficiently fast, new ultrafine particles may be formed
through a nucleation process. Any mechanism leading to significant particle generation in air
that humans breathe raises concern about the potential for associated health risks.

In summary, VOC constituents of cleaning products and air fresheners are common
components of indoor air. There are at least three pathways by which the use of these products
may affect concentrations of TACs. First, TACs used in the formulation of the cleaning agents
may be directly emitted during and after use. Second, TACs may be formed by reaction of
ozone with primary components of cleaning agents, such as formaldehyde formed from ozone-
terpene chemistry. And third, the production of the OH radical by ozone-terpene chemistry can
lead to the formation or destruction of TACs that originated from other sources. Thus, it is
important to better understand the primary emissions from cleaning products and air fresheners
and the possible interactions of ozone with constituent chemicals.

To address these issues, the research described in this report was undertaken. The project
was organized into four tasks.

First, a critical review and synthesis of the existing literature was conducted. At the time
the project started (2001) there already existed a substantial amount of information regarding the
chemical constituents of cleaning agents (e.g., see Gosselin et al., 1984; Wolkoff et al., 1998;
Salthammer, 1999; Zhu et al., 2001, and references therein). There was much less literature
available on indoor chemical reactions between constituents of cleaning agents and ozone (e.g.,
see Weschler and Shields, 1997b; Weschler, 2001; Wolkoff and Nielson, 2001). Under Task 1 of
the project, we prepared a critical review of the relevant literature. That review is presented as §2
of this report.

The second task entailed measuring the VOC composition and primary emissions of a set
of common cleaning products and air fresheners. A multistage selection process was devised,
focusing on widely available consumer products that contained chemicals in one of two
categories: toxic VOCs such as ethylene based glycol ethers (which are regulated as TACs) and
terpenes (which are known to react rapidly with ozone to form TACs such as formaldehyde). A
shelf-survey was conducted in five major retail outlets in the San Francisco Bay Area to identify
commonly available products. Fifty products were selected from a total of almost three hundred
as possibly containing and emitting the compounds of interest to this study. Through consultation
with ARB, we selected 21 cleaning products and air fresheners to be screened for their emissions
of VOCs. The VOC constituents of these products were determined through laboratory
measurements. Six of these products were then selected for further testing, in which emissions
and concentration profiles of target analytes were determined during and after simulated-use in a
room-scale chamber. The methods and results for this task are presented in 83 of this report.
Important details are reported in three appendices. Appendix A presents the shelf-survey results.
Appendix B contains the composition-screening data. Appendix C archives data collected
during the simulated-use experiments.

In the third task, our objective was to develop new experimental data regarding the nature
and quantity of reaction products when certain cleaning products and air fresheners are exposed
to ozone. This investigation was motivated by four observations: certain cleaning agents contain



high levels of terpenes; elevated ozone levels can occur indoors; ozone reacts rapidly with
terpenes; and the products of ozone-terpene chemistry include OH (a highly reactive radical),
formaldehyde (a TAC), and secondary particulate matter (a regulated ambient air pollutant).
Two complementary experimental approaches were employed. One entailed the use of a
continuous flow, bench-scale reaction chamber. The second approach was based on simulated
product use in a room-scale chamber with controlled ozone addition. In these studies, which are
presented in 84, three products were tested, a pine-oil based general-purpose cleaner, an orange-
oil based general-purpose degreaser, and a scented-oil plug-in air freshener. Appendices D and
E archive the detailed experimental data generated in the bench-scale experiments and the
simulated-use experiments, respectively.

In the fourth task, we interpreted the new experimental results in combination with the
literature review to assess their overall significance for determining whether elevated air
pollutant exposures might occur indoors as a result of the use of cleaning products or air
fresheners, with and without exposure to ozone. The specific goal was to provide important
information about several key points: the VOC constituents that are emitted from certain
cleaning products and air fresheners, with and without exposure to ozone; the levels of those
constituents under a realistic range of conditions of key variables; and the factors that
substantially influence the constituent levels. This task was carried out by mathematical
modeling of several exposure scenarios, utilizing new data collected in the experiments
conducted in Tasks 2 and 3. The methods employed in this effort and the results are presented in
85.

A summary of all of the research carried out in this project is presented in 86. In 87, we
provide recommendations for future research. Key experimental data are presented in tables and
figures throughout the body of the report; however, extensively detailed data are presented in
appendices.



2. REVIEW: EXPOSURE TO PRIMARY AND SECONDARY AIR POLLUTANTS
ASSOCIATED WITH USE OF CLEANING PRODUCTS AND AIR FRESHENERS

2.1. Introduction

The cleaning of buildings and their contents is a major human activity that aims to
promote hygiene, aesthetics, and material preservation. In the United States, out of a total
working population of 128 million, three million people are employed as “janitors and cleaners,”
or as “maids and housekeeping cleaners” (US Department of Labor, 2001). From activity pattern
surveys, it is estimated that US adults devote an average of 20-30 minutes per day to house
cleaning (Wiley et al., 1991). In addition, among California adults, 26% reported that they were
near or used cleaning agents on the day on which they were surveyed and 31% reported that they
were near or used scented room fresheners (Jenkins et al., 1991).

Despite the large overall effort devoted to these activities, relatively little scientific
evidence documents the efficacy of building cleaning practices. Common themes in the
literature include the effectiveness of vacuuming and other processes for controlling allergens
(Hegarty et al., 1995; Woodfolk et al., 1993; Vaughan et al., 1999) and lead-contaminated dust
(Ewers et al., 1994; Lioy et al., 1998). Studies have explored the role of disinfectants in cleaning
agents on limiting the spread of infectious disease (Bloomfield and Scott, 1997; Josephson et al.,
1997; Rusin et al., 1998). Only a few published studies have considered general cleaning
efficacy (Schneider et al., 1994; Franke et al., 1997; Nilsen et al., 2002) or the beneficial
attributes of cleaning products (Olson et al., 1994; Jerrim et al., 2001; Jerrim et al., 2002).

While there are substantial perceived benefits of cleaning, there are also risks. One set of
concerns arises because cleaning products contain volatile organic compounds (VOCs) that
contribute to urban or regional photochemical smog. The California Air Resources Board has
adopted regulations to reduce atmospheric emissions from consumer products, including
cleaning products and air fresheners (CARB, 2001). Cleaning may also pose risks to cleaners
and to building occupants. Wolkoff et al. (1998) have summarized the spectrum of such
concerns. These include irritation and other health hazards owing to inhalation exposures to
cleaning-product constituents, exposures to dust and other particulate matter suspended during
cleaning activities, and the production of secondary pollutants owing to the reaction of
unsaturated organic compounds with oxidants such as ozone and nitrogen oxides.

This section of the report provides a critical review of the literature, exploring the nature
and likely significance of air pollutant exposures among building occupants, including cleaning
personnel, resulting from the use of cleaning products and air fresheners in homes and in
nonindustrial workplaces. We emphasize chemical exposures resulting from the volatile
constituents of cleaning products, considering both primary emissions from the cleaning products
themselves and the formation of secondary pollutants caused by the interaction of cleaning
product constituents with other reactive species. Our approach utilizes key principles and tools
from the applied physical sciences — mass conservation, reactor models and analysis of kinetic
systems — to explore the causal events linking cleaning product use with inhalation exposure to
air pollutants.

2.2. Cleaning Products and Air Pollution
2.2.1 Emissions and inhalation intake

Because of their potential contributions to urban photochemical smog, product
manufacturers and air quality regulators have estimated organic compound emissions from the



use of cleaning products. Table 2.1 presents summary data for California. The total estimated
emissions of 32 tonnes d™ corresponds to about 1 g per person per day for the entire state’s
population. Emissions of reactive organic gases (ROG) from the sum of indoor and outdoor
sources are estimated to be much larger, about 2400 tonnes d™* for the state (CARB, 2003).

Although cleaning agent use causes a small portion of total organic compound emissions,
the health consequences from this usage are expected to be disproportionately larger than the
emissions. This reflects the fact that the proportion of emissions inhaled is much higher when
those emissions occur in buildings rather than outdoors. The relationship between inhalation and
emissions is quantified through the intake fraction (Bennett et al., 2002), which is defined as the
incremental pollutant mass inhaled per unit pollutant mass emitted. Typical intake fractions for
emissions to outdoor air are in the range 10° to 10, whereas typical intake fractions for
emissions into indoor air are in the range 10 to 10 (Lai et al., 2000). Thus, the inhalation
exposure from the 32 tonnes d™ of organic compounds emitted indoors from cleaning product
use is expected to be of the order of (10°3-10™") x 32 x 10° kg d™*, corresponding to ~ 30-3000 kg
d™, summed over the entire California population. This is of similar scale to the estimated
inhalation exposure from organic compounds emitted outdoors from all sources combined, (10°°-
10°%) x 2400 x 10° kg d*, which corresponds to ~ 2-2000 kg d*, again summed over the entire
California population.

It is important to appreciate that only a portion of the organic compounds emitted from
cleaning products pose direct health concerns because of their toxicity (which varies among
species over many orders of magnitude). Given a typical intake fraction of 10 for airborne
contaminant releases in buildings, the emissions of 1 g d™* person™ of organic compounds from
cleaning product use would be expected to cause an average mass inhaled of ~ 10 mg (10000 pg)
d™ person, provided that most of the release occurs indoors. Depending on species toxicity, this
average burden is high enough to be of potential concern. For example, “no significant risk
levels” (NSRLs) have been established for inhalation exposure to some chemicals known to
cause cancer by the State of California (OEHHA, 2003). These levels are set at a value such that
lifetime exposure at that value would increase the estimated risk of cancer by 10°. Sample
NSRLSs are 7 pg d™* for benzene, 40 pg d™* for formaldehyde, and 14 pg d™* for
tetrachloroethylene. If even a small proportion, i.e. 0.1-1%, of the inhaled mass of organic
compounds from cleaning products were as toxic as these compounds, the average exposure
would approach levels of concern. Furthermore, inhalation exposures undoubtedly vary broadly
across the population, with those who are regularly engaged in cleaning activities experiencing
larger exposures than those who do not. This means that the risks to many individuals are likely
to be much higher than the average risks throughout the population. In summary, this broad
perspective provides some basis for concern about the potential adverse health consequences of
inhalation exposure to cleaning agents.

2.2.2 Inhalation pathways

As summarized in Table 2.2, the use of cleaning products and air fresheners can influence
inhalation exposure to air pollutants by several distinct mechanisms. VVolatile constituents of the
products can enter the gas phase during or after use. But nonvolatile constituents can also be
inhaled, either because the cleaning process or air-freshener use itself releases liquid or solid
particulate matter into the air or because residual cleaning materials are later suspended, for
example through abrasion and wear. In a study that examined the inhalation concentrations of
constituents found in a surrogate air freshener, fragrance constituents associated with airborne



particles accounted for approximately 47% of the adult and 72% of the child exposures in the
breathing zone during the first minute after product use of an aerosol spray (Rogers et al., 2005).
In addition, secondary pollutants are also of concern: the use of cleaning products or air
fresheners can be accompanied by reactions in water (Shepherd et al., 1996), on surfaces (Webb
et al., 2002; Pommer, 2003; Fick, 2003), or in the air (Weschler and Shields, 1999; Wainman et
al., 2000), which can affect the indoor concentrations of air pollutants. Although this report
focuses on air pollutants resulting directly or indirectly from the volatile components of cleaning
products or air fresheners, the array of exposure routes of potential concern is broader.

2.3. Direct Evidence of Health Hazards

The medical, occupational, and environmental health literature contains many reports
documenting cleaning related inhalation hazards (ingestion or dermal contact hazards are not
considered in this review). The reports on inhalation hazards can be divided into those based on
the mixing of cleaning products and those focusing on hypersensitivity responses associated with
product use. This section summarizes findings from such studies with a view toward gleaning
what these studies tell us about the broader issue of inhalation exposure to air pollutants from
cleaning products.

2.3.1 Accidental poisonings associated with inappropriate mixing of cleaning agents

The mixing of certain types of cleaning products can generate hazardous fumes sufficient
to cause those exposed to seek medical attention. Table 2.3 summarizes thirteen reports
published during the past four decades documenting such episodes. Common throughout these
reports is the use of bleach or other product containing hypochlorite (OCI) as an active
ingredient. The mixing of bleach with ammonia-based cleaners causes the production of
chloramines (NH,Cl and NHCI,) and possibly ammonia (NHs) that can volatilize. In some
cases, bleach has been mixed with an acid-based cleaner, which could cause the release of
gaseous chlorine (Cl,) or hypochlorous acid (HOCI).

In each of the case reports, one or more subjects sought medical attention for acute
respiratory symptoms. Some subjects required no treatment and many others recovered within
days. However, in several cases, ongoing respiratory-health impairment resulted from the
exposure. One case led to a fatality (Cohle et al., 2001), although the subject had an
undiagnosed preexisting condition possibly contributing to the outcome.

In total, this literature makes a compelling case that acute inhalation hazards can result
from improper use of cleaning products. Recognizing this, it is common for manufacturers to
print labels on cleaning products warning consumers to avoid mixing different products. A recent
study suggests that only a small fraction of consumers read cleaning-product labels (Kovacs et
al., 1997). The continuing appearance of case reports in the medical literature is clear evidence
that the printed warnings have not eliminated the hazard of mixing. Furthermore, the number of
total incidents is likely much larger than the published case reports. For example, Mrvos et al.
(1993) cite information from the American Association of Poison Control Center’s National Data
Collection System, which reported more than 7000 exposures to chlorine or chloramine gas in
the US in 1990. According to these authors “a large majority are likely to be in-home exposures
resulting from the incorrect mixing of cleaning products.” Extrapolating from the evidence
summarized in Table 2.3, a plausible concern is that people may experience inhalation exposure
to strong acids or bases, or to strong oxidants, owing to even the proper use of cleaning products
containing such irritants. For example, reactions between hypochlorite and commonly occurring



ppb levels of indoor ammonia may produce low concentrations of chloramines; similarly,
reactions between hypochlorite and ppb levels of indoor nitric, hydrochloric or sulfuric acids
may produce small amounts of gaseous Cl, or hypochlorous acid. However, evidence is lacking
to quantify the potential for such chronic, low-level exposures, or to determine their significance.

2.3.2 Asthma, allergy, and respiratory irritation

A second category of cleaning-related, health-effects literature focuses on occupational
asthma, allergy, and/or respiratory irritation as the outcomes of concern. Among the eighteen
studies summarized in Table 2.4 are two main types: case reports and epidemiological
investigations. Five of the six case reports identify carpet shampoo or a floor cleaner as the
product responsible for the adverse health effect. In several cases a specific chemical agent is
identified: ethanolamine, lauryl dimethyl benzyl ammonium chloride, or benzalkonium chloride.
In one case, the subject did not directly use the cleaning product. Rather, his occupational
asthma was attributed to exposure to a constituent of the floor cleaner used in his office while it
was unoccupied (Burge and Richardson, 1994).

Compared with the case reports, epidemiological investigations are not as effective in
identifying specific causes, but instead provide important information about the size of the
affected population. Recent studies in Spain, Finland, Brazil, and several states in the US
document an increased prevalence of occupational or work-related asthma among those
employed as cleaners.

In contrast to the cases in Table 2.3, in only a few of the studies in Table 2.4 are the
adverse effects clearly associated with product misuse. Overall, whether owing to misuse or not,
the existence of at least 31 documents appearing in peer-reviewed, archival journals that
implicate cleaning or cleaning products as a cause of respiratory health impairment suggests that
cleaning product use deserves attention as a cause of air pollutant exposure.

2.4. Composition, Primary Emissions, and Inhalation Exposure

In this section, we explore the causal chain-of-events linking the use of cleaning products
with inhalation exposure to the primary volatile constituents. The output parameters of interest
are species-specific concentration (mass per volume) or mole fraction (moles of species per mole
of air), exposure (defined here as the time integral of concentration encountered by an exposed
person), and inhalation intake (defined here as species mass inhaled by an exposed person).
Broadly, these output parameters depend on three classes of processes: emissions, dynamic
behavior, and human factors.

As an illustration of the relationships among these variables, consider the following
example. In a cleaning episode, 50 g of a product is used in a single-family residence over a
period of 1 h. Assume that 1% of the product is a volatile air contaminant that is completely
released at a uniform rate during the hour of use (i.e., the emission rate is 500 mg/h for 1 h).
Furthermore, assume that the residence has a volume of 300 m® and a ventilation rate of 0.7 h™,
representative values for the California housing stock (Wilson et al., 1996), and not unusual for
the US. Assume that the indoor air mixes rapidly throughout the house so that the species
concentration does not vary in space. Also, assume that the contaminant does not sorb or
decompose in indoor air, so that the only removal mechanism is ventilation. (Sorption effects
are considered in §2.4.2.) The concentration of the contaminant owing to cleaning product use
under these conditions is presented in Figure 2.1(a). The peak concentration, which occurs at the
end of the emission period, is 1200 pg m™. After use, the concentration decays exponentially



with a rate constant equal to the air-exchange rate. For an occupant of the building who is
present throughout a 10-h period beginning with product use, the total exposure to the
contaminant is represented by the time-integral of the concentration, which is 2380 pg m™ h.
The intake is the time integral of the exposure concentration multiplied by the breathing rate.
For a constant breathing rate at a typical value of 0.5 m* h™}; the inhalation intake would be 1190
pg. The individual intake fraction for this one exposed individual is the intake divided by the
mass released, i.e. 0.0024. With n occupants so exposed, the total intake fraction would be
0.0024n.

2.4.1 Emissions

Emissions of primary constituents depend on product composition. Table 2.5a identifies
volatile constituents of cleaning products or air fresheners that have been reported in the
literature and that are listed by California in Proposition 65 and/or as Toxic Air Contaminants
(TACs). Also indicated, where available, are inhalation intake rates or concentration levels that
would indicate a threshold of concern for assessing health risk associated with chronic exposure.
For those occupationally involved in cleaning, regular repeated exposures could lead to chronic
health concerns. Even for less frequent episodic exposures, the time-weighted average exposure
concentration over an extended period could be compared with the information presented in
Table 2.5a to make a preliminary evaluation of the potential risk.

The product compositions reported in Table 2.5a are compiled from worldwide literature,
and it is not known if these products were available in California. Furthermore, it should be
noted that the publication dates of the cited studies in Table 2.5a extend back to 1987, and the
median citation date in this table is 1992. Composition of consumer products may change with
time owing to varying conditions in the marketplace and to regulations. One potential regulatory
contributor is the 1990 US Clean Air Act Amendments (Hodgson and Levin, 2003), which have
led to regulatory action to limit the level of photochemically reactive VOCs in consumer
products so as to reduce ambient ozone concentrations. California adopted regulations for the
chemical composition of consumer products, including cleaning products, beginning in 1991,
and amended several times since (CARB, 2005a). These regulations restrict the total level of
reactive VOCs in products. These regulations also restrict the use of methylene chloride,
perchloroethylene, and trichloroethylene in certain types of consumer products. Another
potential regulatory contributor is the Montreal Protocol, which restricts the use of chemicals that
contribute to the depletion of stratospheric ozone. Among the chemicals listed in Table 2.5a,
carbon tetrachloride and 1,1,1-trichloroethane are regulated as ozone-depleting substances
(http://lwww.epa.gov/ozone/ods.html). A further potential contributor is California’s Proposition
65, which creates a duty-to-warn requirement: “no person in the course of doing business may
knowingly and intentionally expose any individual to Prop. 65-listed chemicals without first
giving clear and reasonable warning to such individual.” (Carrick, 1998). Proposition 65 was
adopted in California in 1986, and it is reasonable to expect that the composition of some
products sold in California may have changed to remove or reduce their content of chemicals
that appear on the Proposition 65 list, because of the duty to warn.

Additional evidence about the presence of toxic air contaminants in cleaning products can
be inferred from organic gas emission inventories prepared for the California Air Resources
Board. In February 2003, ARB released an updated emission inventory and speciation profile
for consumer products, “based on sales and composition data provided by manufacturers in the
ARB’s 1997 Consumer Products Survey”
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(http://www.arb.ca.gov/ei/speciate/cprodsactgsprof.htm). Table 2.5b presents estimated mass
emission factors for seven classes of cleaning products and for 20 chemicals that are included in
the 1999 ARB Toxic Air Contaminants Identification Program
(http://www.arb.ca.gov/toxics/id/id.htm). By far the chemicals with the highest rates of
emissions from these products are 2-butoxyethanol (4,200 kg d™) and isopropy! alcohol (3,950
kg d}). Note that isopropyl alcohol belongs to Category I1b in the TAC identification list, which
indicates that this substance has not been identified as a toxic air contaminant. It is noteworthy
that 12 chemicals are common to both lists; this represents a majority of the 21 entries in Table
2.5a and also a majority of the 20 entries in Table 2.5b.

The lists in Tables 2.5a and 2.5b do not represent all toxic constituents of potential
concern. For example, 4-nonylphenol and nonylphenol ethoxylates are used in disinfecting
cleaners, all purpose cleaners and spot removers (Betts, 2003). Reflecting their widespread use,
they have recently been reported to be present in the dust and air of each of 120 homes sampled
in the Cape Cod region of Massachusetts, with airborne concentrations of 4-nonylphenol ranging
from 21 to 420 ng m™ (Rudel et al., 2003). These compounds are of concern because of their
ability to mimic female estrogen hormones. However, neither California nor the US EPA has yet
to establish exposure guidelines for chemicals based on potential hormonal activity. An attempt
to list all such chemicals is beyond the scope of this review.

A second important factor affecting emissions is the concentration of the volatile
constituent in the cleaning product. Some composition and concentration information is
available in material safety data sheets (MSDS) from product manufacturers. A few published
studies also have reported composition data. For example, Zhu et al. (2001) tested Canadian
consumer cleaning products and studied in detail 2-butoxyethanol (BE, CsH140,), a glycol ether.
For five water-based products, the following percentage concentrations of BE were reported: all-
purpose cleaner, 3.72%; glass and surface cleaner (clear), 0.87%; glass and surface cleaner
(blue), 0.50%; antibacterial glass and surface cleaner, 0.83%; and lemon fresh and antibacterial
spray, 1.28%.

A third factor affecting emissions is the product usage pattern, including the quantity of
product used and the frequency of application. These could be considered human factors, and
they are discussed in §2.4.3. In addition, the manner of application can influence the timing of
emissions, and possibly the total amount emitted. For a single application, product volume times
the concentration of the volatile species in the product determines the maximum total release.
Depending on the mode of application, all or only part of this mass may be emitted (Wooley et
al., 1990). For example, if a floor-cleaning product is diluted in water, applied with a mop, and
then the floor is rinsed, some of the volatile constituents may be poured down the drain with the
dirty wastewater. In addition to influencing the total amount released, the mode of use along
with the physicochemical properties of the volatile constituent can affect the timing of emissions.
Emission studies suggest that glycol ether release from aqueous cleaning products occurs slowly,
over periods of hours or even a few days after application (Gibson et al., 1991; Zhu et al., 2001).
If generally true, such behavior would have the effect of reducing exposures during cleaning
activities, but increasing exposures to building occupants following cleaning.

2.4.2 Dynamic behavior

Once primary constituents are emitted into indoor air, the resulting concentrations,
exposures, and inhalation intake depend on the dynamic behavior of the species in indoor air.
Factors influencing the species behavior include ventilation, mixing within a room, mixing
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between rooms, homogeneous and heterogeneous transformations, sorptive interactions on
surfaces, and active air cleaning. This section presents key aspects of most of these factors.
Active air cleaning is briefly discussed in 82.4.3, and the role of transformation processes is
addressed in §2.5.

Ventilation is a major factor influencing the concentrations of indoor pollutants.
Commonly, it is expressed in terms of an air-exchange rate, A, which is the volume flow rate of
air out of a building divided by the volume of air contained within the building. Murray and
Burmaster (1995) have analyzed measurements of A for 2844 US households (not a statistically
representative sample). These data are reasonably well described by a lognormal distribution
with a geometric mean (GM) of 0.53 h™ and a geometric standard deviation (GSD) of 2.3.
Persily (1989) reported on extensive ventilation measurements in 14 office buildings across the
US. The time-average values of A across this sample of buildings are well described as
lognormal with a GM of 0.73 h™ and a GSD of 1.8.

In the example presented at the beginning of §2.4, we assumed that indoor air was well
mixed. Spatial variability in concentrations can occur, especially when species are emitted from
localized sources. One quantitative indicator is the characteristic mixing time, t, defined as the
period required for an instantaneous point release in an unventilated room to disperse such that
the relative standard deviation among local concentrations is less than 10%. Baughman et al.
(1994) measured T in a 31-m* room under natural convection flow conditions and found that it
varied from ~ 10 min with strong convection sources to ~ 90 min under thermally quiescent
conditions. Drescher et al. (1995) measured <t to be 2-15 min in the same room for a variety of
forced flow conditions. Under conditions where T << A"* and where the exposure duration is
much longer than the release time, the well-mixed approximation should describe exposure
conditions reasonably well.

The failure of the well-mixed approximation would be expected to be most acute for
estimating peak exposure concentrations for people who are engaged in cleaning activities.
Girman et al. (1987) reported on a directly relevant experiment in which a researcher used a
paint stripper that contained methylene chloride (CH,CI,) to remove paint from a test panel in a
20-m?® chamber. The time-dependent CH,Cl, concentration was measured in the breathing zone
of the researcher as well as in the center of the chamber during 90 min of activity. At a low air-
exchange rate (0.6 h™"), the personal exposure of 2400 ppm-h was very similar to the inferred
exposure based on the room-air sampler, 2350 ppm-h. At a high air-exchange rate (3.2 h™), the
personal exposure was about 20% higher than determined from the room air sampler (1120 ppm-
h vs. 920 ppm-h); the short-term peak personal-exposure concentration was about 35% higher
than the room-air peak (1320 vs. 970 ppm).

Transport between rooms can also affect concentrations and exposures. For people doing
cleaning, interzonal transport can reduce concentrations in the room in which they are working,
but for occupants of other rooms of the building, it is a vehicle for exposure that might not
otherwise occur. Multizone modeling tools have been developed to predict interzonal flows
based on information about the ventilation system, interzonal leakage, temperature, and wind
conditions (Haghighat and Megri, 1996 and references therein). Although only a limited set of
buildings have been examined with these tools, a few generalizations can be made. In
residences, open internal doorways and the operation of central-air systems promotes rapid
mixing. On the other hand, when the forced air system is off, transport between rooms separated
by a closed doorway can be slow. In commercial buildings, air handling systems commonly
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recirculate ~80 to 90% of the air flowing through them, promoting mixing throughout the zone
served. However, large buildings may be served by multiple air handling units and little is
known about the transport of species from one air-handler zone to another. Likewise, little is
known about interroom transport in public buildings in which there is no forced recirculating
flow, either by design or because the fans are not operating.

The sorptive interactions of cleaning product constituents with indoor surfaces may
strongly influence time-dependent concentration fields, and therefore exposures. Species having
low or moderate vapor pressure or high polarity may preferentially partition onto the surfaces or
into the bulk media of materials found indoors. Sorptive uptake on surfaces has the effect of
reducing peak concentrations from episodic uses. To the extent the interactions are reversible,
subsequent desorption could serve as a contaminant source after the emissions would otherwise
have been purged from the space. Sorptive interactions have emerged as an important indoor-
air-quality research subject during the past few decades. Table 2.6 catalogs the literature on
sorptive interactions involving constituents of concern in cleaning products and materials used
indoors. Despite these extensive studies there remain unresolved issues, including the degree to
which sorption is reversible vs. irreversible, the extent to which sorption is a surface phenomena
vs. one in which internal mass transport may be limiting, and the effects of changing
environmental conditions (temperature, humidity) on sorptive uptake or release.

Figure 2.1(b) illustrates the potential significance of sorption in influencing concentration
profiles. The conditions are the same as for Figure 2.1(a): episodic release of 500 mg of a
gaseous pollutant during a one-h cleaning activity in a single-family dwelling. In this case,
completely reversible sorption is added to the governing material balance equation. The
simulation model follows the pioneering work of Tichenor et al. (1991), and the rate constants
for sorptive uptake and desorption are based on data from Sparks et al. (1999) for 2-(2-
butoxyethoxy)ethanol interactions with carpet and gypsum board. Results from two simulations
are shown. In one, the initial sorbed mass is assumed to be zero, which would correspond to the
first use of the cleaning product in the space. In the second, the application cycle is repeated at
weekly intervals for one year. The sorbed contaminant mass increases weekly, approaching a
steady-state level by the end of the simulated period. The fractional difference between these
simulations is small during and shortly after product use. However, the accumulation of sorbed
mass in the second simulation leads to a much higher background concentration during the post-
cleaning period: the average concentration for days 2-7 is 1.1 pg m™ in the first case and 12 pg
m™ in the second. Comparing the nonsorbing case (Figure 2.1(a)) with the repeated-cycle
sorbing case, there are two large differences. Sorption greatly reduces the peak concentration, so
that exposure (the time-integral of concentration) during the first 10 h beginning with product
use decreases from 2380 pg m™ h without sorption to 470 ug m™ h with sorption. However, the
persistent background from desorption during the post-cleaning period compensates for this
difference: the potential exposure during hours 10-168 is zero without sorption, but 1880 pg m™
h with sorption. To the extent that effects are related to peak concentrations, sorption may be
beneficial overall by reducing peak exposures during cleaning activities. However, if occupancy
is much lower during cleaning than at other times, then reversible sorption could cause a much
higher population intake of primary pollutants than would occur for a nonsorbing species.

2.4.3 Human factors

Emissions, concentrations, exposures, and intakes of hazardous air pollutants from
cleaning product use all depend in part on human factors. One set of human factors influencing
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emissions is the characteristics of use: frequency, amount, and manner of application. Only a
few published studies have looked at cleaning product usage by consumers. Weegels and van
Veen (2001) studied the usage of dishwashing liquid, all-purpose cleaner, toilet cleaner, and hair
spray in 30 households in The Netherlands. For all-purpose cleaners, they found an average
contact frequency of 0.35 per subject per day, a mean duration of 20 min per contact, and an
average product usage of 27 g per contact. Kovacs et al. (1997) found that consumers preferred
cleaning products with a pleasant scent. They also observed that less of a scented product (either
pleasant or unpleasant) was used for cleaning than an unscented product.

A second important human factor linking exposure to intake is breathing rate. Adams
(1993) measured breathing rates of 200 individuals across a range of age and activity levels. At
rest, average breathing rates were in the range of 0.4-0.6 m* h™*, depending on gender, age (child
vs. adult), and position (prone, seated, or standing). The average breathing rate for adult females
performing housework was 1.0 m® h™. Adult males were not monitored performing this activity.
Marty et al. (2002) have estimated that the population mean breathing rate for adults is 0.23 m®
kg™ d*, which corresponds to 0.67 m* h™* (16 m* d) for a 70 kg subject.

A third set of human factors addresses the timing of cleaning activities relative to
occupancy, how the building is operated during and after cleaning, and the use of protective
measures to limit exposure and intake. It should be clear from Figure 2.1 that exposure can be
affected by the level of occupancy during cleaning. Exposures are minimized by conducting
cleaning activities while occupancy is at a minimum, and as far in advance as possible of the
next period of heavy occupancy. In addition, it is beneficial to maintain building ventilation,
especially during cleaning, but also afterward. In private residences, window opening can be
used to increase ventilation rates (Howard-Reed et al., 2002). Enhanced ventilation may incur
costs, especially when the ambient temperature is hot or cold. In principle, these costs could be
weighed against the benefit of reduced exposures; however, information is inadequate to do so
objectively. Finally, both personal respiratory protection measures and indoor air cleaning
devices could be used to reduce exposure and intake. Devices commonly used, such as
disposable face masks and recirculating air filters, are designed to be effective against particulate
matter but not against volatile organic compounds. Activated carbon sorbents are used for
personal protection in hazardous material handling. Air cleaning devices that use activated
carbon have also been investigated in laboratory studies (VanOsdell et al., 1996). However, we
found no evidence of sorbents being used to limit exposure to cleaning product constituents.

2.5. Reactive Chemistry and Secondary Pollutants
2.5.1 Reactions with ozone

Cleaning product and air freshener constituents can react with oxidants to generate
secondary pollutants. Ozone is a common initiator for indoor gas-phase oxidation processes.
Reactions of ozone with constituents containing unsaturated carbon-carbon bonds are much
faster, and serve as a larger source of secondary pollutants, than reactions with constituents
containing only saturated carbon-carbon bonds. Table 2.7 lists constituents of cleaning products
and air fresheners with C=C bonds. Most of these potentially reactive chemicals are terpenes
(e.g., a-pinene, d-limonene, myrcene) or terpene-related compounds (e.g., linalool, a-terpineol
and linalyl acetate). Their inclusion in cleaning products reflects the favorable odor
characteristics and solvent properties of terpenoids. Some of the entries in Table 2.7 have not
been explicitly reported but are inferred to be present in cleaning products or air fresheners since
they are known constituents of oils or scent formulations used in such products (e.g., a-terpinene
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found in pine oil; selected sesquiterpenes found in waxes, orange oil and lemon-peel oil). Not
only are there differences in ozone reactivity rates between unsaturated constituents (Table 2.7)
and saturated ingredients (most of the compounds listed in Table 2.5), but also there are
substantial differences among the unsaturated constituents themselves. Table 2.8 lists 2" order
rate constants for reactions between the compounds in Table 2.7 and ozone. The compounds are
rank-ordered based on their 2" order constants for reaction with ozone. These ozone rate
constants span more than 4 orders of magnitude.

2.5.2 Reactions with OH and NOs

Hydroxyl radicals and nitrate radicals are other oxidants that may be present indoors at
sufficient concentrations to produce significant quantities of secondary pollutants. Indoor
hydroxyl radicals are derived primarily from ozone/alkene reactions (Nazaroff and Cass, 1986;
Weschler and Shields, 1996; 1997a; Sarwar et al., 2002b), while indoor nitrate radicals result
from the reaction between ozone and nitrogen dioxide (Nazaroff and Cass, 1986; Weschler et al.,
1992; Sarwar et al., 2002a). Table 2.8 also lists the 2" order rate constants for OH and NO3
reactions with the compounds in Table 2.7. In contrast to the rate constants for reactions with
ozone, those for the reactions with OH span a relatively narrow range, approximately an order of
magnitude. The rate constants for reactions with NO3 demonstrate variability that lies between
these extremes, spanning approximately 3 orders of magnitude. There are many widely used
unsaturated constituents of cleaning products whose rates of reaction with common indoor
oxidants have not been reported in the literature. These include linalyl acetate, a common
odorant (and a constituent of bergamot); and dihydromyrcenol, another common odorant (and a
constituent of lavender).

2.5.3 Rate comparisons

For a gas-phase reaction between ozone and a cleaning constituent to have a meaningful
impact in an indoor environment, the reaction must occur at a rate competitive with air-exchange
rates or other removal processes (Weschler and Shields, 2000). Table 2.8 includes pseudo 1%
order rate constants for the reaction of the unsaturated constituents with O3, OH and NO3 at
oxidant concentrations that are representative of those expected near midday during the ozone
season in certain indoor settings. These levels are 20 ppb for O (Weschler, 2000), 5 x 10 ppb
for OH (Sarwar et al., 2002b), and 1 x 10° ppb for NOs (Sarwar et al., 2002a). Note that the
concentration of indoor Os is highly variable and depends on both the outdoor ozone level and
the air-exchange rate; the concentrations of OH and NOs are similarly variable since they are
derived from reactions initiated by Os. The reactions of O3 with most of the compounds in Table
2.7 are fast enough to be potentially significant in some indoor settings; the exceptions are the
very slow reactions with camphene and longifolene. The reactions between O3 and a.-terpinene,
terpinolene and the three listed sesquiterpenes are fast enough to have consequences even at air-
exchange rates as high as 10 h™. At the OH levels anticipated in indoor settings, reactions
between the compounds in Table 2.7 and OH are expected to be important only at lower air-
exchange rates. Even the fastest of these reactions has a pseudo 1% order rate constant of just
0.16 h™ at an OH level of 5 x 10 ppb.

Most of the compounds in Table 2.7 have pseudo 1% order rate constants for reactions
with NOj that are larger than the analogous rates with OH. Indeed, a number are faster than the
analogous rates with Os. Nitrate radical reactions are anticipated to be particularly important
during air pollution episodes with simultaneously elevated NO, and Os. For example, during 14
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months of measurements at an office building in Burbank, CA several periods were recorded
when indoor NO, exceeded 60 ppb while indoor O3 simultaneously exceeded 30 ppb (Weschler
et al., 1994). For similar reasons, NO3 reactions may also take on added significance in indoor
settings with unvented combustion appliances. Of particular note are the reactions of NOz with
d-limonene (k' = 1.1 h™®), linalool (k' = 1.0 ™), terpinolene (k' = 8.6 h™), and a-terpinene (k' = 16
h™).

2.5.4 Oxidation products

Atkinson and Arey (2003) reviewed the kinetics, mechanisms and products of gas-phase
reactions between biogenic organic compounds — mostly terpenoids — and the oxidants Oz, OH
and NOs;. Much of the reactive chemistry discussed in their paper is relevant to unsaturated
cleaning constituents. The major difference is that photochemistry plays an important role in
outdoor reactive chemistry, but normally makes only a negligible direct contribution indoors.
Table 2.9 presents the general types of secondary pollutants produced by reactions between
unsaturated cleaning compounds or air freshener constituents and O3, OH and NOs. These
include free radicals, starting with stabilized Criegee biradicals (probably carbonyl oxides; see
Kroll et al., 2002). Hydroperoxy and alkyl peroxy radicals warrant special comment. Their
lifetimes may be longer indoors than outdoors and their fate indoors may also be altered. Under
indoor conditions that produce HO, and RO, the concentration of NO tends to be extremely low,
because the reaction between Oz and NO is fast, and because negligible NO is produced by
indoor photodissociation of NO, (Weschler et al., 1994). Hence, the NO destruction pathways of
HO, and RO, are less important indoors than is common outdoors. Modeling studies indicate
that indoor HO, can easily reach low ppt levels, while indoor CH30, can exceed 10 ppt (Sarwar
etal., 2002a).

Other short-lived, highly reactive species include peroxyhemiacetals and secondary
ozonides. Many of the oxidation products are stable compounds with one or more oxygen-
containing functional groups (-C=0, -C-OH, -COOH, -C-NO,). As a consequence of these
substituent groups, such products absorb radiation in the near-UV range and are susceptible to
photodegradation in outdoor air. However, in indoor environments the removal rate by this
pathway is small, implying longer lifetimes indoors (especially if the products are sorbed to
indoor surfaces). Some of the oxidation products have low vapor pressures and partition between
the gas phase and airborne particles, contributing to the growth of secondary organic aerosols
(SOA). The increase in the mass concentration of indoor SOA as a consequence of such
reactions can be in the range of 10 to 100 ug m™ (Weschler and Shields, 1999, 2003; Wainman
et al., 2000; Weschler, 2003a; Sarwar et al., 2003, 2004; Fan et al., 2003, 2005; Leungsakul et
al., 2005).

Some of the oxidation products have extremely low odor thresholds (e.g., selected
unsaturated aldehydes have thresholds below 50 ppt, while selected aldehydes and carboxylic
acids have thresholds in the low ppb range; see Devos et al., 1990). Many products derived from
oxidation of the compounds listed in Table 2.7 are known or anticipated to be irritating (e.g.,
certain aldehydes, peroxides, hydroperoxides, secondary ozonides, mono- and dicarboxylic
acids). Both acrolein and formaldehyde are eye irritants and are listed as California TACs with
acute reference exposure levels (RELS) for a one-hour exposure of 0.19 and 94 pg m™®,
respectively. Investigators have reported increased eye-blink frequency as a consequence of
exposure to the products of ozone/limonene reactions at realistic precursor concentrations (Kleng
and Wolkoff, 2004; Kleng-Nojgaard et al., 2005). Laumbach et al. (2005) have reported nasal

14



effects resulting from short-term human exposure to a mixture that contained a-pinene and
d-limonene oxidation products. Tamas et al. (2005) have demonstrated, over a range of realistic
concentrations, that perceived air quality is significantly poorer when ozone and limonene are
present together in a room compared to conditions in which only ozone or only limonene is
present.

Exposure to acetaldehyde, acrolein, formaldehyde and glutaraldehyde pose long-term
hazards to the respiratory system and are listed as TACs with chronic RELs of 9, 0.06, 3 and
0.08 pg m, respectively. Certain air oxidation products of d-limonene have been identified as
contact allergens (Karlberg et al., 1992; 1994; Nilsson et al., 1996), and some of these same
compounds have been found in the mix of products resulting from ozone-initiated oxidation of
d-limonene (Clausen et al., 2001). An IARC working group has recently concluded that
formaldehyde is carcinogenic to humans, based on both human and animal findings (Cogliano et
al., 2005). Some of the other oxidation products (e.g., acrolein, certain organic nitrates, and
SOA) are suspected carcinogens. Taken together, circumstantial evidence suggests that the
products of ozone-initiated indoor chemistry contribute in a meaningful way to the ill health
associated with ambient ozone (Weschler, 2004a and 2004b). However, much more work is
required to define the health consequences resulting from exposure to such products (Weschler et
al., 2005). Indeed, for most of the products of ozone-initiated indoor chemistry, detailed
toxicological information is still not available. Also, many of the reaction products are “stealth
pollutants”; i.e., they are difficult to detect and are often overlooked in the sampling and analysis
of indoor air (Weschler and Shields, 1997b; Wolkoff, and Nielsen, 2001; Carslaw, 2003). This is
especially true for free radicals, other short-lived species, thermally labile compounds, and
multifunctional products. Atkinson and Arey (2003) specifically mention hydroxy carbonyls,
dihydroxy carbonyls, hydroxy nitrates and carbonyl nitrates as known products that are
analytically challenging. A similar statement applies to certain organic peroxides formed from
the reactions of monoterpenes with ozone (Docherty et al., 2005). Over the past ten years there
have been advances in derivatizing and detecting higher molecular weight multi-functional
products. However, these methods have not been routinely used in indoor air investigations. The
“stealth” nature of some of the oxidation products further complicates attempts to make
associations between such species and reported health effects.

Some of the first generation oxidation products of the compounds in Table 2.7 contain
one or more unsaturated bonds. Examples include 4-acetyl-1-methylcyclohexene (ACM) and 3-
isopropenyl-6-oxoheptanal (IPOH or endolim) from the oxidation of limonene and 5-methyl-5-
vinyltetrahydrofuran-2-ol (MVT) from the oxidation of linalool. Such compounds tend to react
with Oj at rates slower than their parent compounds, but in some cases still fast enough to
contribute to additional “secondary” product formation. Details for specific unsaturated products
are further discussed in Calogirou et al. (1999a, 1999b), in the Atkinson/Arey review and in
references cited therein. First generation oxidation products, including those with no unsaturated
bonds, can react with OH and NO3. Hallquist et al. (1997) have reported rate constants for the
reaction of OH and NO3 with pinonaldehyde and caronaldehyde, oxidation products of a-pinene
and A3-carene, respectively. However, such kinetic information is not available for most of the
first-generation oxidation products of cleaning agent and air freshener constituents.

Reactions with OH and NOj also can be significant for primary cleaner or air freshener
emissions with no unsaturated bonds. In studies of ozone (40 ppb) and a mixture of 23 volatile
organic compounds, including d-limonene and a.-pinene, the products included compounds that
were not directly generated by reactions with ozone, but resulted from secondary reactions
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between hydroxyl radicals and components of the initial mixture (Fan et al., 2003). Indeed,
kinetic modeling of the mixture indicated that OH was responsible for 55 - 70% of the resulting
formaldehyde and 20 - 30% of the secondary organic aerosol. Such reactions may reduce the
airborne concentrations of Proposition 65 and TAC constituents listed in Table 2.5; however, the
products may also be of concern. Reactions of the glycol ethers with OH and NO3; warrant
special comment since they are sometimes the major active ingredient of a cleaning product and
are receiving increased scrutiny regarding their potential health effects. Consider, for example,
the OH/2-butoxyethanol and NO3/2-butoxyethanol reactions for which the 2" order rate
constants are 0.5 ppb™ s (Stemmler et al., 1996) and < 0.004 ppb™ s (Chew et al., 1998),
respectively. For the typical indoor OH and NO3 concentrations reported in Table 2.8, the
resulting pseudo 1% order rate constant for either oxidant is less than 0.01 h™, too slow to be
significant in terms of 2-butoxyethanol removal. However, the significance for product
formation is not clear, as even small fractional conversion of 2-butoxyethanol could be of
concern if the toxic potency of one or more of the products were high. Such products include
ethylene glycol monoformate, butyl formate, propionaldehyde, 3-hydroxybutyl formate,
butoxyacetaldehyde, and propy!l nitrate (Stemmler et al., 1997). Hydroxyl radicals react up to
four times faster with certain other glycol ethers than with 2-butoxyethanol (Aschmann et al.,
2001).

2.5.5 Reactions on surfaces

Given their vapor pressures and polarities, many glycol ethers are anticipated to partition
between the gas phase and indoor surfaces (see §2.4.2). Although the gas-phase oxidation of
glycol ethers is severely limited by their airborne residence time, there is considerably more time
for oxidation if these compounds are sorbed on surfaces. Indeed, oxidation processes initiated by
ozone and even dioxygen (i.e., autoxidation) may be important on surfaces. The autoxidation of
glycol ethers produces peroxides and hydroperoxides as primary products and alkyl
poly(ethylene glycol) aldehydes, alkyl poly(ethylene glycol) formates, hydroxyaldehydes, and
even formaldehyde as secondary products (Bodin et al., 2003). These processes have been the
subject of considerable study since some of the products are irritants and skin sensitizers (Bodin
et al., 2000; 2001; 2002; 2003).

Surface oxidation also may be important for other constituents of cleaning products and
air fresheners. Laboratory studies of the reaction of ozone (Fick et al., 2002) or ozone and
nitrogen oxides (Pommer, 2003) with a-pinene, A>-carene and limonene indicate that surface
reactions, as well as gas-phase processes, are contributing to the removal of these terpenes; the
effect was most pronounced for A*-carene. In buildings with mechanical ventilation systems, the
particle filters present a potentially important site for surface oxidation processes to occur. As
these filters load (i.e., collect particulate matter), the resultant surface area of the captured
particles can become quite large (Weschler, 2003b). Such filters are typically located
downstream of the mixing box, such that the air passing through them is a mixture of
recirculated and outdoor air. During a cleaning event the recirculated air may contain high
concentrations of compounds from Tables 2.5 and 2.7. Such compounds will, to a greater or
lesser extent, partition between the airstream and the surface of the loaded filters. The mixed
airstream contains a fraction of outside air (typically 10 to 20%), and ozone in this air can react
with sorbed constituents, producing products that subsequently desorb into the supply air over an
extended interval (Beko et al., 2005). This can further expose building occupants to oxidized
constituents of cleaning agents and air fresheners. The importance of oxidation processes on a
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filter surface is anticipated to grow as a filter loads. Surface oxidation of compounds found in
cleaning agents and air fresheners, whether on surfaces within a room or within an HVAC
system, is an area that has received little attention and warrants further investigation.

2.5.6 Influence of reactive chemistry

Reactive chemistry influences the dynamic behavior and fate of selected primary
emissions and generates secondary pollutants, many of which would not exist indoors in the
absence of such chemical transformations. Figure 2.2 illustrates the potential significance of such
chemistry on concentration profiles. The conditions are the same as for Figure 2.1(a): episodic
release of 500 mg of a gaseous pollutant during a one-h cleaning activity in a well-mixed, single-
family dwelling. In this case, a chemical reaction between the volatile constituent and ozone is
added to the governing material balance equation. The assumed indoor concentration of ozone is
constant at 20 ppb. The assumed 2" order rate constant is 5.2 x 10 ppb s, similar to the
value for the ozone/limonene reaction (Table 2.8). Figure 2.2 depicts both the concentration of
the volatile constituent and the concentration of a hypothetical product. The latter has been
calculated assuming the stoichiometry is one molecule of product formed per molecule of
reactant consumed, and the product is nonsorbing and has the same molecular weight as the
reactant. With reactive chemistry, the concentration of the volatile constituent reaches a peak
value of 1020 ug m™ compared to 1200 pg m™ in the nonsorbing, no-chemistry case (Figure
2.1(a)). Whereas this peak occurs at the end of the emission period, the peak value for the
hypothetical product (250 pug m™) occurs almost three quarters of an hour after the end of the
emission period, 1.7 h after the beginning of the cleaning episode. This lag reflects the time
required for reaction to proceed coupled with the fact that the volatile constituent continues to
react and generate product even after its emission ceases and its concentration begins to decay.
Thus, the hypothetical secondary product is more persistent than the primary volatile constituent.
Six hours after the cleaning episode began, and 5 hours after the emission of the cleaning
constituent ceased, the concentration of the hypothetical product is still at 12% of its maximum
value.

In reality, ozone-initiated chemistry produces multiple products (Table 2.9), most of
which have yields significantly less than unity. Formaldehyde is a known product for the
reaction between ozone and several of the constituents listed in Table 2.7. If the reaction
simulated in Figure 2.2 had a formaldehyde yield of 10%, similar to that for the ozone/limonene
reaction (Grosjean et al., 1993), then this reaction would add 5.6 pg m™ of formaldehyde to the
room air at its maximum contribution. Secondary organic aerosols (SOA) are also known
products for the reaction between ozone and many of the constituents in Table 2.7. If an SOA
yield of 20% is assumed and the average molecular mass of the products contributing to SOA
growth is assumed to be 150 g mole™, then the peak value of SOA added to the air as a
consequence of this reaction would be 56 pg m. Some cleaners contain 15% pine oil, a mixture
of primarily unsaturated terpenoids, some of which react with ozone even faster than limonene
(e.q., terpinolene and a-terpinene). Such cleaning products have the potential to generate
significantly higher concentrations of secondary pollutants than those shown in Figure 2.2.

The causal chain-of-events that links secondary pollutants with inhalation exposure is
similar to that for primary pollutants and broadly depends on the same three classes of processes:
emissions, dynamic behavior and human factors. However, ventilation and mixing times affect
the dynamic behavior and fate of secondary pollutants in an added way since the residence times
defined by these factors limit the time available for gas-phase transformation processes
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(Weschler and Shields, 2000; Sorensen and Weschler, 2002; Weschler and Shields, 2003). Also,
in considering human factors, it should be noted that some of the short-lived, highly reactive
compounds (e.g, hydroxyl radicals, hydroperoxy radicals, alkyl peroxyradicals) may be too
reactive to penetrate very far within the respiratory tract. On the other hand, for species such as
a-terpinene that react with ozone at a relatively fast rate, there is the possibility that an inhaled
mixture of ozone and the quickly reacting constituent may produce free radicals as the mixture
travels along the respiratory tract. Many of the chemicals generated by Oz, OH or NOjs initiated
oxidation processes are expected to be more irritating than their precursors since oxidized
products are more polar, more water soluble, and are often more odorous and acidic. Although
the products of nitrate radical chemistry may be of special concern, the current assessment of the
role of NOs in indoor chemical transformations is based solely on modeling and inference from
outdoor nighttime processes.

2.6. Conclusion

In this review, we have synthesized a diverse literature relevant to several key elements
of air pollutant exposures associated with cleaning product and air freshener use. We have
organized the information into a logical framework stressing the causal relationships among
concentrations, exposures, and intake, and the many input variables upon which they depend. As
we have demonstrated, there are strong parallels between exposure from cleaning product and air
freshener use and the broader concerns of air pollutant exposures from indoor sources.
Important data gaps remain to be filled before a fully satisfactory understanding can be gained of
inhalation exposures associated with cleaning products and air fresheners. Key data needs
include better information on product composition, human factors that affect use and exposure,
mechanistic and Kkinetic details for reactions involving important constituents, and the potential
health effects of the secondary pollutants. Although these gaps exist, mass conservation, reaction
kinetics and mechanistic reasoning can be used to examine linkages between cleaning product
and air freshener use and resulting pollutant exposures.

Table 2.10 provides a concise summary of the specific findings reported in §2.
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Table 2.1. Estimated atmospheric emissions of volatile organic compounds from use of
household and commercial cleaning products and air fresheners in California, 1997.

Product VOC emissions | per capita VOC emissions
(tonnes/d) (mg d* person™)

Carpet and upholstery care: cleaners and 1.07 32
deodorizers

Spot removers 0.64 20

Fabric protectants 0.37 11

Floor care: wax, wax strippers, polish 5.6 170

General purpose cleaners 7.4 220

General purpose degreasers 2.1 64

Glass cleaners 3.4 100

Oven cleaners and metal 0.87 26
polishes/cleansers

Bathroom cleaners: toilet bowl, tub, tile, 0.74 22
and sink

Furniture waxes and polishes; dusting 2.4 71
aids

Air fresheners 7.5 230

% Source: CARB, 2003; per capita emissions based on 1997 population estimate of 33 million
(http://www.dhs.cahwnet.gov/hisp/chs/OHIR/Population/populationindex.htm).
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Table 2.2. Mechanisms by which use of cleaning products can influence inhalation exposure to

air pollutants.

Mechanism

Examples

Volatilization

Formaldehyde from wood floor cleaning spray (Akland and
Whitaker, 2000; Figure 4-11); glycol ethers from hard-surface
cleaners (Zhu et al., 2001; Gibson et al., 1991)

Production of airborne
droplets

Aerosol or pump-spray delivery of surface cleaning products;
some spray droplets remain airborne instead of depositing
(Fortmann et al., 1999; Roache et al., 2000)

Suspension of powders

Fine particulate matter from carpet freshener (Steiber, 1995);
sodium tripolyphosphate from carpet cleaner (Lynch, 2000)

Suspension of wear
products

Surfactants, film formers, complexing agents, acids and bases,
disinfectants (Wolkoff et al., 1998; Vejrup and Wolkoff, 2002)

Inappropriate mixing

Chloramines from mixing household bleach and ammonia-
based cleaners; chlorine gas from mixing bleach with acid-
containing cleaner (see Table 2.3)

Chemical
transformations

Chloroform release from chlorine bleach chemistry in laundry
applications (Shepherd et al., 1996); terpene hydrocarbons plus
ozone form OH radical (Weschler and Shields, 1997a),
hydrogen peroxide (Li et al., 2002) and secondary particulate
matter (Weschler and Shields, 1999; Wainman et al., 2000)

Altered surfaces

Nicotine release from walls following ammonia cleaner use in
smoking environment (Webb et al., 2002); enhanced volatile
organic emissions from wet linoleum (Wolkoff et al., 1995)
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Table 2.3. Documented inhalation toxicity related to mixing of cleaning products.

Nature of Study Products Mixed Toxic Gas(es) | Outcomes Ref ?
Case reports (2) NaOCl, vinegar, bleach, Chlorine, Acute illness with recovery in a
and detergent; ammonia ammonia days.
and NaOClI
Case report Ammonia type and Ammonia Acute illness with recovery in b
hypochlorite cleaners days.
Case report Bleach (5.25% NaOCI) Chlorine gas Acute illness with recovery c
and powder containing after several days
80% NaHSO,
Case report Several products applied Uncertain Severe obstructive airway d
to clear a clogged drain ° disease
Case reports (2) NaOCI (5%) and HCI Chlorine gas Acute illness with recovery in e
(10%) several days
Case report Ammonia with household | Chloramines Acute illness with recovery in f
bleach containing days.
hypochlorite
Case reports (3) Aqgueous ammonia (5- Chloramines Life-threatening toxic g
10%) with bleach (5.25% pneumonitis requiring
NaOCl), plus laundry prolonged hospitalization and
detergent in 2 cases residual symptoms
Case reports (5 Bleach (NaOCI) and Chlorine Acute poisoning symptoms h
episodes at 2 state phosphoric acid cleaner that abated within hours to
hospitals) days; a few cases required
medical treatment
Analysis of 216 Hypochlorite containing Chlorine/ Symptom resolution for 93% i
cases reported to product with (a) ammonia | chloramines of patients within 6 h; 33%
Regional Poison (50%), (b) acid (29%), (c) received medical care; one
Information Center alkali (21%) patient w/ preexisting
condition required hospital
admission for continued
respiratory distress
Case report Sequential application of Hydrofluoric Hemorrhagic alveolitis and j
numerous cleaning acid adult respiratory distress
products to remove a syndrome; month-long
bathtub stain ¢ hospital care; residual
pulmonary deficit
Case reports (2 cases | Liquid bleach and Chloramine Acute symptoms; two patients k
each w/ 36 soldiers) | ammonia mixed in toilet gas admitted to hospital, one
bowls and buckets required several days of
intensive care observation
Case report Liquid ammonia (3-10% Chloramine Upper air compromise and |
NHz(aqg)) and bleach (5% | gas pneumonitis requiring
NaOCl) emergency tracheostomy and
7 d of hospital care
Case report Bleach and ammonia Cloramine gas | Death m

 References: a — Faigel, 1964; b — Dunn and Ozere, 1966; ¢ — Jones, 1972; d — Murphy et al., 1976; e —

Gapany-Gapanavicius et al., 1982a; f — Gapany-Gapanavicius et al., 1982b; g — Reisz and Gammon, 1986; h —
Hattis et al., 1991; i — Mrvos et al., 1993; j — Bennion and Franzblau, 1997; k — Pascuzzi and Storrow, 1998; |

— Tanen et al., 1999; m — Cohle et al., 2001.

b Products used (selected active ingredients): Liquid Plum-R (NaOCI, 5%; KOH, 2%); Drano (NaOH, 54%; NaNOs,

30%); Clorox (NaOCI, 5%); Sani Flush (NaHSO4, 75%).

¢ Cleaning products used (active ingredient, if reported): cleanser, mildew stain remover (NaOClI, 25-45%), tub and

tile cleaner (H3PO4, 18%), ammonia cleaner (NaOH, 2-2.5%), bleach (NaOCI, 5.25%), toilet cleaner (HCI,

14.5%), vinegar (CH3;COOH, 5%), rust remover (HgF¢, 8%). Application of each product was followed by a cold-

water rinse.
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Table 2.4. Documented associations of asthma, allergy, and sick-building syndrome symptoms
in relation to cleaning product use.

Key Finding Ref ?
Dried detergent residue from carpet shampoo “caused respiratory irritation among most employees in a

an office building and among all staff members and most children in a day-care center.”

Excessive application of carpet shampoo was associated with widespread, transient, mild respiratory b

illness among conference attendees

Case report of occupational asthma in a cleaning worker caused by inhalation exposure to ethanolamine c

from a floor-cleaning detergent.

Case report of occupational asthma in a pharmacist attributed to indirect exposure to lauryl dimethyl d

benzyl ammonium chloride from a floor-cleaning product regularly used in his workplace

With data from 22 offices in 12 California buildings; researchers found a principal component vector e

associated with use of cleaning products and air fresheners was useful in predicting stuffy nose (OR =
1.6) and composite irritated mucous membrane symptoms (OR = 1.4).

Population-based study of occupational asthma revealed that “cleaners” had the fourth highest odds f
ratio (1.97) for “bronchial hyperresponsiveness and asthma symptoms or medication.”

Prospective study design indicated increased risk of eye, nose, and throat symptoms, asthma and g
bronchitis associated with “use of sprayers” among current cleaners as compared with former cleaners.

Case report of anaphylactic shock with respiratory failure secondary to carpet cleaning in 42-y female; h

hospitalized for 18 d then released.

Case reports of female nurses who exhibited occupational asthma following exposure to surfaces i
cleaned with solutions containing benzalkonium chloride. Cases were also occupationally exposed to
this chemical as a disinfectant.

Asthma prevalence for indoor cleaners in Spain was 1.7 times the rate for office workers. Risk mainly i
associated with cleaning of private homes; “may be explained by the use of sprays and other products in
kitchen cleaning and furniture polishing.”

Population study of women in Finland revealed a relative risk of asthma of 1.5 for cleaners as compared k
with those employed in administrative work.

Twelve percent of confirmed cases of work-related asthma in California, Michigan, Massachusetts, and |
New Jersey were associated with exposure to cleaning products

“Janitors, housekeepers, and cleaners” was the occupational group with the highest number of reported m
cases of occupational asthma in Sao Paulo, Brazil, and “cleaning products” was the most commonly
reported exposure agent.

“Cleaning materials” are the most frequently reported agents for work-related reactive airways n
dysfunction syndrome cases in Michigan, New Jersey, Massachusetts, and California
In NHANES 111 survey of US workers, occupation of “cleaning” associated with elevated odds ratio of 0

work-related wheezing (OR = 5.4, 95% CI = 2.4-12.2) and work-related asthma, although not
statistically significant for latter (OR = 2.4, 95% CI = 0.5-10.6).

Population-based incident case-control study of relation between occupation and risk of developing p
asthma showed an association, but not statistically significant for women cleaners (OR = 1.42, 95% CI
=0.81-2.48)

Current or former employment as domestic cleaner was associated with a statistically significant q
increase in the prevalence of asthma in Barcelona, Spain; symptoms were associated with exposure to
bleach and possibly other irritant agents

Use frequency of chemical based household products during prenatal period was associated with r
persistent wheeze in young children. Among eleven products included in analysis were disinfectant,
bleach, carpet cleaner, window cleaner, and air fresheners.

® References: a — Kreiss et al., 1982; b — Robinson et al., 1983; ¢ — Savonius et al., 1994; d — Burge and
Richardson, 1994; e — Ten Brinke et al., 1998; f — Kogevinas et al., 1999; g — Nielsen and Bach, 1999; h —
Lynch, 2000; i — Purohit et al., 2000; j — Zock et al., 2001; k — Karjalainen et al., 2002; | — Rosenman et al.,
2003; m — Mendonga et al., 2003; n — Henneberger et al., 2003; o — Avrif et al., 2003; p — Jaakkola et al., 2003; g
— Medina-Ramén et al., 2003, 2005; r — Sherriff et al., 2005.
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Table 2.5a. Reported volatile constituents of cleaning products listed under California’s
Proposition 65 or as a Toxic Air Contaminant.

Chemical CAS No. Guidelines* | Cleaning product (reference)
NSRL | REL
Glycol ethers
Ethylene glycol 111-76-2 — + All purpose cleaner, glass and surface
monobutyl ether (2- cleaners, lemon fresh and antibacterial spray
butoxy ethanol) (Zhu et al., 2001); liquid wax (Kndppel and
Schauenberg, 1989)
Diethylene glycol 111-90-0 — + Air freshener (Cooper et al., 1995)
monoethyl ether (2-(2-
ethoxyethoxy)ethanol)
Diethylene glycol 112-34-5 — + Hard surface cleaners (Gibson et al., 1991);
monobutyl ether floor-finish stripper, floor cleaner (Zhu et
(2-(2-butoxyethoxy) al., 2001); floor polish (Vejrup, 1996)
ethanol)
Hydrocarbons
Benzene 71-43-2 7 ug/d 60 Liquid detergent, steel wool soap pads,
pg/m® | furniture wax (Wallace et al., 1987)
Xylenes 1330-20-7 — 700 Liquid detergent, steel wool soap pads
pg/m* | (Wallace et al., 1987); household cleaners &
polishes (Sack et al., 1992)
Toluene 108-88-3 7 300 Disinfectant bathroom cleaner (Akland and
mg/d® | pg/m® | Whitaker, 2000); lemon fresh and
antibacterial spray (Zhu et al., 2001);
household cleaners & polishes (Sack et al.,
1992); paste wax, detergent, liquid floor
waxes (Knoppel and Schauenberg, 1989)
Ethylbenzene 100-41-4 — 2 Household cleaners & polishes (Sack et al.,
mg/m® | 1992): paste wax, liquid wax (Knéppel and
Schauenberg, 1989); furniture polish
(Tichenor and Mason, 1988); steel wool
soap pad (Wallace et al., 1987)
Styrene 100-42-5 — 900 Floor cleaner (Akland and Whitaker, 2000);
pg/m* | Liquid wax (Kndppel and Schauenberg,
1989)
n-Hexane 110-54-3 — 7 Household cleaners & polishes (Sack et al.,
mg/m® | 1992); paste wax; liquid wax (Knoppel and
Schauenberg, 1989)
Carbonyls
Formaldehyde 50-00-0 40 pg/d 3 Wood-floor cleaning spray (Akland and
pg/m* | Whitaker, 2000); liquid floor detergent
(Colombo et al., 1991)
Acetaldehyde 75-07-0 90 pg/d 9 Detergent/cleanser, liquid wax (Knoppel
pg/m® | and Schauenberg, 1989)
Methyl ethyl ketone 78-93-3 — + Liquid floor waxes (Kndppel and
(2-Butanone) Schauenberg, 1989); specialized cleaner
(Salthammer, 1999)

23




Table 2.5a. (continued) Reported volatile constituents of cleaning products listed under
California’s Proposition 65 or as a Toxic Air Contaminant.

Chlorinated organics

Carbon tetrachloride 56-23-5 5 ug/d 40 Household cleaners & polishes (Sack et al.,
pg/m® | 1992)
Dichloromethane 75-09-2 200 400 Household cleaners & polishes (Sack et al.,
(methylene chloride) pg/d pg/m® | 1992)
Tetrachloroethylene 127-18-4 | 14 pg/d 35 Household cleaners & polishes (Sack et al.,
(perchloroethylene) pg/m® | 1992)
1,1,1-Trichloroethane 71-55-6 — 1 Household cleaners & polishes (Sack et al.,
methyl chloroform mg/m ; chlorine bleach scouring powder
(methyl chloroform) /m* | 1992); chlorine bleach i d
(Wallace et al., 1987)
Trichloroethylene 79-01-6 80 ug/d 600 Household cleaners & polishes (Sack et al.,
pg/m® | 1992)
Trichloromethane 67-66-3 40 pg/d 300 Household cleaners & polishes (Sack et al.,
chloroform pg/m ; chlorine bleach scouring powder
(chloroform) /m* | 1992); chlorine bleach i d
(Wallace et al., 1987)
Propylene dichloride 78-87-5 + + Paste wax; liquid floor wax (Kndppel and
(1,2-dichloropropane) Schauenberg, 1989)
Other
1,4-Dioxane 123-91-1 | 30 pg/d 3 Household cleaners & polishes (Sack et al.,
mg/m® | 1992)
Acetophenone 98-86-2 — + Liquid waxes (Knoppel and Schauenberg,
1989)

# NSRL — No significant risk level is the “daily intake level calculated to result in one excess
case of cancer in an exposed population of 100,000, assuming lifetime (70-year) exposure at
the level in question. REL — Chronic reference exposure levels represent exposure
concentrations that would pose no significant health risk to individuals indefinitely exposed to
that level. A “+” in either column indicates that the compound is listed as “known to cause
cancer” (NSRL) or as a toxic air contaminant (REL), but that the quantitative exposure
guideline has not been established. A “—" in either column indicates that the compound has
not been listed under the respective program. References for the guideline columns of this
table: Proposition 65 chemicals list: http//www.oehha.org/prop65/prop65_list/Newlist.html;
Toxic air contaminant list: http://www.arb.ca.gov/toxics/quickref.htm;; No-significant risk
levels: http://www.oehha.org/prop65/pdf/June2003StatusReport.pdf; Reference exposure
levels: http://www.oehha.org/air/chronic_rels/Allchrels.html.

® Toluene is listed under Proposition 65 as a reproductive toxicant and the guideline represents
the “maximum allowable dose level.”
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Table 2.5b. California emissions inventory for organic compounds from selected consumer products that are also listed in the
California Toxic Air Contaminant identification program.

Emissions ° (kg d?)

Chemical CASNo. | TACID® DIS | GPD | GPC | GLC | FMP | SRM | MPS
Glycol ethers

2-Butoxyethanol 111-76-2 lla® 41 580 2030 1430 96 17
2-(2-Butoxyethoxy)ethanol 112-34-5 lla® 1.1 0.5 20

2-(2-Ethoxyethoxy)ethanol 111-90-0 IE% 2.6 0.8 0.7
2-(2-Methoxyethoxy)ethanol | 111-77-3 lla® 2.4

Hydrocarbons

Cyclohexane 110-82-7 VDb 8.4
Ethylbenzene 100-41-4 Ila 9.7
n-Hexane 110-54-3 Ila 370 160
Toluene 108-88-3 lla 640
Xylene isomers 1330-20-7 lla 5.8 50
Oxygenated organics

Diethanolamine 111-42-2 lla 0.5

1,2-Epoxybutane 106-88-7 Ila 0.7
Isopropyl alcohol 67-63-0 Ib 360 51 1530 1680 2.1 240 88
Methanol 67-56-1 lla 0.5 16 0.7 330
Methyl ethyl ketone 78-93-3 Ila 420
Methyl isobutyl ketone 108-10-1 IVa 92
sec-Butyl alcohol 78-92-2 VDb 4.3
Chlorinated organics

Dichloromethane 75-09-2 lla 8.7 1.7 46
Perchloroethylene 127-18-4 I 73 65 3.7 70
1,1,1-Trichloroethane 71-55-6 lla 7.2 50
Trichloroethylene 79-01-6 lla 140 11 150
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Table 2.5b. (continued)

% References: California Air Resources Board Toxic Air Contaminant Identification Program (http://www.arb.ca.gov/toxics/id/id.htm;
December 1999 list); Emissions inventory (http://www.arb.ca.gov/ei/speciate/cprodsactgsprof.htm; February 2003).

® Total daily mass emissions in California of chemical as tabulated in emissions inventory for seven classes of consumer products: DIS
— disinfectants; GPD — general-purpose degreaser; GPC — general-purpose cleaner; GLC — glass cleaner; FMP — furniture
maintenance product; SRM — spot removers; and MPS — multi-purpose solvent.

¢ ARB’s toxic air contaminants identification program assigns each chemical to one of six categories, according to the following
criteria (http://www.arb.ca.gov/toxics/cattable.htm):
Category I: “Substances identified as Toxic Air Contaminants, known to be emitted in California, with a full set of health values
reviewed by the Scientific Review Panel.”
Category lla: “Substances identified as Toxic Air Contaminants, known to be emitted in California, with one or more
health values under development by the Office of Environmental Health Hazard Assessment for
review by the Scientific Review Panel.”
Category Ilb: “Substances NOT identified as Toxic Air Contaminants, known to be emitted in California, with one or more health
values under development by the Office of Environmental Health Hazard Assessment for review by the Scientific Review Panel.
Category Il1: “Substances known to be emitted in California and are NOMINATED for development of health values or additional
health values.”
Category IVa: “Substance identified as Toxic Air Contaminants, known to be emitted in California and are TO BE EVALUATED
for entry into Category I11.”
Category 1\Vb: “Substance NOT identified as Toxic Air Contaminants, known to be emitted in California and are TO BE
EVALUATED for entry into Category I11.”

9 These chemicals belong to the class “glycol ethers.” This class is categorized as belonging to Category Ila.
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Table 2.6. Sorption studies of target cleaning-product chemicals on indoor surface materials.

Chemical | CAS No. | Indoor material (reference) ®

Glycol ethers

Diethylene glycol 112-34-5 gypsum board (f, g, u), carpet (g, u), stainless steel (f)

monobutyl ether

Ethylene glycol 111-76-2 gypsum board (h, p, r, w), carpet (h, p, w), vinyl wallcovering (h, p), wallpaper (p),

monobutyl ether textile wallcovering (p) acrylic wallcovering (p), PVC flooring (p)

Hydrocarbons

Benzene 71-43-2 whole homes (e), furnished research room (aa)

Ethylbenzene 100-41-4 carpet (a, v, X, Y, z), carpet pad (x, z), vinyl flooring (a, b, y, z), gypsum board (a, v,
y, Z), ceiling tile (a, v, ), plywood (b), pillow (v), glass (v), wood flooring (y, z),
fiberglass shower stall (z), upholstery (z) , furnished research room (aa)

Styrene 100-42-5 whole homes (e)

Toluene 108-88-3 carpet backing (b), carpet (d, I, m, n, p, w, X, y, z), carpet pad (X, z), carpet fibers
(k), polyester curtains (d), textiles (j, z), cotton sofa (d), cotton curtains (m), whole
homes (e), vinyl flooring (i, m, n, p, y, z), gypsum board (p, r, s, w, Y, z), wallpaper
(p) textile wallcovering (p), acrylic wallcovering (p), vinyl wallcovering (p), acrylic
paint (s), stainless steel (w), wood flooring (y, z), ceiling tile (z), fiberglass shower
stall (z) , furnished research room (aa)

Xylene 1330-20-7 whole homes (e), wallpaper (p, q), carpet (p, q, w), acrylic paint on wallpaper (q),
PVC (q), aerated concrete (q), gypsum board (p, g, r, w), marble (q), wooden
parquet (q), textile wallcovering (p), acrylicwallcovering (p), vinyl wallcovering
(p), PVC flooring (p) , furnished research room (aa)

Carbonyls

Formaldehyde 50-00-0 gypsum wallboard (0)

Methyl ethyl ketone 78-93-3 acrylic paint (s), gypsum board (s), furnished research room (aa)

Chlorinated organics

Propylene dichloride 78-87-5 whole homes (e)

Tetrachloroethylene 127-18-4 whole homes (e, t), carpet (h, p, t, v, w, X, Z), carpet pad (X, z), vinyl wallcovering
(h, p), gypsum wallboard (h, p, r, s, v, w, z), wallpaper (p), textile wallcovering (p),
acrylic wallcovering (p), PVC flooring (p, z), acrylic paint (s), painted surfaces (t),
ceiling tile (v, z), glass (v), pillow (v), wood flooring (z), fiberglass shower stall (z),
upholstery (z)

1,1,1-Trichloroethane 71-55-6 whole homes (e), textiles (j), carpet fibers (k)

Trichloroethylene 79-01-6 nylon (c), wool (c), polypropylene (c), jute (c), styrene-butadiene rubber (c), glass
(c), polyester (c), cotton (c)

Trichloromethane 67-66-3 whole homes (e)

Alcohols

Linalool 78-70-6 wallpaper (p), textile wallcovering (p) acrylic wallcovering (p), vinyl wallcovering
(p), PVC flooring (p), gypsum board (p, r), carpet (p)

Terpenes

Limonene 138-86-3 carpet (w), gypsum board (w), furnished research room (aa)

a-Pinene 80-56-8 carpet (h, I, m, n, p), vinyl wallcovering (h, p), gypsum (h, p, r), PVC flooring (m, n,
p), cotton curtains (m), wallpaper (p), textile wallcovering (p) acrylic wallcovering
(p), furnished research room (aa)

B-Pinene 127-91-3 wallpaper (p), textile wallcovering (p) acrylic wallcovering (p), vinyl wallcovering

(p), PVC flooring (p), gypsum board (p, r), carpet (p)

@ References: a— An et al., 1999; b — Bodalal et al., 2000; ¢ — Borrazzo et al., 1993; d — Bouhamra and Elkilani, 1999a; e —
Bouhamra and Elkilani, 1999b; f — Chang et al., 1997; g — Chang et al., 1998; h — Colombo et al., 1993; i — Cox et al., 2001;
j— Elkilani et al., 2001; k — ElKkilani et al., 2003; | — Jargensen and Bjgarseth, 1999; m — Jgrgensen et al., 1999; n —
Jorgensen et al., 2000; o — Matthews et al., 1987; p — Meininghaus et al., 1999; g — Meininghaus et al., 2000; r —
Meininghaus and Uhde, 2002; s — Popa and Haghighat, 2003; t — Sparks et al., 1991; u — Sparks et al., 1999; v — Tichenor et
al., 1991; w — van der Wal et al., 1998; x — Won et al., 2000; y — Won et al., 2001a; z— Won et al., 2001b; aa — Singer et

al., 2004.
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Table 2.7. Constituents of cleaning product and air fresheners containing C=C bonds.

Chemical | CASNo. | Product (reference)

Alcohols

Citronellol 106-22-9 Major constituent of rose oil (Kirk-Othmer, 1998)

Dicyclopentadiene 27137-33-3 | Liquid floor detergent (Colombo et al., 1991)

alcohol

Dihydromyrcenol 18479-58-8 | | jquid floor detergent (Colombo et al., 1991); one of the
principal components of lavender

Geraniol 624-15-7 | Constituent of rose oil and citronella oil (Kirk-Othmer, 1998)

Linalool 78-70-6 Air freshener (Cooper et al., 1995; Salthammer, 1999); liquid
floor detergent (Colombo et al., 1991); one of the principal
components of bergamot

a-Terpineol ® 98-55-5 Liquid cleaner/disinfectant, liquid floor detergent (Colombo et
al., 1991); air freshener (Salthammer, 1999); cleaning agents
(Vejrup and Wolkoff, 1994); major component of pine oil

Aldehydes

Citronellal 106-23-0 Present in balm mint and citronella oil (Kirk-Othmer, 1998)

Geranial 5392-40-05 | present in lemon grass, rose and orange oil (Kirk-Othmer,
1998)

Neral 106-26-3 | present in rose and orange oil (Kirk-Othmer, 1998)

Aromatic hydrocarbon

Styrene 100-42-5 Floor cleaner (Akland and Whitaker, 2000); liquid wax
(Knoppel and Schauenberg, 1989)

Ether

3-Butenylpropylether | | Detergent/cleaner (Knoppel and Schauenberg, 1989)

Esters

Linalyl acetate * 115-95-7 Air freshener (Salthammer, 1999); one of the principal
components of bergamot

Methyl methacrylate ® | 80-62-6 Cleaning agents (Wolkoff et al., 1998)

Terpenes

Camphene 79-92-5 Liquid cleaner/disinfectant (Colombo et al., 1991);
antibacterial glass and surface cleaner, all-purpose cleaner
(Zhu et al., 2001); cleaning agents (Vejrup and Wolkoff,
1994); air freshener (Cooper et al., 1995)

3-Carene 13466-78-9 Liquid cleaner/disinfectant , floor wax (Colombo et al., 1991);
antibacterial glass and surface cleaner (Zhu et al., 2001)

Limonene 138-86-3

Floor wax (Colombo et al., 1991); room freshener (Tichenor
& Mason, 1988); detergent/cleaner (Kndppel & Schauenberg,
1989; Maroni et al., 1995); air freshener (Cooper et al., 1995;
Salthammer, 1999); cleaning agents (Vejrup & Wolkoff,
1994); all-purpose cleaner, glass and surface cleaner,
antibacterial glass and surface cleaner, lemon fresh and
antibacterial spray, floor shine cleaner (Zhu et al., 2001)
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Table 2.7. (continued) Constituents of cleaning product and air fresheners containing C=C bonds.

p-Myrcene 123-35-3 All-purpose cleaner, antibacterial glass and surface cleaner
(Zhu et al., 2001); air freshener (Cooper et al., 1995;
Salthammer, 1999)

Ocimene 13877-91-3 | Air freshener (Zhu et al., 2001; Salthammer, 1999)

a-Phellandrene 99-83-2 Antibacterial glass and surface cleaner (Zhu et al., 2001)

a-Pinene 80-56-8 Liquid cleaner/disinfectant, floor wax (Colombo et al., 1991);
antibacterial glass and surface cleaner, lemon fresh and
antibacterial spray, floor shine cleaner (Zhu et al., 2001); air
freshener (Salthammer, 1999)

B-Pinene 127-91-3 Floor wax, liquid cleaner/disinfectant (Colombo et al., 1991);
all-purpose cleaner, antibacterial glass and surface cleaner,
lemon fresh and antibacterial spray, floor shine cleaner (Zhu et
al., 2001)

a-Terpinolene 586-62-9 | Cleaning agents (Vejrup and Wolkoff, 1994)

a-Terpinene 99-86-5 Major constituent of pine oil (Kirk-Othmer, 1998)

Sequiterpenes

Caryophyllene 87-44-5 Wood polishes and waxes (Kirk-Othmer, 1998)

a-Humulene 6753-98-6 | Wood polishes and waxes (Kirk-Othmer, 1998)

Longifolene 475-20-7 Wood polishes and waxes; scenting agent (Kirk-Othmer,
1998; Gosselin et al., 1984)

o-Cedrene 469-61-4 Wood polishes and waxes; scenting agent (Kirk-Othmer,
1998; Gosselin et al., 1984)

Fatty Acids

Oleic acid 112-80-1 | Wood polishes and waxes (Kirk-Othmer, 1998)

Linoleic acid 60-33-3 Major constituent of linseed oil (Kirk-Othmer, 1998)

Linolenic acid 463-40-1

Major constituent of linseed oil (Kirk-Othmer, 1998)

# Compound produced in relatively large amounts, but little published information on reactions with
ozone, hydroxyl radicals or nitrate radicals.
® Residual monomers from polymers.
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Table 2.8. Reported 2" order rate constants, k, and calculated pseudo 1% order rate constants, k', for the reactions of
selected unsaturated constituents of cleaning products and air fresheners with ozone, hydroxyl radicals and nitrate
radicals. ®

Reaction with O3 ? Reaction with OH ? Reaction with NO; 2

Compound k R® | k(h?) k R® | k(h?) k R” | k(™)
(ppb™ s (ppb™ s (ppb™ s

camphene 2.2x10° d 0.002 1.3 d 0.024 0.016 a 0.06
longifolene <1.7 x 107 I 0.01 1.2 m 0.021 0.017 m 0.06
beta-pinene 3.7x107 e 0.03 2.0 b 0.035 0.06 a 0.22
styrene 42 x107 n 0.03 1.4 c 0.026 0.004 a 0.01
alpha-cedrene 6.9 x 107 I 0.05 1.6 m 0.030 0.20 m 0.73
geraniol 7.5x 107 p 0.05 na na
delta-3-carene 9.3x 107 e 0.07 2.1 b 0.038 0.22 a 0.81
B-phellandrene 1.2 x10° K 0.08 4.1 k 0.074 0.20 K 0.71
cyclohexene 1.8 x10° h 0.13 1.3 j 0.024 0.013 a 0.05
geranylacetone 1.9 x 10° q 0.13 na na
alpha-pinene 2.1x10° e 0.15 1.3 b 0.024 0.15 a 0.55
sabinene 2.2x10° e 0.16 2.9 d 0.052 0.25 a 0.89
y-terpinene 3.4 x10° e 0.25 3.2 i 0.058 0.72 a 2.6
copaene 3.9x10° I 0.28 2.2 m 0.040 0.39 m 1.4
d-limonene 5.2 x 10° e 0.37 4.2 b 0.075 0.30 a 1.1
2-carene 59x10° | e 0.42 2.0 g 0.035 0.46 a 17
longipinene 7.1x10° q 0.51 na na
a-terpineol 7.4x10° 0 0.53 47 0 0.084 na
linalool 1.1x10° f 0.76 3.9 f 0.070 0.28 f 1.0
myrcene 1.2x10° e 0.86 5.2 b 0.094 0.26 a 0.94
ocimene 1.4 x10° e 0.99 6.2 b 0.11 0.55 a 2.0
terpinolene 4.7 x10° I 3.4 5.5 g 0.10 2.4 a 8.6
a-phellandrene 7.4 x10° I 5.3 76 b 0.14 21 a 76
y-cadinene 7.9 x10° q 5.7 na na
aromadendrene 1.6 x 10 q | 12 na na
caryophyllene 3.0x10* | | 21 4.9 m 0.089 0.47 m 1.7
humulene 2.9 x10* | 21 7.1 m 0.13 0.86 m 3.1
a-terpinene 5.2 x10* I 37 8.9 b 0.16 45 a | 16
trans-nerolidol 5.7 x 10 q | 41 na na
cis-nerolidol 7.6 x10* q | 55 na na

& See text for references supporting the assumed levels of O3, OH and NO; used to calculate k': [Os] at 20 ppb, [OH]
at5 x 10° ppb, [NO;] at 1 x 10 ppb.

® References: a — Atkinson, 1991; b — Atkinson et al., 1986; ¢ — Atkinson and Aschmann, 1988; d — Atkinson et
al., 1990a; e — Atkinson et al., 1990b; f — Atkinson et al., 1995; g — Corchnoy and Atkinson, 1990; h — Greene
and Atkinson, 1992; i — Grosjean and Williams, 1992; j — Rogers, 1989; k — Shorees et al., 1991; | — Shu and
Atkinson, 1994; m — Shu and Atkinson, 1995; n — Tuazon et al., 1993; o — Wells, 2005; p — Nunes et al., 2005;
q — Pollman et al., 2005.
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Table 2.9. Products (reported or inferred for indoor settings) derived from reactions between
unsaturated organic compounds and ozone, hydroxyl radicals or nitrate radicals.

Product of Reaction with
Product O3 OH NO; | Refs?

Primary ozonides v a, d

Stabilized Crigee biradicals (carbonyl oxides) v d, p,q

Hydroxyl radical v l,ot, u

Alkyl radicals a, d

Hydroxyalkyl radicals

Nitrooxyalkyl radicals

|

Hydroperoxy radical

NENENENEN
al|S
Sl<

Alkoxy radicals

Unidentified radical

NERENENERENEN

a-Hydroxyhydroperoxides

Hydrogen Peroxide

Hydroperoxides 1, P, g

Peroxy-hemiacetals

o Q|50
O

Secondary ozonides

NENENENENENENENEN

Epoxides

Hydroxy carbonyls

NEN

Dihydroxy carbonyls

Hydroxy nitrates

Carbonyl nitrates

Formaldehyde

Other aldehydes (saturated and unsaturated)

Acetone

NEEENERENEN
Q_Q_:Q_Q_
<

<

Other ketones (saturated and unsaturated)

Formic acid

Other carboxylic acids

Organic nitrates

O | V|V YDV IV DD XO|| T ||

NEN

®
=
=

Multifunctional oxidation products with
carbonyl, carboxylate and/or hydroxyl groups

NEEENERENENENENENEN
NEEENENENENENENENEN

Secondary organic aerosols via gas/particle v iLls v,w

partitioning of low volatility products

% References: a — Atkinson and Arey, 2003; b — Clausen and Wolkoff, 1997; ¢ — Fick et al.,
2003; d — Finlayson-Pitts and Pitts, 2000; e — Glasius et al., 2000; f — Griffin et al., 1999; g—
Jang and Kamens, 1999; h — Li, 2001; i — Li et al., 2002; j — Long et al., 2000; k — Morrison,
1999; | — Nazaroff and Cass, 1986; m — Rohr et al., 2003; n — Sarwar et al., 2002a; 0 —
Sarwar et al., 2002b; p — Tobias and Ziemann, 2000; g — Tobias et al., 2000; r — Virkkula et
al., 1999; s — Wainman et al., 2000; t — Weschler and Shields, 1996; u — Weschler and
Shields, 1997a; v — Weschler and Shields, 1997b; w— Weschler and Shields, 1999; x — Yu et
al., 1998; y — Shu et al., 1997.
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Table 2.10. Summary of findings from literature review.

» Importance of high intake fraction for indoor sources. Because the intake fraction for
indoor releases may be 100 to 1000 times higher than the intake fraction for outdoor releases,
inhalation intake of the 32 tonnes per day of volatile organic compounds emitted from cleaning
product use in California may be comparable to the inhalation intake of the 2400 tonnes per
day of volatile organic compounds released to ambient air from all sources in the state.

* Accidental poisonings. Over almost four decades (1964-2001), thirteen articles appeared in the
archival, peer-reviewed literature that documented adverse health consequences from inhaling
fumes from inappropriately mixed cleaning products. Many of these incidents involved
combining bleach and ammonia.

» Asthma, allergy, and sick-building syndrome (SBS) symptoms. During the past quarter
century (1982-2005), eighteen papers have been published that document associations between
use of cleaning products, or cleaning as an occupation, and asthma, allergic, or SBS symptom
responses. Especially noteworthy are many recent studies showing an association between
occupational asthma and employment as a domestic cleaner or janitor.

* Presence of toxic air contaminants (TACSs) in cleaning products. Using measurements
published in the archival literature from anywhere in the world, 21 chemicals were identified
that have been found in cleaning products and also appear on California’s list of TACs. A
California-specific emissions inventory using 1997 data, which were self-reported by
manufacturers, identified 16 chemicals have been identified as California TACs (Category | or
Ila) and are emitted from one or more of these consumer product classes: disinfectants,
general-purpose degreasers, general-purpose cleaners, glass cleaners, furniture maintenance
products, spot removers, and multi-purpose solvents. Eleven of the chemicals are common to
the two lists.

« Sorption of TACs on indoor surfaces. Sorptive interactions between volatile organic
chemicals and indoor surfaces can influence the time-pattern of concentrations and, therefore,
exposures. More than 30 studies were identified that report on sorptive interactions between
certain chemicals found in cleaning products and materials used indoors.

* Terpenes and related compounds. Many cleaning products and air fresheners contain
terpenes and related chemicals, which are derived from plant oils. Their use may be as an
active ingredient (solvent) or because of their pleasant fragrance. A key characteristic of these
compounds is that they contain unsaturated C=C bonds. Many react rapidly with ozone,
because this oxidant is effective at attacking C=C bonds.

» Secondary pollutants. Cleaning product constituents, especially terpenes and related
compounds, can react rapidly not only with ozone, but also with the hydroxyl radical (OH) and
with the nitrate radical (NO3), all of which may be present in indoor air. The chemistry can
generate a host of secondary pollutants, some of which are stable and can be measured (such as
formaldehyde), and some of which are short-lived or otherwise pose analytical challenges.
This latter group, known as “stealth chemicals,” might conceivably contribute to adverse health
consequences.

» Surface reactions. Important reactions involving cleaning product or air freshener constituents
might occur not only in the gas phase, but also on indoor surfaces.
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Figure 2.1. Hypothetical concentration of an air contaminant resulting from the primary
emissions of a volatile constituent of a cleaning product, used in a single-family home.
(a) Nonsorbing contaminant. (b) Sorbing contaminant where sorption model follows
work of Tichenor et al. (1991), with ka = 1.5 m h™ and kg = 0.004 h™*, based on the
findings of Sparks et al. (1999) for 2-(2-butoxyethoxy)butanol on carpet and gypsum
board. The “first use” case assumes no sorbed mass at time t = 0. The “weekly use (1
y)” case presents simulated results for the last of 52 successive weekly applications.
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Figure 2.2. Hypothetical concentrations of air contaminants resulting from the primary
emissions of a reactive volatile constituent of a cleaning product, used in a single-family home.
Basic conditions are the same as in Figure 2.1. The indoor ozone level is assumed constant at 20
ppb. The second-order rate constant is k = 5.2 x 10 ppb™s™, similar to that for the
ozone/limonene reaction (Table 2.8). The concentration of a hypothetical secondary reaction
generated by one-to-one stoichiometry is also shown. Both the reacting contaminant and
hypothetical product are assumed to be nonsorbing.
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3. COMPOSITION AND PRIMARY EMISSIONS FROM CLEANING PRODUCTS AND
AIR FRESHENERS

3.1. Introduction

The overall objective of the work reported in this section was to measure the composition
and primary emissions of volatile organic compounds (VOCs) for a set of common cleaning
products and air fresheners. In the composition measurements, a broad spectrum of VOCs were
identified and measured. We focused on regulated toxic constituents, which were mostly
ethylene-based glycol ethers, and on terpenes and other unsaturated compounds potentially
reactive with ozone. Ethylene-based glycol ethers are of interest because compounds in this
class are widely used as solvents in cleaning products and because the class is listed by the
USEPA as hazardous air pollutants and by the State of California as toxic air contaminants
(TACs). Terpenes and related compounds are widely used in both cleaning products and air
fresheners because of their favorable solvent properties and their pleasant scents. Species in this
class are known to react rapidly with ozone, and those reactions can produce secondary
pollutants of concern, including formaldehyde (a TAC), the hydroxyl (OH) radical, and organic
particulate matter. Secondary pollutant formation initiated by reactions with ozone is also of
potential concern when other, non-terpene based unsaturated compounds are present in cleaning
products or air fresheners.

A shelf survey was conducted to establish a list of products that are readily available to
California consumers. From these, fifty products were selected for screening. Using information
on the product label and on material data safety sheets, a subset of twenty-one products
suspected of containing TACs or terpenes and other unsaturated compounds was selected for
characterization of their VOC content. Experiments were conducted to measure the composition
of these products. Based on these data and in consultation with the ARB, six products were
selected for further study. A series of experiments was conducted in which these products were
applied in simulated use in a room-sized research chamber. Time-dependent concentrations and
effective emission factors were determined for target analytes. This section of the report
describes these activities. Investigations of the reactive chemistry of cleaning-product and air
freshener constituents with ozone are described in 84.

3.2 Shelf Survey
3.2.1. Objectives

The primary objective of the product shelf survey was to identify the aerosol, liquid and gel
cleaning products and air fresheners that are widely available for sale to California consumers.
The secondary objectives were to classify the available cleaning products and air fresheners by
type using ARB consumer product category definitions and to identify a subset of widely
available products in a number of categories potentially containing TACs such as ethylene-based
glycol ethers, terpenoid compounds and possibly other ozone-reactive compounds.

3.2.2. Methods

The product shelf survey was conducted as a multistep process. First, we decided to focus
the survey on large chain-store retailers with substantial market presence in California’s most
populated cities. In addition, we wanted to include a variety of retail store types — such as
grocery stores, drug stores, department stores, and hardware/home improvement stores — that
are frequented by large numbers of California consumers. Ten chain store retailers broadly
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representative of these retailer types were selected. The 15 California cities with the largest
populations in year 2000 were identified from a list of the 100 most heavily populated cities in
the US, as published online by City Data (http://www.city-data.com/topl.html). The total
population represented by these 15 cities was 10.4 million. Next, using an online “Yellow
Pages” directory (http://yp.yahoo.com/), we identified and counted the numbers of outlets for
each retailer in each of the 15 cities. In many cases, numbers were checked using “Store
Locator” functions on the retailers’ websites.

Using the summary data on the numbers of outlets for the ten chain store retailers, we
selected — in consultation with the ARB — five retailers from the original ten for inclusion in
the product shelf survey. Working under an assumption that the retailers’ products available for
sale are likely to be similar throughout the state, we selected one large store in the East Bay of
the San Francisco Bay Area for each of the five retailers. A single surveyor visited each of these
stores in August 2002. The surveyor recorded the brand name and the product manufacturer of
all aerosol, liquid and gel cleaning products and air fresheners in seven general categories that
were physically present on the shelves at the times of the visits. The seven categories included:
(1) general-purpose degreasers; (2) general-purpose cleaners; (3) glass and surface cleaners; (4)
anti-bacterial sprays and deodorizers; (5) floor cleaners; (6) furniture cleaners and polishes; and
(7) air fresheners. All products were recorded irrespective of listed or suspected ingredients.
Lower-volume specialty products were included as well as broadly recognized name-brand
products. The surveyor also attempted to identify all of the available varieties of a single
product. One example of this type of product is an air freshener sold under a single brand or
trade name but available in different fragrances. The recorded information for each product
included the brand, the product description, the manufacturer, and the product form. Product
forms included aerosol spray, concentrated liquid, gel, liquid, and trigger spray. Subsequent to
the physical survey, the product descriptions and the manufacturer identifications were checked
to the extent possible by referring to manufacturer and distributor or retailer websites. Company
mergers or buyouts complicated the identification of manufacturers for some products.

In 2005, with ARB staff assistance, the products were reclassified into 16 official
categories defined in a California regulation for reducing volatile organic compound emissions
from consumer products (CARB, 2005a).

The next step was to identify a subset of widely available products that might contain the
target compounds of interest to the study consisting of ethylene-based glycol ethers such as 2-
butoxyethanol (also known as ethylene glycol monobutyl ether or butyl cellosolve, CAS 111-76-
2); other TACs such as aromatic hydrocarbon and chlorinated solvents, terpenoids such as d-
limonene ((+)-(4R)-limonene, CAS 5989-27-5) and pine oil (CAS 8009-09-3), a mixture that
contains several terpenes and terpene alcohols; and other ozone reactive compounds. The
primary information used to guide this selection was obtained from Material Safety Data Sheets
(MSDSs). The sources of MSDSs included manufacturers’ websites, and the Household
Products Database (NIH, 2004) (http://householdproducts.nlm.nih.gov/, National Institutes of
Health), which provides MSDSs and lists ingredients for many common products. MSDSs also
were sought on the University of California’s ChemQuik online database available to UC
campuses and to the national laboratories that are operated by the University of California.
Information printed on product labels served as another source of information. In a few cases,
manufacturers listed ingredients on the labels; but in all of these cases, MSDSs were also
available. In some cases, the presence of terpenoids was inferred from the product labels (e.g.,
lemon scented, lemon fresh, etc.). All of the air fresheners were assumed to contain fragrance
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compounds, many of which are presumed to be terpenoids or are unsaturated molecules
potentially reactive with ozone.

This process resulted in the identification of 50 products of potential interest to this study.
Since the focus of this study is on industry-wide trends in product formulation, all products at
this and subsequent stages of the study are identified by code only (i.e., product names and
manufacturers are not reported). The employed coding system is based on the 16 ARB product
categories with a distinct three character alphabetical code assigned to each category. Within
each category, a product is assigned a unique number. For example, AFR-1 identifies air
freshener number one.

Through extensive consultation with the ARB, the initial list of 50 products was further
reduced to a list of 21 products to be screened by means of chemical measurements for their
potential to emit compounds of interest to the study. Here we focused on widely available
products most likely to contain and emit the chemicals of interest and to be representative of a
range of product categories. Information related to the selection of the 21 products is presented
in 83.3.2.

3.2.3. Results

The ten chain store retailers selected for inclusion in the product shelf survey are
Safeway/Vons, Albertsons, Longs Drugs, Smart&Final, Wal-Mart, Target, Costco, Home Depot,
ACE Hardware, and OSH. Safeway/VVons and Albertsons are large grocery store chains.
Smart&Final outlets are warehouse stores offering food and food-service supplies including
janitorial and cleaning products. Longs Drugs is a pharmaceutical, drug and variety store chain.
Wal-Mart and Costco are chains of large warehouse stores selling a broad range of consumer
goods. The Target chain of large stores focuses mostly on household items. The ACE Hardware
and OSH (Orchard Supply Hardware) chains focus mainly on hardware and home care items.
Home Depot is a chain of warehouse stores serving the home improvement and construction
markets.

The numbers of outlets of the ten selected retailers in each of the 15 largest California cities
are presented in Table 3.1. A total of 602 retail outlets are indicated. Not surprisingly, the
grocery stores are present in most of the 15 cities and together comprise 43 percent of the total
number of retail outlets recorded. Wal-Mart and Costco have fewer outlets, but these are large
superstores attracting consumers from broad regions.

Five retailers with a presence in the San Francisco Bay area were selected from the list of
ten for the product shelf survey. These are Safeway, Longs Drugs, Smart&Final, Wal-Mart and
Home Depot. The locations of the five stores that were surveyed are listed in Table 3.2. All are
located in the East Bay area.

Products in the seven original general product categories were reclassified into 16 ARB
defined consumer product categories. The 16 product categories and the corresponding
abbreviations used for the product coding system are listed in Table 3.3. The results of the
product shelf survey in which the individual products are identified are presented by category in
Appendix A (Tables A.1-A.9). Within each appendix table, the products are alphabetically
ordered, first by manufacturer and then by product description. The occurrence of the products
on shelves at the five retail chains is indicated in these tables.

The numbers of products by category at each store surveyed are shown in Table 3.4. A
total of 291 products are included in the survey. Of these, 25 percent are general-purpose
cleaners and 30 percent are air fresheners. Safeway, Smart&Final and Wal-Mart carried the
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largest numbers of products. Consistent with its emphasis on janitorial supplies, Smart&Final
offered for sale relatively large percentages of general-purpose degreasers plus multi-purpose
solvents, floor polishes/waxes plus floor wax strippers, and bathroom-and-tile cleaners plus
metal polish/cleaners plus oven cleaners, relative to the other retailers. The numbers of
represented manufacturers in each product category also are shown in the table. Relatively large
numbers of manufacturers produce general-purpose cleaners and air fresheners.

In Table 3.5, the numbers of products by category are listed for the 18 manufacturers with
three or more products in the survey. The two companies with the largest numbers of total
products are Reckitt Benckiser and SC Johnson. SC Johnson dominates the air freshener market
in terms of the numbers of products offered in this category. The other companies with
relatively large numbers of products considering all categories are Acuity Specialty Products
Group, Smart & Final, Inc. and The Clorox Company.

Fifty products were selected from the total number of products in the survey as possibly
containing and emitting the compounds of interest to this study. Summary information for these
candidate products is provided in Table 3.6. Seven product categories are represented. These
are disinfectants, general-purpose degreasers, general-purpose cleaners, glass cleaners, wood
cleaners, carpet and upholstery cleaners, and air fresheners. Sixteen different manufacturers are
represented. For 24 products, the selection was based on information obtained either from
MSDSs or from product labels indicating the known or likely presence of the compounds of
interest. Each of the eleven air fresheners was assumed to contain compounds of interest. The
remaining fifteen products were selected from among well-known brands to provide diversity
with respect to the numbers of product categories and products within categories.

3.3. Composition Screening Experiments
3.3.1. Objectives

From the 50 candidate products (as summarized in Table 3.6) and in consultation with
ARB staff, we selected 21 widely available cleaning products and air fresheners to be screened
for their emissions of VOCs with emphasis on those compounds of particular interest to the
study. These products were then subjected to testing. The broad objective was to obtain
information on vapor-phase compositions likely to result from the use of these products with
focus on ethylene-based glycol ethers, other TACs, unsaturated terpenoid compounds, and other
unsaturated compounds potentially reactive with ozone. A gas sampling bag method was
developed and utilized for this purpose. In this method, small quantities of the products were
volatilized and then sampled for chemical analysis. A further objective was to select a subset of
products in each of several categories for subsequent detailed studies of potential inhalation
exposures during product use and for additional experiments characterizing reactions of the
products’ volatile constituents with ozone. To this end, a simple model was used to estimate
potential emissions of VOCs for single uses of the products in residences.

3.3.2. Methods
Product selection and collection of product specimens

The initial list of 50 candidate products was reduced to 21 products representative of a
range of cleaning products and air fresheners from a variety of manufacturers that were expected
to contain and emit VOCs of interest to the study. As explained in 83.2, the names of the
selected products have been suppressed and the products are identified in this report using an
alphanumeric coding system. The consumer product category information (Table 3.3) is retained
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since the category is a main determinant of product application and frequency of use. The 21
products are listed by category in Table 3.7. Also shown are the product forms, which for
cleaning products are aerosol spray, liquid, and trigger spray. Seven general-purpose cleaners
were selected, as this is the predominant cleaning-product category in terms of the numbers of
available products. There were four furniture maintenance products and four air fresheners
consisting of three plug-in vaporizers and one aerosol spray. Disinfectants, general-purpose
degreasers, glass cleaners, wood cleaners, spot removers, and multi-purpose solvents were each
represented by a single product.

Table 3.7 also lists other tables in this report in which quantitative chemical composition
data are presented for each of these products. The most extensive measurements were made on
seven products that were selected for potential use in subsequent experiments. Six of these
products were chosen for simulated-use experiments in which concentrations and emissions of
primary constituents were determined. These products are indicated with a checkmark under the
“P” column of Table 3.7: GPC-1, GPC-2, GPC-3, GPC-4, GLC-1, and AFR-1. Eighteen
experimental runs in a room-sized (50-m®) chamber, labeled 1A-1R, are described in §3.4 of the
report. Two of the “P” products, plus one additional product were selected for studies of
secondary pollutant formation owing to the interaction of primary constituents with ozone.
These products are indicated with a checkmark under the “S” column of Table 3.7: GPD-1,
GPC-1, and AFR-1. The experiments are described in 84 of the report. Fifteen experimental
runs, labeled 2A-20, were conducted under steady-flow conditions in a bench-scale (198-L)
chamber. An additional eleven experimental runs, labeled 3A-3K, were carried out by simulated
use in the room-sized chamber, with or without the simultaneous, deliberate introduction of
0zone.

Between September 2002 and January 2003 specimens of 20 products were purchased
locally, often from the same retail stores that were the subject of the product shelf survey (Table
3.2). One product, general-purpose cleaner GPC-2, was purchased and evaluated in October
2003. Containers of general-purpose cleaner GPC-1 and glass cleaner GLC-1 with different lot
numbers were each purchased from three different retail stores. The specimens were logged
noting the date and location of purchase, distinguishing product information, container size, and
container lot number. The containers were labeled with the date and location of purchase.
Product labels were copied. Product containers were stored in the laboratory in an unopened
condition prior to the screening measurements.

Development of experimental protocols

We first developed and tested experimental protocols to screen the selected products for
their VOC composition. Our guiding objective in designing these protocols was to efficiently
simulate volatilization of the products similar to that which occurs when the products are used as
directed. To this end, we focused on methods of volatilizing the products into known volumes of
nitrogen gas. A key challenge in developing the protocols was the identification of inexpensive
and/or reusable containers that would allow for multiple products to be screened in parallel in the
laboratory.

Three different types of containers were evaluated: 2-L glass dilution bulbs, 5-10 L
Tedlar® gas sampling bags, and an 80-L stainless steel drum. Experiments were conducted with
a general purpose cleaner known to contain terpenoid compounds spanning a range of vapor
pressures. Measurements from all three containers produced qualitatively similar information
about product composition. Generally, the relative abundances of the product’s least volatile
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components were lower in the laboratory test containers compared to the results of a direct
analysis of the product diluted in methanol. These discrepancies may have been due to
incomplete initial volatilization or by sorption of the less volatile compounds to interior surfaces
of the containers.

The reusable 2-L glass dilution bulbs were rejected for further use because cleaning the
bulbs to obtain low-background measurements between uses proved difficult, requiring solvent
rinsing and considerable labor. The use of the large drum was deemed impractical owing to the
need to maintain multiple drums in a temperature-controlled environment and our lack of a
facility to wash the drums. Thus, we settled on the most pragmatic solution, using new Tedlar
bags to be discarded after each use. We also decided that larger Tedlar bags were needed
specifically for products in aerosol form owing to our limited ability to control product spray and
the need to determine the amount of product introduced into a bag by weighing the product
container before and after use. The protocol development experiments also explored the benefit
of heating the Tedlar bag to promote volatilization.

Preparation of product gas samples

Product gas samples were prepared by a procedure we term the “bag method.” Tedlar gas-
sampling bags with single polypropylene septum fittings and rated capacities of 5-L and 80-L
were purchased (Part Nos. 232-05 and 231-30 respectively; SKC, Inc.). The 5-L bags (30.4 x
31.7 cm) were used for the 15 liquid products. The 80-L bags (71.7 x 77.4 cm) were used for the
five aerosol products and the air-freshener gel. Prior to use, each bag was twice filled with high
purity nitrogen (99.999%) and evacuated. Bags then were filled with approximately 3-L or 50-L
high-purity nitrogen supplied through a mass flow controller calibrated at 298 K and 101.3 kPa.
Small bags were filled at 110-120 mL min™ for 25-27 min. Large bags were filled at 4 L min™
for approximately 12.5 min. Gas flow rates were checked with a gas-flow meter (Model
DryCal® DC-Lite, Bios International). Gas flow rates and filling times were recorded for each
sample bag and used to calculate the gas volumes.

Products in liquid form were introduced into the 5-L sample bags using a micro-syringe
that was precleaned with methanol. Whenever possible, liquid was drawn directly from the
product container; otherwise an aliquot of the product was first dispensed to a precleaned 5-10
mL glass beaker using a new (i.e., used only once and then discarded) glass Pasteur pipette. The
syringe was flushed with the product several times by drawing liquid from the bulk product then
expunging to a waste container. The desired amount of product then was drawn into the syringe,
measured, and injected into the N,-filled sample bag through the septum port. The volume of
product injected was 5 pL for liquid products and 2 pL for the two oily liquid air fresheners.

For an aerosol product, the original spray nozzle was removed and a stainless steel luer-
lock syringe needle (No. 20) was fitted to the outlet tube of the can to facilitate injection of the
product into the 80-L sample bags. The desired amount of an aerosol product was estimated
based on preliminary composition data. An aerosol can with the needle attached was thoroughly
shaken immediately before injection. The needle was inserted through the bag septum and the
needle was depressed for one to several seconds as estimated to be necessary. The amount of
product injected into the bag was determined by weighing the can, with needle attached, before
and after the injection on one of two laboratory balances. Product containers less than 360 g
were weighed to a resolution of 0.01 g (Model PE360, Mettler). More massive containers were
weighed to a resolution of 0.1 g (Model PJ4000, Mettler).

40



The product contained in plug-in air freshener AFR-3 is a gel; therefore, it could not be
introduced into a sample bag by syringe. Instead, a small aliquot of the product was transferred
from the plastic packet within the plug-in device onto a strip of aluminum foil that had been pre-
cleaned with methanol, dried and pre-weighed. The mass of product was determined by
weighing the aluminum strip with the product to a resolution of 0.0001 g (Model AE240,
Mettler). Two sample bags were prepared with different product masses. The aluminum foil
strip was inserted through a 5 to 10-cm slit that was cut into an empty 80-L Tedlar bag just prior
to this procedure. The bag was immediately resealed with 15-cm wide aluminum tape placed
over the slit. The bag then was filled with ~50 L nitrogen as described above.

Following product injection, sampling bags were placed into an oven to promote product
volatilization. Five-liter bags containing liquid samples were heated to 67-71°C (Model 1330G,
VWR Scientific Products). Because of their size, 80-L bags were heated to 39-41°C in a large
incubator (Model 1840IR, VWR Scientific Products). After 1 h, 5-L bags were removed from
the oven and placed on the laboratory bench at room temperature (approximately 22 to 24°C)
where they remained for 1 hr. The large bags were heated for several hours before equilibrating
at room temperature.

Collection of gas samples from bags

Gas samples were withdrawn from room temperature equilibrated bags using appropriately
sized gas-tight syringes (Pressure-Lok® Series A-2, Vici). These syringes were cleaned between
product samples by flushing methanol through the barrel three times and then drying the
disassembled parts in an oven. The syringe needle was inserted through the septum port on the
bag and a measured gas volume was drawn into the syringe. The syringe valve was closed and
the needle was withdrawn from the bag. The gas sample was transferred immediately to a
sorbent-based gas sampling tube (described below) through a loading rig. The loading rig
consisted of an inlet port with a Teflon-lined septum on a stainless steel tee connector with the
sampling tube attached to the straight outlet of the tee and a stream of ultra-pure helium (He,
99.999%) flowing through the branched port of the tee at 100 mL min™. A separate, dedicated 5-
mL gas-tight syringe then was used to introduce an internal gas standard of approximately 100
ng of 1-bromo-4-fluorobenzene (BFB) onto the sampling tube. Helium flow continued through
the sampling tube for 5 min following internal standard injection. Sampling tubes immediately
were sealed with airtight caps fit with Teflon ferrules and either analyzed the same day or stored
in the freezer (< -10°C) until analysis.

Commercially available gas sampling tubes were used (P/N CP-16251; Varian, Inc.). The
vendor supplies these tubes with approximately 100 mg of Tenax® TA sorbent material. We
modified each of these tubes by replacing 15-mm of Tenax at the outlet end with an equal-length
section of carbon molecular sieve (Carbosieve S-111, 60/80 mesh; P/N 10184; Supelco, Inc.).
Sampling tubes were conditioned by He purge at 275 °C for 30-60 minutes before and between
each use.

To ensure that samples contained quantifiable amounts of the target constituents, gas
samples of varying volumes were withdrawn from a Tedlar bag and injected onto separate
sampling tubes. Gas volumes used during the study generally ranged between 300 pL and 30
mL. The high concentrations of VOCs in two of the aerosol products (general purpose degreaser
GPD-1 and spot remover SRM-1) necessitated further dilution of the products. This was
accomplished by transferring aliquots of the first bags to secondary gas-filled bags. Specifically,
1 mL of gas was drawn from the initial bag by gas-tight syringe and injected into a second bag
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with 1 L of nitrogen, yielding a 1:1000 dilution ratio. A gas sample of 1 to 20 mL then was
drawn from the second bag and transferred to the sampling tube.

Product composition by solvent dilution

The composition of target VOCs in five products was determined by direct analysis of
dilute methanol solutions of each of these products. A small aliquot of the liquid product (1.5-10
ML) was combined in a 5- or 10-mL conical volumetric vial with HPLC-grade MeOH. The vial
was sealed and the solution was mixed by sonication or by gently shaking the vial by hand. An
aliquot of the solution (2-35 pL) was withdrawn by syringe and injected onto a Tenax sampling
tube. The tube was purged with He at 100 mL min™ for 10-15 min to remove the MeOH. The
sample was then guantitatively analyzed for individual VOCs by TD-GC/MS as described
below. This facilitated the use of the same calibrations for both sample types.

Analysis of gas samples

Gas samples collected onto sorbent sampling tubes were qualitatively and quantitatively
analyzed for VOCs of interest by thermal desorption-gas chromatography/mass spectrometry
(TD-GC/MS). The samples were thermally desorbed and concentrated with an inletting system
(Model CP-4020 TCT; Chrompack/Varian, Inc.). This system consists of a sample tube oven, a
cryogenic concentrator with a Tenax-packed trap (P/N CP-16425; Varian, Inc.) to enhance
recovery of very volatile compounds, and a control unit. The thermal desorption cycle included
5 min of He backflush with the tube heated to 50 °C (to remove water) and a 6.5 min period
during which the sampling tube was heated to 235 °C over approximately the first 3.5 min and
then held at this temperature. During backflush and tube desorption, the trap was cooled to
-100 °C. At the conclusion of tube desorption, the trap was rapidly heated to 225 °C and held at
this temperature for 1 min to inject the sample onto the GC column.

The GC/MS analysis procedures generally followed EPA method TO-1 (USEPA, 1984).
The GC (Series 6890A, Hewlett Packard Co./Agilent) was equipped with a 30-m long, 0.25-mm
internal diameter, 1-um film thickness DB-1701 chromatographic column (P/N 122-0733,
Agilent). The GC oven was operated with the following temperature cycle: 1 °C held for 4.33
min, ramped at 5 °C/min to 225 °C, and then held at 225 °C for 2 min. The MS (Series 5973
Mass Selective Detector, Hewlett Packard Co./Agilent) was operated in electron ionization
mode. It was programmed to scan a mass range of 20 to 300 atomic mass units (amu) from 1.76
to 18 min and then a range of 35 to 350 amu for the remainder of the run. The GC/MS system
was controlled and data analysis was performed with the manufacturer’s software system (Model
G1701BA, Version B.01.00; Hewlett Packard Co./Agilent).

Compounds present in air samples collected from the bags were identified using standard
techniques. At the beginning of this task, we began to develop an electronic database of mass
spectra and retention times for compounds known or expected to be major constituents of the
cleaning products. These included compounds specifically listed on product MSDSs and labels
and the major terpenoid constituents of pine oil. Pure compounds not already available in the
laboratory were purchased from a commercial source (Aldrich, Sigma-Aldrich Corp.). Dilute
solutions containing these compounds were prepared in methanol (MeOH). Small aliquots (1-10
ML) of the solution were injected onto sampling tubes containing Tenax only. The spiked
compound masses generally were in the range of 25 to 100 ng. The tubes were purged with 100
mL min™ of ultra-pure He for 5 min to remove the MeOH. The BFB internal standard then was
added as described above. Compound mass spectra and chromatographic retention times were
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entered into the database. Total-ion-current (TIC) chromatograms of samples of compounds
volatilized from the cleaning products and the air fresheners were qualitatively analyzed by
comparison of peaks in the samples with entries in this database using the GC/MS software
system. Positive identifications were obtained when the mass spectra and retention times of the
unknowns matched those of the pure compounds in the database. A National Institute of
Standards and Technology (NIST) electronic database (Part No. 10236, WindowChem Software,
Inc.) was used to tentatively identify additional compounds appearing in the chromatograms. If
available, pure compounds consistent with these tentative identifications were purchased,
analyzed, and their mass spectra and retention time data were added to our database. As
described above, compound identifications were confirmed or rejected by comparison of the
unknowns to the updated database. This process of confirming tentative compound
identifications was conducted at the conclusion of the screening experiments (in late 2002 to
early 2003), and again at the conclusion of the primary emission experiments (in late 2003 to
early 2004) after reviewing samples from all products.

The predominant target compounds identified in the samples were quantified using
multipoint calibrations created using the pure compounds. These calibrations were prepared by
introducing varying concentrations and amounts of standard solutions in MeOH onto Tenax
sampling tubes as described above. The calibrations for individual compounds spanned relevant
ranges, from approximately 1 to several hundred nanograms. There were five or more individual
masses or points in each calibration. Calibrations were constructed using extracted target ions
with one or more qualifier ions to confirm compound identifications. The extracted target ion
peak area and compound mass data were fit to a linear regression model with a zero intercept.
All calibrations were referenced to the BFB internal standard (target ion m/z = 174), which was
added to the standards and the air samples in equal amounts. Full calibrations were repeated
throughout the study.

Compounds for which pure compounds were not available for use as standards were
quantified using the TIC area responses of their peaks and the response relationship for a
surrogate standard. d-Limonene (CAS 5989-27-5) was selected as an appropriate surrogate since
most compounds in this category were terpenoids. First, a multipoint, linear regression
calibration was prepared for d-limonene using the TIC area versus mass response of the peaks
relative to the area versus mass response of the BFB internal standard (target ion m/z = 174).
Then, the retention times of the compounds to be quantified were entered into the calibration and
their masses were estimated using the same limonene area versus mass relationship. Thus, the
reported masses of these compounds are limonene-equivalent masses. This procedure only could
be applied to compounds that were chromatographically resolved from adjacent peaks.

Data quality and uncertainty

The study design incorporated a hierarchy of data quality checks. Several bags were
prepared without products. Analysis of these blank bags using the same techniques as used for
bags with products served as a check on the system blanks from bag preparation through
analysis. For composition characterization, at least two replicate bags were prepared for each
product using the same or similar dilution scheme. This procedure provided a measure of the
reproducibility of the method from sample preparation through analysis. Approximately 25% of
the prepared bags were sampled and analyzed in duplicate. This served as a measure of the
reproducibility associated just with gas sampling and analysis. For two products, GPC-1 and
GLC-1, three containers from different lots were purchased from different stores and analyzed.
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These values represent the overall uncertainty of the bag method including potential variability
among manufacturing lots. As noted, the bag method was intended to represent potential
emissions of VOCs resulting from product use. Since the less volatile constituents of products
may not completely volatilize or may sorb to bag surfaces or even gas-transfer syringes, the bag
method values are expected to understate the actual fractional compositions for some
compounds. To assess the magnitude of this bias, five products were analyzed by the solvent
dilution technique.

For each product, the results for any duplicate analyses of a single bag were first averaged.
Then, the values for the two sample bags (three bags for product GPC-4) prepared from a single
product container were averaged. Relative deviations between duplicate bags were calculated as
the absolute difference divided by the average value expressed in percent. For products GPC-1
and GLC-2, the results for each set of duplicate bags were averaged and then the average and
standard deviation was calculated for the three containers. A relative standard deviation was
calculated as the quotient of the standard deviation and the average expressed in percent.

Calculation of product composition
Concentrations of the target VOCs in the products, determined as mass fractions, were
calculated using equation 3-1.

M i,GC % Vbag

Ci =
Vs Mcp

(3-1)

In this equation, C; is the mass fraction of compound i in the product, M; s¢ is the mass of
compound i determined from TD-GC/MS analysis of the gas sample withdrawn from the Tedlar
bag containing the vaporized product, Vs is the gas sample volume, Vy,q is the total gas volume in
the bag, and Mcp is the mass of the cleaning product introduced into the bag. The mass of a
liquid cleaning product was estimated from the introduced volume assuming a product density of
1 gcm™. Complete volatilization of the product in the bag was assumed. Mass fraction values
reported in data tables are expressed as percentages.

3.3.3. Screening results
Target compounds

Quantitative product composition data were generated for ethylene-based glycol ethers,
unsaturated terpenoid compounds, other unsaturated compounds that are potentially reactive with
ozone, and combined xylene isomers. The compounds in these chemical classes with mass
fraction compositions determined by the bag method of > 0.01% in one or more of the 21
products are listed in Table 3.8. The chemical structures of the compounds in the first three
categories are shown in Figures 3.1-3.3. These consisted of 10 unsaturated terpene hydrocarbons
(Figure 3.1), 12 oxygenated compounds including terpenoids with unsaturated C-C bonds
(Figure 3.2), and two glycol ethers (Figure 3.3). The compounds are listed in order of increasing
chromatographic retention time within each of these classes. Some of the compounds (c.-
phellandrene and four terpineol isomers) were tentatively identified based on high quality
matches (typically >85%) of their mass spectra with mass spectra in the NIST electronic library.
The identifications of the other compounds were confirmed. Reported second-order rate
constants for the reactions of the terpene hydrocarbons and linalool with ozone as discussed in
82.5 also are shown in the table. Rate constants for the other unsaturated compounds are not
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readily available from the published literature. Ten of the target VOCs were quantified using
their TIC areas with d-limonene as the surrogate standard. The other VOCs were quantified
using calibrations prepared from pure compounds.

Several additional compounds were detected as discussed below. Isopropyl alcohol (2-
propanol), a chemical of potential concern, was found in three general-purpose cleaners. It is
listed as a Category I1b chemical in the TAC list. This designation indicates that it is a substance
not identified as a TAC, but rather is known to be emitted in California and has one or more
health values under development by the California Office of Environmental Health Hazard
Assessment (OEHHA). In fact, there is both an acute and a chronic reference exposure level
(REL) for isopropyl alcohol (OEHHA, 1999 and 2000). Isopropyl alcohol was not included
among the target compounds quantified in this study, as it is a very volatile compound that is
difficult to reproducibly measure by the selected method.

Reproducibility of bag method

The overall reproducibility of the measurements of VOC mass fractions across the three
different containers and lots for general purpose cleaner GPC-1 and glass cleaner GLC-1 are
shown in Tables 3.9 and 3.10, respectively. The results for the VOCs volatilized from GPC-1
indicate a reproducibility of about 15% or better for all target analytes except a.-pinene and f3-
pinene (Table 3.9). For GLC-1, the reproducibility for the measurement of the two glycol ethers
was better than 5% for 2-butoxyethanol (2-BE) and better than 10% for 2-hexyloxyethanol (2-
HE) (Table 3.10).

The uncertainty associated with gas sampling and analysis was estimated by examining the
results for replicate samples collected from bags. Ten bags containing a cleaning product and
two bags containing an air freshener were sampled and analyzed in duplicate or (for one cleaning
product) in triplicate. (See Appendix B, Tables B.1-B.7.) For d-limonene and 2-BE, the two
major cleaning product constituents, there were four and seven sets of replicate samples,
respectively. The mean relative deviation for d-limonene was 6% (range: 1%-16%); and the
mean relative deviation for 2-BE was 10% (range: 1%-44%). For a-terpineol, a major
constituent in pine-oil based cleaners, the relative deviation was 9% (n = 1 pair). For air
freshener AFR-3, the average relative deviations (n = 2 pairs) for the three constituents, d-
limonene, dihydromyrcenol and linalool, were 51%, 7% and 4%, respectively.

The reproducibility of the method from sample preparation through analysis was estimated
by examining the results for the replicate bags. Again considering the same major constituents
of cleaning products, there were eight sets of replicate bags for d-limonene, eight replicated bags
for 2-BE and two replicated bags for a-terpineol. For these three chemicals, the respective
average deviations were 8% (range: 0-19%), 20% (range: 0-75%), and 17%. The four major
constituents of air fresheners were d-limonene, dihydromyrcenol, linalool, and linayl acetate with
two or four sets of replicate bags each. The average relative deviations were limonene 24%
(range: 0-69%), dihydromyrcenol 46% (21 and 72%), linalool 24% (range: 0-72%), and linalyl
acetate 14% (3 and 24%). The high variability in the analyses of d-limonene, dihydromyrcenol,
and linalool in air fresheners was attributed to difficulties encountered in the analysis of the two
bags of AFR-3 (Table B.7). This may have been due to the gel product form and the difficulty of
accurately weighing and transferring the product to the bags.
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Mass fractions of target VOCs in products

The mass fractions of VOCs for the 21 products are presented in Tables 3.11-3.15. The
products first were segregated into groups based on product type (i.e., cleaning products and air
fresheners) and then the cleaning products were further segregated by their dominant chemical
composition characteristics. The results for four cleaning products with mass fractions of
d-limonene exceeding 3% are shown in Table 3.11. The results for three pine oil based cleaning
products are shown in Table 3.12. The results for cleaning products containing greater than
0.5% 2-butoxyethanol are shown in Table 3.13. The compositions of cleaning products
containing less than 0.2% of the target compounds are presented in Table 3.14. The results for
the four air freshener products are presented in Table 3.15. The mass fraction results for each
sample collected from each individual bag that was prepared from one or more product
containers are shown in Appendix B, Tables B.1-B.7, along with the preparation information for
these samples. The products are listed in Tables B.1 through B.7 in approximately the same
order they are presented in Tables 3.11 through 3.15.

Blank bags did not contain detectable amounts of the compounds of interest; thus, no
background corrections were required. In the data tables, values for which the relative deviation
was greater than 50% are identified. The relative deviation for all other values was less than
50%. The lower reporting limit for individual VOCs was established at a mass fraction in the
product of 0.01%.

Four cleaning products used d-limonene as a solvent: a general-purpose degreaser (GPD-
1), a general purpose cleaner (GPC-4), a multi-purpose solvent (MPS-1), and a furniture
maintenance product (FMP-1) (Table 3.11). GPC-4 also contained 2-butoxyethanol as a solvent
at greater than 1% mass fraction (Table 3.13). The highest d-limonene mass fraction of 25%
occurred in GPD-1, an aerosol spay product. The MSDS for this product lists cold pressed
orange oil (CAS No. 8028-48-6) as the main ingredient. Orange oil is approximately 90% d-
limonene. The only other terpene hydrocarbons detected in the four products by the bag method
were a-pinene, B-pinene, and B-myrcene.

Three general-purpose cleaners (GPC-1, GPC-6 and GPC-7) contained the constituents of
pine oil (Table 3.12). Most pine oil in use today is synthetically produced by the acid-catalyzed
hydration of pinene (FFHPVC, 2001). Tertiary terpenoid alcohols dominate the composition of
synthetic pine oil. The major constituent is a-terpineol (approximately 50-60% by weight).
Other reported constituents are additional tertiary alcohols including y-terpineol, 3-terpineol, and
4-terpineol; secondary terpenoid alcohols; terpene hydrocarbons including d-limonene; and
aromatic and alicyclic terpene hydrocarbons and ethers.

Fourteen unsaturated pine oil constituents were detected with mass fractions > 0.01% in the
three products. For product GPC-1, the average results for each of the three containers are
shown. Product GPC-7 contained the same constituents in about the same ratios but with
approximately four-fold lower mass fractions. The composition of pine oil constituents in GPC-
6 was distinctly different, with a-terpineol having a much lower mass fraction relative to d-
limonene and terpinolene than in the other two products.

Six cleaning products utilized 2-butoxyethanol as a solvent (Table 3.13). The mass
fractions of 2-butoxyethanol ranged from about 0.6 to almost 10%. As noted, product GPC-4
also contained d-limonene. Glass cleaner GLC-1 also contained 2-hexyloxyethanol as a solvent.
The mass fraction of 2-hexyloxyethanol was approximately 40% of the value for
2-butoxyethanol.
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Five cleaning products exhibited only relatively low amounts of the target VOCs by the
bag method (Table 3.14). General cleaning product GPC-5 and wood cleaner WDC-1 exhibited
small amounts of a single target compound, either d-limonene or dihydromyrecenol. The
composition of the target VOCs in furniture maintenance products FMP-3 and FMP-4 was nearly
identical. The primary compound quantified in the bag samples was d-limonene, possibly used
to impart a fragrance to the products. Citral, which was found in both of these products, is a
fragrance chemical often used to impart a citrus or “lemony” odor. Furniture maintenance
product FMP-2 contained xylenes with a mass fraction of 0.07% for combined ortho-, meta-, and
para- isomers.

The compositions of the target VOCs in the four air freshener products as determined by
the bag method are listed together in Table 3.15. Products AFR-1, AFR-2, and AFR-3 are either
oily or gel-like mixtures of fragrance chemicals that are dispensed to room air by a plug-in
electrical vaporizer. Product AFR-4 is an aerosol spray product. Linalool was the predominant
compound in the vapor phase of the three plug-in air fresheners with mass fractions ranging from
4% to almost 9%. d-Limonene also was present in these products with a mass fraction near 1%.
Dihydromyrecenol and linalyl acetate each were among the predominant ingredients in two of
the three plug-in products. The mass fractions of the target VOCs in the aerosol product were
low by comparison to the other products.

The results for the mass fractions of d-limonene and the summed mass fractions of
compounds with unsaturated C=C bonds potentially reactive with ozone are summarized for nine
cleaning products and three air fresheners in Table 3.16. The other products either lacked these
compounds or contained them at relatively low abundance with the total fractional sum being
less than 0.1%. For five of the cleaning products listed in the table (GPD-1, GPC-4, FMP-1,
FMP-3 and MPS-1), d-limonene comprised all or more than two-thirds of the ozone-reactive
compounds in the products. For the air fresheners, d-limonene comprised about 10% of the total
0zone reactive compounds.

Additional abundant compounds in products

The bag samples for all 21 products were qualitatively assessed for relatively abundant
compounds not within the classes of VOCs of primary interest to this study. Table 3.17 lists the
additional abundant compounds detected in the bag samples of the four air fresheners and ten of
the 17 cleaning products. The remaining seven cleaning products either did not contain
significant amounts of VOCs or their compositions were clearly dominated by compounds of
interest to the study as described. None of these additional compounds were quantified.
Isopropyl alcohol (2-propanol) is a compound of potential interest, but could not be reproducibly
quantified by the method. In addition, a single approximate peak height cutoff point was applied
across all bag samples to determine the inclusion of a compound in the list without adjustment
for product dilution. Thus, the reader is cautioned that the cutoff point as it would relate to mass
fraction in the product is not uniform across the products.

Two general purpose cleaners utilizing pine oil as an ingredient (GPC-1 and GPC-7) also
contained 2-propanol (isopropyl alcohol, CAS No. 67-63-0) as did glass cleaner GLC-1. Both
general purpose cleaners GPC-4 and GPC-5 contained a mixture of di(propylene glycol) butyl
ethers (CAS No. 35884-42-5).

All four furniture maintenance products and the multi-purpose solvent MPS-1 contained
hydrocarbon mixtures as principal ingredients; the boiling point ranges of these solvents varied
among the products. Products FMP2, FMP-3 and FMP-4 contained hydrocarbons (alkane,
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alkene and cyclic hydrocarbons) in the carbon range of C; to Cq. Product MPS-1 contained
hydrocarbons in the range of Cyo to C13. Product FMP-1 principally contained C;3 to Cys
branched alkane hydrocarbons. The two aerosol furniture maintenance products (FMP-3 and
FMP-4) were similar in composition for their content of target VOCs (as noted above) and
hydrocarbons solvents; they also contained octamethylcyclotetrasiloxane (CAS No. 556-67-2)
and other siloxane compounds.

The compositions of the plug-in air freshener products (AFR-1, AFR-2, and AFR-3), as
determined by analysis of the bag samples, were relatively complex. Many of the detected
compounds likely are present to impart fragrance to the products. The additional abundant
VOC:s listed in Table 3.16 for these products primarily are oxygenated compounds consisting of
alcohols and esters. Product AFR-2 contained di(propylene glycol) butyl ethers. Aerosol spray
air freshener AFR-4 contained butylated hydroxytoluene (BHT, CAS No. 128-37-0).

Comparative evaluation of measured VOC mass fractions

Manufacturer Material Safety Data Sheets (MSDSs) listing target VOCs as principal
ingredients were obtained for six of the 21 cleaning products and air fresheners. The two
compounds disclosed in these MSDSs were 2-butoxyethanol and d-limonene typically listed as
orange oil or concentrated orange oil. In Table 3.18 the product mass fractions of d-limonene
and 2-butoxyethanol determined by the bag method are compared to the values in their
corresponding MSDSs. With one exception, the measured values were within the
manufacturers’ specified limits. For general purpose degreaser GPD-1, the
d-limonene measured value exceeded the specified 20% value for orange oil by 5%. The
difference is actually larger considering that d-limonene comprises approximately 90% of orange
oil.

The compositions of products GPC-1, GPC-3, GPC-4, DIS-1 and GLC-1 were
characterized by direct analysis of these products diluted in methanol. Note that additional
solvent dilution results including values obtained for multiple containers collected over time are
reported for four of these products in 83.4. The solvent dilution and bag method results are
compared for general-purpose cleaners GPC-1 and GPC-4 in Table 3.19. The results obtained by
the two methods are in good qualitative and semi-quantitative agreement. The principal
difference observed primarily for GPC-1 is that the solvent dilution method yielded up to five-
fold higher values for the unsaturated oxygenated compounds. Generally, these are the less
volatile, more polar, and more sorptive of the quantified VOCs. The lower values by the bag
method may reflect incomplete volatilization or losses of less volatile compounds to the surfaces
of the bags or during the gas-sample transfer process.

The fractional compositions of 2-butoxyethanol and 2-hexyloxyethanol in products DIS-1,
GPC-3 and GLC-1 as determined by solvent dilution and the bag method are compared in Table
3.20. Overall, the results for the glycol ethers in these three products were similar by the two
methods.

3.3.4. Estimates of potential residential emissions of target VOCs

The results of the product screening experiment were applied in a modeling exercise as a
partial basis for selecting products for the primary emissions experiments conducted under
simulated-use conditions as described in §3.4. Products were selected that are widely available
in California and whose regular use might lead to substantial indoor air concentrations of 2-
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butoxyethanol and other ethylene-based glycol ethers or unsaturated terpenoid compounds that
can react readily with ozone.

We used VOC mass fraction data in combination with the manufacturers’ product label
information describing product use and application procedures, assumptions regarding consumer
use patterns, and estimates of product use rates to predict the possible total emission rate of the
VOCs of interest for routine product use in households. This exercise was designed to provide
comparative information on the potential of the products to affect residential indoor air quality.
The intent was to provide indications of scale, rather than precise results.

Labels on cleaning products typically describe the manufacturers’ intended uses and
provide directions for their application. Using the labels as a guide, we summarize the possible
consumer uses of the 17 cleaning products during house cleaning in Table 3.21. Although
disinfectant DIS-1 and general purpose cleaner GPC-4 are commercial products, they were sold
in retail stores and residential consumers might purchase and use them in kitchens and bathrooms
on a routine basis. The spot remover (SRM-1) and the multi-purpose solvent (MPS-1) likely are
used only occasionally or infrequently. It is reasonable to assume that the remaining cleaning
products are used routinely, either weekly or daily for some products.

Three of the cleaning products (DI1S-1, GPC-3, and GPC-4) are sold in trigger spray bottles,
but their labels recommend dilution for at least some applications. Using the labels as a guide,
we list in Table 3.22 the likely dilutions by cleaning task for these three products and for the
other three liquid products that have recommended dilutions. For DIS-1, the manufacturer
recommends 1/16 dilution for cleaning floors. For GPC-3, the manufacturer recommends 1:10
dilution for most cleaning applications, 1/30 dilution for cabinets, paneling, and non-wood
floors, and full strength use for ovens and range hoods. For GPC-4, the manufacturer
recommends the product be used at half strength for most applications and at 1/20 dilution for
cabinets, paneling and non-wood floors. However, because the products are packaged in trigger
spray bottles, it is reasonable to assume that some consumers use the products at full strength for
many applications. The other three cleaning products listed in Table 3.22 (GPC-1, GPC-6 and
GPC-7) are liquids intended for use at substantial dilution (1/32 or 1/64) for most applications.

Clearly there are large variations in the sizes and layouts of residences in California and
elsewhere. For the purposes of this exercise, we selected a relatively small, detached single-
family residence as the prototype. A scaled floor plan was obtained for a single-story
manufactured house with a total floor area of 140 m? (1,500 ft?) consisting of three bedrooms
and two bathrooms. This size and layout is typical of many older single-family houses in
California and also may be representative of units in multi-family dwellings. Using the floor
plan drawing, we calculated the areas of the house features that would be cleaned routinely.
Wood furniture surface area was estimated based on measurements made in the home of one
member of the research team. These areas are listed in Table 3.23.

Cleaning product use rates for undiluted or diluted products were estimated per area of
surface cleaned. Initial use-rate estimates of use rate were based on the measured amounts of
products used by a single technician to simulate cleaning of a measured area of countertop in the
laboratory. These use rates were 8.6 g m™ for a trigger spray product and 6.1 g m™ for an
aerosol spray. A subsequent survey of multiple subjects (described in §3.4) determined a trigger
spray use rate of 10.8 g m™. For this exercise, we selected a use rate of 10 g m™ for both routine
house cleaning and specialized cleaning activities with liquid products and 6 g m™ for aerosol
products. We assumed diluted liquid floor cleaning solutions (Table 3.22) were applied at 10 g

m?2.
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We estimated the use rate (grams per use) for each cleaning product for a complete house-
cleaning event (e.g., kitchen, bathrooms, and cabinets) assuming the product was used for all of
the purposes indicated in Table 3.21. These rates rounded to the nearest 5 g are shown in Table
3.24 for 14 cleaning products. General purpose cleaner GPC-5, wood cleaner WDC-1, and
furniture maintenance product FMP-2, were omitted from the analysis because they did not
contain significant amounts of the target compounds. For screening purposes, the potential
emission of total unsaturated VOCs and ethylene-based glycol ethers during a house-cleaning
event was estimated as the product of the use rate and the mass fractions of the compounds of
interest determined by the bag method. Alternate potential emissions of VOCs assuming full
strength application for all tasks are shown in parentheses for products GPC-3 and GPC-4.

The estimated VOC emission rates (grams per use) represent a high-end situation in which
a single cleaning product is used for all possible applications and all VOCs of interest in the
product are completely volatilized during use. Also, it is noted that the estimated total amount of
product used in this exercise represents a substantial fraction of the amount included in a
standard consumer container (typically 650 to 1000 mL). Nevertheless, the exercise serves as a
useful basis for a relative comparison of the potential impacts of the products.

Ten of the cleaning products were estimated to have potential emissions of VOCs of
interest greater than or equal to one gram per use. (Compare with the 0.5 g emission assumed for
Figures 2.1 and 2.2.) The products with the highest estimated emissions (> 5 g/use) of ozone-
reactive VOCs are a general-purpose degreaser (GPD-1), two general-purpose cleaners (GPC-2
and GPC-4), a furniture maintenance product (FMP-1), and a multi-purpose solvent (MPS-1).
The products with the highest estimated emissions (> 5 g/use) of ethylene-based glycol ethers are
a disinfectant (DIS-1), a general-purpose cleaner (GPC-2), and a spot remover (SRM-1).

For the three plug-in air fresheners, product emissions were assumed to be constant.
Product use rates were estimated to be 5 grams per week for the oily liquids (AFR-1 and AFR-2)
and 1.2 grams per week for the gel (AFR-3). From these assumptions, AFR-1 and AFR-2 are
predicted to have the highest potential emissions per week of ozone reactive VOCs. However,
these rates are less than one gram per week.

3.4. Emissions and Concentrations from Simulated-Use Experiments
3.4.1. Introduction

The indoor use of cleaning products and air fresheners leads to inhalation exposures to
primary emissions of volatile product constituents and to secondary pollutants formed as these
constituents react (e.g. with ozone) in the indoor environment. Certain of these inhalation
exposures raise potential health concerns, as reviewed by Wolkoff et al. (1998) and in §2.

One class of compounds for which exposure concerns arise is ethylene-based glycol
ethers, which are widely used as solvents in cleaning products. The US Environmental Protection
Agency classified ethylene-based glycol ethers as hazardous air pollutants (HAP) under the 1990
Clean Air Act Amendments. The agency recently delisted 2-butoxyethanol (2-BE, CAS No. 111-
76-2, also known as ethylene glycol monobutyl ether) from the HAP group of glycol ethers. The
action was substantiated by the agency’s determination that “emissions, ambient concentrations,
bioaccumulation, or deposition of [2-BE] may not reasonably be anticipated to cause adverse
human health or environmental effects” (USEPA, 2003 and 2004a). The exposure assessment
used to support the decision considered only inhalation exposure owing to emissions to ambient
air. The potentially higher concentrations and exposures associated with 2-BE emissions from
products used indoors were not addressed.
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The California Air Resources Board lists ethylene-based glycol ethers as toxic air
contaminants (TACs). Within its TAC identification program, California has established
reference exposure levels (REL) for several specific glycol ethers, including 2-BE with a value
for acute (1-h) exposures of 14 mg m™ to protect against eye and respiratory irritation (OEHHA,
1999). The federal reference concentration for chronic inhalation exposure (RfC) is 13 mg m™,
with changes in red blood cell count as the critical effect
(http://www.epa.gov/iris/subst/0500.htm).

Also of potential concern in cleaning products and air fresheners are terpene
hydrocarbons, terpene alcohols, and other related unsaturated compounds. These chemicals,
frequently derived from plant oils, are used as scenting agents in many consumer products and as
active solvents in certain cleaning products. Many of these compounds react rapidly with ozone,
producing formaldehyde (Fan et al., 2003), hydrogen peroxide (Li et al., 2002), hydroxyl radical
(Weschler and Shields, 1997a), and secondary organic aerosol (Weschler and Shields, 1999;
Wainman et al., 2000; Liu et al., 2004; Sarwar et al., 2004). Recent studies suggest that reactive
chemistry between terpenes and ozone produces upper airway and eye irritants (Wolkoff et al.,
2000; Kleng and Wolkoff, 2004).

Relatively little is known about the chemical emissions and constituent gas-phase
concentrations that result from the use of cleaning products and air fresheners. Gibson et al.
(1991) conducted simulated-use experiments to characterize emissions and concentrations of
diethylene glycol monobutyl ether from hard-surface cleaning products. Zhu et al. (2001) used
small-chamber experiments to characterize emissions of 2-BE from selected consumer products,
including some cleaning products. Wainman et al. (2000) reported concentrations of d-limonene
from simulated use of a lemon-scented furniture polish. Several groups have investigated the
secondary particle production associated with terpene-ozone interactions in which the terpenes
were emitted from use of air fresheners or cleaning products (Wainman et al., 2000; Sarwar et
al., 2004; Liu et al., 2004).

In this section of the report, we document original experiments investigating the indoor
air emissions and concentrations of ethylene-based glycol ethers, terpenes, and related
compounds associated with cleaning product and air freshener use. For six commercial products,
the chemical composition was measured directly and a series of simulated use experiments was
conducted. In these experiments, time-dependent concentrations of target constituents were
measured, and associated time-integrated emissions were calculated.

3.4.2. Methods
Product selection

The six products studied were selected using a multistage screening process, considering
the following key criteria. (1) Products are readily available to consumers through retail outlets.
(2) Products are either known or expected to contain substantial levels of reactive terpenes,
terpene alcohols, other unsaturated compounds, or ethylene-based glycol ethers. (3) The set of
products includes at least one each of glass cleaner, general-purpose cleaner, and air freshener.

As described in 83.2, in the first stage, a shelf survey of cleaning products and air
fresheners was conducted in five chain retail outlets in the San Francisco Bay Area. From the
resulting list, we selected fifty candidate products and reviewed product labels and available
material safety data sheets to determine or infer the presence of target constituents. As detailed in
83.3, twenty-one of the products subsequently were experimentally screened to identify and
semi-quantitatively determine their chemical compositions. These measurements were made by
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means of volatilizing small aliquots of the products into Tedlar bags and sampling the air in the
bags. Six products were selected from this group for further study. Summary information for the
selected products is presented in Table 3.25. These products include one glass cleaner (GLC-1),
four general-purpose cleaners (GPC-1 through GPC-4), and one scented-oil air freshener (AFR-
1). In Appendix C are tables documenting the place and date of purchase for the products (Table
C.1) and indicating the relationship between the specific purchased products and the resulting
experimental measurements (Table C.2).

Composition determination by solvent dilution

To complement the bag method analyses described in §3.3, product composition was
determined by analysis of a dilute solution of each product in methanol. A small aliquot of the
liquid product (1.5-10 pL) was combined in a volumetric, conical vial with 5-10 mL HPLC-
grade methanol. The vial was sealed then sonicated or shaken gently by hand. An aliquot of
solution (2-35 pL) was withdrawn by syringe and injected into a Tenax tube under a 100 mL
min™ He purge maintained for 10-15 min to volatilize the methanol. The sample was then
analyzed as described in §3.3.2.

Experimental chamber and materials

Simulated-use experiments were conducted in a 50-m® chamber designed to represent a
room in a typical residential environment. Construction materials include wood framing with
plywood underlying the floor, two walls and the ceiling. The chamber walls and ceiling are
finished with 64 m? of gypsum wallboard coated with low-VOC paint. The plywood subfloor is
covered with aluminum sheeting. For this study, a portion of the floor (3.9 m?) was covered with
vinyl composition tiles to provide a surface for mopping. Molding was attached at the tile
perimeter to contain cleaning solution. A laminate table with top surface area of 1.16 m? was
placed in the middle of the room.

Chamber air was mixed with four small axial fans mounted at 1/3 and 2/3 of ceiling
height on poles 1 to 1.5 m from room corners. Ventilation was mechanically provided, with
outdoor air passed through a bed of activated carbon to remove organic gases and ozone. The air-
exchange rate was fixed and checked during each experiment by measuring the concentration
decay of injected sulfur hexafluoride (SFg) tracer gas. Temperature in the chamber was
controlled by thermostatic regulation of the air temperature of the building in which the chamber
is contained. Relative humidity (RH) was not controlled, but experiments were limited to days in
which RH was in the range of 40-70% at the start. Temperature and RH were measured
continuously using Vaisala sensors; output was recorded as 1-h averages.

Application protocols

Table 3.26 summarizes the 18 simulated-use experiments conducted in the 50-m?
chamber. The protocols outlined in Table 3.26 were developed to simulate two general methods
of product use: (1) full-strength application, and (2) dilute solution use. Three of the general-
purpose cleaners (GPC-1, GPC-3 and GPC-4) instruct use at varied levels of dilution depending
on application, including full-strength use for tough jobs or as needed. Two of these (GPC-3 and
GPC-4) implicitly encourage full-strength use as they are packaged in trigger-spray bottles.
These three products were evaluated in both full-strength and dilute form. GLC-1 and GPC-2 are
packaged in trigger spray bottles that recommend full-strength use on a variety of surfaces; these
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products were evaluated exclusively in a full-strength application. The scented-oil air freshener
was used as directed.

The full-strength surface cleaning protocol was designed to simulate varied applications
including cleaning, degreasing and/or disinfecting of hard surface counters, tabletops, stovetops,
or glass. Products were applied full-strength to a 0.56-m? section of the laminate tabletop,
providing a cleaning surface to room volume ratio of ~0.01 m* m™. Four products (GLC-1, GPC-
2, GPC-3, and GPC-4) were dispensed by spraying ~6 mL (~11 g m™) from the product
container. For GPC-1, ~10 mL (~18 g m™) was dispensed by pipette. These amounts are
intended to represent high but realistic use rates, based on the results of product-use surveys (see
following subsection: “product application rates”). After application, the product was left
undisturbed for ~ 1 min. In two experiments (1L and 1M; see Table 3.26), the wetted surface was
wiped clean with paper towels. In other experiments, the surface was scrubbed using a wetted
and loosely wrung 114 x 68 x 15-mm cellulose sponge backed with abrasive material (3M
Scotch-Brite® heavy-duty scrub sponge). After scrubbing, the tabletop was dried with paper
towels and the sponge was rinsed in a bucket of clean, warm water (T = 45-55 °C). Next, water
was applied to the tabletop with the sponge to simulate rinsing. Finally, the tabletop was dried
with a second set of paper towels. In experiments 1A-1D, the paper towels were removed from
the chamber upon completion of the cleaning activity. In experiments 1E-1M, paper towels were
deposited in a wastebasket with plastic liner and remained in the chamber for 24 h. The full
application procedure, including scrub, wipe, rinse, and wipe steps was completed in
approximately 2.5 min during experiments 1A-1D and 3.5 min in experiments 1E-1K. The spray
and wipe procedure (experiments 1L-1M) was completed in 2 min.

Materials were weighed before and after each use starting with experiment 1E. The
wetted sponge was wrung to a mass of 56+2 g (u+o) before scrubbing and weighed 50+2 g after
use; a net 63 g of water thus was transferred from the sponge to the cleaning surface during this
step. The paper towels used after scrubbing absorbed 942 g of solution. The rinse sponge
weighed 6116 and 52+3 g before and after use, delivering 9£3 g of solution. The paper towels
used after rinsing absorbed 7£2 g of solution. By the end of experiments in which paper towels
remained in the chamber, those used after scrubbing and rinsing retained 1.9+1.4 and 0.5+£0.3 g,
respectively.

The second protocol was intended to represent general use of dilute cleaning solutions.
The protocol included solution preparation, wet mopping, and dry mopping of floor tiles. The 3.9
m? area of tiles provided a cleaned surface to room volume ratio of ~0.08 m? m™. The solution
was prepared inside the chamber by measuring and dispensing the designated amount of full-
strength cleaner (experiments 1N-1Q) into ~4 L of warm water (T = 45-55°C) in a 10 L plastic
bucket. A 2-layer sponge mop (Quickie Home Pro) measuring 223 x 87 x 25 mm was used to
spread the solution while applying pressure to simulate cleaning. Six mop strokes (back and
forth) were used to apply the solution to each quadrant of the floor. The mop was submerged
then removed and tilted to drain excess solution before mopping each quadrant. The wrung mop
was used to soak up solution in 24 half-strokes; additional wringing occurred after each 4-6
strokes. Finally the mop was wrung and guided over the entire tiled area to complete the dry-
mopping phase. The remaining solution was poured into a second bucket within the chamber to
simulate disposal. The procedure lasted ~7-7.5 min and ended with the removal of all cleaning
materials from the chamber. The net amount of solution used during cleaning was ~90-120 g,
corresponding to ~2-3% of the prepared mopping solution.
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In experiment 1R, the scented oil air freshener was plugged into an extension cord
mounted to one of the table legs. The product container was weighed at elapsed times of 2, 8, 21,
29, 51, and 73 h after use began.

Product application rates

Two surveys were conducted to determine appropriate product application rates. Subjects
were recruited from LBNL staff via e-mail, telephone and personal invitation. In the first survey,
each of 25 subjects was instructed to use a trigger-spray product (GPC-3) to clean a 0.93 m? (10
ft?) section of laminate tabletop. Although the tabletop was clean, subjects were asked to imagine
it to be “moderately dirty,” e.g. after preparing dinner, but having no “caked-on food or stains
that would result from weeks or months without cleaning.” The tabletop was wiped completely
dry between subjects. A single observer provided instruction, recorded the mass of the bottle
before and after use and the number and approximate extent of trigger pulls for each subject. The
second survey measured the application rate of two disinfection products, including GPC-1. Each
of 11 subjects was instructed to use the products to disinfect two identical, clean, laminated
tabletops, each having top dimensions of 61 x 191 cm for a surface area of 1.16 m? (12.5 ft?).
Subjects were provided with an almost full bottle of each product and encouraged to review the
directions. Also provided was a bucket of clean water, a sponge, and paper towels. An observer
weighed the product bottle before and after each use and recorded subject comments. The table
and sponge were rinsed and dried between subjects.

VOC sampling and chemical analysis

Air samples for analysis of volatile organic compounds (VOCs) were collected onto
sorbent tubes (P/N CP-16251, Varian Inc.) packed with Tenax TA and Carbosieve SllI or with
Tenax TA only. Air was drawn directly onto the sorbent tubes, which were fixed horizontally at
least 30 cm from the chamber wall. Background samples were collected before each experiment
at ~100 cm® min™* over 20-40 min. Experimental samples were collected at 1.8-5.5 cm® min™
using peristaltic pumps (Cole-Parmer); flow rates varied by <1% based on measurements
throughout the study. For cleaning product experiments, integrated samples were resolved at
least to the following schedule: 0-10, 10-30, and 30-60 min; and 1-2, 2-4, and 4-24 h from the
start of the experiment. Sampling periods were further subdivided as needed to achieve sample
masses within quantitation ranges. Samples were collected in duplicate, and pairs were analyzed
for at least 1-2 periods of each experiment. For the air-freshener experiment, samples of 2-5 min
duration were collected periodically over three days beginning with the start of use.

Samples were analyzed by thermal desorption gas chromatography with mass selective
detection and quantitation (TD-GC/MS) as described in 83.3.2 and as previously reported
(Singer et al., 2004). Samples were analyzed on the day of collection or stored in a freezer for up
to a few days before analysis. Most analytes were quantified using multipoint calibration curves
developed from pure compounds (Aldrich). Quantitation was referenced to an internal standard
of 1-bromo-4-fluorobenzene. Analytes for which standards could not be obtained were identified
using spectral libraries and quantified by total ion current, based on the instrument response to d-
limonene.

Emission factors

Effective emission factors (i.e., mg of constituent emitted per g of total product used)
were determined for major analytes by material-balance analysis. The key concept is that the
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effective net mass emitted into air is ultimately balanced by the mass removed from the chamber
by means of ventilation. Since the chamber was continuously well mixed, the removal rate is
determined as the time-integral of the product of the background-corrected chamber air
concentration (Hg m™®) times the ventilation rate (m® min™). For the cleaning-product
experiments (LA-1Q), mass emissions were determined using time-averaged concentration data
for a 24-h period beginning with product use. Mass emissions so determined were normalized to
the quantity of product dispensed. Fractional emissions of analytes (i.e., g emitted per g
dispensed) also were computed, utilizing the composition data. For the air freshener experiment
(1R), time-average analyte concentrations were estimated for the three days of product
deployment using linear interpolation between points; these results were used to determine
effective emission rates in units of mg d™*.

Emission factors are termed “effective” as they reflect the net result of emissions and
material interactions including emissions from paper towels, desorption from cleaned surfaces,
and net sorptive uptake to other chamber surfaces such as wallboard.

Data quality and uncertainty

Data quality checks for the primary emissions experiments followed a similar hierarchy
as described for the screening experiments. VOC samples were collected prior to the start of each
experiment to quantify chamber air concentrations of product constituents resulting from residual
desorption of mass that had sorbed during previous experiments. These concentrations were
subtracted from those measured during all periods following introduction of cleaning products.
This assumes that desorption of previously sorbed mass continued at the same level throughout
each experiment. The potential effect of this assumption on the calculated emission factors was
estimated. Samples were collected in duplicate for all sampling periods; both samples were
analyzed from at least one pair, and usually two pairs in each experiment. Duplicates selected for
analysis were drawn from various sampling periods across experiments to evaluate precision
across a range of mass collected and gas-phase concentrations. Two cleaning scenarios were
studied in replication — surface cleaning with GPC-3 (experiments 1F-1H) and surface cleaning
with GPC-4 (experiments 11-1K) — to investigate repeatability associated with experimental
protocols.

3.4.3 Results and discussion
Product composition

Product composition results are summarized in Tables 3.27-3.29. More detailed
composition data are presented in Appendix C, Tables C.3-C.9. (We refer the reader to Table
3.7 for a mapping of the product codes to a complete list of tables in which composition data are
presented.)

Among the six products, four contained 2-BE at mass concentrations of 6-62 mg mL™.
The highest concentration of 2-BE was in GPC-3, which is a “concentrated” product sold in both
trigger spray and screw-top bottles. Anecdotal reports of survey subjects suggest that the product
often is used at full-strength to clean hard surfaces. The glass/surface cleaner contained both 2-
BE and 2-hexyloxyethanol (2-HE, CAS No. 112-25-4, also known as ethylene glycol monohexyl
ether) at concentrations of 6 and 4 mg mL™, respectively. GPC-4, marketed as a degreaser and
cleaner and sold in a trigger spray bottle, contained both 2-BE and d-limonene at levels of 31 and
44 mg mL™?, respectively.
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GPC-1 is a pine-oil based cleaner that contains 11 terpenoids including both terpene
hydrocarbons and alcohols (plus at least two additional VOCs) at mass concentrations exceeding
1 mg mL™ (Table 3.28). Several of these identified constituents are known to react rapidly with
ozone. The reaction between d-limonene and ozone to form secondary pollutants has been well
documented (see §2.5 and Table 2.8). Terpinolene has an ozone reaction rate that is roughly an
order of magnitude higher than that of d-limonene and is present in GPC-1 at a higher mass
fraction. a-Terpinene is present at a much lower mass fraction but reacts with ozone about two
orders of magnitude faster than does d-limonene. a.-Terpineol, which comprises almost 7% of
GPC-1, reacts with ozone at a rate comparable to that of d-limonene.

The air freshener contained six unsaturated and several saturated VOCs at levels above 6
mg mL™ (Table 3.29). Linalool reacts with ozone about twice as fast as does d-limonene (Table
2.8).

Product use rates

Product use rates were determined based on 25 subjects using the spray cleaner and 11
subjects using the disinfectants. In each survey, use rates were reasonably fit by a lognormal
distribution, as illustrated in Appendix C, Figures C.1 and C.2. The calculated geometric means
(GM) and geometric standard deviations (GSD) of the distributions were 6.0 g m? and 1.9 for
the trigger spray cleaner (GPC-3) and 6.7 g m™~and 2.5 for one of the liquid cleaner and
disinfectants (GPC-1). To obtain high but realistic product use rates, we chose levels
corresponding to the measured GM x GSD, yielding application rates of approximately 11 and
17 gm™ (~ 1 and 1.6 g ft'?) for the trigger spray and liquid cleaner/disinfectant, respectively.
Tables C.10 and C.11 in Appendix C provide detailed data for the product use rate experiments.
Tables C.12 and C.13 document the details of product masses applied in the simulated cleaning
experiments.

Exposure concentrations associated with product use

Selected results for chamber air concentrations measured during product use are
presented in Tables 3.29-3.31 and Figures 3.4-3.7. Detailed experimental measurement results
are presented in Appendix C, Tables C.14-C.31. Broadly, the results show that concentrations of
ethylene-based glycol ethers, terpenes and related unsaturated compounds can reach levels as
high as several hundred to several thousand pig m™ under both full-strength and dilute solution
use. As displayed in Table 3.31, six unsaturated compounds were measured at time-averaged
concentrations in the range 7 to 160 pg m™ when the scented-oil air freshener was used.
Background concentrations varied but were below 10 pg m™ for all but a few cases, such as 2-
BE in experiments 1H, 1K, 10-1P (14-20 ug m™); and d-limonene in experiment 1P (33 pg m™).

Representative data portraying time-dependent concentration patterns are shown in
Figures 3.4-3.7. Concentration profiles for 2-BE varied across applications (Figures 3.4-3.5).
Peak concentrations coincided with product use during full-strength counter cleaning with scrub
and rinse (Figure 3.4, top). In contrast, peak concentrations were delayed until the second 30-min
sampling interval during the dilute-solution floor mopping experiments. The retention of towels
in the chamber following counter cleaning led to elevated concentrations during later sampling
periods (2-4 h and 4-24 h, top of Figure 3.4). The higher concentrations during the 4-24 h period
had a substantial impact on effective emission factors (35-100% increase), as can be seen by
comparing experiments 1E-1K with the corresponding experiments 1B-1D (Table 3.30). Figure
3.5 shows that the spray and wipe application (towels retained) resulted in levels of 2-BE that
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exceeded 200 pg m™ and 800 pg m™ for 4 h following the cleaning events in experiments 1L and

1M, respectively.

Figure 3.5 includes idealized concentration profiles, which were computed assuming
instantaneous emission at the start of cleaning (rather than persistent emissions during and
following cleaning) and dynamic behavior of 2-BE corresponding to an inert tracer (e.g., no
sorption). For each “idealized” trace, the mass emitted at time t = 0 is assumed to match the
value calculated for 0-24 h based on the measured concentration profile. The idealized model
corresponds closely to the measured profile for experiment 1A, in which GLC-1 was applied full
strength and towels were removed from the chamber. Idealized plots differ markedly from
profiles measured in experiments 1L and 1M, which included no scrub or rinse steps. The
deviations suggest that extended emission of 2-BE occurred over a period of ~ 2-4 h owing to the
continuing presence of used paper towels in the chamber.

Figure 3.6 shows substantial differences in the temporal concentration profiles of the
terpene hydrocarbons d-limonene and terpinolene as compared with a-terpineol, a terpene
alcohol, with a-terpineol persisting at elevated concentrations 4-24 h after the cleaning event.
The left-hand frames in this figure show that retention of towels in the chamber led to higher
concentrations notably during the 2-4 h sampling period for the terpenes and throughout the
entire experiment for a-terpineol. The lower right-hand frame shows that — as with 2-BE — the
peak a-terpineol concentration was delayed until the second 30-min period in the floor-mopping
experiment.

The panels on the right side of Figure 3.6 compare measured and idealized profiles for
mopping with a dilute solution of GPC-1. The overall behavior of d-limonene and terpinolene is
reasonably well predicted by the idealized model, whereas a-terpineol deviates markedly. These
observations are consistent with the expectation that, compared with terpene hydrocarbons,
terpene alcohols will preferentially remain in aqueous solution or associate with surface-bound
water, leading to delayed release.

Sorption of gas-phase analytes to chamber surfaces may also contribute to the persistence
of elevated concentrations and to differences between measured and idealized profiles. An initial
sorptive uptake rate constant of 0.32 h™ has been reported for d-limonene in the experimental
chamber when furnished (Singer et al., 2004), and values of 1.5+0.5 h™* (2-BE) and 2.7+1.0 h™
(2-HE) have been determined for glycol ethers in residential bedrooms and bathrooms (Singer et
al., 2005). Unpublished experiments indicate that initial adsorption in the chamber in its
unfurnished state as used for this study occurs at roughly one-third to one-half of the rate
reported for glycol ethers in residential rooms. Thus, sorption was likely competitive with air
exchange in the experiments reported herein, and, if so, would have affected the time-dependent
concentration profiles.

Concentrations of air-freshener constituents varied over the 3-day experiment as shown
in Figure 3.7. For d-limonene, dihydromyrcenol, and linalool, the temporal variability in
concentrations correlates reasonably well with the measured changes in overall product
volatilization rate. On the other hand, linalyl acetate and especially B-citronellol concentrations
increased with time during the first half of the experiment, even though the overall product
volatilization rate was declining. This divergence may result from varying volatilization and/or
sorption behavior among the constituents.

Owing to the selection of appropriately scaled ratios of cleaned surface to air volume,
along with realistic air-exchange and product usage rates, the absolute concentrations observed
in the chamber experiments are expected to be relevant to those that would occur in residences,
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with the caveat that sorption is likely to play a more significant role in real indoor environments.
To illustrate, consider a residence with a floor area of 170 m? (1830 ft?) and volume of 375 m®,
typical of US single-family dwellings (Nazaroff and Singer, 2004). In this residence, cleaning of
30 m? of floor or 3.8 m? of hard surfaces — consistent with comprehensive cleaning of kitchen or
bathroom surfaces and floors — would achieve the same cleaned surface area to volume ratio as
in the present experiments.

The potential for exposures at a level that would raise health concerns also can be
evaluated through modeling of cleaning scenarios. Emission factors presented in Tables 3.30-
3.31 can be combined with information on product application rate (g m™ of cleaned surface),
cleaning surface area, mixing volume (i.e., of the room or residence in which the product is
used), air-exchange rate, sorption rates and occupancy patterns to estimate inhalation exposure.
For example, consider comprehensive cleaning in a 100-m? efficiency apartment ventilated at 0.5
h. Assume that GPC-2 is used to clean 4 m? of hard surfaces and that GPC-3 is used to mop 8
m? of exposed flooring in the kitchen and bath areas. For the purposes of this example, assume
initially that sorption of glycol ethers occurs at the same rate as in the experimental room. If the
products are applied at the same rate as used in our study, peak 1-h 2-BE concentrations would
be ~7 mg m™; if products are applied at twice that rate, 1-h concentrations would reach
California’s acute REL for 2-BE. Use of products such as these in a closed bathroom, e.g. with a
cleaning surface-to-volume ratio that could be an order of magnitude higher than those used in
our study, likewise could lead to peak 1-h concentrations near or above the acute REL.
Accounting for glycol ether adsorption at rates observed in real residential rooms (Singer et al.,
2005) would reduce the estimated 1-h peak concentrations. Nevertheless, these calculations
suggest that a more detailed investigation of 2-BE exposure owing to cleaning product use is
warranted.

Emissions associated with product use

Emission rates and emission factors associated with product use are presented in Tables
3.29-3.31. These emission factors reflect the mass of each analyte measured in air and thus are
relevant for estimating inhalation exposure over a 24-h period for the use of cleaning products
and for the initial days of plug-in air freshener use. Emission rates (mg d™) for individual
unsaturated compounds associated with use of AFR-1 are provided in Table 3.29. For the
cleaning products, emission factors are presented in Tables 3.30 and 3.31 as mass ratios (mg
VOC emitted per g product used); these can be multiplied by product application rate (g m*) and
surface area cleaned (m?) to estimate VOC emissions for a cleaning activity.

Figure 3.8 displays fractional emissions of d-limonene and 2-BE associated with various
cleaning products and protocols. The emitted fraction varies strongly with application protocol:
emission rates were highest for full-strength counter cleaning with towels retained and lowest for
mopping with a dilute solution. Full-strength product use that entailed scrubbing and rinsing with
a wetted sponge followed by wiping with paper towels produced fractional emissions in the
range ~50-70% when towels were retained in the chamber (experiments 1E-1K) and ~25-50%
when towels were removed. The difference between these two groups of experiments is
consistent with the expectation that some of the volatile constituents were retained in the water
used during scrub and rinse procedures, and some was bound in the paper towels used in clean-
up. In experiments 1L and 1M, computed fractional emissions of 2-BE were very high,
exceeding 100% based on the mean composition values. Note that there is significant uncertainty
in the 2-BE composition of individual cleaning products (see Table 3.27).
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The low fractional emissions associated with mopping (2% for 2-BE and 7-11% for
d-limonene) are not unexpected, since most of the cleaning solution remained in the bucket and
was removed from the chamber at the conclusion of cleaning. About 8-10% of the solution was
applied to the floor during the wet mop stage and about 2-3% remained in the chamber after dry
mopping. These data suggest that during the wet mop stage, when excess cleaning solution was
applied to the floor, a substantial fraction of the d-limonene in that solution volatilized before the
solution was collected during the dry mop stage. In contrast, the ~2% fractional emissions of 2-
BE are consistent with the net amount of solution dispensed, suggesting little volatilization from
the excess solution applied during the wet mop stage.

Fractional emissions of terpenes and terpene alcohols from GPC-1 are presented in
Figure 3.9. Consistent with results for other products, the emitted fraction of dispensed product
was highest for full-strength product use with towel retention, lower for full-strength use with
towel removal, and lowest for the dilute floor-mopping application. In addition to this
dependence on application method, a dichotomy is apparent between the terpene hydrocarbons
and terpene alcohols. In the floor-mopping scenario, fractional emissions of terpene alcohols
were in the range of 2-5% whereas terpene emissions were in the range of 7-12%. The
discrepancy was even larger for full-strength counter cleaning: 2-9% for the alcohols versus 20-
50% for the terpenes with towel removal, and 7-30% for the alcohols versus 35-70% for the
terpenes with paper towels retained. Factors likely influencing these results include slower
volatilization of the alcohols during initial application and greater partitioning of alcohols into
the water during scrub and rinse procedures.

Experimental uncertainty, variability, and bias

Several sources of uncertainty, variability and bias associated with the experimental
results were assessed. Uncertainty associated with the quantitation of individual VOC
concentrations during a sampling interval was evaluated by analysis of results from duplicate
samples, including n = 28 pairs for 2-BE, n =5 for 2-HE, n = 15 for d-limonene, n = 7 for
terpenes and terpene alcohols in GPC-1 and n = 2 for unsaturated compounds specific to AFR-1.
Mean relative deviations were generally less than 5-8%, excepting a-terpinene (22%),
terpinolene (16%), y-terpineol (17%), and a-phellandrene (13%). Imprecision in the amount of
product used was £0.1 g. Replicate counter-cleaning experiments with GPC-3 (1F-1H, Table
3.30) and GPC-4 (11-1K, Table 3.30) informs variability associated with implementation of
experimental protocols, and indicates good precision. Variability in the product composition
measurements is presented in Tables 3.29. Variability in air-exchange rate during the course of
an experiment was determined to be <5% based on successive tracer-decay measurements. The
effect of sorption and desorption processes represents another source of uncertainty and potential
bias. Some emitted product constituents, including glycol ethers and terpene alcohols, likely
sorbed during experiments. Any product constituent that remained sorbed to chamber material
surfaces at the end of the 24 h experiment is not included in the calculated emission factors.
Uncertainty in calculated emission factors associated with longer-term desorption was estimated
to be ~2% for experiments 1L and 1P and much less for other experiments.

3.5. Study Implications of Evolving California Consumer Product Regulations
Volatile organic compounds contribute to photochemical smog in ambient air. A large

proportion of California, including its most populous air basins, is classified as “nonattainment”

with regard to ambient ozone. A consequence of this classification is the need to develop state
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implementation plans to reduce the emissions of reactive precursors, including VOCs, so as to
make progress toward the regulatory standard. As one of many measures developed for this
purpose, California has adopted regulations that limit photochemically reactive VOC content of
consumer products, including cleaning products. The cleaning products characterized in this
project come under the “consumer products regulation,” which was first adopted in 1990 and has
been amended several times since. All of the products tested here, except disinfectants and
multipurpose solvents, are subject to the VOC content limits, as shown in Table 3.32.
Subsequent to the selection of products for this project, more stringent VOC limits became
effective for several of the product types, including non-aerosol general purpose cleaners,
general purpose degreasers, and furniture maintenance products. We do not know whether the
products currently sold have the same composition as the products tested.

3.6. Conclusions

Common cleaning products marketed to consumers may contain terpenes, terpene
alcohols, or ethylene-baseed glycol ethers at low percent levels. Application of the products at
rates relevant to a comprehensive residential cleaning event can lead to 1-h peak concentrations
on the order of tenths to several mg m™. When the products are used in full-strength, hard-
surface cleaning applications, substantial percentages of the dispensed active ingredients are
volatilized. The amount volatilized depends on the application protocol, allowing opportunities
for exposure mitigation. For example, a substantial fraction of the volatile ingredients may be
temporarily captured in towels used to wipe the product from a surface; prompt removal of used
cleaning materials thus may reduce exposure. When applied in dilute solution, e.g. as occurs in
floor mopping, larger quantities of product are dispensed, but lower fractions of the active
ingredients are volatilized. The fraction volatilized during dilute application varies by chemical
class; terpenes such as d-limonene volatilize from solution more readily than the hydrophilic
glycol ethers and terpene alcohols. In many experiments, the temporal profile of measured
concentrations deviated from the idealized pattern that would be expected if the active
ingredients were volatilized instantaneously when the product was used and were removed only
by air exchange. The deviations result from delayed emissions, for example owing to preferential
partitioning of polar constituents in liquid water, and potentially to sorption phenomena. These
processes reduce peak concentrations but lead to elevated levels in air for several hours or more
after a cleaning event.

The work described in this section contributes to efforts to better understand human
exposures to primary and secondary pollutants associated with cleaning product use. Results
provide information that is directly relevant to emissions and resulting gas-phase concentrations
of ethylene-based glycol ethers (primary pollutants) and terpenoids that react with ozone to form
secondary pollutants. Simplified modeling of cleaning scenarios using the emission factors
determined in this study indicates that peak 1-h exposure concentrations for 2-butoxyethanol
might approach or potentially exceed California’s acute reference exposure level of 14 mg m= in
some situations. d-Limonene and other ozone-reactive terpenoids present in cleaning products
can reach mg m™ levels in air and persist at levels of tens to hundreds of pg m™ for many hours
after cleaning. Air fresheners can produce steady-state levels of tens to hundreds of pg m™ of
ozone-reactive terpenoids. Use of cleaning products and air fresheners in the presence of
elevated indoor ozone is of concern because of the formation of secondary air pollutants that
pose health risks.

Table 3.33 provides a concise summary of the specific findings reported in §3.
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Table 3.1. Number of retail outlets in California’s 15 largest cities for ten major corporations selling consumer products.

Number of Retail Outlets

» T -
S 15, § ] 8| £ 2] 8| 8| ¢ =

S | §5| = 5 £ S 5 Z S | 88| %

City a n > < - n = (o O I <T O
Los Angeles 3,800,000 26 15 6 14 1 4 1 8 7 3
San Diego 1,260,000 42 21 10 6 4 6 4 9 11 1
San Jose 900,000 20 19 15 3 1 5 2 5 2 7
San Francisco 760,000 15 4 0 4 0 0 1 0 11 1
Long Beach 470,000 4 10 0 3 2 5 1 3 5 2
Fresno 450,000 6 4 8 3 3 3 2 3 2 2
Sacramento 440,000 6 11 10 5 5 3 2 5 3 2
Oakland 400,000 6 7 9 2 0 0 1 2 5 0
Santa Ana 340,000 2 5 1 3 1 1 1 2 1 1
Anaheim 330,000 2 3 0 1 1 2 0 3 1 0
Riverside 270,000 1 4 1 2 2 3 0 1 4 0
Bakersfield 260,000 8 7 5 3 2 2 2 3 2 1
Stockton 260,000 1 0 3 1 1 1 1 2 3 1
Fremont 210,000 4 6 3 1 0 1 1 1 2 1
Modesto 200,000 2 0 4 2 1 2 1 1 1 1
Total No. Outlets 145 116 75 53 24 38 20 48 60 23
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Table 3.2. Locations of five surveyed retail stores

Store Name

Parent Company

Address

Safeway

Safeway Inc.

Shattuck Place, Berkeley, CA 94709

Longs Drugs

Longs Drug Stores Corp.

Shattuck Avenue, Berkeley, CA 94709

Smart&Final Smart & Final, Inc. Broadway, Oakland, CA 94607
Wal-Mart Wal-Mart Davis Street, San Leandro, CA 94577
Home Depot Home Depot, Inc. Hollis Avenue, Emeryville, CA 94608

Table 3.3. ARB consumer product categories surveyed

ARB Consumer Product Assigned Appendix
Category Category Code Table ?
Disinfectant DIS Al
General purpose degreaser GPD A2
Multi-purpose solvent MPS A2
General purpose cleaner GPC A.3
Glass cleaner GLC A4
Dusting aid DST A5
Furniture maintenance product FMP A5
Wood Cleaner WDC A5
Carpet & upholstery cleaner CucC A.6
Spot remover SRM A.6
Floor polish or wax FPW A7
Floor wax stripper FWS A7
Bathroom & tile cleaner BTC A8
Metal polish/Cleanser MTL A.8
Oven cleaner OVN A.8
Air freshener ° AFR A9

 Appendix A table containing shelf survey results for category
® Includes dual purpose air freshener/disinfectants
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Table 3.4. Number of consumer products and represented manufacturers by category at each

store surveyed.

Number of Products

& 0
[ =
- >
2 B = —
g5 &8 5| E 5
52| 59 2 iz £ &
ST| 28 9 Q < = a
G 2 c © = £
S o o O © o £ = o
Product Category Z - % ~ % L
Disinfectants 5 21 3 4 13 7 3
General purpose degreasers, 9 16 0 11 2
Multi-purpose solvents
General purpose cleaners 16 72 23 15 32 26 15
Glass cleaners 7 21 6 6 11 9 5
Dusting aids, Furniture 7 26 15 3 9 13 5
maintenance products,
Wood cleaners
Carpet & upholstery cleaners, 9 24 10 4 12 6 4
Spot removers
Floor polishes/waxes, Floor 3 8 6 6 11 9 5
wax strippers
Bathroom & tile cleaners, 6 14 2 2 12 4 2
Metal polish/cleaners, Oven
cleaners
Air fresheners 13 89 41 12 13 55 3
Total No. Products 291 101 46 120 127 39
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Table 3.5. Number of consumer products by category for 18 manufacturers with three or more products in shelf survey

Number of Products ?

+

n a S Q) 1

S = 5| Z |5

+ + O + + +

o | 2| & | 9 Bs| 8| 3 |8 &
Manufacturer Total - O O O 0+ O LL m O <
Acuity Specialty Prod. 22 11 3 2 3 3
Grp.

Big D Industries, Inc. 5 5
Carroll Company 7 4 1 2
Church & Dwight Co, 4 4
Inc.
Colgate-Palmolive Co. 7 7 6 1
Dial Corp. 7 7
JohnsonDiversey 4 4
North American Qil Co. 4 1 3
Orange Glo International 7 3 2 2
Procter & Gamble 5 5
Reckitt Benckiser 63 11 1 14 3 8 3 5 18
Sara Lee Corp. 3 3
SC Johnson 68 5 12 12 39
Scott’s Liquid Gold, Inc. 5 2 3
Smart & Final, Inc. 21 4 2 3 1 4 4 3
Sunshine Makers, Inc. 3 3
The Clorox Company 23 4 2 12 2 3
White Cap, Inc. 4 4

Product category codes are defined in Table 3.3
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Table 3.6. Summary information for 50 products selected from shelf survey as potential candidates

for further study
Category | No. of No. of No. with No. with

Product Category Code Products | Manufact. MSDS | Label Info.
Disinfectant DIS 6 2 2 —
General purpose degreaser GPD 3 2 2
General purpose cleaner GPC 19 10 10 4
Glass cleaner GLC 4 2 3 —
Wood Cleaner WDC 5 4 1 —
Carpet & upholstery CcucC 2 2 1 —
cleaner
Air freshener AFR 11 4 *

*All air fresheners assumed to contain compounds of interest
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Table 3.7. Consumer products investigated in experiments performed during this research. ®

Product | Consumer Product Product Composition Data P¢ | S°
Code Category Form Tables "
DIS-1 Disinfectant Trigger spray | 3.13, 3.20, B.3
GPD-1 | General purpose Aerosol 3.11, 3.16,3.18,B.1 v
degreaser spray
GPC-1 | General purpose cleaner | Liquid 3.9,3.12, 3.16, 3.19, v | v
3.27,3.28,B.2,C.7,C.8
GPC-2 | General purpose cleaner | Trigger spray | 3.13, 3.18, 3.27, B.3, v
CA4
GPC-3 | General purpose cleaner | Trigger spray | 3.13, 3.20, 3.27, B.4, v
C5
GPC-4 | General purpose cleaner | Trigger 3.11, 3.13, 3.16, 3.18, v
Spray 3.19,3.27,B.1,B.4,C.6
GPC-5 | General purpose cleaner | Trigger spray | 3.14, B.6
GPC-6 | General purpose cleaner | Liquid 3.12,3.16, B.2
GPC-7 | General purpose cleaner | Liquid 3.12,3.16, B.2
GLC-1 | Glass cleaner Trigger spray | 3.10, 3.13, 3.18, 3.20, v
3.27,B.5,C.3
WDC-1 | Wood cleaner Liquid 3.14,B.6
FMP-1 | Furniture maintenance Trigger spray | 3.11, 3.16, 3.18,B.1
product
FMP-2 | Furniture maintenance Liquid 3.14,B.6
product
FMP-3 | Furniture maintenance Aerosol 3.14,3.16, B.6
product spray
FMP-4 | Furniture maintenance Aerosol 3.14,3.16, B.6
product spray
SRM-1 | Spot remover Aerosol 3.13,3.18,B4
spray
MPS-1 | Multi-purpose solvent Liquid 3.11,3.16,B.1
AFR-1 | Air freshener Oily liquid, | 3.15, 3.16, 3.29, B.7, v | v
Plug in C.9
AFR-2 | Air freshener Oily liquid, 3.15, 3.16, B.7
Plug in
AFR-3 | Air freshener Gel, Plugin | 3.15, 3.16, B.7
AFR-4 | Air freshener Aerosol 3.15,B.7
spray

Products are identified by code numbers

® Tables presenting results for mass fractions of target VOCs contained in product.

¢ “v” indicates that experiments were conducted to determine concentrations and emissions for
primary constituents (P; see 83.4) or for secondary pollutants (S; see 84) involving reactions
with ozone.
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Table 3.8. Target compounds.

Reaction w/ O3
Target Compounds by Class | CASNo. |RT (min)| FwW?" k (ppb™ s
Terpene Hydrocarbons

a-Pinene 80-56-8 22.4 1362 |2.1%x10°(@)°

Camphene 79-92-5 23.3 136.2 | 2.2x10% (b)

B-Pinene 127-91-3 24.5 136.2 3.7x107 (a)

B-Myrcene ** 123-35-3 | 25.0 136.2 | 1.2x10” (a)

3-Carene 13466-78-9| 25.6 136.2 9.3x 10" @)

a-Phellandrene® 99-83-2 25.7 136.2 7.4 %107 (c)

a-Terpinene 99-86-5 26.1 136.2 5.2 x 10 (c)

d-Limonene 5989-27-5 26.4 136.2 5.2 x10° @)

y-Terpinene 99-85-4 27.5 136.2 3.4 x10° (a)

Terpinolene 586-62-9 28.5 136.2 4.7 x 107 (c)

Unsaturated Oxygenated Compounds

Dihydromyrcenol %* 18479-58-8| 30.1 156.3

Linalool 78-70-6 31.0 1542 | 1.1x10”(d)

1-Terpineol ¢ 586-82-3 32.3 154.2

B-Terpineol ° 138-87-4 33.2 154.2

A-Terpineol ° 562-74-3 33.6 154.2

Terpineol isomer ° 34.0 154.2

a-Terpineol 98-55-5 34.6 154.2 7.4x10° (e)

y-Terpineol %¢ 586-81-2 34.7 154.2

Linalyl acetate * 115-95-7 35.0 196.3

B-Citronellol 1117-61-9 35.6 156.3

cis-Citral *° 106-26-3 36.6 152.2

trans-Citral ®° 141-27-5 375 152.2

Ethylene-Based Glycol Ethers
2-Butoxyethanol 111-76-2 24.5 118.2
2-Hexyloxyethanol 112-25-4 31.6 146.2
Other compounds
Xylenes (0-, m-, & p-isomers) | 1330-20-7 | 21.3-22.4 | 106.2

 Terpene hydrocarbons, unsaturated oxygenated compounds and ethylene-based
glycol ethers present in the vapor phase of consumer products analyzed by bag
method. Compounds are ordered by increasing chromatographic retention time
(RT) within each chemical class. Reported 2" order rate constants for reactions of
selected compounds with ozone are shown. See notes regarding identification and
guantitation of compounds.

® Formula weight (= molecular mass), in units of g/mol.

‘ References: (a) = Atkinson, et al. (1990b); (b) = Atkinson, et al., (1990a); (c) = Shu
and Atkinson (1994); (d) = Atkinson, et al. (1995); (e) = Wells (2005).

4 1dentification based on match to electronic library; quantified using d-limonene
total-ion-current response factor.

¢ Identification subsequently confirmed by analysis of pure compound.
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Table 3.9. Mass fractions of ozone-reactive VOCs in three containers (A, B and C) of general
purpose cleaner GPC-1 determined by bag method.

Mass Fraction of Compound in Product (%)

Compound Al A2 B C1 (o7 Hto®

a-Pinene 0.18 0.17 0.33 0.19 0.23 0.24 £0.08
Camphene 0.10 0.10 0.12 0.09 0.11 0.11+£0.01
B-Pinene 0.03 0.03 0.07 0.06 0.05 £ 0.02
a-Phellandrene © 0.04 0.03 0.03 0.04 0.03 0.03 £ 0.00
a-Terpinene 0.17 0.16 0.12 0.15 0.10 0.14 £ 0.02
d-Limonene 1.14 1.12 1.07 1.10 1.06 1.09 + 0.03
v-Terpinene 0.14 0.14 0.12 0.17 0.14 0.14 £0.02
Terpinolene 1.66 1.62 1.73 1.89 1.24 1.65 + 0.08
1-Terpineol © 0.42 0.36 0.36 0.42 0.45 0.40 £ 0.04
B-Terpineol 0.17 0.15 0.15 0.15 0.18 0.16 £0.01
4-Terpineol © 0.08 0.08 0.07 0.10 0.09 0.08 £ 0.01
Terpineol isomer ° 0.06 0.09 0.05 0.05 0.06 0.06 £0.01
a-Terpineol 2.8 3.4 2.8 3.2 2.8 3.0+0.13
y-Terpineol © 0.45 0.56 0.43 0.50 0.42 0.47 £ 0.04

4 Containers A and C were analyzed in duplicate
® Average and standard deviation for three containers
¢ Quantified using d-limonene total-ion-current response factor

Table 3.10. Mass fractions of ethylene-based glycol ethers in three containers (A, B and C) of
glass cleaner GLC-1 determined by bag method. ?

Mass Fraction of Compound in Product (%)

Compound Al | A2 B1 B2 C1 C2 Hto’
2-Butoxyethanol 0.60 | 060 | 056 | 057 | 061 0.61 0.59 + 0.02
2-Hexyloxyethanol | 0.19 | 024 | 025 | 025 | 0.27 0.25 0.24 +0.02

& All containers were analyzed in duplicate
® Average and standard deviation for three containers
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Table 3.11. Mass fractions of ozone-reactive VOCs and ethylene-based glycol ethers determined
by bag method analysis of four cleaning products with >3% d-limonene.

Mass Fraction of Compound in
Product (%o)

Compound GPD-1 | GPC-4? | FMP-1 | MPS-1
a-Pinene 0.20° 0.03 0.05 0.11
[-Pinene 0.02 0.03 0.08
B-Myrcene ° 0.43° 0.07 0.10 0.22
d-Limonene 25 3.9 5.4 10.2
2-Butoxyethanol 1.7

#Values are averages for three bags

® Relative deviation >50%; compounds were present only in sample with
five-fold higher injection volume

¢ Quantified using d-limonene total-ion-current response factor
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Table 3.12. Mass fractions of ozone-reactive VOCs determined by bag method analysis of three
cleaning products with pine oil constituents. ®

Mass Fraction of Compound in Product (%)

GPC-1 | GPC-1 | GPC-1
Compound A B® C GPC-6 | GPC-7
a-Pinene 0.18 0.33 0.21 0.05 0.10
Camphene 0.10 0.12 0.10 0.01 0.03
B-Pinene 0.03 0.07 0.06 ¢ 0.01 0.02
a-Phellandrene 0.04 0.03 0.04 0.01
a-Terpinene 0.17 0.12 0.13 0.01 0.08
d-Limonene 1.13 1.07 1.06 0.22 0.38
y-Terpinene 0.14 0.12 0.16 0.01 0.06
Terpinolene 1.64 1.73 1.57 0.04 0.42
1-Terpineol 0.39 0.36 0.44 0.01 0.13
B-Terpineol 0.16 0.15 0.17 0.07
A-Terpineol ® 0.08 0.07 0.10 0.13
Terpineol isomer ° 0.08 0.05 0.06 0.09
a-Terpineol 3.1 2.8 3.0 0.01 0.69
y-Terpineol 0.51 0.43 0.46 0.10

Results for three individual containers are shown for GPC-1

® Analysis of single bag

‘Relative deviation >50%

¢ Quantified using d-limonene total-ion-current response factor
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Table 3.13. Mass fractions of ozone-reactive VOCs and ethylene-based glycol ethers determined by bag method analysis of six
cleaning products with >0.5% 2-butoxyethanol.

Mass Fraction of Compound in Product (%)
GLC-1 | GLC-1 | GLC-1

Compound DIS-1 GPC-2 | GPC-3 | GPC-4" A B C SRM-1
o-Pinene 0.03
[-Pinene 0.02
B-Myrcene © 0.07
d-Limonene 3.9
2-Butoxyethanol 4.7° 2.6 4.2 1.7 0.60 0.57 0.61 9.6°
2-Hexyloxyethanol 0.22 0.25 0.26

Results for three individual containers are shown for GLC-1
®Values are averages for three bags

¢ Quantified using d-limonene total-ion-current response factor
Y Relative deviation >50%
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Table 3.14. Mass fractions of ozone-reactive VOCs and xylenes determined by bag method
analysis of five cleaning products with <0.2% of individual target compounds.

Mass Fraction of Compound in Product (%)
Compound GPC-5 | WDC-1 | FMP-2 | FMP-3 | FMP-4
a-Pinene 0.01 0.01°
[-Pinene 0.04
B-Myrcene 0.03
d-Limonene 0.01° 0.19 0.14
y-Terpinene 0.01 0.01
Dihydromyrcenol 0.01
cis-Citral ® 0.01 0.01
trans-Citral ® 0.02 0.02
Xylenes 0.07

# Quantified using d-limonene total-ion-current response factor
® Relative deviation >50%
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Table 3.15. Mass fractions of ozone-reactive VOCs determined by bag method analysis of four
air-freshener products.?

Mass Fraction of Compound in Product (%)
Compound AFR-1 AFR-2 AFR-3 AFR-4
a-Pinene 0.12
Camphene 0.04°
[-Pinene 0.12 0.14
B-Myrcene © 0.10° 0.08
3-Carene 0.03"
a-Terpinene
d-Limonene 1.26 1.18 0.94° 0.02
y-Terpinene 0.12
Terpinolene 0.03
Dihydromyrcenol 5.0 35°
Linalool 4.0 8.8 4.8" 0.01
B-Terpineol © 0.09
a-Terpineol 0.34
y-Terpineol ° 0.12
Linalyl acetate ° 2.3 2.9
B-Citronellol 0.65
cis-Citral © 0.01
trans-Citral © 0.01

#Three products had > 4% linalool
® Relative deviation > 50%
¢ Quantified using d-limonene total-ion-current response factor
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Table 3.16. Mass fractions of d-limonene and total ozone-reactive VOCs determined by bag
method analysis of consumer products

Mass Fraction of Compound in Product (%)
Consumer Products by Category d-Limonene \ Ozone-reactive VOCs *

General Purpose Degreaser
GPD-1 25 26

General Purpose Cleaners
GPC-1 1.09 7.6
GPC-4 3.8 3.9
GPC-6 0.22 0.37
GPC-7 0.38 2.3

Furniture Maintenance Products
FMP-1 5.4 5.6
FMP-3 0.19 0.28
FMP-4 0.14 0.22
Multi-Purpose Solvent
MPS-1 10.2 10.6
Air Fresheners

AFR-1 1.26 13.5
AFR-2 1.18 14.0
AFR-3 0.94 9.2

®Includes all terpene hydrocarbons and unsaturated oxygenated compounds

listed in Table 3.8
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Table 3.17. Additional abundant compounds detected by bag method analysis of consumer

products

Consumer Product/

Consumer Product/

Consumer Product/

Compound Compound Compound
GPC-1 FMP-3
2-Propanol C;-Cg Branched alkane AFR-2
HCs " Eucalyptol
Octamethylcyclotetrasiloxane Di(propylene glycol) butyl
GPC-4 Unident. siloxane compound ethers

Di(propylene glycol) butyl
ethers

GPC-5
Di(propylene glycol) butyl
ethers

FMP-4
Cg Branched alkane HCs ®
Octamethylcyclotetrasiloxane
Unident. siloxane cmpds (2)

Camphor

Isobornyl acetate

Tri(propylene glycol)
methyl ethers

GPC-7
2-Propanol

GLC-1
2-Propanol

FMP-1
C13-C15 Branched alkane
HCs®

MPS-1
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
C11-Cy3 Cyclic & aliphatic
HCs"®

AFR-3

Acetic acid, isononyl

ester °

Benzyl acetate

4-cis-Butylcyclohexyl
acetate

4-tert-Butylcyclohexyl
acetate

FMP-2
Cs-Cy Cyclic & aliphatic
HCs®
Benzaldehyde

AFR-1
Acetic acid, isononyl ester ”
Isobornyl acetate
a,a-Dimethylbenzene
ethanol acetate
Unident. compound

AFR-4
Butylated hydroxytoluene
Unident.compound

#HCs = hydrocarbons

® |dentification based on match to electronic library
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Table 3.18. Comparison of product mass fraction formulations of d-limonene and

2-butoxyethanol as reported by manufacturers in Material Safety Data Sheets with mass

fractions determined by bag method analysis of six cleaning products

d-Limonene (%)

2-Butoxyethanol (%)

Cleaning Product MSDS Analysis MSDS Analysis
GPD-1 20 ° 25
GPC-2 0.5-5 2.6
GPC-4 <5 3.8 <5 1.68
GLC-1 0.5-15 0.59
FMP-1 <10° 5.4
SRM-1 NL° 0.07 <25 9.6

% Listed as orange oil in MSDS; orange oil contains ~ 90% d-limonene

P NL = Not listed
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Table 3.19. Comparison of mass fractions of ozone-reactive VOCs and ethylene-based glycol
ethers in general-purpose cleaners GPC-1 and GPC-4 determined by direct analysis of
products diluted in methanol and by bag method analysis of vapor-phase

Mass Fraction of Compound in
Product (%o)
GPC-1 GPC-4
Target Compounds by Class | Sol. Dil. |[Bag Mth.| Sol. Dil. |Bag Mth.

Terpene Hydrocarbons
o-Pinene 0.2 0.24 +8 0.03
Camphene 0.1 0.11
[-Pinene 0.05 0.2 0.02
B-Myrcene " 0.07
3-Carene 0.03
a-Terpinene 0.2 0.14
d-Limonene 1.3 1.09 4.0 3.8
y-Terpinene 0.2 0.14
Terpinolene 1.9 1.65

Terpene Alcohols
1-Terpineol ° 0.9 0.40
B-Terpineol ° 0.5 0.16
A-Terpineol ° 0.4 0.08
Terpineol isomer " 0.2 0.06
a-Terpineol 5.6 3.0
y-Terpineol ° 1.1 0.47
Ethylene-based Glycol Ether

2-Butoxyethanol 2.4 1.68

%+ = present but not quantified
® Quantified using d-limonene total-ion-current response factor
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Table 3.20. Comparison of mass fractions of ethylene-based glycol ethers in cleaning products

DI1S-1, GPC-3, and GLC-1 determined by direct analysis of products diluted in methanol
and by bag method analysis of vapor-phase

Mass Fraction of Compound in Product (%)

Ethylene-based DIS-1 GPC-3 GLC-1

Glycol Ethers Sol. Dil. | Bag Mth. | Sol. Dil. | Bag Mth. | Sol. Dil. | Bag Mth.
2-Butoxyethanol 5.6 4.7 4.3 4.2 0.7 0.59+0.02
2-Hexyloxyethanol 0.4 0.24+0.02
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Table 3.21. Applications considered for a disinfectant and other cleaning products. ?

Cleaning Product

Product Applications During House Cleaning

Disinfectant

DIS-1

Basins, toilets, tubs, showers, sink, kitchen appliances,
hood, resilient & tile floors (commercial product)

General Purpose Degreaser

GPD-1 | Kitchen appliances, oven & range hood
General Purpose Cleaners

GPC-1 Basins, toilets, tubs, showers, sink, kitchen appliances,
counters, resilient & tile floors

GPC-2 Basins, toilets, tubs, showers, sink, kitchen appliances,
counters

GPC-3 Basins, toilets, tubs, showers, sink, kit. appliances, oven
& range hood, counters, cabinets, resilient & tile floors

GPC-4 Basins, toilets, tubs, showers, sink, kit. appliances, oven
& range hood, counters, cabinets, resilient & tile floors

GPC-5 Kitchen appliances, sink, kitchen counters

GPC-6 Basins, toilets, tubs, showers, sink, kitchen appliances,
counters, resilient & tile floors

GPC-7 Basins, toilets, tubs, showers, sink, kitchen appliances,

counters, resilient & tile floors

Glass Cleaner

GLC-1

Windows & mirrors, tubs, showers, kitchen appliances,
counters

Wood Cleaner

WDC-1 \ Wood floors, cabinets & paneling
Furniture Maintenance Products

FMP-1 Cabinets & paneling, wood furniture

FMP-2 Cabinets & paneling, wood furniture

FMP-3 Cabinets & paneling, wood furniture

FMP-4 Cabinets & paneling, wood furniture
Spot Remover

SRM-1 \ Carpet & upholstery (stain removal, occasional use)
Multi-Purpose Solvent

MPS-1 Resilient floor wax removal (infrequent use)

 All applications are assumed to occur during routine house cleaning unless indicated.
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Table 3.22. Dilution factors interpreted from information on manufacturers’ product labels for

various cleaning applications of a disinfectant and five general-purpose cleaners.

Manufacturer Recommended Dilution Factors

Cleaning Task DIS-1% | GPC-1 | GPC-3% | GPC-4? | GPC-6 | GPC-7

Kitchen FSP 1/64 1/10 1/2 1/64 1/32
appliances

Oven & range FS FS FS 1/2 FS FS
hood

Kitchen sink FS 1/64 1/10 1/2 1/64 1/32

Kitchen counters FS 1/64 1/10 1/2 1/64 1/32

Bathroom basins FS FS 1/10 1/2 FS FS
& toilets

Bathroom tubs & FS 1/64 1/10 1/2 1/64 1/32
showers

Bathroom FS 1/64 1/10 1/2 1/64 1/32
counters

Cabinets & 1/30 1/20
paneling

Floors, non-wood 1/16 1/64 1/30 1/20 1/64 1/32

% Packaged in trigger spray bottle
®FS = Full strength use
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Table 3.23. Cleaning tasks and cleaning surface areas estimated to be typical for a 140-m?, three-
bedroom, two-bath house

Cleaning Task Surface Area (m?)
Kitchen appliances 2.5
Oven & range hood 1.3
Kitchen sink 0.6
Kitchen counters 5
Bathroom basins & toilets 1
Bathroom tubs & showers 10
Bathroom counters 3.4
Cabinets & paneling 9
Windows & mirrors 17
Carpet & upholstery 20°
Hard floors (not wood) 8"
Wood furniture 20

Total carpeted floor area is approximately 105 m?
® Total non-carpeted floor area is approximately 35 m?
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Table 3.24. Estimated consumer product use rates (g/use) and potential emissions (g/use) of

ozone-reactive VOCs and ethylene-based glycol ethers for cleaning products and plug-in

air fresheners. 2

Potential Emissions (g/use)

Prod. Use Assumed
ConsumerProducts Rate " Ozone-reactive | Ethylene-based | Frequency
by Category (g/use) VOCs Glycol Ethers of Use °
Disinfectant
DIS-1 245 | | 115 | DW
General Purpose Degreasers
GPD-1 25 | 6.5 | | W
General Purpose Cleaners
GPC-1 30 2.3 D,W
GPC-2 225 17.1 5.8 D, W
GPC-3 40 (330) 1.7 (13.9) D,W
GPC-4 130 (330) 5.1(12.9) 2.2 (5.5) D, W
GPC-6 30 0.11 D,W
GPC-7 30 0.69 D, W
Glass Cleaner
GLC-1 380 | \ 3.2 | D,W
Furniture Maintenance Products
FMP-1 290 16.2 wW
FMP-3 175 0.49 W
FMP-4 175 0.39 wW
Spot Remover
SRM-1 120 | | 115 | o)
Multi-Purpose Solvent
MPS-1 80 | 8.5 | | 0
Air Fresheners
AFR-1 5¢ 0.68 ° Co
AFR-2 5¢ 0.70° Co
AFR-3 1.2° 0.12°¢ Co

®Products GPC-3 and GPC-4 with recommended dilutions but packaged in trigger spay

bottles were evaluated for recommended use and all full strength use (FS in parentheses).

Three cleaning products and one aerosol air freshener lacking substantial content of
target VOCs (GPC-5, WDC-1, FMP-2, and AFR-4) are omitted

®Products packaged in trigger spray bottles are assumed to be used in dilute form for floor

cleaning and full strength for other applications
D = Daily or potentially daily, but not for all applications; W = weekly or bi-weekly
cleaning; O = occasional or infrequent use; Co = Continuous use

4 Assumed constant emission rate; use period is one week; rate is g/week.
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Table 3.25. Summary information for six products employed in simulated-use experiments.

Product  Constituents of Package = Recommended uses (selected from packaging),
interest form directions, and dilutions in water. ®
GLC-1  2-butoxyethanol, trigger Glass, plastic, enamel, tile, porcelain; appliances,
2-hexyloxyethanol  spray stovetops, counters, cabinets, vanities, windows.
Spray directly onto surface, wipe dry with towel.
GPC-1  terpenes, capped Hard, non-porous household surfaces (counters,
terpene alcohols bottle sinks, stoves, showers, tile, floors, toilet, etc.).
(pine oil) 1/4 cup/gal: general cleaning. FS for tough jobs.
Disinfection: wipe FS onto surface, let stand 5
min, remove excess.
GPC-2  2-butoxyethanol trigger Kitchen grease, bathroom soils, household. Spray
spray straight onto soils, wipe clean with a dry paper
towel or cloth. Repeat for heavily soiled areas.
GPC-3  2-butoxyethanol trigger FS: Ovens, grills, range hoods, vents, etc.
spray 1:10: Counters, stove-tops, refrigerators, sinks,
showers, tubs, tile, toilets, etc.
1:30: Floors (vinyl, tile, wood), painted surfaces,
chrome, plastic, cabinets, blinds, carpets/fabrics.
GPC-4  2-butoxyethanol, trigger 1:1: Appliances, countertops, sinks, ovens,
d-limonene spray basins, tubs, showers, aluminum, ceramic tile.
1:20: Cabinets, walls, floors & painted surfaces.
AFR-1  unsaturated plug-in Dispenser volatilizes product constituents over
terpenoids heated several weeks
(scented oil) dispenser

®FS = full strength
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Table 3.26. Summary of 18 simulated-use experiments conducted in 50-m* chamber.

a o 0
Product Expt Start date  Product AER T (°C) RH (%)

(2003)  used(g)  (h)) Hto o
Counter cleaning with scrub and rinse, full strength product; towels removed
GLC-1 1A 23-Jul 6.4 0.51° 23.1+0.3 51+1
GPC-1 1B 25-Aug 10 0.53" 22.1+0.5 59+2
GPC-3 1C 31-Jul 6.0 0.52° 23.2+0.3 63+1
GPC-4 1D 01-Aug 6.6 0.52 23.310.4 62+1
Counter cleaning with scrub and rinse, full strength product; towels retained
GPC-1 1E 28-Aug 9.9 0.53 22.0+0.2 58+1
GPC-3 1F 04-Sep 6.0 0.53 21.9+0.4 63+1
GPC-3 1G 10-Sep 6.0 0.51 21.9+0.4 60+6
GPC-3 1H 30-Sep 5.9 0.52° 22.0+0.2 55+1
GPC-4 11 09-Sep 6.6 0.54 22.0+0.2 6715
GPC-4°¢ 1J 22-Dec 6.2 0.54 NA NA
GPC-4 1K 23-Dec 5.7 0.55 20.8+0.1 41+1
Counter cleaning, spray and wipe only, full strength product; towels retained
GLC-1 1L 02-Sep 6.5 0.52 22.1+0.2 66+2
GPC-2 1M 25-Sep 6.3 052  21.9#00¢ 52+0¢

Floor mopping, product diluted in 1 gal H,O; towels retained
GPC-1 IN 18-Sep 50 0.51 21.9+0.4 35+3
GPC-3 10 17-Sep 103 0.50 22.1+0.3 44+7
GPC-4 1P 16-Sep 53 0.55 22.0+0.2 51+2
GPC-4 1Q 29-Sep 153 0.52 21.9+0.3 54+3
Air freshener: plugged in and operated on highest of three settings

AFR-1 1R 11-Sep 1.5¢g/(d 0.54 22.6+0.7 4515

% Air-exchange rates calculated from SFg concentration decay.

® Air-exchange measurement made on different day; air supply unaltered.

¢ Experiment aborted due to problems with T/RH data; VOC data available for first 4 h.
 Temperature and relative humidity data available for first 7 hours only.

Table 3.27. Concentration (g L™) of d-limonene and ethylene-based glycol ethers in five
cleaning products determined by direct analysis of product diluted in methanol.

Product n d-Limonene  2-BE 2-HE
GLC-1 4 - 6.0+13 3715
GPC-1 3 147+15 - -
GPC-2 5 - 26+ 4 -
GPC-3 7 - 62 +10 -
GPC-4 4 44 +5 31+6 -

? Results presented as mean * one standard deviation, where n is number of diluted samples
prepared; multiple injections from same dilution were averaged. 2-BE = 2-butoxyethanol; 2-HE
= 2-hexyloxyethanol.
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Table 3.28. Composition of GPC-1 determined by direct analysis of product diluted in
methanol.?

Analyte” CAS # RT (min) ¢  Concentration (mg mL™)
Terpene hydrocarbons
a-Pinene 80-56-8 21.8 1.1+£0.6
Camphene 79-92-5 22.8 12+0.1
B-Pinene 127-91-3 24.0 0.13+0.01
a-Phellandrene 99-83-2 25.1 0.42 £0.13
a-Terpinene 99-86-5 25.6 25+0.7
d-Limonene 5989-27-5 25.9 147+15
y-Terpinene 99-85-4 27.0 1.8+0.2
Terpinolene 586-62-9 27.9 23+3
Terpene alcohols
1-Terpineol ¢ 586-82-3 31.9 83+£1.2
B-Terpineol ¢ 138-87-4 32.7 4.6 +0.7
4-Terpineol ¢ 562-74-3 33.1 3.0+£04
a-Terpineol 98-55-5 34.0 67 +11
y-Terpineol 586-81-2 34.2 11+05
Other VOCs °
p-Cymene 99-87-6 26.6 19+£0.7
Eucalyptol 470-82-6 26.7 41+0.1

% Results presented as mean * one standard deviation for n=3 dilution mixtures.

> Compounds listed in retention-time order, except for “other VOCs”. Four additional
compounds, tentatively identified as terpene hydrocarbons (3) and a terpineol isomer, were
present at <0.1%. Identified analytes accounted for approximately 15% of the product mass.

¢ GC/MS retention time; RT of internal standard (bromofluorobenzene) was 23.9 min.

¢ Quantified by total ion current based on d-limonene response. Identity of a-phellandrene
confirmed with pure standard; terpineols tentatively identified by matching mass spectra to
NIST database. Uncertainty in TIC quantitation estimated as +30% or less. 4-Terpineol may be
biased high because of a potentially co-eluting compound.

¢ Selected VOCs; other compounds identified in product include 2-propanol, borneol, camphor,
and isoborneol.
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Table 3.29. Composition, chamber air concentrations, and emission rates for terpenoids and
other VOCs in scented-oil air freshener, AFR-1.

RT  Composition Concentration Emission rate

Analyte CAS # (min) (mgmLH?9  (ugm?3)° (mgd?)°©
Unsaturated (ozone-reactive) VOCs °
d-Limonene 5989-27-5 25.9 17 35 39
Dihydromyrcenol © 18479-58-8  29.7 71 160 180
Linalool 78-70-6 30.6 65 132 148
Linalyl acetate ° 115-95-7 34.5 25 56 63
B-Citronellol 7540-51-4  35.1 23 30 34
a-Citral 141-27-5 37.0 6.2 6.8 7.7
Other VOCs

3,7-Dimethyl-3-octanol ° 78-69-3 30.2 40 87 98
Benzyl acetate 140-11-4 33.4 136 280 320
Bornyl acetate 76-49-3 36.3 47 410 460

 Composition determined by analysis of product diluted in methanol (mean of 2 determinations).

® Time-averaged concentration over first 3 days of use in chamber calculated by linear
interpolation between sampling points. See also Figure 3.7.

¢ Mean emission rate over first 3 days of use in large-chamber experiments.

¢ In addition to the compounds shown, B-pinene was quantified at ~1.5 mg mL™ in composition
experiments. Concentrations and calculated emissions during product-use experiments were
consistent with this value; precise determination was precluded owing to high background
levels.

¢ Quantified by total ion current based on d-limonene response; uncertainty estimated as +30% or

less. Compound identities confirmed with pure standards.

Selected prominent VOCs. Other constituents identified and quantified with pure standards

include phenylethyl alcohol (RT = 33.3 min, ~50 mg mL™) and trans-4-tert-butylcylcohexyl

acetate (RT = 38.5 min, ~10 mg mL™). Constituents tentatively identified by matching mass

spectra to NIST database and quantified by TIC response include isononyl acetate (RT = 32.0

min, ~50 mg mL™) and a,a-dimethylbenzene ethanal acetate (RT = 37.5 min, ~100 mg mL™).

9 Positively and tentatively identified analytes together accounted for approximately 65% of the
product mass.

-
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Table 3.30. Emission factors and initial chamber air concentrations for d-limonene and ethylene-
based glycol ethers associated with simulated cleaning activities.

Emission factor Chamber air concentration
(mg per g product) 0-1 h (ug m3)
Product Expt Lim 2-BE 2-HE Lim 2-BE 2-HE
Counter: full strength with scrub and rinse; towels removed
GLC-1 1A - 2.6 1.9 - 270 170
GPC-1 1B 6.8 - - 960 - -
GPC-3 1C - 25 - - 2300 -
GPC-4 1D 22 7.4 - 2200 720 -
Counter: full-strength with scrub and rinse; towels retained
GPC-1 1E 10.2 - - 1100 - -
GPC-3°  1F-1H - 34+1 - - 1600+80 -
GPC-4¢ 1I-1K 30, 32 15, 16 - 2500+70 680+50 -
Counter: full-strength, spray and wipe only; towels retained
GLC-1 1L - 8.0 4.8 - 330 190
GPC-2 1M - 30 - - 1410 -
Floor mopping with dilute solution
GPC-1 IN 1.6 - - 1130 - -
GPC-3 10 - 1.3 - - 1300 -
GPC-41 1P 3.7 0.7 - 2900 380 -
GPC-41 1Q 2.7 0.7 - 6200 1150 -

#Net 24-h emission factors and 1-h-average gas-phase concentrations beginning when cleaning
commenced; Lim = d-limonene, 2-BE = 2-butoxyethanol, 2-HE = 2-hexyloxyethanol.

®Results (mean + standard deviation) are from three experiments, 1F-1H.

¢ Results are from two experiments (11, 1K) in the case of emissions, and from three experiments
(11-1K) in the case of the first-hour average concentrations.

9 Experiments conducted with different product dilutions; see Table 3.26.
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Table 3.31. Emission factors and initial chamber air concentrations of terpenes and terpene
alcohols associated with use of GPC-1.2

Emission factor Chamber air concentration

(mg per g product) 0-1 h (ug m3)
ExplB ExplE  Exp 1N ExplB ExplE  Exp 1N
Analyte Counter  Counter Floor Counter  Counter Floor
Terpene hydrocarbons
a-Pinene 0.41 0.56 0.09 58 74 66
Camphene 0.61 0.84 0.14 87 109 105
[-Pinene 0.09 0.06 0.01 12 14 13
a-Phellandrene ° 0.14 0.24 0.04 23 29 29
a-Terpinene 0.49 0.89 0.16 90 113 124
d-Limonene 6.8 10.2 1.6 960 1100 1130
y-Terpinene 0.66 1.15 0.17 95 112 120
Terpinolene 55 10.3 1.8 890 1040 1270
Terpene alcohols
1-Terpineol ® 0.52 1.8 0.37 57 75 160
B-Terpineol b 0.30 0.85 0.18 39 41 75
4-Terpineol ° 0.27 0.89 0.15 44 48 74
a-Terpineol 2.8 7.4 2.3 260 340 700
y-Terpineol 0.26 0.79 0.25 31 41 93
Other VOCs
p-Cymene 1.04 1.63 0.25 142 172 174
Eucalyptol 1.80 3.0 0.45 250 300 330

% Net 24-h emission factors and 1-h-average gas-phase concentrations beginning when cleaning
commenced. Experiments 1B and 1E simulated cleaning of laminate tabletop using full-
strength product; paper towels were removed after cleaning in experiment 1B and retained
throughout in experiment 1E. In experiment 1N, product was diluted in water and used to mop
floor.

® Quantified by total ion current based on d-limonene response. Identity of a-phellandrene
confirmed with pure standard; terpineols tentatively identified by matching mass spectra to
NIST database. Uncertainty in TIC quantitation estimated as +30% or less. 4-Terpineol may be
biased high because of a potentially co-eluting compound.
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Table 3.32. Summary of key California consumer product regulations concerning the reactive
volatile organic compound content of cleaning product classes included in the present study. ®°

Cleaning product Packaging VOC limit ¢ | Date
Disinfectant N/A

General purpose degreaser ° Aerosol 50% 1/02
General purpose degreaser ¢ Nonaerosol 4% 12/04
General purpose cleaner Aerosol 10% 1/94
General purpose cleaner Nonaerosol 4% 12/04
Glass cleaner Aerosol 12% 1/93
Glass cleaner Nonaerosol 4% 12/04
Wood cleaner Aerosol 17% 12/06
Wood cleaner Nonaerosol 4% 12/06
Furniture maintenance products | Aerosol 17% 12/04
Furniture maintenance products | Nonaerosol 7% 1/94
Spot remover Aerosol 25% 1/01
Spot remover Nonaerosol 8% 1/01
Multi-purpose solvent N/A

% Source: CARB, 2005a.

® Reactive volatile organic compound content is defined in terms of its potential to contribute to
urban photochemical smog. Species such as methane and chlorinated organic compounds are
exempted from this class because of their low rates of photochemical reactivity.

¢ “For consumer products for which the label, packaging, or accompanying literature specifically
states that the product should be diluted with water or non-VOC solvent prior to use, [these
limits] shall apply to the product only after the minimum recommended dilution has taken
place.” Such minimum recommended dilution “shall not include recommendations for
incidental use of a concentrated product to deal with limited special applications such as hard-
to-remove soil or stains.” (CARB, 2005a, §94509(b)).

¢ In addition to limiting their VOC content, as of December 2005, general purpose degreasers
sold in California are specifically prohibited from containing more than trace impurity levels of
methylene chloride, perchloroethylene, and trichloroethylene.
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Table 3.33. Summary of findings from composition characterization and primary emissions
experiments.

* Product selection for composition characterization. A multistage shelf-inventory and
screening process was used to select 21 cleaning products and air fresheners that would be
commonly available to California consumers and that were suspected to contain either
ethylene-based glycol ethers or terpenes or other ozone-reactive constituents.

» Composition characterization. The chemical composition of the 21 products was
characterized in laboratory experiments. Six products contained glycol ethers, primarily 2-
butoxyethanol, at levels ranging from 0.8-9.6%. The only other toxic air contaminant detected
was xylene in one furniture maintenance product. Four cleaning products contained substantial
quantities of d-limonene, an ozone-reactive terpene, in the range 3.9-25%. Three cleaning
products contained pine oil constituents, including a suite of terpene hydrocarbons and terpene
alcohols. Five cleaning products had less than 0.2% by mass of any individual target
compound. Three of the four air fresheners contained substantial mass fractions (9-14%) of
terpenes and related compounds. (Tables 3.11-3.15)

* Product selection for simulated-use experiments: Six of the products were selected for
simulated use experiments in a room-sized chamber. Four of the products (one glass cleaner
and three general-purpose cleaners) were selected because of their glycol ether content. One of
these also contained d-limonene. Two additional products were selected because of their
terpene content, a pine-oil based general purpose cleaner, and a plug-in scented air freshener.
(Table 3.25)

« Simulated-use experiments. Eighteen simulated use experiments were conducted in a 50-m®
chamber with a controlled air-exchange rate of 0.5 per hour. These experiments entailed either

full-strength use in counter-cleaning applications (13 experiments), dilute use in floor-mopping
applications (4 experiments), or ordinary use of a plug-in air freshener (1 experiment). In these
experiments, concentrations of component chemicals were measured and emission factors were

computed from a material balance model. (Table 3.26)

« 2-Butoxyethanol results. For the products that contained 2-butoxyethanol (2-BE), peak one-
hour-average concentrations in chamber air after simulated use varied in the range 270-2300
ng m>. The corresponding emission factors were in the range 0.7-34 mg of 2-BE emitted per g
of cleaning product used. (Table 3.30)

« d-Limonene results. For the products that contained d-limonene, peak one-hour-average
concentrations in chamber air after simulated use varied in the range 960-6200 pg m™.
Emission factors were in the range of 1.6 to 32 mg of d-limonene emitted per g of cleaning
product used. (Table 3.30)

» Effect of towel retention on fractional emissions. Fractional emissions of 2-butoxyethanol
and d-limonene from full-strength use were 50-100% with towels retained in the room, but
only 25-50% when towels were removed after cleaning. (Figure 3.8)

* Pine-oil cleaner results. For the pine-oil based cleaning product, we quantified concentrations
and emissions of 15 constituents, including eight terpene hydrocarbons and five terpene
alcohols. The most prominent species were d-limonene and terpinolene, which reached peak
one-hour-average concentrations of 890-1270 pg m™. Peak concentrations for the other
compounds were in the range 10-700 pg m™. (Table 3.31)
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Table 3.33. (continued)

» Emissions from dilute use. Dilute use of cleaning products for floor-cleaning yielded much
lower fractional emissions (2-11% for 2-BE and d-limonene, 7-12% for terpene hydrocarbons,
and 2-5% for terpene alcohols) than did full strength use for counter cleaning. (Figures 3.8-3.9)

» Scented-oil air freshener results. For the scented-oil air freshener, the experiment involved
continuous use for a three-day period. We quantified concentrations and emissions of 9
compounds, including six unsaturated compounds that could potentially react with ozone. The
most prominent of the unsaturated compounds were dihydromyrcenol and linalool, for which
the 3-day average room air concentrations were 160 and 132 pg m™, respectively. (Table 3.29)
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Figure 3.1. Chemical structure of terpene hydrocarbons included among target analytes.
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Figure 3.2. Chemical structure of unsaturated, oxygenated compounds include among
target analytes.
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Figure 3.3. Chemical structure of ethylene-based glycol ethers included among target
analytes.
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4. REACTIVE CHEMISTRY INVOLVING CONSTITUENTS OF CLEANING
PRODUCTS AND AIR FRESHENERS

4.1. Introduction

As reviewed in 82, the use of cleaning products and air fresheners indoors can cause
inhalation exposure of cleaning personnel and building occupants to toxic air contaminants
(TACs). In addition to direct inhalation of toxic constituents, many products contain terpene
hydrocarbons and other terpenoids that can react rapidly with ozone yielding secondary
pollutants, including secondary organic particulate matter. Ozone is commonly present indoors
owing to intrusion from outdoor air. Indoor sources of ozone also exist, including certain “air
purifiers” that can generate indoor ozone levels on the order of hundreds of ppb (Boeninger,
1995). The products of ozone reactions with terpenes and terpenoids include volatile carbonyls,
some of which are TACs (e.g., formaldehyde and acetaldehyde). Ozone-terpene reactions also
produce the hydroxyl radical (OH), which potentially can lead to the formation of additional
TACs (Atkinson, 1997).

Little is known about the indoor concentrations of TACs that are formed as secondary
pollutants from cleaning products and air fresheners. Indoor concentrations of such secondary
pollutants depend on the complex interplay of many factors and processes, including product
composition, usage, emission dynamics, transport and mixing, building ventilation, sorptive
interactions with building surfaces, and reactive chemistry. In this section of the report, we
describe two sets of experiments designed to provide new data on the interactions of ozone with
terpene-containing cleaning products and air fresheners. The overarching goal is to provide
information relevant to understanding human inhalation exposures that result from indoor use of
such products. The first set of experiments, described in 84.2-4.3, was conducted under highly
controlled conditions with steady flows through a bench-scale environmental chamber. The
second set of experiments, described in §4.4-4.5, was carried out through simulated use of the
products, with or without the presence of ozone, in a room-sized research chamber.

4.2. Bench-Scale Chamber Experiments: Methods
4.2.1. Reaction chamber and ancillary setup

The reaction of ozone with cleaning product and air freshener components was studied in
a 198-L stainless-steel flow reaction chamber, internally lined with FEP-Teflon film. The
chamber was operated under positive pressure. It was configured with two inlet ports on opposite
corners and an outlet port. A constant flow of air and the product gas-phase components was
introduced into one port, and an air stream containing ozone was admitted at the other inlet.
Chamber temperature and relative humidity (RH) were measured and continuously recorded. The
experimental apparatus was housed in a 20-m? environmental room maintained at 23.0 + 0.5 °C.
The main airflow to the chamber, of compressed “zero quality” air, was split between a dry and a
humidified stream and adjusted using mass-flow controllers to obtain an RH between 40 and
60%. Well-mixed conditions within the chamber were demonstrated with SFg, which was
introduced at either inlet and continuously monitored at the outlet using an infrared analyzer
during chamber-characterization experiments. The all-Teflon reactor limited the surface
interactions of the studied chemicals, including ozone decomposition on chamber materials.

Ozone (O3) was generated by means of UV irradiation of an airstream flowing at 100
mL/min. Immediately before and after each run, the ozone inlet concentration was measured by
means of a calibrated ozone monitor to determine the amount of O3 introduced in the chamber
and to verify its stability. Otherwise, the ozone monitor continuously sampled from the chamber
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outlet and the data were logged at 1-min intervals. In preliminary runs, we verified that inlet
concentrations accurately represented ozone chamber concentrations in the absence of VOC:s.
Flows of background air, product components and ozone were measured before and after the
experiments with a precision of better than 2%.

4.2.2. Characterization and delivery of household products emissions

Three common retail products sold in California and containing ozone-reactive chemicals
were employed: a general-purpose pine oil-based cleaner (GPC-1), an orange oil-based degreaser
containing d-limonene as the sole active ingredient (GPD-1), and a plug-in scented-oil air
freshener (AFR-1). Gas-phase components of the first two products were delivered to the
reaction chamber from an 80-L Tedlar bag prepared by adding a measured amount of the product
and air, heating in an incubator at 50 °C for 2 h, and then cooling to room temperature. A
peristaltic pump delivered a constant flow (in the range 20-100 mL/min) into the main airflow.
For the air freshener, an 80-L stainless steel drum replaced the Tedlar bag. Inside the drum, the
product was continuously electrically powered, as in ordinary use, and a stream of air flowing at
100 mL/min introduced the volatile components into the main air stream. Experiments were
designed to replicate VOC concentrations determined during realistic use of the products in a 50-
m? room, as described in §3.

Composition of the gas-phase emissions from the selected products was determined in
earlier phases, as reported in §3.3.3 and 83.4.3. The three main volatile ingredients of GPC-1
were d-limonene, terpinolene and a-terpineol. Other monoterpenes were detected in smaller
quantities (o- and y-terpinene, a.- and B-pinene, camphene, y-terpineol and o.-phellandrene),
together with additional VOCs (p-cymene, eucalyptol). Organic emissions from GPD-1 were
exclusively d-limonene. More than 30 volatile components were detected from AFR-1, including
d-limonene and a variety of alcohols (linalool, dihydromyrcenol, 3-citronellol) and esters (linalyl
acetate, bornyl acetate).

4.2.3. Sampling and analytical methods

VOCs were sampled onto Tenax®-TA sorbent tubes connected in parallel immediately
after the outlet port. Two adjacent sampling ports were used to collect samples on DNPH-coated
silica cartridges preceded by an ozone scrubber to determine volatile carbonyl compounds and
on NaOH-coated silica cartridges to determine volatile carboxylic acids. Ozone scrubbing was
determined to be unnecessary for the VOCs by collecting simultaneous samples of different
volumes.

VOCs collected in Tenax sorbent tubes were analyzed by thermal desorption-gas
chromatography-mass spectrometry (TD-GC/MS) using an HP6890 GC equipped with a
Chrompack TCT 4020 desorber with cryogenic trap and interfaced to an HP5973 mass selective
detector (MSD) that operated in electron impact mode. Details of the GC-MSD method are given
in 83.3.2 and were previously described (Singer et al., 2002 and 2004). DNPH-coated cartridges
were extracted with 2 mL acetonitrile. DNPH-carbonyl derivatives present in the extracts were
analyzed at 360 nm by HPLC provided with a UV detector. NaOH-coated silica cartridges were
extracted with deionized water, and the extracts were analyzed by ion chromatography.

4.2.4. Experimental matrix

Table 4.1 provides an overall summary of the fifteen experiments conducted in this phase
of the research. We investigated the effect of two parameters on each of the three products:
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reaction time using air exchange rates of 1 per hour (h™') and 3 h%, and the ozone level using
110-140 ppb (high) and 60-70 ppb (moderate) inlet concentrations. One of these experiments
(2B) was run in triplicate to explore experimental reproducibility. In addition to this set of nine
experiments (2A-2C and 2F-2K), the effects of low (~ 30 ppb) and very high (~ 250 ppb) inlet
O3 levels were investigated with the GPC-1 product (experiments 2D and 2E). Three additional
experiments (2L-2N) were carried out by means of exposing to ozone a surface residue of each
of the products. In the final experiment (20), the GPC-1 product was exposed to both ozone and
nitrogen dioxide.

4.2.5. Experimental procedure

VOC concentrations in the reaction chamber were established without ozone supply by
feeding air from the source container into the reaction chamber. After steady-state conditions
were established, the VOC concentrations were determined during the first 2-4 h of each
experiment. Subsequently, ozone was introduced at a constant flow rate and VOC concentrations
were again measured once steady state was achieved. Reactant consumption and product yields
were calculated by difference.

4.2.6. Determination of OH radical concentration

We adopted a method used by Weschler and Shields (1997a) to indirectly determine the
OH concentration. A stream of 1,3,5-trimethylbenzene (TMB) and perchloroethylene (PCE) was
generated with diffusion tubes placed in a thermostat at 40 °C and supplied at a constant rate to
the reaction chamber. The TMB/PCE ratio was used to estimate the concentration of OH in the
system, assuming that TMB reacted significantly with OH but negligibly with O3 at our short
residence times; PCE served as a nonreactive reference tracer. Both chemicals were sampled on
Tenax sorbent tubes in the absence and presence of ozone, and analyzed by TD-GC/MS.

4.2.7. Particle sampling

An opportunity arose to sample particle size distributions in chamber air with a scanning
mobility particle sizer (SMPS) system that utilized a differential mobility analyzer (Model
3071A, TSI Inc.) coupled with a condensation particle counter (Model 3760, TSI Inc.). The
system was configured to measure particle sizes from 8 to 412 nm. Size distributions were
obtained at 1-min intervals using software developed by D Collins (Texas A&M University) and
P Chuang (UCSC). For selected experiments, an optical particle counter (OPC; Lasair 1003,
Particle Measuring Systems, Inc.) was also employed to extend the particle size range up to 2
pum. Aerosol particle sampling was performed continuously, starting before the introduction of
0zone.

4.2.8. Surface residue experiments

The reactions of ozone with semivolatile or nonvolatile components of the products were
investigated in Experiments 2L-2M. The cleaning products (GPC-1 and GPD-1) were evaluated
through application of a 0.5-mL aliquot to one side of a 0.09 m? glass plate. After removing the
excess liquid, the plate was placed in a 10-L stainless-steel cell and exposed for 1.5 h to a N,
flow at an air-exchange rate of 3 h™* to remove the more volatile components. At the end of the
volatilization period, only a- and y-terpineol were still evidently being emitted by the surface
from the GPC-1 application, and no VOCs were detected for GPD-1. The plate was then placed
in the 198-L reaction chamber, which had been previously conditioned at ~ 120 ppb O3, and
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operated at an air-exchange rate of 1 h™. The plates were exposed to 0zone under the same
conditions for 24 hours. Chamber ozone and aerosol concentrations were monitored
continuously starting before the introduction of the plate. VOC and carbonyl samples were
collected periodically. For the air freshener, a sample was prepared by exposing for a two-day
period the surface of a clean glass plate in the 80-L stainless steel drum where the product was
continuously electrically powered. The plate was then removed from the drum and placed
directly in the 198-L reaction chamber that had been previously conditioned at ~ 120 ppb Os.
The reaction chamber with the plate was operated at an air-exchange rate of 1 h™. The plate was
exposed to ozone until chamber levels returned to those recorded previous to the introduction of
the plate.

4.2.9. Experiments conducted in the presence of NO,

In Expt 20, we investigated the effect of added NO, on the studied ozone-VOC
chemistry. This test was performed for GPC-1 components, with a high ozone concentration
(130 ppb) and at 3 h™. Except for the addition of NO,, the experimental conditions were the
same as in Expt 2B.

A stream of NO, was mixed with chamber air using a calibrator (Model 760, VICI
Metronics). Inlet and chamber NO, and NO were continuously monitored with a
chemiluminescence NOy analyzer (Model 42, Thermo Environmental Instruments Inc.) and
recorded at 10-s intervals. Sampling of VOCs, carbonyls, carboxylic acids and aerosol particles
was performed in a similar manner as for the other experiments.

4.2.10. Data quality and uncertainty

Data quality procedures for the bench-scale chemistry experiments included evaluation of
chamber blanks and collection of replicate samples when determining analyte concentrations
under each condition. VOC samples were collected prior to the start of each experiment to
quantify chamber air concentrations of product constituents. No measurable amounts of product
constituent VOCs in the chamber were detected in any background sample. VOC samples were
collected in 3-5 replicates for each experimental condition (i.e., before and after introduction of
ozone and after establishment of steady-state conditions). The corresponding experimental
uncertainties were determined from the standard deviation of the determinations under like
conditions. Concentrations determined from extraction of DNPH-impregnated samplers
(carbonyls) and NaOH-impregnated samplers (carboxylic acids) are reported as the average of
two collocated determinations (in parallel); their corresponding experimental uncertainties are
estimated as the standard deviation between the measured results.

4.3. Bench-Scale Chamber Experiments: Results and Discussion
4.3.1. Reactivity of primary constituents and ozone

In Figures 4.1-4.2 and Tables 4.2-4.4 we present data obtained from experiments with the
three household products in the presence of various levels of ozone in supply air and at air-
exchange rates of 3 h™ and 1 h™. In the tables, the values shown in the concentration (C) columns
are for ozone in the absence of reactive VOCs and for VOCs before addition of ozone. Oxidation
product concentrations are those measured at steady state in the presence of ozone. For oxidation
products that were present before ozone was added (acetone and acetic acid), the values reported
in Tables 4.2-4.4 represent the increases owing to reaction, i.e., the difference between those
measured with and without ozone. The adjacent data columns indicate the fractions of ozone and
VOCs that reacted and the yields of oxidation products. A percent yield is the ratio of oxidation

104



product generated (ppb) to ozone consumed (ppb) during the reaction. Ozone consumption was
calculated as the difference between inlet and outlet (residual) ozone levels. Figures 4.1 and 4.2
illustrate the VOC consumption and oxidation product yields for all conditions. In Figures 4.2A
and 4.2C, total yields higher than 100% indicate that some products may have originated at more
than one step in the oxidation sequence or that OH radicals generated in terpene-ozone reactions
are involved in the production of additional oxidation products.

For the seven VOC components from the GPC-1 shown in Table 4.2, only one —
a-terpinene — reacted substantially and unambiguously under all test conditions. Four
compounds — d-limonene, terpinolene, and o.- and y-terpineols — reacted substantially in some,
but not all test conditions. Eucalyptol and p-cymene were relatively inert, as expected based on
their bimolecular rate constants with ozone. The results for a-terpineol for the high ozone and
high air-exchange condition suggest reactivity towards ozone similar to that of d-limonene, in
agreement with a recent determination (Wells, 2005). Its isomer, y-terpineol, reacted at faster
rates, similar to those of terpinolene. The a-terpineol results are not fully consistent among the
experiments. The reproducibility of a-terpineol concentrations among samples collected in the
same steady-state period also was low. These observations might be related to sorption of a.-
terpineol on chamber surfaces. The vapor pressures of the major constituents of the GPC-1 are
relatively high (between 0.6 and 5 torr), while that of a-terpineol is roughly two orders of
magnitude lower (0.023 torr) (Howard and Meylan, 1997). In the high ozone experiments (2A-
2C), about 90% of the a-terpinene was consumed, compared with roughly 30-40% of the
terpinolene and 15-20% of the d-limonene. For these three species, the apparent relative
reactivity was roughly proportional to the product of their concentration and their reported
reaction rates with ozone: 2 x 10™, 2 x 10" and 2 x 10™*® cm® molecule™ s, respectively
(NIST, 2000). Ozone was substantially titrated by the excess of reactive VOCs in all
experiments, so that the steady-state ozone levels in the chamber were no greater than 10% of
those in the supply air. Consistent with expectations, Table 4.2 reveals that across all five ozone
levels the observed extent of reaction depended more on the residual ozone level, which varied
from < 1 ppb to ~ 25 ppb, than on the characteristic residence time, which varied from 0.3 to 1.0
h. The fractions of a-terpinene, terpinolene and d-limonene consumed in the five experiments
are shown in Figure 4.1A.

In Table 4.3, we present data obtained from the reaction of the single volatile component
of the orange oil-based degreaser (GPD-1), d-limonene, with ozone. Due to the large excess of
d-limonene, only 20% reacted under high ozone conditions and 10% under low ozone conditions
(see also Figure 4.1B). Conversely, more than 80% of the chamber ozone was consumed by
reaction with d-limonene at the high air-exchange rate, and at the low air-exchange rate, the
ozone level was almost completely depleted (95%).

The formulation of AFR-1 was the most complex among the studied products, with more
than 30 components. A higher extent of sorption can be expected, owing to the fact that the
vapor pressures of alcohols and esters in AFR-1 were significantly lower than those of the
hydrocarbons contained in GPC-1 and GPD-1. Only five AFR-1 components exhibited
significant reactivity toward ozone under these experimental conditions (Table 4.4). The two
most reactive ingredients were linalool and d-limonene. The concentration of linalool was about
twice that of d-limonene. Two different reports have placed the reaction rate of linalool with
ozone at values that are similar to or slightly higher than that of d-limonene: k < 3.16 x 10™*® cm
molecule™ s* and k = 4.3 x 10" cm® molecule™ s (NIST, 2000). Their reaction rates with OH

3
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are comparable, k = 1.69 x 10" cm® molecule™ s for d-limonene and k = 1.59 x 10" cm®
molecule™ s for linalool (NIST, 2000). Here, we observed that linalool was more completely
consumed, except for the moderate ozone condition (experiment 2K) in which d-limonene
showed similar reactivity. Other reactive species in the air freshener were dihydromyrcenol,
linalyl acetate and p-citronellol. While data on the bimolecular reaction rate of these terpenoids
with ozone have not been published, our results suggest that the reaction rate of 3-citronellol is
comparable to that of linalool; the reaction rate of linalyl acetate is comparable to that of d-
limonene; and dihydromyrcenol reacts at a slower rate. Experimental data are plotted in Figure
4.1C.

Appendix D contains detailed experimental data for these experiments. Tables D.1-D.31
report the measured concentrations of primary constituents and volatile oxidation products for
each experimental sample. Figures D.1-D.23 display the particle sampling data from the SMPS
and (where available) the OPC. Figures D.24-D.38 show the time dependent traces of ozone
(and, in the case of D.38, of NO and NO, concentrations). Table D.32 reports time average
0zone concentrations in the supply air and in the chamber.

4.3.2. Volatile oxidation products

Formaldehyde yields were similar for the reaction of GPC-1 and GPD-1 with ozone (in
the range 20-30% for most conditions) and higher for AFR-1 (30-90%). The fact that several
distinct terpene-based products led to high formaldehyde yields in the presence of ozone is an
important result of this study, since formaldehyde is a toxic air contaminant with a low chronic
reference exposure level (OEHHA, 2000). Although formaldehyde can be generated at various
oxidation steps of many reactive VOCs (not only by ozonation but also through reaction with
OH and other oxidant species) its principal chemical source in our system is the ozonation of d-
limonene and, when present, linalool. Formaldehyde is produced as a primary carbonyl during
ozonation of the terminal alkene group in d-limonene with a yield of ¢= = 0.10-0.19 (Atkinson
and Arey, 2003). The contribution of that reaction to total formaldehyde production (Xprimary) can
be estimated for the GPD-1 data shown in Table 4.3, assuming that d-limonene is the single
reactant and formaldehyde is the only carbonyl detected:

X —_ ¢F [03 ]consumed

primey [F ] produced

(4-1)

Considering a lower limit for the formaldehyde yield of ¢= = 0.10, the fraction of formaldehyde
generated as a primary carbony! in the ozonation of d-limonene from GPD-1 is Xprimary = 0.33 for
high O3 and 3 h™, 0.40 for high Oz and 1 h™*, and 0.45 for moderate O3 and 3 h™%. Higher yields of
formaldehyde measured in AFR-1 experiments are probably due to the presence of two reactive
VOCs that generate formaldehyde as the primary carbonyl during ozonation (d-limonene and
linalool). Similarly, the high acetone concentration measured for GPC-1 and AFR-1 likely
originated in the primary ozonation of terpinolene and linalool, respectively. Background levels
of these oxidation products before ozone addition were negligible except for acetone, present at 5
ppb in GPC-1.

Oxidation product yields reported for AFR-1 in Table 4.4 show a significant increase for
experiment 2J conducted at 1 h™ (up to 90% for formaldehyde), suggesting an important effect
owing to the longer residence time. A similar effect of residence time was not observed with
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GPC-1 and GPD-1. Low vapor pressures can be expected for several AFR-1 components with
GC retention times higher than those of GPC-1 components. Likely, such species sorb to
surfaces and react on these surfaces with ozone in the chamber, thus contributing to the measured
gas-phase concentration of oxidation products. While sorption of semivolatile components may
be viewed as a limitation of the chamber method employed here, these results are of interest
considering that similar processes would likely occur on indoor surfaces, possibly leading to
analogous production of volatile oxidation products.

Considering the two volatile carboxylic acids detected, formic acid is an oxidation
product of formaldehyde and is present at 30-80% of the formaldehyde level. Acetic acid is
generated either in tertiary oxidation reactions or by hydrolysis of esters. Notably, background
levels (i.e., without ozone) of acetic acid were high for AFR-1 (160-170 ppb), presumably due to
partial hydrolysis of major fragrance components such as borneol acetate, linalyl acetate or
phenylethyl acetate.

Glycolaldehyde is a biogenic VOC commonly measured together with terpenes and their
oxidation products in environmental samples. Spaulding et al. (2003) identified glycolaldehyde
among other oxygenated airborne chemicals collected at a pine plantation. Glycolaldehyde in our
study is likely generated in the reaction of OH with partially oxidized terpenes. High yields of
glycolaldehyde have been measured in the reaction of OH with biogenic VOCs such as
2-methyl-3-buten-2-ol, MBO, (~60%), allyl alcohol (47%), 1-penten-3-ol (87%) and
Z-2-penten-1-ol (90%) (Reisen et al., 2003; Orlando et al., 2001; Alvarado et al., 1999). We did
not obtain a positive identification for benzaldehyde, methylglyoxal or acrolein, but cannot rule
out the presence of acrolein owing to the limitations of the DNPH carbonyl method.

4.3.3. Determination of hydroxyl radical concentrations

Figure 4.3 shows the OH concentrations derived for the three products as a function of
the residual O3 concentration in the chamber. These results are consistent in magnitude with
those of Weschler and Shields (1997a) employing d-limonene and ozone mixtures, as well as
with direct OH determinations in ozone/alkene mixtures using a laser-induced fluorescence
method (Siese et al., 2001). The hydroxyl radical is short-lived, so that its concentration
effectively depends on the dynamic balance between the rate of production and the rate of
consumption by chemical reactions. These rates depend upon the concentrations of residual
ozone and reactive VOCs. The pseudo-steady state balance can be approximated as:

> kiylosl[u]

OH] = 1 (4-2)
oA Y h{u+ Y hilS;]
i J

where k; is the bimolecular reaction rate between ozone and the unsaturated chemical U;; y; is the
corresponding OH formation yield; h; and h; are the bimolecular reaction rates for OH with
unsaturated (U;) and saturated (S;) VOCs, respectively. High OH yields, between 0.38 and 0.74,
have been reported for several of the studied terpenes (Aschmann et al., 2002). Typical k; values
are in the range 10™'-10"* cm® molecule™ s, while h; is in the range of 5 x 10 to 5 x 10%° cm®
molecule™s™and hj is in the range of 5 x 10*?to 5 x 10"** cm® molecule™ s™ (NIST, 2000).
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Equation 4-2 does not explicitly consider possible reactions of OH with secondary products from
ozone-terpene reactions, which result in additional sinks for OH.

For cases in which the terpenoids are the most significant OH sinks (i.e., Zh;[U;] >>
Zh;[Sj]), the steady-state OH radical concentration can be estimated in terms of only the
concentration of ozone and the unsaturated VOCs (U;), as follows:

E kiyi[Ui]
[OH]=[0;] W (4-3)

The assumed dominance of terpenoids as OH sinks appears to be a good approximation
for our experiments with GPC-1 and GPD-1, but is less accurate for AFR-1, which contains
substantial quantities of saturated species in addition to the terpenoids. In the case of GPD-1,
which contains only one reactive unsaturated VOC (d-limonene), the approximate equation can
be further simplified to be independent of the concentration of d-limonene:

(4-4)

[oH] =[0;])

Figure 4.3 includes traces that correspond to the simplified models expressed by
equations 4-3 and 4-4. The magnitude and trend agreement between these approximations and
the experimentally derived OH levels indicates that the simple model equations capture the key
features of OH chemistry in these experiments, particularly at high air-exchange rate. Model
overestimates for the low air-exchange rate may be a consequence of the relatively higher
concentrations of secondary oxidation products that would constitute an important additional
sink for OH.

4.3.4 Secondary organic aerosol formation

Figure 4.4 shows the temporal evolution of the airborne particle volume concentration
(top frame), the surface-area concentration (second frame), the number concentration (third
frame), and the particle size distribution (bottom frame) for particles in the size range 8 - 412
nm, as measured with the SMPS in experiment 2K, in which AFR-1 volatile components were
exposed to moderate ozone levels (63 ppb inlet concentration). Total number and volume
concentrations were calculated by integrating the size distribution, and therefore do not account
for particles that grew out of the measurement range of the SMPS. Qualitatively similar behavior
was observed for all three products and experimental conditions, as can be seen in Appendix D,
Figures D.1-D.23. A distinctive feature in all cases was the burst of ultrafine particle nucleation
that occurred immediately upon ozone addition (indicated with the vertical dashed line at ~ 12:45
in Figure 4.4). Qualitatively, these results are consistent with recent reports of ultrafine particle
formation and growth during the reaction of ozone with terpenes (Fan et al., 2005; Liu et al.,
2004; Rohr et al., 2003). Remarkably, the production of ultrafine aerosol particles observed here
is similar in its main features to nucleation events observed in the atmosphere (Kulmala et al.,
2004; Kavouras et al., 1998) although the mixing ratio of terpenoids to ozone is significantly
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higher in our experiments where ozone was virtually titrated by the large excess of the reactive
compounds.

The total particle number concentrations, together with their corresponding aerosol
masses (assuming density = 1 g/cm®) are reported in Table 4.6. We report values for the ultrafine
fraction (< 0.1 um diameter, PM ), for the total particles measured with the SMPS (PMg4) and,
when available, for total particles measured with the optical counter (PM31). The designations of
PMy4and PMy ; are based on the largest particle sizes effectively measured by the SMPS and
optical particle counter, respectively. Data were calculated at both peak conditions (~ 20-40
minutes after initial introduction of O3 to the system) and at steady-state conditions (>2 h or > 4
h after the start of O addition for 3 h™ and 1 h%, respectively). Initial particle growth rates in the
range 2 — 6 nm min™ are also reported in Table 4.6. The large number of particles measured at
the peak of the burst was predominantly in the ultrafine fraction (diameter < 0.1 pum), although
larger particles accounted for 70 — 80% of the peak particle mass under most experimental
conditions. Peak particle concentrations scaled in proportion to the ozone and VOC consumed.
When the amount of ozone and VOC that reacted at each experimental condition was similar for
the three products, the amount of PMy; produced at the peak was largest for GPC-1, followed by
GPD-1 and then AFR-1. Such differences can be rationalized by considering the combined
product of the initial concentrations of the reactive VOCs (Uyp) and their reaction rate with ozone
(ko3), Z(Ug kos), which varied in the same order (GPC-1 > GPD-1 > AFR-1). In addition,
characteristics of the reaction byproducts are expected to affect the nucleation process. For
example, the four reactive VOCs in GPC-1 and the single reactive terpene in GPD-1 (d-
limonene) each have at least one endocyclic unsaturation that yields Cyo primary oxidation
products upon ozonation. Conversely, of the four most reactive constituents in AFR-1, three
react with ozone to fragment their carbon backbone, yielding products with nine or fewer carbon
atoms, and therefore are less likely to nucleate or condense. For GPC-1 and GPD-1, experiments
run at 1 h™* showed lower peak particle production than at 3 h™. For AFR-1, this trend was
reversed.

At steady state, the ultrafine particle concentrations were markedly lower than the peak
values, representing 30-70% of the total number concentrations and only 1-4% of the total mass
concentrations for most experimental conditions. Following nucleation, aerosol-aging processes
led to particle growth from the ultrafine to the accumulation mode (0.1-2 um diameter). An
estimation of aerosol particle yield (mass/mass) can be obtained from the ratio of the steady-state
PM3.; mass concentration (when available) to the sum of reacted VOC concentrations in each
product. We so determined yields of 6-14% for GPC-1 components, 11-16% for GPD-1 (using
PMoy 4 values) and 4-6% for AFR-1. Yields determined for GPC-1 and GPD-1 are similar to those
reported for ozone/d-limonene reactions (Weschler and Shields, 1999; Hoffmann et al., 1997).
The relatively lower values for AFR-1 are consistent with reported observations for reactions of
linalool with ozone (Hoffmann et al., 1997).

4.3.5. Surface application

For experiments 2L and 2M, a dry residue was obtained by means of applying a small
quantity of the GPC-1 or the GPD-1 to a glass plate, then allowing it to dry under a flow of
nitrogen to remove the volatile components. During subsequent exposure of the dry GPC-1
residue to ozone in the reaction chamber, initially high concentrations of a.- and y-terpineol (~ 1
ppm and 100 ppb, respectively) were measured at 15 and 100 min after introducing the plate. A
measurement at 200 minutes showed declining values for the concentrations of these two
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compounds (350 and 15 ppb respectively). During the first 3 h of 0zone exposure, we observed
the production of formaldehyde (with an average concentration during that period of 4.6 ppb),
acetaldehyde (0.9 ppb), acetone (9.9 ppb) and glycolaldehyde (1.5 ppb). Figure D.35 in
Appendix D shows the evolution of the ozone concentration in the chamber during experiment
2L. Figure 4.5 illustrates the time-dependent aerosol volume concentration (top frame), area
concentration (second frame), number concentration (third frame), and particle size distribution
(bottom frame) for experiment 2L. We observed a burst of ultrafine particle formation
immediately following the introduction of the plate that was similar to the burst observed in the
gas-phase experiments. The time evolution of the particle volume concentration mirrors closely
the ozone trace (see Figure D.35 in Appendix D). Owing to the combined ozone exposure of the
terpenoid reactants in both the gas phase and on the surface, we cannot discern the degree to
which the observations are a result of homogeneous versus heterogeneous chemistry. However,
when the same experiment was performed with dry residue from GPD-1, no primary VOCs were
detected in the gas phase during the exposure to ozone, yet we did observe the formation of
oxidation products during the initial 4 h of exposure (3.3 ppb formaldehyde, 2.8 ppb
acetaldehyde and 11 ppb acetone). A burst of ultrafine particles and secondary aerosol growth
similar to that shown in Figure 4.5 for GPC-1 was also observed when GPD-1 dry residue was
exposed to ozone (see Appendix D, Figure D.20). These tests suggest that delayed desorption of
reactive terpenoids of low volatility or the reaction of nonvolatile chemicals on the surface may
constitute a source of secondary oxidation products and secondary organic aerosol.

4.3.6. Effect of nitrogen dioxide

Figure D.38 in Appendix D shows the concentration profiles of NO, NO;, and O3 in
experiment 20. Initial chamber concentrations in the absence of ozone were [NO,] = 74 ppb and
[NO] = 1.75 ppb. Average ozone concentration in the supply air was 139 ppb. When ozone was
introduced in the chamber containing the GPC-1 components in combination with NO, and NO,
the ozone steady-state concentration dropped to 20 ppb, and those of NO, and NO changed to 62
ppb and 0.73 ppb, respectively. Concentration of reactive VOCs measured before and after ozone
addition, together with levels of stable oxidation products and their respective yields are reported
in Table 4.5. While the degree of consumption of the main terpenoids did not change
significantly relative to experiment 2B with only ozone, VOCs that were inert under ozone-only
atmospheres exhibited more reactivity. Eucalyptol and p-cymene were consumed by about 8% in
each case versus about 3% and 1%, respectively, without the nitrogen oxides. Yields of
formaldehyde, acetone and carboxylic acids were slightly lower than in experiment 2B, but
higher yields of acetaldehyde (11% vs. 1%) and glycolaldehyde (8% vs. 5%) were observed.

4.4. Room-Scale Experiments: Methods
4.4.1. Introduction

Many consumer cleaning products and air fresheners contain terpenoid compounds that
volatilize during product application and use. Some of these compounds react rapidly with ozone
to form secondary pollutants. Ozone enters indoor environments with outdoor air and typically is
present indoors at levels that are 10 to 50% of concurrent outdoor levels (Weschler, 2000).
Ozone also may be introduced by indoor sources including devices designed to generate ozone
for claimed air purification (Boeniger, 1995), air cleaners generating ozone as a byproduct of
ionization (Niu et al, 2001; Phillips et al., 1999; Zhao et al., 2005), and some photocopiers and
printers (Leovic et al., 1986; Lee et al., 2001).
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As reviewed in 82, ozone-terpenoid reactions produce carbonyl compounds such as
formaldehyde and acetaldehyde, organic acids, other oxygenated intermediates, hydrogen
peroxide, secondary organic aerosol, and hydroxyl radicals (OH). Subsequent reactions of OH
with volatile organic compounds (VOCs) may generate additional formaldehyde, acetaldehyde
and other products. While formaldehyde and acetaldehyde are important indoor toxicants, little is
known about the toxicology of many terpenoid oxidation products.

Secondary pollutant formation from reactions involving ozone and terpenoid constituents
of consumer products has been studied with various methods in an array of environments
including a reactor tube (Wolkoff et al., 2000), small Teflon-lined chambers (Wainman et al.,
2000 and 84.2-4.3 of this report), room-sized stainless-steel chambers (Fan et al., 2003; Liu et
al., 2004; Sarwar et al., 2004), unoccupied offices (Weschler and Shields, 1997a; Weschler and
Shields, 1999; Weschler and Shields, 2003), and residences (Long et al., 2000; Hubbard et al.,
2005). Many of these studies used one or more pure compounds selected because they are
common constituents of consumer products. A few recent studies have used actual consumer
products to generate constituent mixtures (Liu et al., 2004; Sarwar et al., 2004). Information has
been generated regarding formation of reaction products (Weschler and Shields, 1999; Li et al.,
2002; Rohr et al., 2003), reactant consumption and product yield rates (84.2-4.3), secondary
pollutant levels under simulated but realistic conditions (Weschler and Shields, 1999; Long et al.,
2000), and associations of secondary pollutants with specific consumer products (Sarwar et al.,
2004). Data also have been generated for development and validation of mathematical models to
simulate a wider range of events and to investigate potential population exposures (Sarwar et al.,
2003; Liu et al., 2004). Despite this important recent progress, significant questions remain about
the quantity of readily measured secondary pollutants formed for typical consumer use of
products and about the relevance of laboratory results to potential consumer exposures in indoor
environments.

In the work reported in §84.4-4.5 of this report, we attempt to bridge the gap between the
laboratory and building environments by conducting experiments in a simulated residential
room. Three off-the-shelf products — a general purpose cleaner, a degreaser and a plug-in
scented oil air freshener — were applied in a realistic manner in a 50-m® room-sized chamber
constructed with standard building materials. For each product, experiments were conducted in
the absence of ozone and with ozone introduced into the air supply at 120 ppb. Specifically, we
studied the effects of ozone interactions with these products, with the intent of contributing
toward the following goals: (1) broadly characterize ozone-terpenoid reactions for a range of
consumer products and compounds; (2) quantify the formation of very volatile carbonyl reaction
products; (3) estimate the levels of OH formed from ozone-terpenoid chemistry; and (4)
characterize the formation of secondary organic aerosol.

4.4.2. Chamber, products, and application protocols

Reactions between ozone (O3) and terpenoid constituents of consumer products were
studied in a 50-m* chamber designed to simulate a residential room. The chamber, products and
most experimental protocols have been described in earlier sections of this report. Key points
are reiterated here.

The chamber is finished with painted gypsum wallboard with sheet aluminum on the
floor. The floor was partially covered with noncontiguous 3.9 m? and 7 m? sections of vinyl tiles.
A table with laminate top (1.16 m?) was present. Ventilation supply air was drawn from outdoors
and directed through a bed of activated carbon to remove VOCs and Os. The chamber was
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ventilated at ~1 h™ at a positive pressure of ~5 Pa relative to the building. A household
oscillating fan was operated at low or medium speed to facilitate mixing. The air-exchange rate
(AER) was measured once or more during each experiment by monitoring the decay of injected
SF using a photoacoustic infrared analyzer (Model 1302, Briiel & Kjer). A high frequency
corona discharge O3 generator (OzoneLab GE30/FM100R, Yanco Industries, Ltd.) was
connected to the supply air 1 m before the chamber inlet. Some experiments were run without
supplied ozone, whereas in others, the generator provided O3 at ~120 ppb in the supply air.
Chamber air temperature and relative humidity were monitored in two locations (HOBO H8 Pro,
Onset Computer Corp.).

Three widely used consumer products containing Os-reactive chemicals were employed:
a general-purpose pine oil-based cleaner (GPC-1) packaged as a concentrated liquid; an orange
oil-based degreaser (GPD-1) packaged as an aerosol foam; and a plug-in, scented-oil air
freshener (AFR-1).

Table 4.7 summarizes for each experimental run the conditions and measured parameter
results (AER, temperature, relative humidity). Each product was used in a realistic manner. In
experiments involving GPD-1 (3A-3C), the product was sprayed onto a 0.11-m? section of
aluminum sheet to simulate cleaning of a cooktop. After 1 min, the excess was wiped away with
a paper towel and the towel and product container were removed from the chamber. For
experiments utilizing GPC-1 (3D-3H), about 4 L of a solution of 1 part GPC-1 to 16 parts water
was applied by sponge mop to the 3.9-m? section of composition flooring. The final two
experiments (3J-3K) utilized the air freshener. The AFR-1 unit was plugged into an electrical
outlet approximately two days before the start of experiment 3J. The device was initially set to
low output (setting 1) then switched to high output (setting 3) at the end of experiment 3J. The
AFR-1 container was weighed at several points including at the start and completion of each
experiment. Product volatilization rate was observed not to vary in the manner expected by
device setting (Table 4.7).

GPD-1 and GPC-1 experiments started with product application (t = 0). For each product,
there were one or more experiments with O3 and two control experiments without Os. The
GPC-1 plus O3 case was conducted in triplicate (experiments 3F-3H). Experiment 31 investigated
floor mopping with water in the presence of O3, but without GPC-1. The floor was mopped with
tap water at the end of each GPC-1 experiment to remove or at least reduce residue before the
next experiment. When used, O3 was introduced to the chamber at least 12 h prior to the start of
GPD-1 and GPC-1 experiments. For AFR-1 experiments, VOC concentrations were already at
steady state when the O3 was introduced. Each AFR-1 experiment included measurement of
pollutant concentrations over multiple hours before and after introduction of Os.

4.4.3. Air quality measurements

Chamber air was sampled to quantify concentrations of Os, specific VOCs, very volatile
carbonyl compounds, and size-resolved particles. Analytical methods are summarized below.

Ozone was measured continuously with a UV analyzer (Model 400, Advanced Pollution
Instrumentation, Inc.), calibrated to a primary standard for these experiments.

VVOCs were collected onto sorbent tubes containing Tenax®-TA or Tenax backed by a
carbonaceous sorbent. Tubes were thermally desorbed then analyzed by gas chromatography
with mass selective detection (TD-GC/MS). VOC samples were collected over integrated periods
(0-30, 30-90, 90-240, and 240-720 min) during all GPC-1 experiments and with greater time-
resolution in some GPC-1 and all GPD-1 and AFR-1 experiments (3B-3C, 3E, 3F-3H, and 3J-
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3K). Integrated samples were collected at ~3.3 mL min™. Time-resolved samples were collected
at 15-110 mL min™* over sampling periods of 1-20 min duration. Flow rates were measured
during sampling. Samples were collected in duplicate with a subset analyzed to assess analytical
precision. Targeted primary VOC analytes are listed in Tables 4.8 and 4.9.

Volatile organic compounds were collected without ozone scrubbers. This likely
introduced a negative bias for some measurements, since terpenoids collected on Tenax may be
degraded by ozone in sample air (Calogirou et al., 1996). The degree of degradation increases
with ozone concentration, sampling time, and with the bimolecular reaction rate of the terpenoid
with ozone. An MnQO,-coated ozone scrubber has been found to reduce ozone-degradation of
some terpenes; however, it also interfered with the collection of several compounds of interest in
this study, including linalool. Several scrubber materials have been shown to be effective in
removing ozone at 73-78 ppb without interfering with the sampling and analysis of ppb levels of
five terpene hydrocarbons and five oxidation products. However, no terpene alcohols were
considered in this study (Fick et al., 2001). Scrubbers were not used in the current study owing
to concerns that they would retain (through sorption) the terpene alcohols in GPC-1 and the
terpene alcohol, aldehyde, and ester constituents of AFR-1. Instead, when possible, samples
were collected at low flow rates and over short durations to limit ozone-induced degradation.

Carbonyl compounds were collected on coated silica cartridges (P/N 047205, Waters
Corp.). During experiments with O3, an ozone scrubber preceded each cartridge (P/N 054420,
Waters Corp.). Cartridges were extracted with 2 mL acetonitrile. Extracts were analyzed by
HPLC with UV diode-array detection at 360 nm following ASTM Method D 5197. Derivatives
were quantified to determine concentrations of formaldehyde, acetaldehyde and acetone.

Size-resolved particle number concentrations were quantified using an optical particle
counter (Lasair 1003, Particle Measuring Systems, Inc.). (The SMPS, which was used in the
bench-scale experiments, was not available for the room-scale experiments.) The OPC was
placed outside the chamber, and sample air was drawn at 0.03 L min™ through 1.4 m of 1.7-mm
ID copper tubing. The nominal size bins of the OPC are based on the instrument’s response to
polystyrene latex (PSL) calibration aerosol. The secondary organic aerosol generated in our
experiments has different optical properties than PSL, necessitating adjustment of the bin
boundaries. We used OPC bin boundaries reported by Hand and Kreidenweis (2001) that were
determined by calibration of the same instrument model with oleic acid. This provided bin
lower-size limits (aerodynamic diameters) of 0.15, 0.24, 0.36, 0.47, 0.62 and 0.89 um for the
first 6 bins; negligible counts were recorded in the two largest bins. These bin limits are different
from those suggested by the instrument manufacturer, which are based on calibration with a
polystyrene latex aerosol that has different optical properties. Some published studies have
reported the data using the standard, manufacturer-recommended bins. There is some overlap in
the sizes measured by the SMPS and OPC, which were both used in the small chamber
experiments. Without the correction, the overlapping bins did not agree. With the correction,
agreement was greatly improved; this confirmed the validity and value of using the correction.

The particle volume concentration in each bin was determined by multiplying the number
concentration by (n/6 x GMD?) where GMD is the geometric mean diameter of the bin. The
mass distribution was estimated by multiplying the volume distribution by a particle density of 1
g cm™. This method likely underestimates the mass concentration, as organic aerosol density has
been estimated to be approximately 1.2 g cm™ (Turpin and Lim, 2001). The total particle mass
concentration is described as PM; 1, based on the upper boundary of 1.1 um for the largest size
bin sampled by the OPC. For the experiments reported here, the mass concentration of particles
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between 1.1 um and 2.5 pum in diameter is likely to be small, so that PM;; and PM, 5 are
effectively equivalent. This inference is supported by the observation of negligible counts in the
two largest size bins of the optical particle counter.

Hydroxyl radical concentrations were determined by an indirect method (Weschler and
Shields, 1997a). Diffusion vials containing 1,3,5-trimethylbenzene (TMB) and perchloroethylene
(PCE) were placed inside the chamber beneath the air inlet to provide relatively constant sources.
With OH present, concentrations of TMB, but not PCE, are reduced by reaction with OH.
Neither compound is depleted substantially by reaction with O;. TMB and PCE concentrations
were quantified before and during experiments with O3 and during experiment 3E without O3
using the same sampling method as for the primary VOCs. OH was estimated from the measured
decrement in the TMB/PCE ratio (Ryp) as shown in equation 4-5. In this equation, A is the AER,
kis the bimolecular OH-TMB reaction rate constant (1.44 ppb™ sec™®), R(0) is the ratio measured
prior to t = 0, i.e. when no OH was present and Ryp(t) are ratios measured during an experiment.

e84

Hydroxyl radical concentrations were calculated using the TMB/PCE ratios rather than
TMB concentrations directly because uncertainties related to sampling (e.g., pump flow rates),
analysis (e.g., thermal desorption efficiency) and temperature-dependent variations in emissions
are similar for TMB and PCE. Uncertainty in the calculated OH concentration is proportional to
uncertainty in the TMB decrement ([R(0)/ R(t)] - 1).

4.4.4. Data quality and uncertainty

Data quality procedures for the room-scale chemistry experiments were similar to those
employed for the primary emissions experiments. VOC samples were collected prior to the start
of each experiment to quantify chamber air concentrations of product constituents. The presence
of measurable amounts of product constituent VOCs in the chamber one or more days after the
end of the previous experiment indicates desorption of residual mass that had sorbed during
previous experiments; these background concentrations were subtracted from those measured
during all periods following introduction of cleaning products. VOC samples were collected in
duplicate for all sampling periods; both collected samples were analyzed from two or more pairs
in each experiment. Duplicates selected for analysis were drawn from various sampling periods
across experiments to evaluate precision across a range of mass collected and gas-phase
concentrations. In experiments involving use of GPC-1, VOC samples were collected at low
flow rate over long, time-integrated periods and also at higher flow rate during more finely
resolved sampling periods. Good agreement was observed between these sampling approaches
when no ozone was present, supporting the robustness of the measurement technique. Very
volatile carbonyl samples were always collected in duplicate and all samples were analyzed;
values from the two samples were averaged together to obtain the concentration measurement
reported for a given sample period. To investigate overall experimental reproducibility, several
scenarios were evaluated with replication: mopping of floor with GPC-1 in the absence
(experiments 3D-3E) and presence (experiments 3F-3H) of ozone, and use of the air freshener
AFR-1 in the absence and presence of ozone (experiments 3J-3K).

114



4.5. Room-Scale Experiments: Results and Discussion
4.5.1. VOC constituents and chamber concentrations

GPC-1 and AFR-1 each contained mixtures of VOCs that were emitted during use,
whereas GPD-1 only contained and emitted d-limonene. GPC-1 emissions were dominated by
terpene hydrocarbons and alcohols (Table 4.8), while AFR-1 also emitted substantial quantities
of terpene aldehydes and esters in addition to relatively unreactive, saturated VOCs (Table 4.9).
A complete record of measured concentrations of the primary VOC components is presented in
Appendix E, Tables E.1-E.13.

The time profiles of selected VOCs following application of GPD-1 and GPC-1 are
shown in Figures 4.6 and 4.7, respectively. GPD-1 produced peak d-limonene concentrations in
the chamber air of ~ 950 ppb in Exp. 3B and ~ 1400 ppb in Exp. 3C. (VOC data were not
obtained in Exp. 3A). In Exp. 3B, conducted without ozone, d-limonene persisted at its peak
level for approximately 90 min, suggesting ongoing emissions from the substrate. Mop
application of GPC-1 yielded peak levels of 170-200 ppb for d-limonene, 70-200 ppb for
terpinolene, and 110-130 ppb for a-terpineol, as measured at 10 min in Exps. 3E-3H (Figure
4.7). Unsaturated terpenoids totaled ~ 480-630 ppb during the first 30 min following GPC-1 use
in Exps. 3D-3H (Table 4.8). With no O3 present, most GPC-1 constituents initially declined at
close to the measured air-exchange rate (Figure 4.8). Observed deviations from first-order decay
of GPC-1 constituents and d-limonene from GPD-1 are consistent with expectations for
reversible sorption (Singer et al., 2004).

The most abundant terpenoids in AFR-1 — d-limonene, dihydromyrcenol, 3-citronellol,
linalool, and linalyl acetate — were each present at steady levels of 1-11 ppb prior to
introduction of O3 (Table 4.9). Combined, unsaturated terpenoids were present at levels of27
and 17 ppb for Exps. 3J and 3K.

Mopping the floor with water only (experiment 3I) produced no measured change in the
levels of background VOCs in air.

The presence of ozone altered concentration profiles of several terpenoids, whereas
saturated VOC concentrations were largely unaffected. The initial (O-1 h) first-order decay rates
for a-terpinene, terpinolene, y-terpineol, d-limonene, and a few other compounds were higher
with ozone than without (Figure 4.8). Attributing this difference to reactive decay, VOC-0O3
reaction rate constants were estimated from the GPC-1 experiments by comparing initial decay
rates calculated for Exps. 3G and 3H with those calculated for Exp. 3E. First-order decay rates
for reactive compounds also were compared to the mean of nonreacting compounds in the same
experiments to provide a second estimate of the decay rate owing to reaction. Bimolecular
reaction rate constants were estimated using the mean ozone concentration over the 10-60 minute
interval. Reaction rate constants determined in this way were within a factor of 2-3 of published
values (NIST, 2000) for d-limonene, terpinolene, a-phellandrene, and y-terpinene. Among
compounds without published reaction rates, y-terpineol and an unspecified terpene hydrocarbon
eluting at 28.2 min were estimated to react with ozone at rates approximately 2-3 and 5-6 times,
respectively, as fact as d-limonene (Figure 4.8). a-Terpineol concentrations initially did not
decline more rapidly when ozone was present, contrary to expectations based on its published O3
reaction rate (Wells, 2005). Delayed emission or sorption processes for terpene alcohols may
have masked reaction-related a-terpineol decay. A similar deviation in the apparent reactivity of
o-terpineol was observed in the bench-scale experiments. Since y-terpineol likely sorbs at a rate
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that is similar to a-terpineol, the reaction rate for the y isomer likely is faster than estimated
above.

Degradation on Tenax samplers is of minimal concern for these data owing to the high
concentrations of terpene compounds (Figure 4.7 and Table 4.8), low ozone levels (Figure 4.9)
and short (1-2 min) sampling intervals during this period.

Ozone continued to influence concentration patterns over the 12-h scale of each
experiment with GPD-1 and GPC-1. The addition of ozone extended the period over which d-
limonene decayed in roughly a first-order process to about 8 h for GPD-1 (Figure 4.6) and 6 h
for GPC-1 (Figure 4.7). A similar pattern was observed for a-terpineol and terpinolene; the
latter decayed faster (Figure 4.7), consistent with its faster reaction rate with ozone.
Concentration patterns of p-cymene, eucalyptol, and even some terpenes (e.g., a.-pinene and
camphene) were largely unaffected by the presence of ozone.

In the AFR-1 experiments, VOC emissions from the source continued at approximately
steady rates while ozone was introduced, as confirmed by the small measured change in the
steady-state concentrations of benzyl acetate and bornyl acetate after ozone was added (Table
4.9). Expected steady-state concentrations of ozone-reactive VOCs in the presence of ozone
were calculated by mass balance, using the mass emission rate inferred before ozone was added
(adjusted for the change in AFR-1 volatilization rate, as shown in the third column of Table 4.7),
and considering removal by ventilation and reaction. Removal by reaction was estimated using
the measured ozone concentration and the published bimolecular reaction rates for terpene-ozone
reactions. Table 4.9 indicates that the 47 ppb of ozone in the chamber air at steady state (Exp.
3J) is expected to lower the gas-phase concentrations of d-limonene and -citronellol by about
half, and concentrations of linalool and linalyl acetate by about two-thirds.

4.5.2. Ozone concentrations and reactions

Ozone concentration profiles are shown in Figure 4.9 for selected experiments and in
Appendix E, Figures E.12-E.22 for the full set. Prior to the introduction of cleaning products, O3
concentrations in the chamber were steady at about one-half the level in the supply air. This
relationship was used to calculate, by material balance, the rate of Oz deposition and
decomposition on surfaces in the chamber. The 1 h™ O3 loss rate is at the low end of those
measured in residences (Lee et al., 1999), similar to that measured in a telephone switching
office (Weschler et al., 1994), and consistent with values expected for an unfurnished room.

Ozone levels dropped rapidly with application of the cleaning products. Concentrations
decreased to the minimum observed levels within 10 min of GPD-1 use in Exp. 3C (upper left of
Figure 4.9) and within 13 min of GPC-1 use in Exp. 3H (upper right of Figure 4.9). Minimum O3
concentrations were steady at ~ 4 ppb from 10 to 60 min after GPD-1 use in Exp. 3C and at ~ 6
ppb from 10 to 40 min after GPC-1 use in Exp. 3H. In Exps. 3F-3G, minimum concentrations
were 7.5 ppb during the period 20 to 40 min after product use. Ozone concentrations increased
gradually beginning about 1 h after the cleaning application. Concentrations remained below the
steady-state level for 10-12 h following product application, indicating continued consumption
by reaction with residual cleaning product constituents. In Exp. 31, ozone concentrations in
chamber air started to decline during the hour before the floor was mopped with water and
reached a low of about 44 ppb at 12 min after mopping (Figure 4.9, bottom right). No similar
decline in ozone was observed prior to the start of mopping in Exps. 3F-3H, despite similar
preparation activities. The sharper decline following the start of Exp. 31 may in part be related to
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an increase in the ozone decomposition rate on surfaces associated with an increased relative
humidity in the chamber (Grgntoft et al., 2004) caused by mopping.

The relationship between the quasi-steady O3 concentrations in the chamber during the
first hour and concentrations in the supply air was used to calculate, by material balance, the rate
of O3 consumption by reaction following product use. Steady concentrations of 4, 6, and 7.5 ppb
correspond to total Oz consumption rates of 30, 20, and 16 h™, respectively. Since deposition to
surfaces (1 h™®) is much slower, most Oz consumption was due to reaction with cleaning product
constituents, either in the gas phase, or on surfaces. VOC concentrations were combined with
known or estimated O3 reaction rates to calculate O3 consumption attributable to gas-phase
reactions and to predict steady O3 concentrations. For example, in experiment 3C (GPD-1), the
average gas-phase concentration of d-limonene over the 10-60 min interval was 1070 ppb.
Combining this with the d-limonene-Os reaction rate of 5.2 x 10° ppb™ s (NIST, 2000) and the
AER of 1 h yielded a predicted O3 consumption rate (reaction + deposition) of 21 h™ and a
steady concentration of 5.5 ppb. A similar calculation for experiment 3H (GPC-1) yielded the
following estimates of O3 consumption rates by the five predominant terpenoids, based on their
mean concentrations over the 10-40 min interval: terpinolene, 17 h*; o-terpinene, 3.6 h™; d-
limonene, 3.0 h™'; a-terpineol, 2.1 h™; and a-phellandrene, 2.1 h™. An O; concentration of 4 ppb
was predicted based on the total consumption rate of 28 h™. Thus, measured O5 concentrations
were consistent with predictions based on homogeneous reaction rates.

Over the course of the first hour following cleaning product application, the total mass of
O3 consumed was ~ 18-19 mg, which includes most of the 6.5 mg present initially and about
95% of the 13 mg entering with supply air over this period.

In AFR-1 experiments, O3 was introduced into the chamber already containing reactive
and non-reactive VOCs. AFR-1 use in the absence of O3z produced reactive VOC concentrations
in air that were 1.5 to 2 orders of magnitude lower than in experiments with cleaning products.
The AFR-1 source continued to emit throughout the measurement periods. After approximately
3 hin Exps. 3) and 3K, the chamber O3 concentrations were steady at 81% and 87%,
respectively, of the 57 ppb expected for the inlet O3 concentration of 114 ppb (Exp. 3K, Figure
4.9, bottom left). The total ozone loss rates from chamber air were determined by material
balance to be 2.45 h™ for Exp. 3J and 2.31 h™ for Exp. 3K. These rates include air-exchange (1
h™), heterogeneous decomposition and homogeneous reaction. The ozone consumption and
secondary pollutant formation potential of AFR-1 has three possible components: (1)
constituents already present in the air when Og is introduced, (2) continuously emitted
constituents, and (3) a reservoir of constituents sorbed to material surfaces. Compounds already
in the air when ozone is introduced should impact ozone consumption only over the time scale of
air exchange, i.e. for a few hours. Steady-state levels depend on the other two factors. Their
relative importance was assessed by calculating ozone consumption associated with
homogeneous reactions with VOCs emitted by AFR-1. This analysis used the calculated steady-
state concentrations of VOCs in the presence of ozone (Table 4.9, column 5) and published or
estimated rate constants for reaction with ozone. The following published rate constants were
used: d-limonene 5.2 x 10°® ppb™ s (NIST, 2000); linalool 1.1 x 10 ppb™ s™* (NIST, 2000); -
citronellol 5.9 x 10 ppb™ s* (Ham et al., 2006). Based on the results presented earlier in this
section, we estimated an ozone reaction rate for linalyl acetate that is twice the value for d-
limonene. The reaction rate between ozone and dihydromyrcenol was estimated at 3 x 10 ppb™
s (JR Wells, personal communication). The results of this calculation, shown in Table 4.9 for
Exp. 3J, suggest that homogeneous reaction with identified AFR-1 constituents accounted for
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ozone consumption rates of 0.19 h™ in Exp. 3Jand 0.11 h™* in Exp. 3K. The remaining ozone
consumption, 1.26 h™ in Exp. 3J and 1.20 h™ in Exp. 3K, is assumed to result from
heterogeneous reactions. We suspect that these rates are higher than the surface decomposition
rate without AFR-1 (1.0 h™) because of ozone reaction with AFR-1 constituents sorbed to room
materials. Note that this result was obtained for an unfurnished chamber. Residential rooms and
offices contain larger quantities of material surfaces and more plush materials that would be
expected to increase the concentration of sorbed VOC mass. Heterogeneous reactions between
ozone and AFR-1 constituents could thus be more important in residences than in our chamber
experiments.

4.5.3. OH radical concentrations and reactions

OH concentrations calculated from the measured TMB/PCE ratios are summarized in
Table 4.10. Additional details of the measured TMB/PCE concentrations are presented in
Appendix E, Tables E.14-E.20. The results indicate significant OH concentrations persisting for
10-12 hours following a single cleaning event; this finding is consistent with the observation that
measurable Oz consumption persists over the same period. Indeed, in the case of GPD-1, the
measured OH concentrations were higher during the periods from 2-12 or 6-10 hours than during
the first 2 hours. Although not necessarily intuitive, these results are consistent with predictions
of a model that captures the essential features of the system, as described in 84.3. d-Limonene,
through reaction with O3, is both a source of OH and at the same time a sink for OH. As the
limonene concentration in the GPD-1 experiment decreases, the Oz concentration increases. The
rate of OH production does not decline as fast as the rate of OH removal, with the net effect that
the OH concentration is expected to peak several hours after the end of the cleaning event.

The OH concentrations estimated during constant AFR-1 operation were within a factor
of two of those determined for cleaning product use. OH concentrations resulting from the
present experiments were similar to those reported in an office in which ozone and d-limonene
were added to achieve steady-state levels of ~ 110 ppb and ~ 60 ppb respectively (Weschler and
Shields, 1997a). In the bench-scale experiments described in 84.2-4.3, we observed a wider
range of OH concentrations that were centered at the same order of magnitude as the results from
these simulated product use experiments.

It should be noted that the OH concentrations reported in Table 4.10 are higher than
would be anticipated in actual indoor settings that have higher concentrations of background
VOCs; such VOCs can be significant OH sinks, contributing to its overall scavenging.

4.5.4 Secondary pollutants: Very volatile carbonyls

As summarized in Table 4.11, production of formaldehyde was associated with the use of
each product in the presence of Os. (See Appendix E, Table E.21 for additional details). Relative
to experiments without O3, product use in the presence of O3 led to increased formaldehyde
concentrations of 9-16 ppb over the 0-4 h period after cleaning product application and 5-10 ppb
over the 4-12 h period after application. Air freshener use with O3 resulted in a ~ 6 ppb increase
in formaldehyde concentration over the 2-5 h period after O3 addition. Here, the condition
appeared to approximate steady state, based on stable concentrations of O3 and reactive VOCs.
Acetone was also produced during the use of GPC-1 and AFR-1 in the presence of Os. For GPC-
1, the initial increase in acetone level averaged over the 0-4 h period was 29 ppb. There was no
indication of acetaldehyde production in these experiments. The production of formaldehyde and
acetone, but not acetaldehyde, is consistent with the location of the unsaturated carbon-carbon

118


https://E.14-E.20

bonds in the reactive VOCs identified as constituents of these products. These results are semi-
quantitatively similar to those reported in the bench-scale chamber experiments.

4.5.5. Secondary pollutants: Particle number and mass concentrations

Shortly after the introduction of GPD-1 and GPC-1, particle number concentration as
measured by the optical particle counter was observed to increase in several size-ranges, with the
largest increase occurring in the smallest measured range (0.15-0.24 um). For GPD-1, particle
growth over time shifted through progressively larger size ranges in a particle growth wave
similar to those reported previously (Sarwar et al., 2004). GPC-1 use produced substantial
particle growth only up to the 0.24-0.36 um particle size bin. Particle number concentrations
were elevated for 8-10 h for GPD-1 and ~ 6 h for GPC-1. The increase in particle number
concentrations resulting from O3 introduction during AFR-1 use was small relative to increases
in experiments with GPD-1 and GPC-1.

The evolution of calculated fine particle mass is presented for three experiments (3C, 3G,
and 3J) in Figure 4.10. For each cleaning product experiment, mean PM; ; concentrations were
calculated over a 12-h period starting with product use; for AFR-1 experiments, mean PMj 3
concentrations were calculated at steady levels before and after O3 addition. These results are
summarized in Table 4.12. Peak PM, ; concentrations were estimated to be ~ 275 pg m™ for
GPD-1 and ~ 135 pg m™ for GPC-1. The 12-h mean fine-particle mass concentration increased
by almost 90 pg m™ for GPD-1 in the presence of Oz and by 30-35 pg m™ for GPC-1 in the
presence of O3, as compared with the experiments without Oz. These are substantial increases,
given that the State of California standard for suspended particulate matter in ambient air is 50
ng m™ on a 24-h average basis (PMyg) and 12 pg m™ on an annual average basis (PM2s)
(http://www.arb.ca.gov/research/aags/caags/pm/pm.htm).

The difference between secondary PM levels generated by O3 exposure of GPD-1 versus
GPC-1 reflects in part the growth of particles associated with GPD-1 to larger sizes relative to
the particles formed from the oxidation of GPC-1 constituents. Ultrafine particle formation and
growth resulting from O3 reactions with the same cleaning products was observed in the bench-
scale experiments described in §4.3-4.4. In contrast to the cleaning products, use of the AFR-1 in
the presence of O3 produced much smaller quantities of PMy 1 (2-5 pg m™ increases, as indicated
in Table 4.12).

Particle concentrations measured in these simulated product use experiments are
generally similar to those reported in previous experiments conducted in large chambers or
indoor environments (Long et al., 2000; Fan et al., 2003; Sarwar et al., 2004; Liu et al., 2004).
More detailed information about aerosol measurements in our experiments can be found in
Appendix E, Figures E.1-E.11.

4.5.6. Relevance to real-world scenarios and exposures

The protocols and conditions employed in this study were designed to be relevant to
product use under typical real-world conditions. The 114-120 ppb of O3 in the chamber inlet air,
which is analogous to outdoor air entering a home, is within a factor of 2 of outdoor levels
commonly occurring during warm, sunny conditions in US urban areas (USEPA, 2004b). The
steady-state level of O3 in the chamber is within the range of reported indoor values (Weschler,
2000), albeit at the higher end of this range.

The use of a chamber finished with painted wallboard allowed for sorption to a material
that is ubiquitous in US indoor environments. Owing to the use of appropriately scaled cleaning
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surface area to room air volume ratios and realistic application protocols, concentrations
measured at the start of GPD-1 and GPC-1 experiments are expected to be relevant to product
use in residences. The AER of 1 h™* corresponds to the 80" percentile of an empirical distribution
reported for US detached residences across all seasons (Murray and Burmaster, 1995); use of a
higher than average value may be especially appropriate during cleaning events with windows
opened. Use of a single AFR-1 device in the 50-m® chamber approximates scenarios in which
multiple plug-in devices are used in a larger residence or a single device is used in a small
apartment. It is interesting to note that, at this moderate rate of AFR-1 use, concentrations of
reactive terpenoids in air were 1.5-2 orders of magnitude lower than those resulting from
cleaning product use.

The increase in formaldehyde concentrations resulting from cleaning product or air
freshener use may be evaluated in the context of established exposure guidelines. The State of
California has established non-cancer reference exposure limits (RELS) of 68 ppb for acute (1
hour) and 2.2 ppb for chronic (10 years or more) exposures to formaldehyde (OEHHA, 2000),
and an interim 8-h REL of 27 ppb based on the acute value (CARB, 2005b). California’s no
significant risk level for cancer is a 70-year inhalation intake rate of 40 pg d™* (OEHHA, 2005).
Formaldehyde increments of 6-12 ppb averaged over 12 h following use of a single cleaning
product would constitute about 20-40% of the 8-h REL that was set to protect against irritancy.
When this is combined with other indoor sources and with formaldehyde transported from
outdoors, such increments may increase the frequency or extent of exceedences of the 8-h REL.
Chronic exposures scale with the frequency of use. A single event at the formaldehyde levels
found in our study would contribute roughly 20-50% of the weekly average exposure or intake
corresponding to California’s noncancer and cancer chronic exposure guidelines. More frequent
cleaning activity — e.qg., by professional house cleaners or fastidious homemakers — could lead
to exposures that exceed the chronic guidelines on a weekly averaged basis. On the other hand,
the levels of secondary pollutants from ozone-terpene chemistry are expected to correlate with
indoor ozone levels, whether from ambient air or indoor sources. A thorough chronic exposure
assessment would need to consider the influence of the spatial variability, and the diurnal and
seasonal cycles of ambient ozone on secondary pollutant formation.

Table 4.12 shows that use of certain cleaning products in the presence of O3 can cause
substantial incremental exposure to fine particulate matter. Epidemiological studies have shown
associations between increases in ambient fine-particle concentrations and mortality and
morbidity (Pope et al., 2002). However, the relative toxicity of particles collected at outdoor
monitoring stations versus secondary organic aerosol derived from ozone-terpene reactions has
yet to be determined.

4.6. Conclusions

The laboratory investigation described in 84.2-4.3 demonstrates the potential impact of
ozone-initiated chemistry involving constituents of common household products. Such impact
includes the formation of secondary gaseous pollutants and particles. Widespread use of cleaning
products and air fresheners in close proximity to humans suggests that the reactive chemistry
may contribute significantly to indoor exposure to certain toxic air contaminants and to ultrafine
and fine-mode secondary organic aerosol. The simulated-use investigation described in 84.4-4.5
documents that the secondary pollutants observed in the bench-scale chamber experiments also
can be observed in circumstances that mimic real-life conditions.
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Overall, this study demonstrates that use of cleaning products that contain terpenoids,
combined with ambient O3 entering the indoor environment at concentrations common in urban
areas, produce substantial levels of secondary air pollutants. Specifically, both formaldehyde and
fine particulate mass are generated in quantities that, combined with other common sources, may
result in exposures exceeding relevant health-based standards and guidelines. Also, both Oz and
OH may generate “stealth” products that cannot be measured with the methods employed here,
but nevertheless raise potential health concerns (Weschler and Shields, 1997b; Wolkoff et al.,
1997; Carslaw, 2003; Weschler 2004a; Weschler 2004b).

Sorption processes associated with material surfaces can delay the removal of volatile
product constituents by ventilation and extend emissions. Thus, even if a cleaning event is
performed in advance of elevated ambient Os, terpenoid constituents of the product may be
present at high enough levels to initiate indoor chemistry when ambient O3 levels increase. Air
fresheners emit terpenoids at rates that produce substantially lower concentrations than those that
persist just after use of a cleaning product containing these compounds. However, since air
fresheners represent a constant source, secondary pollutants formed when their constituent VOCs
react with Oz represent more of a chronic exposure concern.

Table 4.13 provides a concise summary of the specific findings reported in §4.
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Table 4.1. Summary of experimental conditions for investigating reactive chemistry between ozone and two cleaning products (GPC-
1 and GPD-1) and one air freshener (AFR-1) in a bench-scale chamber.

Expt. | Product | [O3] (ppb) * | ACH (h™)° | Residue? ¢ | NO,?¢| Datatables® | SMPS figure ¢ | OPC figure
2A | GPC-1 253 3 42,D.1-D.2 D.1 D.2
2B GPC-1 131 3 4.2,D.3-D.8 D.3 D.4
2C GPC-1 130 1 4.2,D.9-D.10 D.5
2D GPC-1 65 3 42,D.11-D.12 D.6
2E GPC-1 29 3 4.2,D.13-D.14 D.7 D.8
2F GPD-1 137 3 4.3, D.15-D.16 D.9
2G GPD-1 136 1 4.3,D.17-D.18 D.10
2H GPD-1 61 3 4.3, D.19-D.20 D.11
2l AFR-1 126 3 4.4,D.21-D.22 D.12 D.13
2] AFR-1 127 1 4.4, D.23-D.24 D.14 D.15
2K | AFR-1 63 3 4.4, D.25-D.26 D.16 D.17
2L GPC-1 118 1 v D.27-D.28 D.18 D.19
2M | GPD-1 114 1 v D.20
2N AFR-1 122 1 v D.29 D.21
20 GPC-1 139 3 v 45, D.30-D.31 D.22 D.23

2 Ozone levels in supply air.

® Nominal air-exchange rate (ACH), controlled by varying ventilation rate.

¢ A “v” indicates that the parameter was present in that particular experiment; see text.
¢ Primary tables for presentation of gaseous species concentration data

¢ Primary figures for presentation of particulate matter data
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Table 4.2. Reaction of ozone with components of pine oil-based cleaner (GPC-1) in bench-scale chamber experiments.

Expt. 2A (3 ach) Expt. 2B (3 ach) Expt. 2C (1 ach) Expt. 2D (3 ach) Expt. 2E (3 ach)

species C (ppb) | reacted (%) | C (ppb) | reacted (%) | C (ppb) | reacted (%) | C (ppb) | reacted (%) | C (ppb) | reacted (%)

ozone * 2534 90+ 10 1314 907 130+13 94+ 15 652 97 +11 29+1 100 =58

VOC components "

a-terpinene 225=%1 96+ 2 25%1 92+3 25+2 89+4 242 72+7 161 67 +2

d-limonene 204 £ 6 25+2 219+2 17+0.7 229+6 15+2 206+5 | 12+38 | 2023 4+1
p-cymene 40£2 -3+£3 41+£05| 12x13 42 £2 16+3.1 372 -44+52 49+1 02
eucalyptol 53+2 -3+2 58+04 | 33+05 602 26+25 46+ 9 -19+13 53+1 2+2
terpinolene 240+ 8 66+ 4 266+12 43+3 266+14 33+4 236+32 8+12 130+ 3 12+2
a-terpineol 146 + 3 23+2 149 +4 14 +2 104 +3 9+2 154425 -2+11 104 +£18 | -18+13
y-terpineol 18+2 66 +5 1312 41+8 12+1 19+3 19+3 16+ 12 11+£2 -4+14

volatile oxidation products ©

C (ppb) | yield (%) | C(ppb) | yield (%) | C(ppb) | yield (%) | C(ppb) | vield (%) | C(ppb) | vyield (%)

formaldehyde 59=+1 261 345=%1 28x1 35+x05| 27+x04 |13x05 201 46+0.6 16£2

acetaldehyde 44+08 | 19+03 | 2.2+23 10+13 | 2.2+1.2 10+05 | 1611 | 08056 nd

acetone 1233 54+1 81+5 66 4 83+3 632 29+1 45+ 2 715+4.7 26 £ 16
glycolaldehyde | 17 £2 7407 |11+£03| 49+x01 |[12+x04| 52+02 | 54403 2601 |35%01 12+1
formic acid 40+9 17+4 265+4 22+ 4 12+5 9+4 10+ 15 15+ 23 4+15 13 + 26
acetic acid 55+9 24+ 4 38+7 31+6 22+12 17+9 3+22 5+33 nd

Concentrations (C) are reported for these conditions: ® ozone level in reaction chamber without cleaning product; > VOC components in reaction
chamber without ozone; and © volatile oxidation products in reaction chamber with both ozone and VOC components. “ nd = not detected.
Indicated variability represents + standard deviation from duplicate determinations.
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Table 4.3. Reaction of ozone with d-limonene from orange oil-based degreaser (GPD-1) in bench-scale
chamber experiments.

Expt. 2F (3 ach) Expt. 2G (1 ach) Expt. 2H (3 ach)
species C (ppb) | reacted (%) | C (ppb) | reacted (%) | C (ppb) | reacted (%)
ozone * 137+9 85+6 136 + 7 95+ 17 61+2 82+12

VOC components

d-limonene 643 + 20 19+2 738+ 14 20+6 586+4 | 99+11

volatile oxidation products ©

C (ppb) | yield (%) | C(ppb) | yield (%) | C(ppb) | yield (%)

formaldehyde | 32+0.3 | 28+0.2 36+1 28+1 13+05 26+1

formic acid 14 +5 12+ 4 19+12 15+9 4+7 7%15

acetic acid 20+ 10 17+38 31+22 24 +18 8+40 16 + 81

Concentrations (C) are reported for these conditions: # ozone level in reaction chamber without
cleaning product; ® VVOC components in reaction chamber without ozone; and ° volatile oxidation
products in reaction chamber with both ozone and VOC components. Indicated variability
represents + standard deviation from duplicate determinations.
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Table 4.4. Reaction of ozone with air freshener components (AFR-1) in bench-scale experiments.

Expt. 21 (3 ach) Expt. 2J (1 ach) Expt. 2K (3 ach)
species C (ppb) | reacted (%) | C (ppb) | reacted (%) | C (ppb) | reacted (%)
ozone * 126 +6 | 8615 127 +5 97+67 |63£05| 89+11

o

VOC components

d-limonene 121+ 2 29+ 2 165+ 11 29+ 7 108 £ 3 22 +3

linalool 176 £ 3 36 +2 247 £ 17 41+6 170+ 4 20+ 3

linalyl acetate 66 £7 22+9 88+8 25112 57+£3 19+24

dihydromyrcenol | 241+3 | 45+14 |335+£23 6+11 242 + 6 73

[-citronellol 19+1 40+ 2 24 +2 40+ 7 19+1 25+5

volatile oxidation products ©

C (ppb) | yield (%) | C(ppb) | yield (%) | C(ppb) | yield (%)

formaldehyde 41+04| 38x04 111+2 0+1 16 +2 29+4

acetaldehyde nd ¢ 13+04 | 11+04 nd ¢

acetone 415 38 +52 95+1 77+1 14+0.6 25+1

glycolaldehyde |13+0.3| 12+0.2 |33+x05| 27+04 | 7+0.3 13+05

formic acid 24+6 22+6 68 55 14+6 25+11

acetic acid 36+23 | 34+22 84 68 nd ¢

Concentrations (C) are reported for these conditions: # ozone level in reaction chamber without
air freshener; ® VOC components in reaction chamber without ozone; and © volatile oxidation
products in reaction chamber with both ozone and VOC components. ¢ nd = not detected.
Indicated variability represents + standard deviation from duplicate determinations.
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Table 4.5. Reaction of ozone with components of pine oil-based cleaner (GPC-1) in bench-scale
chamber experiments, with and without the presence of NO,.

Expt. 2B (3 ach) Expt. 20 (3 ach)
species C (ppb) | reacted (%) | C (ppb) | reacted (%)
ozone * 131+4 90+7 139+2 94 +8

VOC components "
a-terpinene 251 92+3 222 90 +10
d-limonene 219+ 2 17+0.7 2315 203
p-cymene 41+05| 1.2%+13 47+ 1 8+4
eucalyptol 58+04 | 33+05 61+1 8+3
terpinolene 266 + 12 43+3 261 + 14 41+8
a-terpineol 149+ 4 14+£2 174+ 3 73
y-terpineol 13+2 41+8 21+1 41+ 4

volatile oxidation products ©

species C (ppb) | yield (%) | C (ppb) | yield (%)

formaldehyde | 3451 28+ 1 291 211

acetaldehyde 22+23| 1.0£13 15+1 11+1

acetone 81+5 66+4 70+4 50+4

glycolaldehyde | 11+£0.3 | 49+0.1 11+1 81

formic acid 265+4 22+ 4 12+ 10 9+7

acetic acid 387 31+6 38+7 27+6

Concentrations (Cg are reported for these conditions: # ozone level in reaction chamber without
cleaning product; ° VOC components in reaction chamber without ozone; and ¢ volatile oxidation
products in reaction chamber with both ozone and VOC components. ¢ nd = not detected.
Indicated variability represents + standard deviation from duplicate determinations.
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Table 4.6. Data summary for secondary organic aerosol formation in bench-scale chamber experiments with two cleaning
products (GPC-1 and GPD-1) and one air freshener (AFR-1).

peak concentrations

steady-state concentrations

initial
experiment grr(;\;\(/eth nu5mbe_r3 mass_a numbe_r mass_a
(10" cm™) (g m) (10° em’®) (g m)
(nm min™) PMos PMos PMo. PM, ; PMo. PMo4 PMo.1 PMo.4 PMy4
pine oil-based cleaner (GPC-1)
2A 4.5 3.6 72 306 306 0.06 0.16 1.0 107 215
2B 3.8 2.4 46 162 162 0.04 0.11 0.7 67 115
2C 1.6 1.6 27 102 na 0.05 0.14 1.0 68 na
2D 2.6 1.2 19 57 na 0.13 0.24 1.4 50 na
2E 2.6 0.5 8 12 12 0.07 0.1 1.0 11 11
20 1.8 146 0.14 64
orange-oil based degreaser (GPD-1)
2F 5.8 1.4 37 229 na 0.06 0.18 1.2 105 na
2G 3.6 0.8 18 192 na 0.03 0.13 0.7 90 na
2H 5.0 0.6 15 75 na 0.05 0.13 1.0 53 na
air freshener (AFR-1)
21 5.0 0.4 10 51 51 0.04 0.08 0.7 33 45
2J 2.3 0.9 20 90 90 0.02 0.05 0.3 37 65
2K 4.3 0.2 6 21 21 0.04 0.07 0.6 15 15

% Mass concentration of particles assuming density of 1.0 g cm™; na: data not available
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Table 4.7. Summary of experiments involving simulated use of cleaning products (GPD-1 and
GPC-1) and an air freshener (AFR-1), investigating the influence of ozone.

Start date | Start | AER T RH

a b c
Expt |Product Amt O3 (2005) time (h'l)d (°C)* (%)f

3A GPD-1 6.79 5-Jun 11:10 | 0.99 22.2 36
3B GPD-1 3.79 9-Jun 10:00 | 1.03 23.2 56
3C GPD-1 3.7¢9 v 12-Jun 10:30 | 1.04 22.4 45
3D GPC-1 529 3-Jun 11:00 | 1.08 22.7 46
3E GPC-1 529 21-Jun 9:30 1.01 23.2 48
3F GPC-1 519 v 7-Jun 9:40 1.16 23.9 36
3G GPC-1 509 v 14-Jun 9:10 0.99 22.2 48
3H GPC-1 509 v 23-Jun 10:00 | 1.00 21.8 53
3l H.O/Mop - v 2-Jun 10:32 | 1.08 22.8 44
3] AFR-1 | 45 mg/h 26-Jun 7:10 0.99 20.8 53
3] AFR-1 | 43 mg/h v 26-Jun 12:10 | 1.00 21.3 54
3K AFR-1 | 31 mg/h 27-Jun 12:00 | 1.01 21.1 53

3K AFR-1 | 29 mg/h v 27-Jun 17:00 | 0.95 21.4 55

2 GPD-1 sprayed onto 0.11 m? sheet aluminum, surface wiped dry with paper towels after 1 min,
towel and product removed (~2 min procedure). GPC-1 applied in dilute solution to 3.9 m? of
vinyl flooring using sponge mop (~7 min procedure). AFR-1: set to “low” and plugged into
electrical outlet for 2 days before experiment 3J; setting switched to “high” for experiment 3K.

® Amount of product dispensed. For GPD-1 and AFR-1, the vast majority of dispensed product
was released to chamber air. For GPC-1, much of the dispensed product remained in solution
and was removed from the chamber when mopping was completed.

¢ “v” indicates that ozone was added to supply air at a level of 114-120 ppb; otherwise, no
ozone in supply or chamber air.

¢ Air exchange rate determined from measured decay of injected SFs. Uncertainty estimated at +
0.02-0.05 h™ based on standard deviation of n = 3 determinations in each of experiments 3C,
3E, and 3H.

¢ Mean temperature over 12 h for experiments 3A-31; mean over 5 h for each phase of
experiments 3J-3K. Standard deviations were < 0.3 °C except for experiments 3B (1.0 °C), 3E
(2.1 °C) and 3F (1.4 °C). For additional details, see Appendix E, Figures E.23-E.25.

"Mean RH over same periods shown for temperature. Standard deviations were <3% RH for all
but experiment 3B (5%). For additional details, see Appendix E, Figures E.26-E.28.
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Table 4.8. Time-averaged concentrations (ppb) of GPC-1 constituents during experiments 3D-
3H.

No ozone (Expts. 3D-3E) ? (E\)/(\:)';%OFZ_O;:_?) b
0-0.5 | 0.5-1.5| 154 | 4-12 0-0.5 h 0.5-1.5

Analyte CAS # h h h h ' h

Terpene HCs
a-Pinene 80-56-8 | 12.5 7.1 2.2 02 | 12.2 6.0
Camphene 79-92-5 | 12.1 6.3 1.8 0.2 | 12.2 6.0
a-Phellandrene ¢ | 99-83-2 9.3 4.6 1.1 0.2 8.7 2.6
a-Terpinene 99-86-5 | 19.9 8.8 1.3 0.2 39 | nd
d-Limonene 5989-27-5| 166 82 23 4.8 |159 66
y-Terpinene 99-85-4 | 18.0 8.9 2.5 05 | 175 6.7
Terpinolene 586-62-9 | 129 61 11.8 2.9 |134 33

Terpene Alcohols

1-Terpineol ° 586-82-3 | 33 145 6.0 1.8 | 33 14.7

B-Terpineol 138-87-4 | 10.6 5.2 2.3 0.9 | 105 5.1

4-Terpineol 562-74-3 7.8 3.7 1.7 0.6 8.7 3.5

a-Terpineol 98-55-5 | 103 55 26 10.7 |105 53

y-Terpineol 586-81-2 | 14.1 6.5 2.5 0.9 | 133 4.4
Other VOCs

p-Cymene 99-87-6 | 15.1 7.3 2.2 0.6 | 14.7 7.3

Eucalyptol 470-82-6 | 39 17.5 35 05 | 39 17.3

 Mean of 2 experiments without ozone.

® Mean of 3 experiments with ozone. For the most 0zone-reactive compounds (c.-terpinene,
terpinolene, d-limonene, a-terpineol, y-terpineol), concentrations reported for the 30-90 min
“with O3” category may be biased low owing to degradation of these compounds on Tenax
samplers exposed to ozone.

¢ Compounds listed by retention time (RT) within group.

¢ Quantified by total ion current based on d-limonene response. a-Phellandrene identity

confirmed with pure standard. Terpineols tentatively identified by matching mass spectra to

NIST database. Uncertainty in TIC quantitation estimated as £30% or less. Also tentatively

identified were terpene HCs eluting at 26.3, 28.2, and 29.4 min; 0-30 min concentrations of these

compounds were estimated by TIC to be 4-8 ppb.
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Table 4.9. Chamber air concentrations and percent reacted of AFR-1 constituent terpenoids and
other VOCs based on concentrations measured 0-5 h before and 3-5 h after ozone was introduced
into the supply air at 114 ppb (Expt 3J). ?

Steady VOC |Homogeneous| Steady VOC | Homogeneous
concentration | consumption | concentration | consumption
without O3 |of VOC by O3 with Os of O3 by VOC
Analyte CAS # (ppb) ® (hh® (ppb) © (h™h)°
Ozone-reactive VOCs
d-Limonene 5989-27-5 | 2.7 + 0.3 0.88 1.43 0.03
Dihydromyrcenol | 18479-58-8 |11.2 + 1.2 0.005 10.7 0.00
Linalool 78-70-6 7.3 £ 0.9 1.85 2.6 0.10
Linalyl acetate ° 115-95-7 | 3.6 = 0.3 1.75 1.32 0.05
B-Citronellol 7540-51-4 | 1.78 + 0.18 0.99 0.89 0.02
a-Citral 141-27-5 | 0.45+ 0.05 (f) (f) (f)
Other VOCs
Benzyl acetate 140-11-4 116.7 + 1.6 - 155 = 0.2 -
Bornyl acetate 76-49-3 46 £ 05 - 43 + 0.1 -

4 VOC concentrations in chamber air (mean + 1 std. dev.) based on n = 4 measurements over
period 0-5 h before ozone was introduced into the supply air at 114 ppb. Volatilization rate of air
freshener constituents measured by mass difference to average 45.2 mg/h for the “without
ozone” period and 43.3 mg/h for the “with ozone” period, a difference of 4%.
® Consumption of VOC by homogeneous gas-phase reaction under steady-state conditions;
calculated using published bimolecular reaction rates (see text) and steady Oz concentration
measured 3-5 h after O3 introduced to chamber.
¢ Steady-state concentrations with O calculated for ozone-reactive VOCs and measured for other
VOCs. Calculation based on VOC emission from air freshener, removal by ventilation and loss
by homogeneous reaction. Emission rates were calculated from steady chamber air
concentrations before ozone added, and thus include sorption effects. Measurements based on n
= 3 samples collected 3-5 h after ozone was introduced.
¢ Consumption of O3 calculated using expected VOC concentrations and published bimolecular

reaction rates.

¢ Quantified by total ion current based on linalool response; identity confirmed by pure standard.
Uncertainty in TIC quantitation estimated as £30% or less.

"\Value could not be calculated because bimolecular reaction rate is not available.
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Table 4.10. Measured TMB/PCE ratios and calculated OH concentrations for selected
experiments.

Product | Expt(s) | Time (h)® | n | [TMB]/[PCE]" |[OH] © (10° molec cm®)
GPD-1 | 3C t<0 4 | 1.735+0.019

0-2 | 6 | 1.703+0.008 1.0+0.6

2-12 | 9| 1.610+0.012 3.9+0.7

6-10 | 5 | 1.590+0.016 46+0.8
Product | Expt(s) | Time (h)® | n | [TMB]/[PCE]" |[OH] ¢ (10° molec cm®)

GPC-1 | 3G-3H t<0 4 | 1.695+0.014

1-6 12| 1.569 +0.005 39+05
8-10 4 | 1.598 +0.003 29+04
~12 3 | 1.653+0.016 1.2+0.6

Product | Expt(s) | Time (h)® | n | [TMB]/[PCE]" |[OH] © (10° molec cm™)
AFR-1 | 3J-3K t<0 15| 1.736 £0.003
1-5 12| 1.661 +0.006 22+0.2
% Hours since start of experiment. For GPD-1 and GPC-1, experiment started (t = 0) with use of
product in chamber already containing ozone; for AFR-1, experiment started with introduction of
ozone into chamber already containing AFR constituents. Time intervals for analysis based on
availability of data and trends observed in time-resolved measurements.

® Molar ratio (ppb/ppb). Mean + standard error. TMB concentrations were ~ 0.7 ppb.

¢ Mean = standard error. Calculated from [TMB]/[PCE] ratios.

Table 4.11. Measured concentrations (ppb) of very volatile carbonyls.

Expt. | Product Ozone | n° | Time (h) ¢ | Formaldehyde | Acetaldehyde | Acetone
3A-3B | GPD-1 6 0-12 82122 1.0+£0.2 1.7+£0.7
3C GPD-1 v 2 0-4 23.7 (1.3) 2.2 (0.4 3.9(0.4)
3C GPD-1 v 2 4-12 17.9 (0.2) 1.9 (0.1) 2.5(0.1)
3D-3E | GPC-1 8 0-12 7.31£1.0 1.3+04 21105
3F-3H | GPC-1 v 6 0-4 16.0+£1.3 1.7+£05 31+1
3F-3H | GPC-1 v 6 4-12 120+2.8 1.9+£05 12.4+£9.8
3l Mop w/H,0 4 0-12 9.8+£0.6 29+0.2 1.8+04
3J-3K | AFR-1 4 (-3)-0 41+0.1 -04+03 |-05+0.6
3J-3K | AFR-1 v 4 2-5 112+1.2 0.7£04 142+4.1

# Mean * standard deviation for n > 2, mean (absolute deviation) for n = 2. Multiple experiments
under the same condition averaged.

® Number of samples.

Time is relative to introduction of product for GPD-1 and GPC-1, and relative to the
introduction of ozone for AFR-1.
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Table 4.12. Secondary fine particulate matter formed during use of consumer products in
relation to the presence of ozone.

Maximum Mean

Expt | Product |[Ozone| number (cm?) | mass (PMy1, pg m®) | mass (PMy.1, pg m™)
3A GPD-1 240 2.1 1.0
3B GPD-1 520 3.3 1.6
3C GPD-1 v 44000 280 89
3D GPC-1 620 45 3.5
3E GPC-1 540 2.9 2.4
3F GPC-1 v 38000 138 36

3G GPC-1 4 35000 131 31

3H GPC-1 v 36000 132 34

3l | H,O, mop 4 840 51 3.5
3J AFR-1 290 1.8 1.4
3J AFR-1 4 1550 6.9 4.8
3K AFR-1 230 1.6 1.2
3K AFR-1 4 750 4.0 3.0

% For GPD-1 (Expts 3A-3C) and GPC-1 (Expts 3D-3H), particle levels determined for 12-h
period, starting with use of product; for AFR-1 (Expts 3J, 3K), values without ozone calculated
for 5-h period before ozone introduced, values with ozone (“v) calculated for 5-h period after
the start of ozone.
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Table 4.13. Summary of findings from reactive chemistry experiments.

Bench-scale experiments.

» Experimental design. The constituents of cleaning products or an air freshener were exposed
to ozone. The experiments were conducted with steady flow through a 198-L, Teflon-lined
reaction chamber. For most experiments, the volatile constituents of the cleaning product were
continuously supplied to the chamber. Ozone supply was suddenly initiated and then
maintained for hours. Air in the chamber was continuously monitored for the concentrations of
ozone and secondary organic aerosol. Sampling was also conducted for primary constituents
of the cleaning product and volatile secondary species formed by chemical reactions. (84.2)

» Experimental scope. Three products were studied: a pine-oil based general-purpose cleaner
(GPC-1); a d-limonene based general-purpose degreaser (GPD-1); and a plug-in scented-oil air
freshener (AFR-1). Eleven experiments were conducted in which the volatile species of a
selected product were exposed to ozone, at a constant inlet level that varied from ~ 30 ppb to ~
250 ppb. The ventilation rate of the chamber was fixed at either one per hour or three per hour.
One experiment was conducted in which the volatile constituents of GPC-1 were exposed to
ozone and nitrogen dioxide. Three additional experiments were conducted in which the
nominally dry product residue on a surface was exposed to ozone. (Table 4.1)

* Results: Ozone consumption. Ozone was substantially consumed in each experiment. For
the 12 experiments involving volatile constituents of the cleaning products, the residual ozone
level in the chamber air was less than 20% of what it would have been without reactive
chemistry. In the median case, reactive ozone consumption exceeded 90%. (Tables 4.2-4.5)

* Results: Primary VOC constituents. With the pine-oil based cleaner, a-terpinene reacted
strongly and unambiguously in all experiments (67-96% consumed). Four other chemicals —
d-limonene, terpinolene, a-terpineol, and y-terpinene — reacted substantially in some, but not
all test conditions. For the general-purpose degreaser, d-limonene was consumed at levels
corresponding to 10-20% of the supply concentration. Several VOCs in the air freshener
exhibited substantial reactivity, including d-limonene (22-29% consumed), linalool (20-41%),
linalyl acetate (19-25%), and p-citronellol (25-40%). (Tables 4.2-4.5)

* Results: Volatile oxidation product formation. Several stable volatile oxidation products
were detected and quantified in at least some of the experiments: formaldehyde, acetaldehyde,
acetone, glycolaldehyde, formic acid, and acetic acid. Formaldehyde is of particular interest as
a toxic air contaminant with a relatively low reference exposure level. Formaldehyde yields,
expressed as the moles of formaldehyde generated per mole of ozone consumed, were in the
range 16-28% for the experiments involving the volatile constituents of the cleaning products.
With the air freshener, formaldehyde yields were 29-90%. (Tables 4.2-4.5)

* Results: Hydroxyl radical. OH concentrations were indirectly determined to be in the range ~
10* to ~ 10" molecules per cm®. These are consistent in magnitude with the few similar prior
investigations from the literature. A simplified model of OH formation and destruction
captured the overall dependence on experimental conditions reasonably well. (Figure 4.3)

* Results: Secondary organic aerosol. Nucleation events, in which new particle formation was
observed when cleaning product constituents were first exposed to ozone, were observed in 14
of the 15 experiments. Strikingly, such events were even observed when only the nominally
dry surface residue of cleaning products GPC-1 or GPD-1 were exposed in the chamber to
ozone. (Figures 4.4-4.5 and D.1-D.23)
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Table 4.13. (continued)

Room-scale experiments

» Experimental design. Simulated-use experiments were conducted with cleaning products and
air fresheners in a room, with and without the deliberate addition of ozone to the room air. The
chamber was continuously ventilated at one air exchange per hour. For experiments involving
cleaning product use in the presence of ozone, the room conditions were first stabilized with a
steady supply of ozone and then the simulated activity commenced. For experiments involving
the air freshener in the presence of ozone, the room conditions were first stabilized with the air
freshener in operation and then ozone was added. Room air was continuously monitored for the
concentrations of ozone and secondary organic aerosol. Sampling was also conducted to
measure the primary constituents of the cleaning product or air freshener, and the volatile
secondary species formed by chemical reactions. (84.4)

» Experimental scope. Three products were studied. A pine-oil based general-purpose cleaner
(GPC-1) was used in dilute solution in a floor-mopping application. A d-limonene based
general-purpose degreaser (GPD-1) was used full-strength in a surface-cleaning application. A
plug-in scented-oil air freshener (AFR-1) was operated as designed. Eleven experiments were
conducted, of which seven involved ozone supply. (Table 4.7)

* Results: Ozone consumption. Ozone was substantially consumed in the experiments that
involved cleaning-product use. Shortly after cleaning product use, the ozone level would
decline from its stable level in room air of ~ 60 ppb to ~ 5 ppb. The ozone level would then
slowly recover over then next 12 h, approaching its initial undisturbed value. The air freshener
had a noticeable effect on the ozone levels, although much smaller than did the cleaning
products. (Figure 4.9)

* Results: Primary VOC constituents. The presence of ozone did not significantly influence
the short-term peak concentrations of primary constituents associated with cleaning product
use. However, the time-series concentrations of several constituents were observed to decline
more rapidly with ozone than without. Noteworthy in this regard were d-limonene,
terpinolene, and a-terpineol. For the air freshener, the introduction of ozone led to substantial
decreases in the room-air concentrations of d-limonene, linalool, linalyl acetate, and -
citronellol. (Figures 4.6-4.8)

* Results: Volatile oxidation product formation. The most noteworthy stable volatile
byproduct measured was formaldehyde. For the simulated cleaning activities, the 12-h average
formaldehyde level was 7-8 ppb for the experiments without ozone and 20 ppb (GPD-1) or 13
ppb (GPC-1) for the experiments with ozone. The addition of ozone to room air with air
freshener use increased the formaldehyde level from 5 to 11 ppb. (Table 4.11)

« Results: Hydroxyl radical. Indirectly measured OH concentrations were (1-5) x 10°
molecules cm™. (Table 4.10)

* Results: Secondary organic aerosol (SOA). The combined presence of cleaning product or
air freshener constituents with ozone led to measured changes in fine particle levels that were
slight (AFR-1), moderate (GPC-1) or strong (GPD-1). In particular, the 12-h average
concentration of fine particulate matter with the use of GPD-1 was 1-2 ug m™ without ozone,
yet 89 ug m™ with ozone. (Table 4.12)
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Figure 4.1. Consumption of reactive VOCs from (A) GPC-1, (B) GPD-1, and (C) AFR-1.
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Figure 4.6. Limonene concentrations in chamber air following application of the orange oil
degreaser (GPD-1). Data have been adjusted to account for ozone-induced degradation of
limonene on Tenax; the symbol represents the corrected value and the T-bar extends down to the
measured value. Adjustments based on Figures 1-2 of Calogirou et al. (1996).
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Figure 4.7. Constituent concentrations in chamber air following floor mopping with a dilute solution of the pine oil cleaner (GPC-1).
Data for Exps. 3G-3H have been adjusted to account for ozone-induced degradation of limonene on Tenax; the symbol represents the
corrected value and the T-bar extends down to the measured value. Adjustments based on Figures 1-2 of Calogirou et al. (1996).
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Figure 4.8. Constituent concentrations in chamber air for 1 hour following floor mopping with a
dilute solution of the pine oil cleaner (GPC-1). Data presented as natural logarithm of
concentration to elucidate the relative decay rates of various compounds with and without ozone
present.
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Figure 4.9. Ozone concentration profiles: (a) Exp. 3C: GPD-1 sprayed at t=0; (b) Exp. 3H: mopping with GPC-1 started at t=0; (c)
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5. IMPLICATIONS FOR AIR-POLLUTANT EXPOSURE

Most individuals are exposed to both primary and secondary pollutants from cleaning
products. With the present study, we have better defined these exposures for a subset of products
under a variety of typical use scenarios. This section of the report explores the significance of
the new research findings for informing our understanding in inhalation exposure to selected air
pollutants owing to the use of cleaning products and air fresheners in residences. The emphasis
in this exploration is on 2-butoxyethanol as a primary constituent and on formaldehyde and
secondary organic aerosol as secondary species. The section begins with the analysis of a series
of exposure scenarios. Then some limitations of our understanding of exposure resulting from
cleaning product use are discussed, emphasizing the uncertainty in reactive chemistry and
toxicology. Finally, some suggestions are offered for how exposures might practically be
reduced, even while continuing to use the same products.

5.1. lllustrative exposure scenarios
5.1.1. Example 1: Routine cleaning by occupant

For many use-patterns, the resulting concentrations of the constituents and their reaction
products fall within ranges that lead to what are currently considered to be modest exposures and
subsequent intakes. As an example, consider the intake of 2-butoxyethanol (2-BE), formaldehyde
and secondary organic aerosol (SOA) for an occupant of a home or large apartment who does her
or his own cleaning. In this example the inhalation intakes from different cleaning activities over
a one-year period are first calculated, and then the intakes are reported as daily averages. Table
5.1 shows the assumed cleaning activities, their frequency of occurrence and duration, as well as
the duration of the exposure. The activity patterns in the table are based, in large part, on values
from Table 15-12 of the US EPA Exposure Factor Handbook (1997). The breathing rates are
taken from Table 5-6 of this same source; these values, in turn, are based largely on the work of
Adams (1993). The air-exchange rate is assumed to average 1 h™.

The exposure to 2-butoxyethanol results from direct exposure to 2-BE from cleaning
products GPC-2, GPC-3 and GLC-1. The exposures to formaldehyde and SOA are a
consequence of ozone-initiated chemistry with the reactive constituents of GPC-1, GPD-1 and
AFR-1. In evaluating the reactive chemistry, we have assumed that the home or apartment is not
air-conditioned and that the indoor ozone level is 15 ppb during cleaning activities and averages
10 ppb over a daily cycle (Lee et al., 1999; Weschler, 2000). As constructed, this scenario
represents a high-end exposure among the set of occupants who clean their own dwellings. We
say this because the cleaning schedule is aggressive (although it is taken from the USEPA
Exposure Factor Handbook), because the occupant is assumed to spend a large fraction of each
day in the dwelling that is being cleaned, and because the indoor ozone concentrations are at the
high end of daily averages.

The analysis summarized in Table 5.1 includes both exposures that occur during the
cleaning event (duration listed in the 4™ column of Table 5.12 and those that occur after the event
(duration obtained from the difference between the 5™ and 4™ columns of Table 5.1). The latter
accounts for the fact that people frequently remain in the area after the cleaning activity has been
completed. The total exposure duration (i.e., the sum of the time required for the activity plus
the time remaining in the location after the activity) is based on the location of the cleaning event
and varies from 0.42 h for mopping the bathroom floor to 12 h for interior window cleaning. It is
assumed that the occupant is breathing at a higher rate (1.33 m* h™%) during the activity than after
the activity (0.48 m* h™Y). In the case of the air freshener, it is assumed that the occupant is in the
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home or apartment 18 h/day, is active for two of these hours (breathing rate of 1.33 m® h™) and is
sedentary (sitting or sleeping) for the remaining 16 h/day (breathing rate of 0.48 m*® h%).

The annual inhalation intake (mg/y) has been calculated as the sum of the annual intake
during the activity and the annual intake during post-activity periods. More specifically, the
annual intake during the activity was calculated as the product of the number of days in a year
that the activity occurred (d/y), the hours per day required to perform the activity (h/d), the
average concentration during the activity (mg m™) and the breathing rate during the activity
(1.33 m* h™). The annual intake post-activity was calculated as the product of the number of
days in a year that the activity occurred, the hours per day of post-activity exposure, the average
concentration during the post-activity exposure, and the breathing rate during the post-activity
exposure (0.48 m®h™).

Based on the stated assumptions, the experimental results presented in 83 and 84 of this
report, and the outlined method for executing the calculations, the final three columns of Table
5.1 show the estimated annual intakes of 2-BE, formaldehyde, and SOA attributable to each of
the listed activities involving household cleaning products and air fresheners. By summing the
intakes from each of the activities, we estimate that the hypothetical home or apartment dweller
has a total average daily intake of 3000 pg d™* (or 3 mg d™) for 2-BE, 21 pg d* for HCHO and
35 pg d™* for SOA. The 2-BE value of 3000 pg d™* can be compared with the estimate of Zhu et
al. (2002) of 5300 and 13,200 pg d™* for a homeowner using two all-purpose spray cleaners, and
280 and 450 pg d™* for two spray glass-cleaners.

In this and the following examples, it is difficult to evaluate the health implications of the
calculated annual inhalation intakes (except for formaldehyde), because health-based regulatory
standards are not directly applicable to such intakes. That said, we can make rough comparisons
with existing standards to put these results into perspective. In the case of 2-BE, California has
established an acute one-hour exposure limit of 14 mg m™ (OEHHA, 1999). For a breathing rate
of 1.3 m® h™, this results in an intake of 18 mg during the one hour of acute exposure. The
federal reference concentration for chronic inhalation exposure (RfC) is 13 mg m™
(http://www.epa.gov/iris/subst/0500.htm). Assuming that the typical adult inhales between 12
and 15 m*® of air per day (USEPA, 1997), exposure at the RfC corresponds to a daily intake of
156 to 195 mg. Compared with these intakes, the average 2-BE intake of 3 mg d™* calculated in
the present scenario is relatively modest.

The daily formaldehyde intake of 21 pg d™ is below California’s “no significant risk
level” (NSRL) of 40 pg d™. (NSRLs have not been established for 2-BE and SOA.)

We know of no existing health standards or guidelines that specifically address exposure
to SOA. There are standards that apply to the ambient aerosol (PMi, and PM, s National
Ambient Air Quality Standards and California Air Resources Board standards), and SOA is
present as an important component of ambient aerosols. However, ambient SOA is only one of
many components of the ambient aerosol and its particular role in contributing to adverse health
outcomes is unknown. Also, while similar, its chemical composition is not identical to the SOA
formed from ozone-terpene chemistry that is relevant for indoor use of cleaning products and air
fresheners. For the purpose of preliminary exploration, let us assume that the toxicological
properties of SOA and PM, s were equivalent. The 24-h national ambient air quality standard
(NAAQS) for PM,s is 65 pg m™. California does not have a 24-h standard for PM, 5 but has
established a 24-h standard of 50 ug m™ for PMy,. (The NAAQS and California state standards
for annual average concentrations of PM, s are 15 and 12 ug m™, respectively.) Given that the
typical adult inhales between 12 and 15 m® of air per day, the 24-h NAAQS of 65 pg m~ is
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equivalent to a daily inhalation intake of 780-975 ug of PM,s. The daily SOA intake of 35 ug
calculated in the present example is much smaller than this level.

A second comparison can be made using results from epidemiology studies. Numerous
studies have shown associations between airborne particle levels, as measured at ambient
monitoring stations, and short-term morbidity and mortality. For example, Pope et al. (2002)
report that each 10 ug m™ increase in fine particle concentration is associated with a 4%
increased risk from all-cause mortality, a 6% increase in cardiopulmonary mortality, and an 8%
increase in lung-cancer mortality. An average adult intake of 35 pg d™* for SOA is
approximately equivalent to an increment of 2.5 pg m™ in daily average exposure concentration.
If similar associations applied to the SOA generated by the reactions of ozone with cleaning
product constituents as have been found by Pope et al. for ambient PM s, then the additional
daily SOA exposure concentration of 2.5 pg m™ calculated in the present example would be
associated with approximately a 1% increased risk from all-cause mortality, a 1.5% increase in
cardiopulmonary mortality, and a 2% increase in lung-cancer mortality.

However, evidence is largely lacking either to support or to refute the assumption that the
toxicological properties of SOA and PM; 5 are equivalent or even similar. The chemical
composition of particles at ambient monitoring sites is expected to differ in meaningful ways
from the secondary organic aerosol produced by ozone reactions with terpene hydrocarbons and
terpene alcohols. On the other hand, secondary organic aerosol is an important contributor to
ambient fine particulate matter levels. Also, there is no strong evidence that the adverse health
effects associated with ambient PM are strongly tied to specific components. Additional studies
are needed to evaluate the potential adverse health effects of SOA produced by processes similar
to those described in this report.

5.1.2. Example 2: Multi-house cleaning by professional home cleaner

People who clean private homes for a living have a much larger exposure to cleaning
agent constituents and their reaction products than calculated in the previous example. Table 5.2
is analogous to Table 5.1, but for the case of a professional home cleaner (i.e., a domestic
cleaner). It shows the assumed cleaning activities, their frequency of occurrence, the hours per
day spent at the activity on those days that the activity occurs and the duration of exposure (time
spent on activity plus time in the area following the completion of the activity). It is assumed that
the domestic cleaner works in four homes per day, five days per week for 50 weeks per year. In
evaluating the impact of reactive chemistry, we have again assumed that the home is not air-
conditioned and that the indoor ozone level is 15 ppb during cleaning activities (Lee et al., 1999;
Weschler, 2000). It is further assumed that the domestic cleaner is moderately active throughout
these activities and is breathing at a rate of 1.33 m® h™. In contrast to the previous example, air
fresheners are not included in the assumed product mix that constitute the domestic cleaner’s
exposure.

Based on these assumptions and the experimental results presented in 83 and 84 of this
report, we estimate that the hypothetical professional home cleaner in this example has a total
average daily intake of 14 mg d™ (14,000 pg d™) for 2-BE, 80 pg d* for HCHO and 300 pg d™
for SOA. The 2-BE average daily intake of 14 mg, although almost five times higher than in the
previous example, is still considerably smaller than a daily intake of 156-195 mg that would
occur from exposure at the federal RfC for chronic inhalation exposure to 2-BE. The daily
formaldehyde intake exceeds California’s “no significant risk level” (NSRL) of 40 pg d*. The
SOA average daily intake of 300 pg is approximately one-third the daily intake of PM, 5 that
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would occur from exposure at the 24-h average NAAQS level of 65 ug m™, but is slightly larger
than the i3nha|ation intake that would occur from exposure at the annual average NAAQS level of
15 ugm™.

Relative to these estimated exposures, it is worth noting that a cross sectional study of
4521 women by Medina-Ramén et al. (2003) found that asthma symptoms were significantly
higher among women currently (OR 1.46, n = 593) or formerly (OR 2.09, n = 1170) employed in
domestic cleaning. In total, 25% of the asthma cases in the study population were associated with
employment as domestic cleaners.

5.1.3. Example 3: Cleaning in a small, moderately ventilated bathroom

Cleaning large surface areas in a small room over a short period can lead to high
concentrations of cleaning product constituents, even at moderate ventilation rates.

The following example considers the use of GPC-2 to clean soap scum from a shower
stall in a small bathroom (6.1 m®). GPC-2 is recommended for such a task (Table 3.25). Assume
that the bathroom is ventilated at 0.25 h™, and that it contains a shower stall with three 0.8 x 1.8
m (2.7 x 6 ft) panels and a shower curtain. Only the panels are cleaned; hence, the total area to
be cleaned is 4.3 m?. By scaling the results reported for “Counter, full strength, spray and wipe
only, towels retained” in Table 3.30, one obtains an estimate for the 1% hour gas-phase
concentration for 2-BE of 177,000 pg m™ (177 mg m™ or 37,000 ppb). (The scaling requires two
factors: one to account for the different loadings — 0.56 m%/50 m® vs. 4.3 m%6.1m* — and another
to account for the different ventilation rates — 0.5 h™ vs. 0.25 h™%.) Note that 177,000 ug m=,
although high, is still roughly 20 times lower than 2-BE’s saturation vapor pressure at 25 °C (7.9
x 10 atm = 3.8 x 10° pg m™).

The bathroom concentration of 177,000 pg m™ is more than an order of magnitude larger
than California has established as the reference exposure level (REL) for acute (1 h) exposures to
2-BE (14,000 pg m™®), as well as the federal reference concentration for chronic inhalation
exposure, RfC (13,000 pg m™). Assuming that it takes 0.25 h to complete this task, the 2-BE
exposure during this cleaning event is 9300 ppb-h. If the work is performed by an adult female at
a breathing rate of 1.33 m*h™, corresponding to a breathing rate anticipated during light exercise,
her intake of 2-BE during this 15 minute cleaning event is approximately 60 mg. This is more
than three times the one-hour intake of 18 mg derived from California’s acute one-hour exposure
limit for 2-BE (see Example 1).

5.1.4. Example 4: Whole-house interior window cleaning

Another example of a cleaning activity that can result in relatively high exposures and
intakes is interior window cleaning. Although products that are sold for this purpose caution that
they should be used with adequate ventilation, there may be a tendency among some
homeowners to keep the windows closed during this activity because it would make the overall
task easier.

In this example assume a 130 m? (1400 ft?) home with 2.4 m (8 ft) ceilings for a total
volume of 320 m* (11200 ft*) and that the windows have a total area of 25 m®. Further assume
that “window-cleaning” is a whole house event and that the air-exchange rate is 0.2 h™* during
the cleaning activity, a low but plausible value (Murray and Burmaster, 1995). The exposures
will be estimated based on information from Experiment 1L in Table 3.30. The product is
dispensed by means of spraying 11 g of window cleaner GLC-1 per m? of cleaned surface. The
total amount of cleaner dispensed is (25 m?)(11 g m®) = 275 g. The emission factor for 2-BE is
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8.0 mg/g, while that for 2-hexyloxyethanol (2-HE, CAS 112-25-4) is 4.8 mg/g. Hence, a total of
2200 mg of 2-BE and 1320 mg of 2-HE are emitted into the household air during window
cleaning. Assume that this occurs over a period of 2 hours, then the concentrations in the home
(neglecting sorption) will be approximately 17 mg m™ (17,000 ug m™) for 2-BE and 10 mg m™
(10,000 pug m™) for 2-HE.

Assuming that it takes 2.0 h to complete this task, the 2-BE exposure during the window
cleaning is 7000 ppb-h. If the work is performed by an adult female at a breathing rate of 1.33 m®
h™), corresponding to a breathing rate anticipated during light exercise, her intake of 2-BE during
this two hour cleaning event is 45 mg. Analogously, her exposure to 2-HE is 3400 ppb-h and her
intake is 27 mg during the actual window cleaning event.

The average 2-BE concentration of 17,000 pg m™ is larger than California’s REL for
acute exposures to 2-BE (14,000 pg m™). The intake of 2-BE during the 2-hour event, 45 mg, is
more than twice the one-hour intake of 18 mg derived from California’s acute one-hour exposure
limit for 2-BE (see Example 1). Analogous health-based standards are not available for 2-HE
(e.q., see the National Library of Medicine’s listing: : http://toxnet.nlm.nih.gov/cgi-
bin/sis/search/r?dbs+hsdb: @term+@rn+112-25-4; accessed on Jan. 16, 2006).

As shown in Figure 3.5 (Experiment 1L) the actual concentrations of 2-BE and 2-HE
during the cleaning are expected to be lower than these “idealized” concentrations, where
“idealized” refers to calculated values for release of an inert tracer into a well-mixed indoor air
volume ventilated at a constant rate. The difference is due primarily to sorption processes.
However, the concentrations of 2-BE and 2-HE are also expected to remain elevated for at least
24 hours after the end of the cleaning event owing to re-emission (see middle panel of Figure
3.5).

5.1.5. Example 5: Air freshener and ozone in a child’s bedroom

Although ill advised, some people who are concerned about air quality and odors in their
child’s bedroom, and influenced by false or misleading advertising, might choose to use both air
fresheners and ozone-generating devices simultaneously in such rooms.

In this example consider a 50-m* bedroom, ventilated at 1 h™, containing both a plug-in
air freshener and an ozone-generating device (either an advertised ozone generator or an ion
generator that also produces ozone) that is responsible for a residual ozone concentration
averaging 50 ppb. The 50-m® chamber experiments reported in §4.4-4.5 indicate that, at the same
air-exchange rate, the simultaneous presence of an air freshener and 50 ppb of residual ozone
(Figure 4.9d, Expt. 3K) resulted in a steady-state increase in formaldehyde concentration of ~ 6
ppb (see Table 4.11 and text in Section 4.5.4). Assume that the child sleeps in the bedroom 9
hours/day and spends an additional, moderately active three hours per day playing in the
bedroom. Then the child’s formaldehyde exposure resulting from ozone-initiated reactions with
the constituents of this particular air freshener is ~ 70 ppb-h daily or ~ 26,000 ppb-h annually.
Assuming a breathing rate of 0.45 m* h™ while sleeping and 0.95 m* h™* while playing, the
child’s formaldehyde intake resulting solely from the use of the air freshener in the presence of
ozone is ~ 50 pg d™. This exceeds California’s “no significant risk level” (NSRL) for
formaldehyde of 40 pg d™.

This example was predicated upon the use of AFR-1. Different air fresheners have
different constituents. The ozone-reactive constituents, primarily the terpenoids, vary with the
scent of the air freshener. It is instructive to compare the ingredients in AFR-1 with the
ingredients identified by Liu et al. (2004) in a pine-scented, plug-in air freshener (see Fig. 1 of
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their paper). Liu et al. measured a maximum formaldehyde concentration of approximately 20
ppb in the presence of 60 ppb residual ozone. However, both their chamber volume (30 m®) and
air-exchange rate (0.55 h™) were smaller than the respective parameters in the present study.
Emission rates of terpenoids also vary from plug-in to wick-type to diffusion-type air fresheners.
For some products it is anticipated that the resultant formaldehyde production and subsequent
exposure will be larger than that resulting from the use of AFR-1 or the pine-scented air
freshener examined by Liu et al.

In considering this example, it is important to remember that the formaldehyde generated
by the ozone/air freshener chemistry will be added to formaldehyde emitted into the room from
other sources (e.qg., furniture, plywood and other pressed wood products, fiberglass insulation,
etc.). The estimated daily intake of ~ 50 pg d is that which would result if there were no other
sources of formaldehyde in the bedroom. In reality, this is unlikely to be the case.

5.1.6. Example 6: Cleaning when outdoor ozone levels are high

Another example illustrating the potential influence of reactive chemistry involves
cleaning with a product such as GPD-1 during a period when the outdoor ozone levels are high.

Consider an apartment in Southern California on a day when the mid-afternoon outdoor
ozone concentration is close to 120 ppb. Assume that the apartment is ventilated at 1 h™ and that
3.7 g of GPD-1 are sprayed onto a greasy stovetop (1.2 ft? or 0.11 m?) in a 50-m? kitchen. These
conditions match those of Experiment 3C (Table 4.7). The reaction of ozone with the limonene
present in GPD-1 results in a large increase in the concentration of PMy ; (see Figure 4.10 and
Table 4.12). One hour after cleaning, the concentration of PMy 1 in the kitchen is 180 pg m=and
two hours after cleaning the PMy 1 nears its maximum value of 275 pg m™.

If the apartment dweller remains in the kitchen for two hours after cleaning the stovetop
(e.g., working at the kitchen table), then his or her exposure to SOA from this simple cleaning
procedure is approximately 320 ug m h. If the occupant’s breathing rate is 0.6 m* h™* during this
period, the resulting inhalation intake of SOA is approximately 190 pg. This 2-h intake is about
two-thirds of the average daily intake experienced by the domestic cleaner in Example 2 and is
approximately one-fourth the daily intake of PM, 5 that would correspond to exposure at the
NAAQS level of 65 pg m™ (see Example 1 and the caution that PM,s and SOA are not
equivalent).

5.1.7. Example 7: Use of cleaning agents with elevated ozone and NO, levels

The simultaneous presence of ozone and nitrogen dioxide can generate meaningful
concentrations of the nitrate radical (Weschler et al., 1992; Sarwar et al., 2002a). As can be seen
from Table 2.8, the nitrate radical reacts rapidly with many of the known constituents of cleaning
products and air fresheners.

A scenario that deserves special attention in this context is cleaning in a kitchen while
cooking with a gas-fired appliance on a high-ozone day. Assume that the byproducts of gas
combustion are vented into the indoor air, rather than being exhausted through a range hood.
Assume that a kitchen window is partially open, admitting the elevated outdoor ozone level at a
high rate. Assume that the outdoor ozone level is 100 ppb, the NO, concentration in the kitchen
is 100 ppb and one or more of the kitchen cleaning activities outlined in Table 5.1 is being
conducted.

Unfortunately, we lack sufficient information to carry this exercise to conclusion. The
nitrate radical concentration can be estimated from mass balance models (Sawar et al., 2002a),
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but accurate estimates require accounting for all of the sinks in this scenario, something that is
difficult to do with confidence. Even with an estimated nitrate radical concentration, the products
(and yields) of nitrate radicals reacting with common constituents of cleaning products are
poorly defined. This is especially true for the nitrated organics. A recent study conducted at UC
Riverside (Gong et al., 2005) used thermal desorption particle beam mass spectrometry to
examine the constituents of SOA formed via the reaction of nitrate radicals with simple alkenes.
The identified first-generation products include hydroxynitrates, carbonylnitrates, nitrooxy
peroxynitrates, dihydroxynitrates, and dihydroxy peroxynitrates, while the second-generation
products include hydroxy and oxo dinitrooxytetrahydrofurans, neither of which have been
previously reported. Such nitrated organics are of particular interest, given the fact that related
nitrated organics are known carcinogens (Gupta et al., 1996). Although the Gong et al. study
focused on simple alkenes, one would expect analogous product formation for many of the
unsaturated species listed in Table 2.7 (known constituents of cleaning products and air
fresheners with carbon-carbon double bonds). Furthermore, given the molecular weight of most
of the compounds in Table 2.7, many of the products are anticipated to have low volatilities and
contribute to SOA production. This is an area that requires additional detailed experimental study
to better define the products formed and their yields as a basis to estimate exposures and intakes.

5.1.8. Summary of the scenario results
Table 5.3 summarizes key findings from the seven examples considered here.

5.2. Limitations: Chemistry and toxicology
5.2.1. Stealth products of ozone-initiated chemistry

The previous examples involving exposures to air pollutants generated by reactive
chemistry have focused on oxidation products that were identified and quantified in both the
small and large chamber experiments presented in 84 of this report. However, a number of the
products of ozone-initiated chemistry are difficult or impossible to detect and quantify using
routine analytical methods (Weschler and Shields, 1997; Wolkoff et al., 1997). A good example
involves the reaction between ozone and linalool, a constituent of AFR-1. In experiments 3J and
3K (Table 4.7), air freshener AFR-1 had been in the 50-m? chamber for several hours before
realistic levels of ozone were introduced into the supply air. During the first hour after ozone was
introduced, the concentration of linalool decreased by 37 pg m™. Less than 4% of this decrease
was due to a decreasing emission rate; the majority of the decrease was due to reaction with
ozone and concomitant production of oxidation products. Shu et al. (1997) used several
analytical methods, including direct air sampling atmospheric pressure ionization-tandem mass
spectrometry (API MS/MS) and Fourier transform infrared absorption spectroscopy, to examine
the products formed when ozone reacts with linalool. They report the following products and
yields: formaldehyde (36%), acetone (21%); 4-hydroxy-4-methyl-5-hexen-1-al (85%) and 5-
ethenyl-dihydro-5-methyl-2(3H) furanone (13%). These results indicate that the ozone/linalool
reaction in Experiments 3J and 3K is anticipated to produce, during the 1 hour, about 30 ug m™
of 4-hydroxy-4-methyl-5-hexen-1-al, the complementary product in the attack of the double
bond that produces acetone, and about 5 pig m™ of 5-ethenyl-dihydro-5-methyl-2(3H) furanone.
However, neither of these products was detected in the current study. This is not surprising as
direct air sampling atmospheric pressure ionization-tandem mass spectrometry and Fourier
transform infrared absorption spectroscopy can detect compounds that are not adequately
sampled or recovered by standard GC/MS methods.
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This is just one example of a situation where oxidation products are anticipated to be
present, but are not readily detected by sorbent sampling followed by TD-GC/MS. For many of
the terpenoids used in cleaning products or air fresheners, the pathway that produces
formaldehyde or acetone also produces a complementary carbonyl that is not readily detected by
routine analytical methods. Although such compounds may escape detection, they contribute to
the total exposure of humans present in environments where such chemistry occurs.

5.2.2. Lack of toxicological data for oxidation products

Toxicological data exist for most of the primary constituents identified in this report.
Although more toxicological data are desirable for some of these compounds (this is a goal of
EPA’s HPV program — see http://www.epa.gov/chemrtk/volchall.htm), at a minimum
toxicologists have consciously considered the constituents in terms of their potentially adverse
effects on human health. However, as is apparent from 84 of this report, exposures resulting
from the use of cleaning products and air fresheners include exposures to chemically transformed
constituents. The toxicological properties of a few of the products resulting from oxidation of
constituents of cleaning products and air fresheners have been extensively investigated (e.g.,
formaldehyde, acetaldehyde, acetone). For other products, toxicological properties may not have
been thoroughly investigated, but a specific adverse effect for linalool has been identified. Skold
et al. (2002) have shown that the hydroperoxides formed when O, reacts with linalool are potent
contact allergens. However, toxicological properties have not been evaluated for many of the
products formed when ozone, hydroxyl radicals or nitrate radicals react with cleaning product
and air freshener constituents. This is especially true for the condensable oxidization products
that constitute secondary organic aerosols.

5.2.3. Knowledge gaps

In evaluating the consequences of exposure to both primary and secondary pollutants
from cleaning products and air fresheners a number of knowledge gaps are apparent, as recorded
here. 1) Rate constants are missing for reactions between various constituents and Oz, OH and
NOs. 2) Many of the oxidation products resulting from reactions between various constituents
and O3, OH and NO3; remain unidentified or un-quantified. This is especially so for products
resulting from nitrate radical reactions. 3) Toxicological data are sparse or nonexistent for many
oxidation products. 4) Information is lacking regarding sorption/desorption parameters for
constituents and oxidation products to various real world surfaces 5) Information is lacking
regarding the influence of sorption on the chemical transformation of constituents.

As these knowledge gaps are closed, the exposures to primary and secondary pollutants
resulting from the use of cleaning products and air fresheners will become better defined, and the
ability to make connections between such exposures and adverse health effects will improve.

5.3. Practical measures to reduce exposures

Ozone concentrations lower than those known to produce adverse health effects (e.g., 120
ppb for 1 h and 80 ppb for 8 h, as justified in the supporting material for the current NAAQS)
can still drive significant indoor chemistry, generating oxidation products at rates large enough to
result in meaningful concentrations of oxidation products. This is apparent from 84 of the current
report. It is prudent to avoid the use of products with ozone-reactive constituents in situations
where the indoor ozone concentrations are moderate to high (> 20 ppb). In the presence of ozone
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generating devices, people should definitely avoid the use of cleaning products or air fresheners
containing ozone-reactive compounds.
The following simple measures can reduce individual inhalation exposures to the
constituents of cleaning products and their chemical transformation products.
(1) Follow the instructions for use. Do not use more of the cleaning agent than is
necessary to complete the job.
(2) Rinse surfaces; remove paper towels, sponges and mops; rinse sponges and mops
before storing.
(3) Use adequate ventilation during cleaning.
(4) Keep the ventilation rate high for several hours after cleaning (extended desorption of
sorbed primary constituents and their reaction products).
(5) Avoid cleaning with products that have reactive constituents on days when the
outdoor ozone levels are high.
(6) Avoid the use of ozone generators or ionizing air cleaners, especially in the same
space with cleaning products or air fresheners that contain reactive constituents.
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Table 5.1. Estimated annual inhalation intake of 2-butoxyethanol (2-BE), formaldehyde
(HCHO), and secondary organic aerosol (SOA) for occupant of home or large apartment who
does her/his own cleaning.

Duration (h) Inhalation intake (mg/y)

Activity Product | F (d/y) ? | Activity | Exposure 2-BE HCHO | SOA
Counter wiping ° GPC-3 365 0.25 2 580
Counter cleaning " GPC-3 48 0.5 2 185
Kitchen floor
mopping b,¢ GPC-1 48 0.65 4 1.3 3.7
Bathroom floor
mopping GPC-1 48 0.42 0.42 0.3 0.8
Bathroom " GPC-2 24 0.67 0.67 28
Appliances GPD-1 48 0.56 2 1.3 6.1
Interior windows ° GLC-1 4 4.5 12 120
Other glass surf. >’ | GLC-1 48 0.71 2 130
Cabinets " GPC-3 12 1.75 2 46
Walls & doors ™9 GPC-1 12 1.58 4 0.4 1.2
Oven GPC-3 2 0.5 2 4
Air freshener " AFR-1 365 na 18 4.5 1.1
Total annual inhalation intake (mgly) 1100 8 13

% Frequency of use, number of days per year.

® Indicates that values for the frequency of the activity and its duration come from the mean
values in the USEPA’s Exposure Factors Handbook

¢ Concentrations the same as those reported in Tables 4.11 (HCHO) and 4.12 (SOA\) for floor
mopping; floor area (15.6 m?) assumed to be four times larger than 3.9 m? used in chamber, but
[O3] assumed to be four times smaller.

¢ Concentrations the same as those reported in Tables 4.11 (HCHO) and 4.12 (SOA\) for floor
mopping; two full bathrooms with total floor area (15.6 m?) four times larger than 3.9 m? used
in chamber, but [O3] assumed to be four times smaller.

® Stove, refrigerator, dishwasher: concentrations the same as those reported in Tables 4.11
(HCHO) and 4.12 (SOA\) for simulated cleaning of a cook top; appliance surfaces (0.44 m?)
four times larger than 0.11 m? used in chamber, but [O3] assumed to be four times smaller.

" Mirrors, table tops, picture frames: assume room loading 1/4 of window interior surfaces.

9 Clean with same dilution of GPC-1 as used on floors; resulting concentrations the same as
those reported in Tables 4.11 (HCHO) and 4.12 (SOA) for floor mopping; wall and door area
(15.6 m?) four times larger than 3.9 m? used in chamber, but [Os] assumed to be four times
smaller.

" Concentrations reduced to 1/6 of those reported in Tables 4.11 (HCHO) and 4.12 (SOA) since
[O3] assumed to be six times smaller than in the 50 m® chamber experiments.
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Table 5.2. Annual estimated inhalation intake of 2-butoxyethanol (2-BE), formaldehyde
(HCHO), and secondary organic aerosol (SOA) for person employed as a domestic cleaner.

Duration (h) Inhalation intake (mg/y)

Activity Product | F (d/y) ® | Activity | Exposure | 2-BE | HCHO | SOA
Counter cleaning® | GPC-3 250 0.5 2.5 1,960
Kitchen floor
moppng b,¢ GPC-1 250 15 2.5 91| 26
Bathroom floor
mopping ™ ¢ GPC-1 250 0.5 0.5 18| 5
Bathroom " GPC-2 250 1.5 1.5 650
Appliances GPD-1 250 0.5 2.5 16 73
Interior windows® | GLC-1 40 4.5 4.5 1,160
Other glass surf.” ' | GLC-1 250 0.5 2 1,130
Cabinets " GPC-3 60 1.75 2 243
Walls & doors ¢ | GPC-1 60 1 2 1.8 5
Oven GPC-3 20 0.5 2 69
Total annual inhalation intake (mg/y) 5,200 29 109

% Frequency of activity and exposure, number of days per year.

® Indicates that values for the frequency of the activity and its duration come from the mean
values in the USEPA’s Exposure Factors Handbook

¢ Concentrations the same as those reported in Tables 4.11 (HCHO) and 4.12 (SOA\) for floor
mopping; floor area (15.6 m?) assumed to be four times larger than 3.9 m? used in chamber, but
[O3] assumed to be four times smaller.

¢ Concentrations the same as those reported in Tables 4.11 (HCHO) and 4.12 (SOA\) for floor
mopping; two full bathrooms with total floor area (15.6 m?) four times larger than 3.9 m? used
in chamber, but [O3] assumed to be four times smaller.

® Stove, refrigerator, dishwasher: concentrations the same as those reported in Tables 4.11
(HCHO) and 4.12 (SOA\) for simulated cleaning of a cook top; appliance surfaces (0.44 m?)
four times larger than 0.11 m? used in chamber, but [O3] assumed to be four times smaller.

" Mirrors, table tops, picture frames: assume room loading 1/4 of window interior surfaces.

9 Clean with same dilution of GPC-1 as used on floors; resulting concentrations the same as
those reported in Tables 4.11 (HCHO) and 4.12 (SOA) for floor mopping; wall and door area
(15.6 m?) four times larger than 3.9 m? used in chamber, but [Os] assumed to be four times
smaller.
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Table 5.3. Key findings from illustrative exposure scenarios related to cleaning product and air

freshener use. ?

Scenario

Key Finding

1. Routine cleaning by occupant

Average daily inhalation intake of 3.0 mg d™ (3000 pg d™) for
2-BE, 21 ug d™* for HCHO and 35 pg d™* for SOA.

2. Multi-house cleaning by
professional domestic cleaner

Average daily inhalation intake of 14.0 mg d™* (14,000 pg d*)
for 2-BE, 80 pg d™* for HCHO and 300 pg d™* for SOA.

3. Cleaning in a small,
moderately ventilated
bathroom

First hour gas-phase concentration for 2-BE of 177 mg m™
(37,000 ppb); inhalation intake of 2-BE during 15 minute
cleaning event is approximately 60 mg.

4. \WWhole-house interior window
cleaning

Initial 2-hour gas-phase concentration for 2-BE of 17 mg m™
for 2-BE and 10 mg m™ for 2-HE; inhalation intake of 2-BE
during 2-hour cleaning event is 45 mg, and intake of 2-HE is
27 mg.

5. Air freshener and ozone-
emitting air cleaner in a
child’s bedroom

Child’s inhalation intake of formaldehyde resulting solely
from the use of an air freshener in the presence of ozone is ~
50 pg d™.

6. Cleaning when outdoor ozone
levels are high

Inhalation intake of SOA over a 2-hour period that includes
cleaning and post-cleaning exposure is approximately 190 ug.

7. Use of cleaning agents with
elevated nitrogen dioxide
from a gas range and
elevated ozone from outdoors

Nitrogen dioxide and ozone react to generate nitrate radicals,
which react rapidly with many of the known constituents of
cleaning products and air fresheners. However, there is
insufficient information to carry this exercise to conclusion.

¢ Standards and guidelines for assessing exposure to 2-butoxyethanol (2-BE), formaldehyde

(HCHO), and secondary organic aerosol (SOA):

« 2-BE: California has established an acute one-hour exposure limit of 14 mg m™ for 2-BE
(OEHHA, 1999). For a breathing rate of 1.3 m® h™, exposure at this level would result in an
intake of 18 mg during one-hour of exposure. The federal reference concentration (RfC) for
chronic inhalation exposure is 13 mg m™ (http://www.epa.gov/iris/subst/0500.htm). Assuming
that an adult inhales between 12 and 15 m® of air a day, exposure at this level is equivalent to a
daily inhalation intake of 156-195 mg.

« HCHO: California’s “no significant risk level” (NSRL) for formaldehyde intake is 40 pg d*
based on the inhalation exposure inferred to cause cancer (OEHHA, 2003). The chronic
reference exposure level for formaldehyde in California is 2 ppb
(http://www.oehha.ca.gov/air/chronic_rels/pdf/50000.pdf).

« SOA: The 24-h national ambient air quality standard for PM,s is 65 pg m™. Given that the
typically adult inhales between 12 and 15 m® of air a day, this is equivalent to a daily intake of
780-975 pg. However, PM, s and SOA are not equivalent. Additional standards for ambient
PM that might be considered are the annual-average federal PM, standard of 15 pg m=, the
California standard for 24-h average PMy, of 50 pg m™, and the California standard for annual
average PM, s levels of 12 ug m™. See text for further discussion.
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6. SUMMARY AND CONCLUSIONS

Although not widely recognized, chemical transformations do occur in indoor air. Such
transformations influence the kinds and amounts of pollutants to which people are exposed, and
therefore alter source-oriented health risks. Air pollution sources are regulated largely because
of concern about the health risks associated with human inhalation exposures. In regulating
sources that emit to ambient air, it is now well known that one must recognize the potential for
chemical transformations and account for their significance.

An analogy can be drawn between products and processes that emit pollutants into urban
atmospheres and those that emit into indoor air. Consider the case of motor vehicle emissions
into urban air. Pollutants directly emitted are termed primary emissions. For motor vehicles,
these include unburned and partially oxidized fuel constituents, nitrogen oxides from high-
temperature combustion, carbon monoxide from fuel-rich combustion conditions, and particulate
matter both from the tail pipe and from abrasive wear of brakes, tires, and road surfaces.
Adverse health consequences can result from exposure to these primary pollutants. In the
atmosphere, certain primary pollutants can also undergo transformations. Nitrogen oxides and
volatile organic compounds combine in the presence of sunlight to form a suite of secondary
pollutants, among which are ozone, hydrogen peroxide, peroxyacetyl nitrate, aldehydes, organic
and inorganic acids, and secondary particulate matter. Exposure to these species also can pose
serious risks of adverse health consequences. Thus, if one seeks to understand the health risks
associated with motor vehicle use, one must not only consider the primary emissions, but also
the formation of secondary pollutants.

Evidence is emerging that the same principle applies for indoor environments. Source-
oriented health risks are not solely a consequence of primary emissions, but may also have
important contributions from secondary pollutants.

The activity of cleaning in indoor environments generates benefits by improving
aesthetics and hygiene, and by preserving objects. Cleaning also generates risks, including the
inhalation of volatile constituents of cleaning products or of secondary pollutants formed by
reactive chemistry. The benefits of air fresheners are more subjective, while the risks parallel
those associated with cleaning. Studies have documented adverse health outcomes that are
associated with inhalation exposure to cleaning activities or with exposure to cleaning product
constituents. For example, several recent studies indicate an increased incidence of occupational
asthma in those employed as cleaners. However, causative agents remain to be identified. A
better understanding of inhalation exposures to primary and secondary pollutants owing to
cleaning product and air freshener use should ultimately lead to diminished risks while
expanding the benefits derived from them.

The research reported here contributes to efforts to better understand human exposures to
both primary and secondary pollutants associated with cleaning product and air freshener use.
The project began with a thorough review of the literature. To the extent that they occur,
inhalation risks from cleaning-product use begin with emissions, and emissions begin with
product composition. Challenges arise because some of the desirable attributes of a cleaning-
product’s active ingredients are also attributes of chemicals that are irritating or otherwise pose
health risks. Surfactants, acids, bases, oxidants, complexing agents, and solvents are used in
specific cleaning products because they facilitate that product’s function. Choices can and have
been made to select compounds that are less toxic for these functions. Fragrances are inherent to
air fresheners and may improve the aesthetic character of a cleaning product. A challenge is to
employ fragrances that are less likely to produce hazardous secondary products. Ultimately,
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inhalation exposures that result from the use of cleaning products and air fresheners are governed
by the complex interplay of three sets of factors: those that govern chemical emissions from the
product; those that influence the dynamic behavior of the species in the indoor environment; and
the human factors related to product use, building operation, and occupancy. The literature
review indicates that current understanding is sufficient to describe the influence of these
variables qualitatively in most cases and quantitatively in a few.

A suite of experiments was designed and executed to investigate the composition,
emissions, and concentrations of primary constituents and secondary species associated with a
set of cleaning products and air fresheners. The experimental research focused on widely
available consumer products marketed for household cleaning or as air fresheners. Attention
ultimately focused on two classes of chemicals. Ethylene-based glycol ethers were studied
because of their prominence as solvents in cleaning products and because this class of
compounds is regulated as toxic air contaminants (TAC) by the State of California. Terpenes are
a class of volatile organic compounds derived from plants. They are widely used in consumer
products, including many cleaning products and air fresheners, owing to their effective solvent
properties and their pleasant smell. Many terpenes and related compounds react rapidly with
ozone. Among the reaction byproducts are aldehydes, the hydroxyl radical, and secondary
particulate matter.

To guide the selection of specific products for the experimental research, a shelf survey
was conducted at five major retail stores in the East Bay of the San Francisco Bay Area. A total
of 291 distinct consumer products for cleaning or air freshening were found at these stores.
Twenty-one of these were selected for chemical screening because they were widely available,
were likely to contain compounds from one or both target classes, and because they collectively
represented a broad range of product categories. Volatile components of the products were
measured. Six of the 21 products contained significant quantities (> 0.01%) of the glycol ethers,
2-butoxyethanol (in six products) and 2-hexyloxyethanol (in one product), with total glycol ether
mass fractions ranging from 0.8 to 9.6%. Twelve of the 21 products contained significant
quantities (> 0.05%) of ozone-reactive compounds — i.e., terpene hydrocarbons and other
unsaturated oxygenated compounds — with mass fractions ranging from 0.2 to 26%. One
product contained substantial amounts of both 2-butoxyethanol (1.7%) and ozone-reactive
compounds (3.9%) and only four of the 21 products contained very low levels of both classes of
compounds.

With this information in hand, seven products were selected for further experimental
investigation. For six products, eighteen simulated-use experiments were conducted in a
controlled, room-sized experimental chamber. The goal of these experiments was to measure
emissions and concentrations of target compounds that would result from high, but realistic use
of these products in an indoor setting. For three products (two repeated from the prior phase and
one distinct), further experiments were conducted to investigate the reactive chemistry between
cleaning product and air freshener constituents and ozone. Two sets of experiments were carried
out: fifteen in a bench-scale (198-L) chamber and eleven involving simulated use.

The experimental results provide information that is directly relevant to emissions and
resulting gas-phase concentrations of glycol ethers (primary pollutants) and terpenes that may
react with ozone to form secondary pollutants. Simplified modeling of cleaning scenarios using
the emission factors determined in this study indicates that peak 1-h exposure concentrations for
2-butoxyethanol might approach or potentially exceed California’s acute reference exposure
level of 14 mg m™ in some situations. Limonene and other ozone-reactive terpenoids present in
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cleaning products can reach mg m™ levels in air and persist at levels of tens to hundreds of g
m™ for many hours after cleaning. Air fresheners can produce steady-state levels of tens to
hundreds of pg m™ of ozone-reactive terpenoids.

The use of terpene-containing cleaning products, combined with ambient ozone entering
by means of ventilation, can produce significant quantities of secondary air pollutants.
Specifically, both formaldehyde (itself a toxic air contaminant) and fine particle mass are
generated in quantities that, combined with other common indoor sources, may result in
exposures exceeding relevant health-based standards and guidelines under some circumstances.
Also, both ozone and OH may generate “stealth” products that cannot be measured with the
methods employed here, but nevertheless raise potential health concerns.

While effective cleaning can improve the healthfulness of indoor environments, this work
shows that use of some consumer cleaning agents can yield high levels of air pollutants,
including glycol ethers, formaldehyde, and particulate matter. Persons involved in cleaning,
especially those who clean occupationally or often, might encounter excessive exposures to these
pollutants owing to cleaning product emissions. The research reported here suggests some
simple measures that can be employed to reduce exposures to primary and secondary pollutants
associated with cleaning products and air fresheners. Use products in dilute form whenever
appropriate. Do not use more of the cleaning agent than is necessary to complete the job. Clean
during periods of low occupancy, and allow adequate time for removal by ventilation before the
space is heavily occupied. Use adequate ventilation during and for several hours following
cleaning. Rinse surfaces; remove paper towels, sponges and mops from the cleaned area; rinse
sponges and mops before storing. Don’t use products with ozone-reactive constituents on days
when outdoor ozone levels are high. Avoid the use of ozone generators or ionizing air cleaners,
especially in the presence of cleaning products and air fresheners that contain ozone-reactive
constituents.
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7. RECOMMENDATIONS

It is broadly recognized that air pollution problems are best controlled at the source.
However, this project helps bring into focus two other important points that have not been so
broadly recognized in air quality management. First, in assessing the relative significance
among different sources contributing to human exposure, proximity between source and receptor
is an extremely important determinant (Smith, 2002). The rule of 1000 states that the release of
a gram of a pollutant into indoor air causes as much inhalation exposure as the release of a
kilogram into ambient air (Smith, 1988). Emissions from cleaning products and air fresheners
contribute in a relatively minor way to ambient concentrations of volatile organic compounds
(VOC). However, they may contribute in a substantial way to human inhalation intake to VOC,
because most of the emissions occur in close proximity to people in indoor environments. When
household products contain chemicals that are classified as toxic air contaminants (TAC), then
the potential for human exposure to those chemicals should be assessed. The research reported
here demonstrates that inhalation exposure to ethylene-based glycol ethers owing to their
presence in cleaning products can reach consequential levels in relation to health-based
guidelines.

The second important point elucidated by this research is that reactive chemistry in
indoor air can have an important influence on the nature and concentrations of air pollutants to
which people are exposed. Several factors combine to raise concern: the common presence of
terpenes and related compounds in cleaning products and air fresheners; the elevated levels of
ozone in the urban and regional troposphere; the introduction of ozone into buildings by means
of ventilation, or directly from indoor sources; the rapid reactivity of terpenes with ozone; and
the significant production of secondary pollutants owing to ozone-terpene chemistry. The
research reported here has focused on the generation of formaldehyde, the hydroxyl radical, and
fine particulate matter, and has demonstrated that the levels of these secondary products in
association with ordinary indoor conditions are high enough to warrant additional investigation.

Given these broad considerations, and in light of the specific findings of the present
project, we suggest three additional research topics that might be fruitfully pursued.

The first topic is to better characterize exposures to primary and secondary pollutants that
result from the use of cleaning products and air fresheners indoors. The present project was
designed to emphasize conditions that would produce indoor concentrations that are elevated, but
within a realistic range. The work has demonstrated the potential for significant indoor
concentrations to be generated of primary glycol ethers, such as 2-butoxyethanol, and pollutants
such as formaldehyde and particulate matter. It would be worthwhile to further investigate
exposures to Californians that occur via this source. This work could be pursued by means of
modeling or measurement. Key data needs include better information on human factors that
affect use and exposure. A goal could be to seek to quantify the distribution of exposures among
the California population to glycol ethers, secondary formaldehyde, and secondary particulate
matter owing to the use of cleaning products and air fresheners. Alternatively, attention could be
focused on characterizing exposures to subpopulations of concern, such as those occupationally
exposed as cleaners, those with preexisting respiratory health conditions, such as asthma, or the
very young.

A second topic that merits further study is indoor reactive chemistry. There are several
specific lines of inquiry that are suggested by the results of this project. First, additional
investigation of the dynamics of secondary particle formation owing to indoor reactive chemistry
between ozone and terpenes merits further consideration. What factors control whether
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nucleation or condensational growth will occur? In ordinary indoor environments, what is the
size distribution and chemical composition of particles that result from this process? Second,
further investigation of the role of surface chemistry involving constituents of cleaning products
and air fresheners appears warranted. The bench-scale chamber experiments that demonstrated
particle nucleation events triggered by ozone reactions with nonvolatile product residues on a
surface are intriguing and raise the question of whether such processes also occur in ordinary
indoor environments. Third, the consequences of hydroxyl radical formation for indoor reactive
chemistry merit further consideration. Indoor environments typically contain complex mixtures
of VOC, and the production of the OH radical by ozone-terpene chemistry can trigger additional
transformations that could significantly influence the nature and concentrations of air pollutants
(Fan et al., 2003). Fourth, additional research investigating nitrate radical reactions with
cleaning product and air freshener constituents is warranted. The limited work done in this
project (experiment 20) indicates that the simultaneous presence of ozone and nitrogen dioxide,
which generates the nitrate radical, does affect indoor reactive chemistry. The literature review
clearly indicates that nitrate radicals can react rapidly enough with certain unsaturated
constituents of cleaning products and air fresheners to matter (Table 2.8). Finally, additional
effort is warranted to measure “stealth” chemicals in indoor air, i.e. those species that are
expected to be formed, but are not measured because of their short-lived nature, or because of
challenges in sampling and analysis. Sophisticated experimental techniques have been
developed to study such chemicals in laboratory systems, and the potential exists to apply some
of these techniques in field settings to better characterize the products of indoor reactive
chemistry.

The third topic that warrants investigation is the health consequences associated with
cleaning product and air freshener use. Specifically, studies appear warranted to investigate
whether a causal connection exists between occupational employment as a cleaner and
occupational asthma. If so, additional efforts would be merited to determine the causative
agents. Also, work could fruitfully be pursued to investigate whether exposure to primary
constituents or secondary products of cleaning products and air fresheners might be associated
with exacerbation of asthma among those who are more susceptible. Studies that seek to directly
characterize the potential adverse health consequences of secondary particulate matter formed
from indoor reactive chemistry appear worthwhile. The association has been well documented
between elevated ambient ozone and adverse health consequences. The cause of this association
is not understood. It has been suggested that ozone-initiated indoor chemistry may be more
directly responsible for this association than the direct exposure to outdoor ozone (Weschler,
2004b). By demonstrating the substantial degree to which secondary pollutants can be formed
by ozone-terpene chemistry, the present study provides further evidence supporting the
plausibility of this hypothesis. Removing ozone from ventilation air is readily accomplished
using activated carbon filters. This raises the possibility of conducting an intervention study to
test the hypothesis that ozone-induced indoor reactive chemistry adversely affects human health.
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Glossary of Terms, Abbreviations, and Symbols

2-BE
2-HE
ach
ACH
ACM
AER
AFR
AlcOH
alkyl
amu
ARB
ASTM
Ba

BE
BFB
BHT
bk
BTC
C

C

CA
CARB
CAS
C-C
Cc=C
CH3;COOH
CH30,
Ci

Cl

Cl;

cm

Co
conc.
CcucC

d

D

Di

DIS
dM/dlogDp
dN/dlogDp
DNPH
Dp
DST
EBGE
Em

2-butoxyethanol (C¢H1402)
2-hexyloxyethanol (CgH1507)

air changes per hour

air-exchange rate
4-acetyl-1-methylcyclohexene

air-exchange rate

air freshener

saturated alcohol

molecular fragment containing only carbon and hydrogen atoms in a chain
atomic mass units

(California) Air Resources Board

American Society for Testing and Materials
(Tedlar) bag-based screening method
2-butoxyethanol (CsH140,)
1-bromo-4-fluorobenzene

butylated hydroxytoluene

background

bathroom & tile cleaner

concentration

carbon (atom)

California

California Air Resources Board

Chemical Abstract Service

two carbon atoms with a single covalent bond
two carbon atoms with a double covalent bond
acetic acid

methyl peroxide radical

mass fraction of compound i in product
confidence interval

chlorine (gas)

centimeter

continuous

concentrated

carpet & upholstery cleaner

day

daily

direct solvent dilution method

disinfectant

particle size distribution function, by mass concentration
particle size distribution function, by number concentration
dinitrophenylhydrazine

particle diameter

dusting aid

ethylene-based glycol ether

emissions experiment in room-sized test chamber
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expt
[F]produced
FEP
FMP
FPW

FS

ft

FW

FWS

g

gal

GC
GC/MS
GLC
glycol ether ?

GM
GMD
GPC
GPD
GSD
h
HAP
HC
HCI
He

IPOH

K, ki

%

Ka

Kq

kos
Kor-Tme

experiment

guantity of formaldehyde generated by reactive chemistry in bench-scale chamber
fluorinated ethylene propylene

furniture maintenance product

floor polish or wax

full strength

foot

formula weight

floor wax stripper

gram

gallon

gas chromatograph

gas chromatography/mass spectrometry

glass and surface cleaner

a class of chemicals with members that are commonly used as solvents in
cleaning products

geometric mean

geometric mean diameter

general-purpose cleaner

general-purpose degreaser

geometric standard deviation

hour

hazardous air pollutant

hydrocarbon

hydrochloric acid

helium

hydrogen fluoride (hexamer)

bimolecular reaction rate for OH with unsaturated species i
bimolecular reaction rate for OH with saturated species j
water

hydroperoxy radical

hypochlorous acid

high performance liquid chromatography

phosphoric acid

International Agency for Research on Cancer

ion chromatography

identification

intake fraction

3-isopropenyl-6-oxoheptanal

kelvin

second-order rate constant for homogeneous bimolecular reaction
pseudo first-order rate constants

rate constant for sorptive uptake

rate constant for desorption

reaction rate constant for VOC with ozone

reaction rate constant for OH-initiated de TMB
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kg kilogram (= 10° g)

kPa kilopascal (= 10° Pa)

L liter

Lim d-limonene

m meter

MBO 2-methyl-3-buten-2-ol

Mcp mass of cleaning product introduced into bag
MeOH methanol

mg milligram (= 107 g)

Micc mass of compound i in bag sample as determined from TD-GC/MS analysis
min minute

mL milliliter (= 10 L)

mm millimeter (= 10° m)

mM millimolar (= 10° molar)

mol mole

MPS multipurpose solvent

MRL minimal risk level

MSD mass-selective detector

MSDS material safety data sheet

MTL metal polish/cleaner

MVT 5-methyl-5-vinyltetrahydrofuran-2-ol
m/z ion mass-to-charge ratio

n number of occupants exposed; number of samples collected
na not available

N> nitrogen (gas)

NaHSO, sodium bisulfate

NaNOs sodium nitrate

NaOCl sodium hypochlorite

NaOH sodium hydroxide

nd not detected

ng nanogram (= 107 g)

NHCI, dichloramine

NHCI monochloramine

NH3 ammonia

NIST National Institute of Standards and Technology
NL not listed

nm nanometer (=10 m)

NO nitric oxide

[NO] concentration of nitric oxide

NO, nitrogen dioxide

[NO,] concentration of nitrogen dioxide
NO3 nitrate radical

[NOs] 0zone concentration

ng not quantifiable

nr not recorded

NSRL no significant risk level
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0]

Os
[Os]
[03] consumed
ocCI
OEHHA
OH
[OH]
OPC
OR
OVN
)

Pa
PCE
[PCE]
PMo1
PMo4
PMy1
PM2s
PMio
P/N
ppb
ppm
PSL
ppt
REL
RfC
RH
RO,
ROG
RT
Rrp

S

S

SFe
SHC
[Si]
SMPS
SOA
SRM

t

T
TAC
T-AlcOH
TD-GC/MS
Tenax

occasional
ozone
0zone concentration

quantity of ozone consumed by reactive chemistry in bench-scale chamber

hypochlorite ion

Office of Environmental Health Hazard Assessment
hydroxyl radical

concentration of the OH radical

optical particle counter

odds ratio

oven cleaner

primary constituent (of cleaning product or air freshener)
pascal, unit of pressure

perchloroethylene (CCl,)

concentration of PCE

particulate matter smaller than 0.1 pum in diameter
particulate matter smaller than 0.4 pum in diameter
particulate matter smaller than 1.1 pum in diameter
particulate matter smaller than 2.5 pum in diameter
particulate matter smaller than 10 pum in diameter
part number

parts per billion (= 10)

parts per million (= 10°°)

polystyrene latex
parts per trillion (= 10°
reference exposure level

reference concentration from chronic inhalation exposure
relative humidity

peroxy radical

reactive organic gases

retention time

ratio of TMB to PCE in chamber air

second

secondary pollutant

sulfur hexafluoride

saturated hydrocarbon

concentration of saturated VOC j

scanning-mobility particle sizer

secondary organic aerosol

spot remover

time

temperature

toxic air contaminant

terpene alcohol

12)

thermal desorption — gas chromatography/mass spectrometry

sorbent used for VOC sampling
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terpene monocyclic hydrocarbons of the formula C;oH3, Obtained from plants

terpenoid large and diverse class of organic chemicals similar to terpenes
T-HC terpene hydrocarbon

TIC total ion current

TMB trimethylbenzene (CgoH12)

[TMB] concentration of TMB

TO-1 USEPA standard method for measuring VOCs in air
tonne metric tonne (= 1000 kg)

torr unit of pressure (= 1/760 of an atmosphere)

TP trigger pulls

[Ui] concentration of unsaturated VOC |

Uo initial concentration of reactive VOC

ultrafine particles airborne particulate matter with diameter less than 0.1 um
us United States

US EPA United States Environmental Protection Agency

uv ultraviolet electromagnetic radiation

Vbag total gas volume in sampling bag

VOC volatile organic compound

Vs gas sample volume

w weekly

WDC wood cleaner

Xprimary fraction of formaldehyde production owing to primary oxidation
y year

Vi formation yield for OH from reaction between ozone and species i
% percent

A air-exchange rate (h™)

T characteristic time (e.g., for mixing)

o standard deviation

oF yield (mole of product per mole of ozone consumed)

°C degrees centigrade

VI (arithmetic) mean

Hg microgram (= 10° g)

uL microliter (= 10 L)

pm micrometer (= 10° m)

% Glycol ethers are characterized in the California Air Resources Board Toxic Air Contaminant
Identification Program (http://www.arb.ca.gov/toxics) as follows:
“Glycol ethers: includes mono- and di-ethers of ethylene glycol, diethylene glycol, and
triethylene glycol (R(OCH,CH,),-OR"), where
n=1,2or3
R =alkyl or aryl groups
R'=R, H, or groups which, when removed, yield glycol ethers with the structure
R(OCH,CHy),-OH. Polymers are excluded from the glycol category”

For 2-BE,R=C4Hg, n=1,and R'=H. For 2-HE, For R =C¢H13,n=1,and R' = H.
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APPENDIX A. SHELF-SURVEY

A shelf survey of consumer products was conducted in August 2002. The survey was
conducted in the East Bay of the San Francisco Bay Area. Researchers visited five outlets of
large chain-store retailers (Safeway, Longs Drugs, Smart & Final, Wal-Mart, Home Depot). The
objective was to identify the cleaning products and air fresheners that were widely available for
sale to California consumers.

A single surveyor visited each of the outlets and recorded the product manufacturer, the
brand name, and the physical form of all liquid and aerosol form cleaning products and all air
fresheners that were present on the shelves at the times of the visits. Lower-volume specialty
products were included as well as broadly recognized name-brand products. Subsequent to the
physical survey, the recorded information was checked to the extent possible by referring to
manufacturer, distributor, and retailer websites.

The individual consumer products identified in this survey are listed by brand name in this
appendix. The products are organized into groups, classified according to consumer product
category as defined by the ARB (see Table 3.3). In some cases, products in related categories
are combined and listed in a single appendix table.

In each table in this appendix, the products are first ordered alphabetically (ascending) by
manufacturer name, and then by brand name. A brief description of the product obtained from
the product label and, in some cases, from online information is provided for each entry. If a
product was present in more than one form, there are multiple entries with the exception of refill
bottles for products also present in trigger spray form. Products available in the same form but
with different scents are listed separately as they were presumed to have a different chemical
composition. The retail outlets in which each of the products was found are indicated by check
marks. The detailed information contained in these appendix tables is summarized in the body of
the report.

In total, 291 distinct products were found in the survey. Table A.1 lists 21 disinfectant
products. Table A.2 lists 16 general-purpose degreasers and multipurpose solvents. Table A.3
lists 72 general-purpose cleaners. Table A.4 lists 21 glass cleaners. Table A.5 lists 26 dusting
aids, furniture maintenance products, and wood cleaners. Table A.6 lists 24 carpet and
upholstery cleaners and spot removers. Table A.7 lists eight floor polishes or waxes and floor
wax strippers. Table A.8 lists 14 specialty cleaners including bathroom and tile cleaners, metal
polish/cleaners, and oven cleaners. Table A.9 lists 89 air fresheners.
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Table A.1. Results of consumer product shelf survey for disinfectants.

bacteria)

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1  Great Value Spray disinfectant antibacterial (fresh linen) Great Value Aerosol spray v
2 Lysol Disinfectant spray & air freshener (crisp Reckitt Benckiser Aerosol spray v v v
linen
3 Lysol Disinfe)ctant spray & air freshener (original ~ Reckitt Benckiser Aerosol spray v v
scent
4  Lysol Disinfe)ctant spray & air freshener (pine Reckitt Benckiser Aerosol spray v
breeze)
5 Lysol Disinfectant spray & air freshener Reckitt Benckiser Aerosol spray v v v
(unrecorded scent)
6 Lysol Disinfectant spray (country scent) Reckitt Benckiser Aerosol spray v v v
7  Lysol Disinfectant spray (spring waterfall) Reckitt Benckiser Aerosol spray 4
8  Lysol Professional disinfectant spray (country Reckitt Benckiser Aerosol spray 4
scent)
9 Lysol Professional disinfectant spray (crisp linen)  Reckitt Benckiser Aerosol spray 4 v
10 Lysol Professional disinfectant spray (fresh scent) Reckitt Benckiser Aerosol spray v
11  Lysol Professional disinfectant spray (original Reckitt Benckiser Aerosol spray v v
scent)
12 Lysol Professional no rinse sanitizer Reckitt Benckiser Liquid 4
13  Bar Rinse Disinfectant sanitizer Smart & Final Liquid 4
14 Lemon Clean Disinfectant & virucidal cleaner Smart & Final Liquid 4
15  Sani-Mint Disinfectant & virucidal cleaner Smart & Final Liquid v
16  Sani-Pine Plus  Germicidal disinfectant Smart & Final Liquid v
17 Clorox Disinfecting spray (floral scent) The Clorox Company Aerosol spray v
18 Clorox Disinfecting spray (fresh scent) The Clorox Company Aerosol spray v
19  Clorox Disinfecting spray (sunshine breeze) The Clorox Company Aerosol spray v
20 Formula 409 Commercial Solutions heavy-duty degreaser The Clorox Company Trigger spray v
disinfectant
21 Ozium Glycolized air sanitizer (reduced airborne ~ Waterbury Cos., Inc.  Aerosol spray v

#“v indicates that product was found at indicated retail outlet.

185




Table A.2. Results of consumer product shelf survey for general-purpose degreasers and multipurpose solvents.

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1 Nature’s Orange  Cleaner/degreaser Carroll Company Liquid v
Nature’s Orange  Cleaner/degreaser Carroll Company Trigger spray v
2  TheBigOrange  Cleaner/degreaser/deodorizer Carroll Company Liquid v
3  TheBigOrange  Cleaner/degreaser/deodorizer Carroll Company Trigger spray v
4 Castrol Super clean tough task cleaner/degreaser  Castrol Trigger spray v
5 Spray Power All purpose multi-surface cleaner Crown Marketing Trigger spray v
& liquid
6 Goo Gone Degreaser (citrus power) Magic American Liql?id v
Products
7 Orange Clean Degreasing foam Orange Glo Intern’l  Aerosol spray v v
8 Orange Clean Multi-purpose cleaner (tough acting Orange Glo Intern’l  Liquid v
degreaser)
9 Orange Clean Multi-purpose cleaner (tough acting Orange Glo Intern’l ~ Trigger spray v v
degreaser)
10 De-Solv-It Degreaser (citrus solution) Orange-Sol Group Liquid 4
11 De-Solv-It Degreaser (citrus solution) Orange-Sol Group Trigger spray v
12 Easy Off Professional heavy-duty cleaner/degreaser Reckitt Benckiser Conc. liquid v
13  Smart & Final Professional heavy-duty cleaner degreaser Smart & Final Conc. liquid v
14 Smart & Final Professional heavy-duty cleaner degreaser Smart & Final Trigger spray v
15  Formula 409 Cleaner/degreaser The Clorox Company Liquid v
16  Formula 409 Cleaner/degreaser The Clorox Company  Trigger spray v

“v™ indicates that product was found at indicated retail outlet.
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Table A.3. Results of consumer product shelf survey for general-purpose cleaners.

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way  Drugs & Final Mart Depot
1 Zep All-purpose cleaner & degreaser Acuity Specialty Products Grp. Trigger spray v
2 Zep Antibacterial disinfectant & cleaner  Acuity Specialty Products Grp. Liquid v
(with lemon)
3 Zep Antibacterial disinfectant & cleaner  Acuity Specialty Products Grp. Trigger spray v
(with lemon)
4  Zep Citrus cleaner/degreaser Acuity Specialty Products Grp. Trigger spray v
5 Zep Formula 505 cleaner & degreaser Acuity Specialty Products Grp. Liquid v
6 Zep Formula 505 cleaner & degreaser Acuity Specialty Products Grp. Trigger spray v
7 Zep Industrial purple cleaner & degreaser Acuity Specialty Products Grp. Liquid v
8 Zep Kitchen foaming cleaner Acuity Specialty Products Grp. Aerosol spray v
9 Zep No-wax floor cleaner Acuity Specialty Products Grp. Conc. liquid v
10 Zep Pine disinfectant & cleaner Acuity Specialty Products Grp. Liquid v
11 Zep Stainless steel cleaner Acuity Specialty Products Grp. Aerosol spray v
12 Armstrong Floor cleaner for no-wax & ceramic ~ Armstrong Holdings, Inc. Conc. liquid v
tile floors
13 Brite Floor shine cleaner Brite Conc. liquid v v v
14 Ajax QSR Multi-surface cleaner Colgate-Palmolive Conc. liquid v
15  Fabuloso All purpose cleaner (lavender scent) Colgate-Palmolive Liquid v
16  Fabuloso Floor cleaner (lavender) Colgate-Palmolive Liquid v v
17 Fabuloso Floor cleaner (ocean cool) Colgate-Palmolive Liquid v
18  Murphy Oil Soap Multi-purpose cleaner (original) Colgate-Plamolive Liquid v v v
19 Murphy Oil Soap Multi-use cleaner (spray formula) Colgate-Plamolive Trigger spray v v
20 Breeze Odor eliminator Mission Laboratories Trigger spray v
21  Practico! Multi-purpose cleaner/degreaser Mission Laboratories Liquid v
22 Pure Citrus All purpose cleaner North American Qil Co. Trigger spray v
23  Orange Glo Floor polish & cleaner Orange Glo International Liquid v
24 Orange Glo Floor polish & cleaner Orange Glo International Trigger spray v
25 T-TreClean All purpose cleaner with tree oil Orange-Mate, Inc. Trigger spray v
26 Mr. Clean Multi-purpose cleaner (invigorating  Procter & Gamble Liquid v v

breeze)
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Table A.3 (continued). Results of consumer product shelf survey for general-purpose cleaners

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart  Depot
27  Mr. Clean Multi-purpose cleaner (summer Procter & Gamble Liquid v v
citrus
28  Mr. Clean Season’)s freshness antibacterial Procter & Gamble Liquid v
multi-purpose cleaner
29  Spic & Span Multi-purpose cleaner Procter & Gamble Liquid v v v
30  Mr. Clean Institutional finished floor cleaner Proctor & Gamble Conc. liquid 4
31  Lysol All purpose cleaner (fresh orange Reckitt Benckiser Trigger spray v
breeze)
32 Lysol All purpose cleaner (lemon breeze)  Reckitt Benckiser Liquid 4
33 Lysol All purpose cleaner (lemon scent) Reckitt Benckiser Trigger spray 4 4
34  Lysol All purpose cleaner (summer breeze) Reckitt Benckiser Trigger spray 4 v
35  Lysol All purpose cleaner (summer fresh Reckitt Benckiser Trigger spray v
scent
36  Lysol Concen)trate deodorizer/cleaner (fresh Reckitt Benckiser Liquid v
orange breeze)
37 Lysol Disinfectant all purpose cleaner Reckitt Benckiser Liquid 4
(island breeze)
38  Lysol Kitchen cleaner disinfectant Reckitt Benckiser Trigger spray v v v
antibacterial
39  Lysol Multi-surface foam cleaner Reckitt Benckiser Aerosol spray 4
40  Lysol Professional all purpose cleaner Reckitt Benckiser Trigger spray v
(lemon scent)
41  Lysol Professional deodorizing cleaner Reckitt Benckiser Liquid 4
42  Masterpiece Floor cleaner (neutral) Reckitt Benckiser Conc. liquid 4
43  Mop & Glo Floor shine cleaner Reckitt Benckiser Conc. liquid v v 4
44  Resolve High-traffic floor cleaner Reckitt Benckiser Liquid v v v
45  Fantastik All purpose cleaner (antibacterial) SC Johnson Liquid v
46  Fantastik All purpose cleaner (antibacterial) SC Johnson Trigger spray v
47  Fantastik All purpose cleaner (herbal mist SC Johnson Trigger spray v
scent
48  Fantastik All pur%ose cleaner (lemon power, SC Johnson Trigger spray v
antibacterial)
49  Fantastik All purpose cleaner (orange action)  SC Johnson Trigger spray v v v
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Table A.3 (continued). Results of consumer product shelf survey for general-purpose cleaners.

Safe- Longs Smart  Wal- Home
No. Brand Description Manufacturer Form Way Drugs & Final Mart Depot
50  Sani-Pine Cleaner/deodorizer Smart & Final Liquid v
51  Smart & Final Floor cleaner & conditioner Smart & Final Conc. liquid v
52 Smart & Final Pink cleaner concentrate Smart & Final Conc. liquid v
53  Simple Green All purpose cleaner Sunshine Makers, Inc. Ligiud v v
54  Simple Green All purpose cleaner Sunshine Makers, Inc. Trigger spray v v v v v
55  Simple Green All purpose cleaner (lemon scent)  Sunshine Makers, Inc. Trigger spray v
56  Formula 409 All purpose cleaner The Clorox Company Liquid v v
57  Formula 409 All purpose cleaner The Clorox Company Trigger spray v v
58  Formula 409 All purpose cleaner (lemon scent)  The Clorox Company Trigger spray v v
59  Formula 409 All purpose cleaner (misty breeze)  The Clorox Company Trigger spray v
60  Formula 409 All purpose cleaner (orange power) The Clorox Company Trigger spray v v
61  Pine-Sol All purpose cleaner (lemon fresh) ~ The Clorox Company Liquid v v v v
62  Pine-Sol All purpose cleaner (meadow fresh) The Clorox Company Liquid v v
63  Pine-Sol All purpose cleaner (original) The Clorox Company Liquid v v v v v
64  Pine-Sol All purpose cleaner (rain clean) The Clorox Company Liquid v
65  Pine-Sol All purpose spray (cleaner & The Clorox Company Trigger spray v v
antibacterial, lemon scent)
66  Pine-Sol Mop floor cleaner & spray The Clorox Company Trigger spray v
67  Ready Mop Floor cleaner The Clorox Company Conc. liquid v
Cleaner
68  Spic-n-Span Liquid cleaner The Spic and Span Co.  Conc. liquid
69  Xtra-Lemon Antibacterial cleaner White Cap, Inc. Trigger spray v
70  Xtra-Lemon Antibacterial cleaner/disinfectant/  White Cap, Inc. Conc. liquid v v
deodorizer
71  Xtra-Orange All purpose cleaner White Cap, Inc. Conc. liquid v
72 Xtra-Pine All-purpose cleaner White Cap, Inc. Conc. liquid v v

(clean/shine/deodorizer)

#“v™ indicates that product was found at indicated retail outlet.
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Table A.4. Results of consumer product shelf survey for glass cleaners. *

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1  Zep Glass & all surface heavy-duty foaming Acuity Specialty Products Grp. Aerosol spray v
cleaner
2 Zep Glass cleaner Acuity Specialty Products Grp. Liquid v
3  Zep Glass cleaner Acuity Specialty Products Grp. Trigger spray v
4  Ajax QSR Glass cleaner Colgate-Palmolive Conc. liquid v
5  Great Value Glass cleaner Great Value Trigger spray v
6  Glass Plus Glass & surface cleaner SC Johnson Liquid v
7  Glass Plus Glass & surface cleaner SC Johnson Trigger spray v v v
8  Windex Glass cleaner (anti-bacterial) SC Johnson Trigger spray v v v v
9  Windex Glass cleaner (mountain berry) SC Johnson Trigger spray v
10  Windex Glass cleaner (multi-surface with SC Johnson Trigger spray v v
vinegar)
11 Windex Glass cleaner (no drip) SC Johnson Trigger spray v v
12 Windex Glass cleaner (original) SC Johnson Trigger spray v v v
13 Windex Glass cleaner (professional/industrial) ~ SC Johnson Liquid v
14 Windex Glass cleaner (professional/industrial) ~ SC Johnson Trigger spray v
15 Windex Glass cleaner (streak free) SC Johnson Trigger spray v v
16  Windex Outdoor & window surface cleaner SC Johnson Trigger spray v v v v
17 Windex Powerized foaming glass & multi- SC Johnson Aerosol spray v v
surface cleaner
18 Smart & Final  Glass & hard surface cleaner Smart & Final Liquid v
19  Sprayway Glass cleaner Sprayway, Inc. Aerosol spray v
20 Formula 409 Glass & surface cleaner The Clorox Company Liquid v
21  Formula 409 Glass & surface cleaner The Clorox Company Trigger spray v v v

“v™ indicates that product was found at indicated retail outlet.
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Table A.5. Results of consumer product shelf survey for dusting aids, furniture maintenance products, and wood cleaners.

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1 Zep Furniture polish & cleaner (lemon)  Acuity Specialty Products Grp. Aerosol spray v
2 Zep Hardwood & laminate floor cleaner  Acuity Specialty Products Grp. Trigger spray v
3 Lemon Drop Furniture polish Carroll Company Liquid v
4  Behold" Furniture Polish lemon JohnsonDiversey Aerosol spray
5  Endust Dust spray (fresh scent) JohnsonDiversey Aerosol spray v
6  Endust Dust spray (fresh scent, pro formula) JohnsonDiversey Aerosol spray v
7  Endust Dust spray (lemon scent) JohnsonDiversey Aerosol spray v v
8  Orange Glo Wood cleaner & restorer Orange Glo International Aerosol spray v
9  Orange Glo Wood cleaner and polish Orange Glo International Trigger spray v v v
10  Old English Furniture polish Reckitt Benckiser Aerosol spray v
11  Old English Furniture polish Reckitt Benckiser Liquid v v v v
12 Old English Scratch cover for dark wood Reckitt Benckiser Liquid v v v v
13 Favor Furniture polish SC Johnson Aerosol spray v
14 Pledge Furniture polish (country garden) SC Johnson Aerosol spray v v
15  Pledge Furniture polish (instit./commercial) SC Johnson Aerosol spray v
16  Pledge Furniture polish (lemon scented) SC Johnson Aerosol spray v v v v v
17  Pledge Furniture polish (orange fresh) SC Johnson Aerosol spray v v v
18 Pledge Furniture polish (orange oil trigger)  SC Johnson Trigger spray v
19  Pledge Furniture polish clean & dust SC Johnson Aerosol spray v v
20  Pledge Furniture polish extra moisturizing ~ SC Johnson Aerosol spray v v
with lemon oil
21  Pledge Furniture polish with cleansing SC Johnson Trigger spray v
conditioners
22 Pledge Furniture polish with Glade SC Johnson Aerosol spray v
Rainshower
23 Pledge Wood cleaner/conditioner SC Johnson Trigger spray v
24  Pledge Wood floor cleaner SC Johnson Liquid v v
25  Scott's liquid gold Wood cleaner & preservative Scott's Liquid Gold, Inc. Aerosol spray v v
26  Scott's liquid gold Wood cleaner & preservative Scott's Liquid Gold, Inc. Liquid v

#“v” indicates that product was found at indicated retail outlet.
® This item appears in database without indication of store(s) where it was found on the shelf.
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Table A.6. Results of consumer product shelf survey for carpet and upholstery cleaners and spot removers. ?

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1 Zep Carpet cleaner Acuity Specialty Products Grp. Conc. liquid v
2 Zep High traffic carpet cleaner Acuity Specialty Products Grp. Aerosol spray v
3 Zep High traffic carpet cleaner Acuity Specialty Products Grp. Trigger spray v
4  Bissell Pet stain & odor removal Bissell, Inc. Trigger spray v
5  Folex Instant carpet spot remover Folex Company Liquid v
6 Folex Instant carpet spot remover Folex Company Trigger spray v v v
7  SteamVac Carpet/upholstery cleaner Maytag Corp. Conc. liquid v
8  Resolve Carpet cleaner for steam machine Reckitt Benckiser Liquid v
9  Resolve Dual action foam carpet cleaner Reckitt Benckiser Aerosol spray v
10  Resolve Foam carpet cleaner Reckitt Benckiser Aerosol spray v v
11  Resolve Spot & stain carpet cleaner Reckitt Benckiser Trigger spray v v v v v
12 Resolve Spot magic (spot carpet cleaner) Reckitt Benckiser Liquid v
13 Woolite Carpet pet stain cleaner Reckitt Benckiser Trigger spray v
14 Woolite Foam carpet cleaner heavy traffic Reckitt Benckiser Aerosol spray v v v
15  Woolite Power Carpet stain remover Reckitt Benckiser Aerosol spray v v
Shot
16  Smart & Final  Carpet spotter Smart & Final Trigger spray v
17 Smart & Final  Dry foam rug shampoo Smart & Final Conc. liquid v
18 Smart & Final  Extraction carpet cleaner Smart & Final Conc. liquid v
19 Smart & Final  Extraction defoamer Smart & Final Conc. liquid v
20 Krud Kutter Cleaner/degreaser Supreme Chem. of Georgia, Trigger spray v
Inc.
21  Formula 409 Carpet cleaner The Clorox Company Aerosol spray v
22 Formula 409 Carpet cleaner large area foam cleaner The Clorox Company Trigger spray v
23 Formula 409 Carpet spot cleaner The Clorox Company Aerosol spray v
24 Spot shot Carpet stain remover WD-40 Company Aerosol spray v v v

#“v™ indicates that product was found at indicated retail outlet.
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Table A.7. Results of consumer product shelf survey for floor polishes or waxes and floor wax strippers. ®

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1  Future Floor finish Future Liquid v v
2 Medalist Floor finish Reckitt Benckiser Liquid 4
3 Medalist Floor sealer Reckitt Benckiser Liquid 4
4 Medalist Wax stripper Reckitt Benckiser Liquid v
5  Smart & Final Mop-off floor stripper Smart & Final Conc. liquid v
6  Smart & Final Ply buff floor finish Smart & Final Liquid v
7 Smart & Final Professional ultra high solids floor finish Smart & Final Liquid v
8  Smart & Final Spray Buff Smart & Final Liquid v

“v™ indicates that product was found at indicated retail outlet.
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Table A.8. Results of consumer product shelf survey for specialty cleaners including bathroom and tile cleaners, metal polish/cleaners, and oven

cleaners.
Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way  Drugs & Final Mart Depot
1 Trewax Stainless steel cleaner/polish/protectant Carroll Company Trigger spray v
2 Trewax Brite Tarnish remover/metal polish Carroll Company Trigger spray v
Bo
3 Carbgn Off Heavy-duty grease remover Discovery Products Corp. Aerosol spray v
4 CLR Household deposit remover Jelmar Liquid v v v v
5 Tarn-X Tarnish remover Jelmar Liquid v
6  Sheila Shine Stainless steel cleaner/shine Meyer Laboratory, Inc.  Liquid v
7  Brasso Multi-purpose metal polish Reckitt Benckiser Liquid v v v
8  Easy Off Fume free max oven cleaner (lemon scent)  Reckitt Benckiser Aerosol spray v
9  Easy Off Professional heavy-duty oven/grill cleaner  Reckitt Benckiser Aerosol spray v
10 Easy Off Professional heavy-duty oven/grill cleaner  Reckitt Benckiser Liquid v
11  Lime A Way Stain remover Reckitt Benckiser Liquid v v v v
12  Smart & Final ~ Professional oven & grill cleaner Smart & Final Aerosol spray v
13 Smart & Final ~ Professional oven & grill cleaner Smart & Final Liquid v
14  Smart & Final  Stainless steel cleaner/shine Smart & Final Aerosol spray v

“v™ indicates that product was found at indicated retail outlet.

194




Table A.9. Results of consumer product shelf survey for air fresheners. ?

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
1 Zep Mint fresh room deodorizer Acuity Specialty Prod. Grp. Aerosol spray v
2 Zep Odor control concentrate Acuity Specialty Prod. Grp. Trigger spray v
3 Zep Smoke eliminator Acuity Specialty Prod. Grp. Aerosol spray v
4 Fruit Basket Air freshener Belae Brands, Inc. Aerosol spray v
5 BigD Conc. room deodorant (country berry) Big D Industries, Inc. Aerosol spray v
6 BigD Conc. room deodorant (mango bay) Big D Industries, Inc. Aerosol spray v
7 BigD Conc. room deodorant (mountain air) Big D Industries, Inc. Aerosol spray v
8 BigD Conc. room deodorant (potpourri) Big D Industries, Inc. Aerosol spray v
9 BigD Conc. room deodorant (sun burst) Big D Industries, Inc. Aerosol spray v
10 Arm & Hammer Carpet & room deodorizer (citrus fresh) Church & Dwight Co., Inc. Aerosol spray v v
11 Arm & Hammer Carpet & room deod. (English meadows)  Church & Dwight Co., Inc. Aerosol spray v v
12 Arm & Hammer Carpet & room deodorizer (pet fresh) Church & Dwight Co., Inc. Aerosol spray v v
13 Arm & Hammer Carpet & room deodorizer (vacuum free) Church & Dwight Co., Inc. Aerosol spray v
14 BioOdor Control Odor digester Clean Control Corp. Liquid v
15 Renuzit Air freshener scented oil (after the rain) Dial Corp. Liquid v v
16 Renuzit Air freshener scented oil (hazelnut vanilla)  Dial Corp. Liquid v
17  Renuzit Fresh essentials (crisp cotton) Dial Corp. Aerosol spray v
18 Renuzit Fresh essentials (sense of spring) Dial Corp. Aerosol spray v
19  Renuzit Home fragrance spray (apple-cinnamon) Dial Corp. Aerosol spray v
20 Renuzit Home fragrance spray (citrus sunburst) Dial Corp. Aerosol spray v
21 Renuzit Home fragrance spray (tropical melon) Dial Corp. Aerosol spray v
22 Pure Citrus Air freshener (citrus blends) North American Oil Co. Aerosol spray v v
23 Pure Citrus Air freshener (lemon) North American Oil Co. Aerosol spray v
24 Pure Citrus Air freshener (orange) North American Qil Co. Aerosol spray v v
25  Wizard Air freshener (lavender) Reckitt Benckiser Aerosol spray v v
26 Wizard Air freshener (neutra air) Reckitt Benckiser Aerosol spray v
27  Wizard Air freshener (peach sensation) Reckitt Benckiser Aerosol spray v v v
28  Wizard Air freshener (rain garden) Reckitt Benckiser Aerosol spray v
29 Wizard Air freshener (vanilla essential) Reckitt Benckiser Aerosol spray v
30 Wizard Air freshener (white bouquet) Reckitt Benckiser Aerosol spray v
31 Wizard Air freshener scented oil (country berry) Reckitt Benckiser Liquid v v

195




Table A.9 (continued). Results of consumer product shelf survey for air fresheners ?

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
32 Wizard Air freshener scented oil (crisp breeze) Reckitt Benckiser Liquid v v
33 Wizard Air freshener scented oil (harvest spice) Reckitt Benckiser Liquid v
34 Wizard Air freshener scented oil (lavender field) Reckitt Benckiser Liquid v
35 Wizard Air freshener scented oil (white bouquet) Reckitt Benckiser Liquid v
36 Wizard Tobacco odor neutralizer Reckitt Benckiser Aerosol spray v v v
37  Wizard AirWick Odor neutral. (green apple & honeysuckle)  Reckitt Benckiser Aerosol spray v
38  Wizard AirWick Odor neutralizer (lavender field) Reckitt Benckiser Aerosol spray v
39  Wizard AirWick Odor neutralizer (neutra air) Reckitt Benckiser Aerosol spray v
40  Wizard AirWick Odor neutralizer (rain garden) Reckitt Benckiser Aerosol spray v
41  Wizard AirWick Odor neutralizer (sparkling citrus) Reckitt Benckiser Aerosol spray v
42 Wizard AirWick Scented oil (sparkling citrus) Reckitt Benckiser Aerosol spray v
43 Ambi Pur Home fragrance (crystal ocean) Sara Lee Corp Liquid v v
44 Ambi Pur Home fragrance (delicate blossoms) Sara Lee Corp Liquid v v
45  Ambi Pur Home fragrance (sun ripened oranges) Sara Lee Corp Liquid v v
46  Glade Air freshener (French vanilla) SC Johnson Aerosol spray v
47  Glade Air freshener (cinnamon sticks) SC Johnson Aerosol spray v v v
48  Glade Air freshener (citrus aroma) SC Johnson Aerosol spray v v
49 Glade Air freshener (country garden) SC Johnson Aerosol spray v v
50 Glade Air freshener (lilac springs) SC Johnson Aerosol spray v
51 Glade Air freshener (mango splash) SC Johnson Aerosol spray v v
52 Glade Air freshener (melon burst) SC Johnson Aerosol spray v
53 Glade Air freshener (mountain berry) SC Johnson Aerosol spray v
54  Glade Air freshener (mountain snow) SC Johnson Aerosol spray v v
55 Glade Air freshener (powder fresh) SC Johnson Aerosol spray v
56 Glade Air freshener (rain shower) SC Johnson Aerosol spray v
57 Glade Air freshener (sunny days) SC Johnson Aerosol spray v v
58 Glade Air freshener (tangerine ginger) SC Johnson Aerosol spray v v
59 Glade Air freshener and deodorizer (duet) SC Johnson Aerosol spray v
60 Glade Air freshener and deodorizer (duet) SC Johnson Gel v
61 Glade Air freshener and deodorizer (potpourri) SC Johnson Aerosol spray v v
62 Glade Classic Plug-in SC Johnson Gel v v
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Table A.9 (continued). Results of consumer product shelf survey for air fresheners *

Safe- Longs Smart Wal- Home
No. Brand Description Manufacturer Form way Drugs & Final Mart Depot
63 Glade Glade aerosol (powder fresh) SC Johnson Aerosol spray v
64 Glade Institutional air freshener (country garden)  SC Johnson Aerosol spray v
65 Glade Institutional air freshener (potpourri) SC Johnson Aerosol spray v
66 Glade Institut. air freshener (smoke odor elimin.)  SC Johnson Aerosol spray v
67 Glade Institutional air freshener (super fresh) SC Johnson Aerosol spray v
68 Glade Plug-in (botanical garden) SC Johnson Gel v
69 Glade Plug-in (country garden) SC Johnson Gel v v v
70 Glade Plug-in (French vanilla) SC Johnson Gel v
71 Glade Plug-in (Hawaiian breeze) SC Johnson Gel v
72 Glade Plug-in (lilac springs) SC Johnson Gel v
73  Glade Plug-in (mountain berry) SC Johnson Gel v
74 Glade Plug-in (rain shower) SC Johnson Gel v v
75 Glade Plug-in (tropical mist) SC Johnson Gel v v
76  Glade Plug-in scented oil (Hawaiian breeze) SC Johnson Liquid v
77 Glade Plug-in scented oil (meadow breeze) SC Johnson Liquid v v
78 Glade Plug-in scented oil (mystical garden) SC Johnson Liquid v v
79 Glade Plug-in scented oil (neutralizer) SC Johnson Liquid v v
80 Glade Plug-in scented oil (sky breeze) SC Johnson Liquid v v
81 Glade Plug-in scented oil (summer berries) SC Johnson Liquid v
82 Glade Plug-in scented oil (sunny days) SC Johnson Liquid v
83 Glade Plug-in scented oil (vanilla breeze) SC Johnson Liquid v v
84 Glade Plug-in, double strength SC Johnson Gel v
85 Touch of Scent  Air freshener (cinnamon stick) Scott's Liquid Gold, Inc. Aerosol spray v
Elite
86  Touch of Scent  Air freshener (floral) Scott's Liquid Gold, Inc. Aerosol spray v
Elite
87  Touch of Scent  Air freshener (vanilla) Scott's Liquid Gold, Inc. Aerosol spray v
Elite
88  Carpet Fresh Foam carpet refresher (apple cinnamon) WD 40 Company Aerosol spray v
89 OdorCide Air/fabric freshener and odor eliminator Winston Company, Inc. Liquid v

#“v™ indicates that product was found at indicated retail outlet.
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APPENDIX B. COMPOSITION SCREENING EXPERIMENTS

Twenty-one widely available cleaning products and air fresheners were selected for
laboratory determination of their composition related to the VOCs of interest to the study. The
objective was to obtain information on the vapor-phase compositions likely to result from the use
of these products focusing on ethylene-based glycol ethers, unsaturated terpenoid compounds,
and other unsaturated compounds potentially reactive with ozone. A gas sampling bag method
was developed and utilized for this purpose. In this method, small quantities of the products
were volatilized and then sampled for chemical analysis. Concentrations of 24 target VOCs in
the 21 products were determined as mass fractions in percent (see equation 3-1).

This appendix presents the results for each sample collected from each individual bag that
was prepared from one or more product containers. The upper section of each data table lists the
sample preparation information. The lower section of each table gives the mass fractions. The
individual compounds are listed in order of decreasing volatility within three categories: terpene
hydrocarbons, unsaturated oxygenated compounds including terpenoid compounds, and
ethylene-based glycol ethers.

The products are identified using an alphanumeric coding system that retains the consumer
product category information (see Table 3.3). For some products, multiple containers were
obtained and analyzed. Product containers are identified by the alpha portion (A, B, and C) of
the “Bag ID” number. In most cases, multiple bags were prepared from a single container. The
bags are indicated by means of the numeric portion (1-4) of the “Bag ID” number. Sample
preparation information consists of the volume of nitrogen contained in the bag at standard room
conditions, the amount of product added to the bag in either volume units or mass units if
weighed, the volume of gas removed from the bag for analysis, and the GC/MS sample file
name.

Mass fractions less than 0.1% are not recorded in the tables. In a few cases, there was an
apparent contamination of samples likely due to carryover in the transfer syringe or in the
analytical system between analyses of samples. In all such cases, which are footnoted in the
tables, the suspected contamination was confirmed by subsequent qualitative analysis of freshly
prepared bags.

The 21 products are grouped in Tables B.1-B.7 primarily by similarities in their VOC
compositions as determined by the bag method. Table B.1 presents data for the four consumer
products with >3% d-limonene. These products also contained other terpene hydrocarbons and
one contained 2-butoxyethanol. Table B.2 presents data for three general-purpose cleaners with
pine oil constituents. The next two tables present data for five products that contain >2% (Table
B.3) or >1% (Table B.4) 2-butoxyethanol. (One product appearing in Table B.4, GPC-4,
contained d-limonene and is also listed in Table B.1.) Table B.5 presents data for multiple
analyses of glass cleaner, GLC-1. Table B.6 presents mass fraction data for five products with
<0.2% of each target VOC. The sampling of one product, FMP-2, did not produce any target
VOCs above the quantification limits. Mass fraction data for the four air fresheners are
presented in Table B.7.
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Table B.1. Mass fractions of target VOCs determined by bag method analysis of individual samples of four products with >3%
d-limonene.

General Information for Product Sample
Product ID GPD-1 GPD-1 GPD-1 GPC-4 GPC-4 GPC-4 FMP-1 FMP-1 MPS-1 MPS-1 MPS-1
Bag ID Al A2 A2 Al A2 A3 Al A2 Al Al A2
Bag volume (L) 49.9 50.0 50.0 3.01 3.00 3.00 2.98 2.99 3.00 3.00 3.00
Product vol. (uL) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Product mass (g) 1.4 1.4 11
Sample vol. (pL) 1 18 5% 2000 500 500 500 500 500 300 300
Sample file name ~ 21209-03 21209-07 21210-01 21121-07 21122-04 21126-05 21108-05 21113-02 21114-06 21114-09 21114-10

Compound Mass Fraction of Compound in Product (%0)

a-Pinene 0.20 0.04 0.03 0.03 0.05 0.05 0.10 0.10 0.12
Camphene

B-Pinene 0.02 0.02 0.02 0.03 0.03 0.07 0.06 0.08
B-Myrcene 0.43 0.08 0.06 0.06 0.08 0.11 0.21 0.19 0.24
3-Carene

a-Phellandrene

a-Terpinene

d-Limonene 26.99 23.49 23.80 3.61 4.08 3.87 5.41 5.32 9.07 9.40 11.19
y-Terpinene

Terpinolene

Dihydromyrcenol

Linalool

1-Terpineol

B-Terpineol

4-Terpineol

Terpineol isomer

a-Terpineol

y-Terpineol

Linalyl acetate

B-Citronellol

cis-Citral

trans-Citral

2-Butoxyethanol 2.08 1.70 1.26

2-Hexyloxyethanol

& Equivalent sample volume after 1:1000 gas-phase dilution
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Table B.2. Mass fractions of target VOCs determined by bag method analysis of individual samples of three products with
pine oil constituents.

General Information for Product Sample

Product ID GPC-1 GPC-1 GPC-1 GPC-1 GPC-1 GPC-1 GPC-6 GPC-6 GPC-6 GPC-7 GPC-7
Bag ID Al A2 B2 C1 C2 C2 Al A2 A2 Al A2
Bag volume (L) 3.00 3.00 3.00 3.16 3.09 3.12 3.00 3.04 3.04 3.00 3.00
Product vol. (uL) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Sample vol. (pL) 500 500 500 500 500 500 5000 10000 10000 2000 2000
Sample file name 21108-03 21108-04 30122-03 30122-07 30123-04 30124-02 21113-04 21113-06 21114-04 21115-06 21121-04
Compound Mass Fraction of Compound in Product (%0)

a-Pinene 0.18 0.17 0.33 0.19 0.21 0.24 0.05 0.05 0.05 0.10 0.09
Camphene 0.10 0.10 0.12 0.09 0.10 0.12 0.01 0.01 0.01 0.03 0.03
B-Pinene 0.03 0.03 0.07 0.05 0.06 0.01 0.01 0.01 0.02 0.02
p-Myrcene

3-Carene

a-Phellandrene 0.04 0.03 0.03 0.04 0.03 0.03 0.01 0.01
a-Terpinene 0.17 0.16 0.12 0.15 0.10 0.09 0.01 0.01 0.01 0.08 0.08
d-Limonene 1.14 1.12 1.07 1.10 0.97 1.14 0.22 0.21 0.20 0.38 0.38
y-Terpinene 0.14 0.14 0.12 0.17 0.14 0.15 0.01 0.01 0.01 0.06 0.06
Terpinolene 1.66 1.62 1.73 1.89 1.28 1.20 0.04 0.03 0.03 0.41 0.43
Dihydromyrcenol

Linalool

1-Terpineol 0.42 0.36 0.36 0.42 0.41 0.50 0.01 0.01 0.01 0.12 0.13
[-Terpineol 0.17 0.15 0.15 0.15 0.15 0.20 0.06 0.07
4-Terpineol 0.08 0.08 0.07 0.10 0.07 0.11 0.13 0.13
Terpineol isomer 0.06 0.09 0.05 0.05 0.05 0.07 0.09 0.08
a-Terpineol 2.85 3.37 2.85 3.22 2.68 2.93 0.01 0.01 0.01 0.71 0.67
y-Terpineol 0.45 0.56 0.43 0.50 0.38 0.47 0.10 0.09
Linalyl acetate

B-Citronellol

cis-Citral

trans-Citral

2-Butoxyethanol 0.14°

2-Hexyloxyethanol 0.01°

# Not present in product; analytical contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent samples
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Table B.3. Mass fractions of target VOCs determined by bag method analysis of individual samples of two products with >2%
2-butoxyethanol.

General Information for Product Sample
Product ID DIS-1 DIS-1 DIs-1 GPC-2 GPC-2 GPC-2 GPC-2 GPC-2
Bag ID Al Al A2 Al Al A2 A2 A2
Bag volume (L) 3.20 3.20 3.00 3.00 3.00 3.03 3.03 3.03
Product vol. (uL) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Sample vol. (pL) 500 1000 500 1000 1000 1000 1000 1000
Sample file name 21208-05  21210-07  21210-03  31002-07  31013-07 31014-04 31015-06  31015-07

Compound Mass Fraction of Compound in Product (%0)
a-Pinene

Camphene

B-Pinene

-Myrcene

3-Carene

a-Phellandrene

a-Terpinene

d-Limonene 0.02%

y-Terpinene

Terpinolene

Dihydromyrcenol

Linalool

1-Terpineol

B-Terpineol

4-Terpineol

Terpineol isomer

a-Terpineol

y-Terpineol

Linalyl acetate

B-Citronellol

cis-Citral

trans-Citral

2-Butoxyethanol 7.90 5.01 2.93 2.62 2.56 2.60 2.58 2.51
2-Hexyloxyethanol

% Not present in product; analytical contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent
samples
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Table B.4. Mass fractions of target VOCs determined by bag method analysis of individual samples of three products with

>1% 2-butoxyethanol

General Information for Product Sample

Product ID

Bag ID

Bag volume (L)
Product vol. (uL)
Product mass (g)
Sample vol. (uL)
Sample file name

GPC-3

Al
3.00
5.0

1000

21113-05

GPC-3 GPC-3 GPC-4 GPC-4 GPC-4
A2 A2 Al A2 A3
3.13 3.13 3.01 3.00 3.00
5.0 5.0 5.0 5.0 5.0

1000 1000 2000 500 500
31016-03  31017-01  21121-07 21122-04  21126-05

SRM-1
A3
50.1

1.16
20°
21210-09

SRM-1
Ad
59.7

1.10
20°
21219-03

Compound

Mass Fraction of Compound in Product (%0)

a-Pinene
Camphene
B-Pinene
-Myrcene
3-Carene
a-Phellandrene
a-Terpinene
d-Limonene
y-Terpinene
Terpinolene
Dihydromyrcenol
Linalool
1-Terpineol
B-Terpineol
4-Terpineol
Terpineol isomer
a-Terpineol
y-Terpineol
Linalyl acetate
B-Citronellol
cis-Citral
trans-Citral
2-Butoxyethanol
2-Hexyloxyethanol

0.02°

412

0.04 0.03 0.03

0.02 0.02 0.02
0.08 0.06 0.06

3.61 4.08 3.87

4.34 4.40 2.08 1.70 1.26

0.07°

6.91

12.23

& Equivalent sample volume after 1:1000 gas-phase dilution
® Not present in product; contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent samples
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Table B.5 Mass fractions of target VOCs determined by bag method analysis of individual samples of glass cleaner GLC-1.

General Information for Product Sample

Product ID

Bag ID

Bag volume (L)
Product vol. (uL)
Sample vol. (uL)
Sample file name

GLC-1

Al

3.00

5.0

5000
21113-07

GLC-1

Al

3.00

5.0

10000
21114-05

21114-07

GLC-1 GLC-1 GLC-1 GLC-1 GLC-1 GLC-1

A2 A2 Bl B2 C1 Cc2
3.00 3.00 3.03 3.00 3.00 3.18

5.0 5.0 5.0 5.0 5.0 5.0
5000 10000 5000 5000 5000 5000
21114-11  30121-06  30122-01  30123-02  30123-01

Compound

Mass Fraction of Compound in Product (%0)

a-Pinene
Camphene
B-Pinene
-Myrcene
3-Carene
a-Phellandrene
a-Terpinene
d-Limonene
y-Terpinene
Terpinolene
Dihydromyrcenol
Linalool
1-Terpineol
B-Terpineol
4-Terpineol
Terpineol isomer
a-Terpineol
y-Terpineol
Linalyl acetate
B-Citronellol
cis-Citral
trans-Citral
2-Butoxyethanol
2-Hexyloxyethanol

0.56
0.20

0.63
0.19

0.01°%

0.61 0.58 0.56 0.57 0.61 0.61
0.24 0.25 0.25 0.25 0.27 0.25

Not present in product; contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent samples

203



Table B.6. Mass fractions of target VOCs determined by bag method analysis of individual samples of products with <0.2% of
target analytes.

General Information for Product Sample
Product ID GPC-5 GPC-5 GPC-5 WDC-1 WDC-1 FMP-2 FMP-2 FMP-3 FMP-3 FMP-4 FMP-4
Bag ID Al Al A2 Al A2 Al A2 Al A2 Al A2
Bag volume (L) 3.00 3.00 3.05 2.99 3 49.8 50.0 50.0 50.2 50.0 50.0
Product vol. (uL) 5.0 5.0 5.0 5.0 5.0 11 0.6
Product mass (g) 3.0 15 4.28 1.25
Sample vol. (pL) 5000 10000 5000 5000 5000 500 500 500 1000 500 1500
Sample file name 21115-04 21115-07 21122-03 21122-05 21210-02 21209-04 21219-02 21208-02 21209-02 21126-06 21208-04

Compound Mass Fraction of Compound in Product (%0)

a-Pinene 0.01 0.01 +P 0.01
Camphene

B-Pinene 0.04 0.03 0.03 0.03
-Myrcene

3-Carene

a-Phellandrene

a-Terpinene

d-Limonene +P 0.01 0.19 0.18 0.11 0.17
y-Terpinene 0.01 0.01 0.01 0.01
Terpinolene

Dihydromyrcenol 0.01 0.01 0.01

Linalool

1-Terpineol

B-Terpineol

4-Terpineol

Terpineol isomer

a-Terpineol

y-Terpineol

Linalyl acetate

B-Citronellol

cis-Citral 0.01 0.01 0.01 0.01
trans-Citral 0.02 0.02 0.02 0.02
2-Butoxyethanol 0.04° 0.01° 0.07°
2-Hexyloxyethanol

Xylenes 0.07 0.08

Not present in product; contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent samples

® Present in sample, but at a level of <0.01% of product
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Table B.7. Mass fractions of target VOCs determined by bag method analysis of individual samples of air fresheners.

General Information for Product Sample

Product ID AFR-1 AFR-1 AFR-2 AFR-2 AFR-3 AFR-3 AFR-3 AFR-3 AFR-4 AFR-4
Bag ID Al A2 Al A2 Al Al A2 A2 Al A2
Bag volume (L) 3.01 3.01 3.01 3.00 50.1 50.1 65.1 65.1 50.0 50.0
Product vol. (uL) 2.0 2.0 2.0 2.0

Product mass (g) 0.0006 0.0006 0.041 0.041 0.69 2.84
Sample vol. (uL) 1000 1000 1000 1000 5000 30000 500 1000 20000 5000
Sample file name 21121-09  21220-01  21121-08 21126-03  21209-06  21210-04 21209-08  21210-05 21207-04  21208-03
Compound Mass Fraction of Compound in Product (%0)

a-Pinene 0.11 0.13

Camphene 0.04

B-Pinene 0.13 0.11 0.13 0.15

B-Myrcene 0.10 0.07 0.08

3-Carene 0.03

a-Phellandrene

a-Terpinene

d-Limonene 1.36 1.15 112 1.24 1.84 0.68 0.58 0.64 0.02 0.02
y-Terpinene 0.12 0.12

Terpinolene 0.03 0.03

Dihydromyrcenol 5.52 4.49 4.64 4.82 2.33 2.11

Linalool 4.36 3.55 8.64 9.00 6.61 6.56 2.98 3.22 0.01 0.01
1-Terpineol

[-Terpineol 0.09 0.08

4-Terpineol

Terpineol isomer

a-Terpineol 0.32 0.35

y-Terpineol 0.12 0.12

Linalyl acetate 2.53 1.98 2.87 2.97

pB-Citronellol 0.69 0.60

cis-Citral 0.01 0.01
trans-Citral 0.01 0.01
2-Butoxyethanol 0.01°

2-Hexyloxyethanol

Not present in product; contamination (transfer syringe or analytical system) confirmed by qualitative analysis of subsequent samples
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APPENDIX C. EMISSIONS AND CONCENTRATIONS FROM SIMULATED-USE
EXPERIMENTS

This appendix presents supplemental and detailed material supporting the text and
display items in Section 3.4.

Six products were studied to quantify emissions and resulting gas-phase concentrations of
specific VOCs of interest when the products were used in a realistic manner. VOCs of interest
included (a) ethylene-based glycol ethers (2-butoxyethanol and 2-hexyloxyethanol) and (b)
unsaturated terpenes and related compounds (potentially reactive with ozone).

Product applications included cleaning a table top with concentrated product, mopping a
floor with a dilute aqueous solution, and continuous use of a plug-in air freshener. Product
composition was measured by means of GC-MS analysis of methanol dilutions of the products.
Emissions were quantified relative to the amount of each VOC contained in a product. The six
products included 4 general-purpose cleaners (GPC-1 through GPC-4), one glass cleaner
(GLC-1) and one air freshener (AFR-1). Experimental protocols and results are described in §3.4
of the report. The following paragraphs provide a brief guide to the tables and figures included in
this appendix.

Tables C.1-C.2 provide information about the product specimens that were purchased and
analyzed using three experimental approaches: (1) the Tedlar bag-based screening method
(“Ba”) described in 83.3, (2) direct solvent dilution (“Di’”) in which the product was diluted in
methanol and the resulting solution was analyzed directly by GC-MS, and (3) emissions
experiments (“Em”) in the LBNL room-sized environmental chamber. These tables identify the
specific specimens used in each set of experiments.

The next set of tables provides detailed information and results for each sample that was
prepared and analyzed in the direct solvent dilution analysis. Each table includes results for the
VOCs that are relevant to a single product. The GC file number comprises the date (YMMDD)
and run number, and is included here to allow for easy reference to the original GC-MS output
file (ion chromatogram). Tables C.3-C.6 list samples and results for the products containing only
one or two active ingredients. Table C.7 provides information about the identified VOC
constituents of GPC-1 and Table C.8 lists the concentrations of each constituent measured in
each dilution sample. Table C.9 shows the amount of each VOC constituent in each dilution
sample of AFR-1. For Tables C.8 and C.9, the compounds are grouped into ozone-reactive and
other VOCs, and ordered by GC retention time within each group.

Tables C.10 through C.14 provide information about the amount of product used in each
experiment. Tables C.10 and C.11 pertain to surveys conducted with LBNL employees to
determine reasonable amounts of product use for the large chamber experiments. Table C.10 lists
information for each participant in a study of trigger-spray product use. Table C.11 provides
analogous information for a survey of disinfectant use (based on GPC-1 and DIS-1). The
distributions of measured use rates are plotted in Figures C.1 (GPC-3, trigger spray) and C.2
(GPC-1, liquid disinfectant). These figures show that the data in each case are well fitted by
lognormal distributions. Table C.12 provides details about the amount of solution and product
used during each state of the mopping experiments. Table C.13 provides similarly detailed
information for counter-cleaning with full-strength solution. In these experiments a wetted and
wrung sponge was used to scrub the counter after the product was applied; the sponge was then
dipped and wrung several times in a bucket of water then wetted again and used to “rinse” the
counter.
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Tables C.14 through C.31 provide information about each air sample that was collected and
analyzed during the large-chamber, simulated product use experiments. (Experiments 1A-1R, see
Table 3.26 for a summary.) Background samples are labeled starting with a “bk.” Other samples
are identified numerically. For the vast majority of sampling periods, two side-by-side samples
(“a” and “b”) were collected. In selected cases — generally for at least one sampling period per
experiment — both samples were analyzed. In most but not all cases, when a single sample was
analyzed, it was the “a” sample.
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Table C.1. Product containers used for solvent dilution, bag screening and large chamber

emissions experiments.

Purchase

Product | Container | Methods ? date Retailer Location Lot number

Glcl| A Ba,Di | 9/26/2002 | Safeway | - SHAUUCKAVE, | 5170
Berkeley

GLC-1 B Ba,Di | 1/21/2003 | Andronico's | eiegraph Ave, W230P
Berkeley

GLC-1 C Ba 1/21/2003 Ace Downtown W181T
Berkeley

GLC-1 D Em 71222003 | Safeway |\ Shattuck Ave, X160
Berkeley

GPC-1 | A Ba,Di | 9/26/2002 | Safeway | - SMAUUCKAVE, | nerr971026
Berkeley

GPC-1 B Ba 1/21/2003 | Andronico's | €169 AVe, | 60961054
Berkeley

GPC-1| C Ba 1/21/2003 | Ace Downtown | 622671354
Berkeley

GPC-1 D Em 71222003 | Safeway | V- SPAUUCK Ave, | heah931300
Berkeley

GPC2 | A | Ba Di,Em | 9/17/2003 | Walgreens | S Shattuck Ave, | s garoy
Berkeley

GPC3 | A Ba, Di | 9/26/2002 | Safeway | V- SPAUUCKAVe | prro90203
Berkeley

GPC-3 | B Em | 7/22/2003 | Safeway | - SMAUUCKAVE, | pga1g1\38
Berkeley
. Home .

GPC-4 A Ba, Di, Em | 11/17/2002 Depot Emeryville E22521
Home .

GPC-4 B Em 7/21/2003 Emeryville E3064A1

Depot

AFR-1 A Ba 11/20/2002 | Safeway | COlege Ave, 453206
Oakland

AFR1| B Di,Em | 9/11/2003 | Walgreens | > SMAUUCKAVE, 1y 5a5) MG
Berkeley

 Experimental methods for which individual product container was used: Ba = (Tedlar) bag-
based screening method, Di = direct solvent dilution method, Em = emissions experiments in
room-sized test chamber.
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Table C.2. Product containers used for each experimental approach.

Product Containers | Test Details

GLC-1 A-B direct n=11in1/2003; n = 3 in 3/2005
GLC-1 A-C bag n =6 bags in 1/2003 *

GLC-1 D emissions | n =2 expts in fall 2003

GPC-1 A direct n=1in1/2003

GPC-1 D direct n =2 in 10/2003

GPC-1 A-C bag n=5in 1/2003°"

GPC-1 D emissions | experiments 1B, 1E, 1IN

GPC-2 A direct n=11in11/2004; n = 4 in 3/2005
GPC-2 A bag n=2in10/2003°

GPC-2 A emissions | experiment 1M

GPC-3 A direct n=1in1/2003; n = 3 in 3/2005
GPC-3 B direct n =3 in 3/2005

GPC-3 A bag n=1in1/2003

GPC-3 B bag n=1in 10/2003

GPC-3 B emissions | experiments 1C, 1F-1H, 10
GPC-4 A direct n=1in 1/2003, n = 3 in 12/2003 ¢
GPC-4 A bag n=2in1/2003, n = 1in 10/2003
GPC-4 B emissions | experiments 1D, 11, 1P, 1Q
GPC-4 A emissions | experiments 1J, 1K

AFR-1 B direct n=2in12/2003

AFR-1 A bag n=2in 1/2003

AFR-1 B emissions | experiment 1R

42 bags each from 3 product containers, all purchased in 1/2003.

®1-2 bags from each of 3 product containers, all purchased in 1/2003.
¢5 total sample injections from 2 bags.
94 total sample injections from 3 dilution mixtures.
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Table C.3. Samples analyzed in solvent dilution determination of GLC-1 composition.

Mixture ID | Injection | GC file 2-BE mass fraction | 2-HE mass fraction
30123-1 1 30123 05 0.68% 0.41%
50316C 1 50316 05 0.52% 0.22%
50316E 1 50316 07 0.78% 0.61%
50316F 1 50316 08 0.48% 0.30%
50316E 2 50316 10 0.70% 0.49%

Table C.4. Samples analyzed in solvent dilution determination of GPC-2 composition.

Mixture ID | Injection | GC file 2-BE mass fraction
50317D 1 50317 04 2.91%
50317E 1 50317 05 1.89%
50317F 1 50317 06 2.99%
50321B 1 50321 02 2.59%
31124A 2 31124 04 2.53%

Table C.5. Samples analyzed in solvent dilution determination of GPC-3 composition.

Container ID Mixture ID | Injection | GC file 2-BE mass fraction
A (9/2002) 30123-1 1 30123 06 4.29%
A (9/2002) 50318A 1 50318 04 7.41%
A (9/2002) 50318B 1 50318 05 6.53%
A (9/2002) 50321A 1 50321 01 5.97%
B (7/2003) 50316G 2 50316 09 6.92%
B (7/2003) 50317A 2 50317 01 5.83%
B (7/2003) 50317B 2 50317 02 6.57%

Table C.6. Samples analyzed in solvent dilution determination of GPC-4 composition.

Mixture ID Injection | GC file 2-BE mass fraction | Limonene mass fraction
30124-1 1 30124 01 2.37% 3.98%
31124A 1 31124 01 3.75% 5.04%
31125A 1 31125 01 3.35% 4.51%
31215-1 1 31215 05 3.28% 4.22%
31215-1 2 31216 03 2.89% 4.20%
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Table C.7. Quantified constituents of GPC-1

Compound | CAS# | RT (min) | Class”
Ozone-Reactive Terpenoids
a-Pinene 80-56-8 22.36 T-HC
Camphene 79-92-5 23.31 T-HC
[-Pinene 127-91-3 24.48 T-HC
o-Terpinene 99-86-5 26.10 T-HC
d-Limonene 5989-27-5 26.43 T-HC
y-Terpinene 99-85-4 27.54 T-HC
Terpinolene 586-62-9 28.48 T-HC
a-Terpineol 98-55-5 3457 | T-AlcOH
y-Terpineol 586-81-2 34.66 | T-AlcOH
a-Phellandrene 99-83-2 25.6 T-HC
Terpene @ 26.3 | (tentative) 26.3 T-HC(?)
Terpene @ 28.2 | (tentative) 28.2 T-HC(?)
Terpene @ 29.4 | (tentative) 29.4 T-HC(?)
1-Terpineol 586-82-3 32.34 T-AlcOH
pB-Terpineol 138-87-4 33.19 | T-AlcOH
4-Terpineol 562-74-3 33.59 T-AlcOH
Other VOCs

p-Cymene 99-87-6 27.05 sHC
Eucalyptol 470-82-6 27.18 AlcOH
Camphor 76-22-2 33.56 AlcOH
Isoborneol 124-76-5 33.83 AlcOH
Borneol 507-70-0 34.33 AlcOH

8 Compounds in italics quantified using total ion current (TIC), calibrated to TIC response of

limonene.

T-HC = terpene hydrocarbon; T-AlcOH = terpene alcohol; SHC = saturated hydrocarbon,

AlcOH = saturated alcohol.
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Table C.8. Samples analyzed in solvent dilution determination of GPC-1 composition.

Mix ID al 31215a 31216a
Bottle A D D
GC file 30122 05 31215 02 31216 01
Ozone-Reactive Terpenoids
Compound ? Mass fraction | Mass fraction | Mass fraction
a-Pinene 0.17% 0.07% 0.08%
Camphene 0.11% 0.13% 0.13%
[-Pinene nd 0.01% 0.01%
a-Terpinene 0.18% 0.31% 0.26%
d-Limonene 1.30% 1.51% 1.61%
y-Terpinene 0.16% 0.19% 0.18%
Terpinolene 1.93% 2.35% 2.53%
a-Terpineol 5.58% 6.71% 7.84%
y-Terpineol 1.10% 1.07% 1.20%
a-Phellandrene 0.03% 0.05% 0.05%
Terpene @ 26.3 0.02% 0.05% 0.04%
Terpene @ 28.2 0.05% 0.09% 0.06%
Terpene @ 29.4 0.05% 0.07% 0.06%
1-Terpineol 0.71% 0.84% 0.94%
B-Terpineol 0.38% 0.47% 0.52%
4-Terpineol 0.29% 0.26% 0.34%
Other VOCs
Compound ? Mass fraction | Mass fraction | Mass fraction
p-Cymene 0.11% 0.23% 0.24%
Eucalyptol 0.40% 0.41% 0.43%
Camphor 0.10% 0.08% 0.08%
Isoborneol 0.14% 0.25% 0.26%
Borneol 0.32% 0.35% 0.31%

8 Compounds in italics quantified using total ion current (TIC), calibrated to TIC response of

limonene.
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Table C.9. Samples analyzed in solvent dilution determination of AFR-1 composition (Bottle
B).

GC file
31215 03 | 31216 02
Ozone-Reactive Terpenoids
Compound ? CAS # Mass fraction | Mass fraction
B-Pinene 127-91-3 0.13% ng "
d-Limonene 5989-27-5 1.57% 1.84%
Dihydromyrcenol 18479-58-8 6.38% 7.76%
Linalool 78-70-6 6.03% 6.89%
Linanyl acetate 115-95-7 2.30% 2.69%
-Citronellol 7540-51-4 2.29% 2.25%
trans-Citral 141-27-5 0.64% 0.61%
Other VOCs

Compound * CAS # Mass fraction | Mass fraction
3,7-Dimethyl-3-octanol 78-69-3 3.73% 4.35%
Isononyl acetate 40379-24-6 4.18% 4.97%
Phenylethyl alchohol 60-12-8 3.75% 8.64%
Benzyl acetate 140-11-4 11.75% 15.44%
Bornyl acetate 76-49-3 4.33% 5.09%

8 Compounds in italics quantified using total ion current (TIC), calibrated to TIC response of
limonene.
® Not quantifiable
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Table C.10.
bottle.

Results of product application rate survey, with cleaner GPC-3 in trigger spray

Subject Subject cleans No. TPs? | TP completeness® | Product use rate (g m™)
regularly?
1 yes 12 ~ full 11.4
2 yes 12 1/2-3/4 115
3 yes 9 <1/2 3.9
4 yes 4 ~ 3/4 3.6
5 sometimes 8 nr’ 6.2
6 sometimes 12 >1/2 11.7
7 nr” 13 ~ 3/4 11.7
8 yes 3 full 2.9
9 yes 4 <1/2 1.2
10 yes 6 nr’® 5.3
11 yes 4 >1/2 2.2
12 yes 5 <1/2 2.3
13 yes 9.5 ~1/2 55
14 yes 28 ~1/2 15.7
15 yes 16 ~1/2 10.8
16 yes 15 > 1/2 7.3
17 yes 6 ~1/2 3.3
18 yes 13 <1/4 5.4
19 sometimes 8 nr’® 5.6
20 yes 13 ~1/2 7.2
21 sometimes 18 ~1/2 10.7
22 yes 10 > 1/2 8.0
23 yes 16 ~3/4 10.9
24 yes 4 ~1/2 5.0
25 yes 19 ~1/2 10.1

8 TP = trigger pulls
nr = not recorded.
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Table C.11. Results of product application rate survey for disinfection.

Subject Product Product use rate (g m™)
1 GPC-1 3
2 GPC-1 23
3 GPC-1 4
4 GPC-1 45
5 GPC-1 8
6 GPC-1 7
7 GPC-1 5
8 GPC-1 2
9 GPC-1 5

10 GPC-1 3
11 GPC-1 11
1 DIS-1 47
2 DIS-1 18
3 DIS-1 15
4 DIS-1 86
5 DIS-1 36
6 DIS-1 10
7 DIS-1 6
8 DIS-1 19
9 DIS-1 46
10 DIS-1 35
11 DIS-1 17
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Table C.12. Measured masses (g) of solutions and cleaning equipment during mopping

experiments. °

Trial 1 | Trial 2 | Trial 3 | Exp IN | Exp 10 | Exp 1P | Exp 1Q
Bucket nr nr nr 450 449 450 450
Bucket + solution, initial | 3656 3506 3649 3874 4291 4277 4214
Bucket + solution,
after wet mop 3316 3193 3288 3596 4025 3918 3920
Bucket + solution after
dry mop 3553 3439 3581 3780 4203 4159 4106
Mop, initial nr nr nr 949 952 957 938
Mop, after wet mop nr nr nr 936 939 947 932
Mop, after dry mop nr nr nr 937 940 944 937
Solution applied during
wet mop phase 340 313 361 278 266 359 293
Net solution on floor,
after dry mop phase 103 67 68 94 88 118 108
Fraction of solution
applied, wet mop 9% 9% 10% 8% 7% 9% 8%
Fraction remaining on
floor after dry mop 3% 2% 2% 3% 2% 3% 3%
Product container initial 847 1095 760 885
Product container final 797 1043 657 732
Net product used 50 53 103 153

anr = not recorded.
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Table C.13. Measured masses (grams) of cleaning products and equipment for full strength, counter-cleaning experiments.

Experiment ® 1A 1B 1D 1E 1F 1G 1H 1 1J 1K 1L 1M
Product GLC-1 | GPC-3 | GPC-4 | GPC-1 | GPC-3 | GPC-3 | GPC-3 | GPC-4 | GPC-4 | GPC-4 | GLC-1 | GPC-2
Product initial 1026.6 778.6| 1122.3 858.1| 7723| 766.1| 655.3| 1102 618.6| 612 1010.2 | 1002.7
Product final 1020.2 772.6| 11157 847.7| 766.3| 760.1| 649.4| 10954 612.4| 606.3| 1003.7 996.4
Pipette initial 30.1

Pipette final 30.6

Trigger pulls 7 6 5 6 6 6 5 5 5 7 ~3.5
Product used 6.4 6.0 6.6 9.9 6.0 6.0 59 6.6 6.2 57 6.5 6.3
Scrub Towels

Initial 7.8 7.9 7.9 7.8 7.8 7.9 7.9 7.9 7.8
After wiping 18.1 15.1 14.8 17.0 16.0 19.7 19.9 12.5 nrb
After 24 h 10.1 8.3 9.5 8.3 12.0 9.1 11.0 8.2 8.1
Uptake (scrub) 10.3 7.2 6.9 9.2 8.2 11.8 12 4.6 nr
Net on towels 2.3 0.4 1.6 0.5 4.2 1.2 3.1 0.3 0.3
Rinse Towels

Initial 10.2 10.2 10.2 10.2 10.3 10.3 10.2

After wiping 20.6 15.6 15.5 19.6 14.5 18 17.3

After 24 h 10.6 10.5 10.7 10.3 10.7 111 11.3

Uptake (rinse) 104 5.4 5.3 9.4 4.2 7.7 7.1

Net on towels 0.4 0.3 0.5 0.1 0.4 0.8 1.1

Scrub sponge

Initial 54.3 57.2 55 56.1 53.8 57.7 57.4

After use 50.5 53 50.9 49.6 49.4 47.8 47.2

Net H,O to table 3.8 4.2 4.1 6.5 44 9.9 10.2

Rinse sponge

Initial 71.9 54.8 58.4 62.2 57.6 58.6 61.5

After use 58.5 48.7 52 50.8 51.9 49.1 52.7

Net H,O to table 134 6.1 6.4 114 5.7 9.5 8.8

% For experiment 1C, the only recorded information was the amount of product dispensed.

b“

nr” = Not recorded
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Table C.14. Airborne concentrations of glycol ethers for experiment 1A (GLC-1, counter).

Sample ID GC file | Start (min)® | End (min)? 2-BE (g m™) | 2-HE (ug m?)
bkl 30803 02 -50 -30 3 0
1b 30730 04 0 10 347 263
2a 30730 03 10 30 304 198
3b 30731 01 30 60 218 121
4b 30801 01 60 120 132 67
5a 30801 06 120 240 67 35
6a 30803 03 240 1446 9 8
6b 30806 02 240 1446 9 10

% Times are referenced to the beginning of the simulated-use activity.

Table C.15. Airborne constituent concentrations (pg m™) for experiment 1B (GPC-1, counter).

Sample ID 1b 2a 3b 4a 5a 6a 6b
GC file 30825 10 | 30825 11 | 30826 02 | 30825 06 | 30825 09 | 30826 _04 | 30826 08
Start (min) 0 11 31 61 121 240 240
End time (min) 10 31 61 121 240 1438 1438
o-Pinene 65 64 52 41 17 1 1
Camphene 98 98 77 60 25 2 2
[-Pinene 12 13 11 9 3 0 0
a-Terpinene 100 82 93 55 15 0 0
d-Limonene 1052 1040 884 651 263 21 22
p-Cymene 147 150 135 92 39 4 4
Eucalyptol 278 284 226 177 71 5 5
y-Terpinene 106 102 87 61 24 2 2
Terpinolene 1042 887 846 633 193 9 8
Camphor 0 15 12 11 5 1 1
Isoborneol 39 33 28 19 9 2 2
Borneol 38 26 20 16 6 2 nd
o-Terpineol 366 291 209 127 69 25 26
y-Terpineol 44 35 24 16 7 2 2
o-Phellandrene 26 25 21 16 5 0 nd
Terpene@26.3 31 30 28 20 8 1 nd
Terpene@28.2 48 21 21 15 9 0 nd
Terpene@29.4 4 89 28 2 9 0 nd
1-Terpineol 44 68 54 40 25 5 nd
B-Terpineol 73 37 29 24 10 3 nd
4-Terpineol 80 47 30 21 10 2 nd
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Table C.16. Airborne concentrations of 2-butoxyethanol for experiment 1C (GPC-3, counter).

Sample ID | GCfile | Start (min)? | End (min)? | 2-BE (ug m®)
bk1 30731 03 -68 -48 2
la 30731 02 0 10 2684
1b 30821 08 0 10 2690
2a 30731 04 10 30 2497
2b 30821 10 10 30 2318
3a 30731 07 30 60 2055
3b 30731 05 30 60 2149
4b 30731 09 60 120 1197
5a 30731 08 134 240 571
6a 30801 05 240 1440 63
6b 30804 03 240 1440 65

® Times are referenced to the start of the simulated-use activity.

Table C.17. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 1D
(GPC-4, counter).

Sample ID GC file | Start (min)? | End (min)? | 2-BE (ug m~) | Limonene (ug m?)
bk1 30807 13 -71 -31 8 0
la 30804 02 0 10 1058 2684
2a 30806 07 10 30 727 2358
2b 30807 01 10 30 796 2417
3a 30806 _09 30 60 598 1855
4a 30807 _03 60 120 399 1236
5a 30806 01 120 240 211 592
6b 30805 05 240 1440 26 46

% Times are referenced to the start of the simulated-use activity.
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Table C.18. Airborne constituent concentrations (1g m™) for experiment 1E (GPC-1, counter).

Sample ID b02 la 1b 2a 3a 4a 4b
GC run no. 30829 02 | 30828 01 | 30829 03 | 30828 02 | 30828 04 | 30828 06 | 30828 03
Start (min) * -55 0 0 10 30 60 60
End time (min) * -35 10 10 30 60 120 120
o-Pinene 0.2 65 72 84 69 50 50
Camphene 0.0 99 109 124 102 73 74
[-Pinene 1.0 13 15 17 14 10 11
a-Terpinene 0.0 93 107 180 72 73 85
d-Limonene 0.6 998 1098 1246 1014 783 752
p-Cymene 0.2 155 169 190 163 121 119
Eucalyptol 0.0 256 285 329 281 216 216
y-Terpinene 0.0 100 111 129 102 80 81
Terpinolene 0.5 887 1072 1520 733 743 798
Camphor 0.0 15 16 18 14 11 11
Isoborneol 0.2 36 33 40 38 28 25
Borneol 0.3 24 27 29 19 16 15
a-Terpineol 4.9 342 385 404 292 193 194
y-Terpineol 0.3 40 47 53 33 16 25
o-Phellandrene 0.0 26 30 39 23 20 22
Terpene@26.3 0.1 34 34 40 33 26 27
Terpene@28.2 0.1 24 28 38 20 19 19
Terpene@29.4 0.0 33 28 34 35 24 23
1-Terpineol 0.1 67 78 84 69 51 52
B-Terpineol 0.4 44 46 47 37 27 24
4-Terpineol 0.6 56 54 55 42 30 31

® Times are referenced to the start of the simulated-use activity.
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Table C.18 (continued). Airborne constituent concentrations (g m™) for experiment 1E (GPC-
1, counter).

Sample ID 5a 5b 6a 6b
GC run number 30829 01 | 30828 05 | 30829 05 | 30829 06
Start time (min) 120 120 240 240
End time (min) 240 240 1445 1445
a-Pinene 25 27 2 2
Camphene 37 40 3 3
[-Pinene 6 6 0 0
a-Terpinene 56 61 1 1
d-Limonene 484 480 49 49
p-Cymene 74 73 9 9
Eucalyptol 128 138 17 17
y-Terpinene 53 54 7 6
Terpinolene 636 655 40 37
Camphor 9 8 3 3
Isoborneol 19 18 9 10
Borneol 13 12 7 7
a-Terpineol 182 170 99 100
y-Terpineol 25 23 10 9
o-Phellandrene 13 14 1 1
Terpene@26.3 16 17 2 2
Terpene@28.2 14 15 1 1
Terpene@29.4 18 13 4 4
1-Terpineol 44 44 22 23
B-Terpineol 19 19 11 11
4-Terpineol 25 24 11 11
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Table C.19. Airborne concentrations of 2-butoxyethanol for experiment 1F (GPC-3, counter).

Sample ID | GCfile | Start (min)® | End (min)? | 2-BE (ug m®)
bk2 30905 07 -46 -26 3
1c 30904 05 0 10 1708
2b 30904 01 10 30 1705
3b 30905 04 30 60 1366
4b 30905 03 60 90 1141
5b 30904 02 90 120 947
6a 30905 05 120 150 830
6b 30904 09 120 150 706
7a 30905 06 150 195 680
7b 30904 03 150 195 693
8b 30904 04 195 240 610
9a 30904 07 240 420 423
10a 30904 08 420 630 295
1la 30919 04 630 900 201
11b 30905 02 630 900 191
12a 30905 01 900 1440 106

% Times are referenced to the start of the simulated-use activity.

Table C.20. Airborne concentrations of 2-butoxyethanol for experiment 1G (GPC-3, counter).

Sample ID | GCfile | Start (min)? | End (min)® | 2-BE (ug m®)
bk1 30911 01 -27 -7 2
la 30910 08 0 10 1984
2a 30910 07 10 30 1887
3b 30910 03 30 60 1467
4a 30919 07 60 120 995
4b 30910 04 60 120 1014
5b 30910 05 120 191 718
6b 30910 06 191 240 555
7b 30910 09 240 422 384
8a 30911 04 422 122 225
8b 30910 12 422 122 245
9a 30911 02 122 1426 122
9b 30911 03 122 1426 131

® Times are referenced to the start of the simulated-use activity.
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Table C.21. Airborne concentrations of 2-butoxyethanol for experiment 1H (GPC-3, counter).

Sample ID | GCfile | Start (min)? | End (min)® | 2-BE (ug m®)
bk1 31001 12 -50 -30 20
1b 30930 07 0 10 2856
2b 30930 06 10 30 1544
3a 31001 08 30 60 1235
4a 30930 04 60 120 905
4b 31014 03 60 120 913
5b 30930 05 120 240 698
6a 30930 08 240 430 497
7b 31001 09 430 735 393
8a 31001 10 735 1440 65

® Times are referenced to the start of the simulated-use activity.

Table C.22. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 11
(GPC-4, counter).

Sample ID GC file | Start (min)? | End (min)® | 2-BE (ug m™) Limonene (ug m™~)
bk2 30922 02 -34 -14 3 0
1b 30909 05 0 10 888 2435
2a 30909 01 10 30 776 2359
2b 30909 08 10 30 780 2553
3a 30909 02 30 60 618 1958
4b 30909 03 60 120 424 1271
5b 30909 06 120 180 319 778
6a 30909 04 180 240 267 485
7a 30919 06 240 450 153 180
7b 30909 07 240 450 163 189
8b 30909 07 450 810 114 40
9a 30910 10 810 1440 73 8
9b 30910 02 810 1440 80 8

% Times are referenced to the start of the simulated-use activity.

Table C.23. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 1J
(GPC-4, counter).

Sample ID GC file | Start (min)? | End (min) * | 2-BE (ug m~) | Limonene (ug m~)
bkl 31223 01 -23 -2 3.5 0
1b 31223 02 0 10 912 2740
2a 31222 01 10 30 766 2702
3a 31222 04 30 60 588 2050
4a 31222 02 60 120 430 1406
5a 31222 03 120 240 330 656

% Times are referenced to the start of the simulated-use activity.
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Table C.24. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 1K
(GPC-4, counter)

Sample ID GC file | Start (min)® | End (min)? 2-BE (ug m™®) | Limonene (ug m™)
bk1 31225 01 -30 -10 18 3
la 31224 01 0 10 879 2910
2a 31224 05 10 30 714 2766
3a 31223 04 30 60 512 2243
4b 31224 04 60 120 369 1378
5a 31224 03 120 240 252 644
6a 31224 02 240 570 163 148
7a 31224 06 570 1440 99 17

% Times are referenced to the start of the simulated-use activity.

Table C.25. Airborne concentrations of glycol ethers for experiment 1L (GLC-1, counter).

Sample ID GC file | Start (min)® | End (min)? 2-BE (ug m™) | 2-HE (ug m™)
bkl 30902 06| -61 -41 4 6
la 30902 01 0 10 324 249
1b 30902 08 0 10 304 241
2a 30903 02 10 30 332 199
2b 30902 05 10 30 342 212
3a 30902 02 30 60 337 174
4c 30902 03 64 120 340 169
5a 30902 04| 121 240 263 124
6a 30902 09 | 240 540 116 68
6b 30902 07 | 240 540 122 71
7a 30903 03| 540 1440 19 25
7C 30903 01| 540 1431 20 25

% Times are referenced to the start of the simulated-use activity.
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Table C.26. Airborne concentrations of 2-butoxyethanol for experiment 1M (GPC-2, counter).

Sample ID | GCfile | Start(min)? | End (min)? | 2-BE (ug m™)
bk1 30926 08 -88 -68 7
1b 30926 05 0 10 1479
2a 30926 02 10 30 1434
3a 30926 01 30 60 1379
4b 30925 07 60 120 1197
5b 30925 06 120 240 859
6b 30925 08 240 420 484
Ta 30926 07 420 695 206
7b 30926 03 420 695 192
8a 30926 06 695 1457 54
8b 30926 04 695 1457 52

% Times are referenced to the start of the simulated-use activity.

Table C.27. Airborne constituent concentrations (pg m™) for experiment 1N (GPC-1, mopping).

Sample ID bkl la 2a 2b 3a 4a
GC run number 30919 05 | 30918 05 | 30918 01 | 30918 07 | 30918 02 | 30918 03
Start time (min) ® -52 0 10 10 30 60
End time (min) * -32 10 30 30 60 120
a-Pinene 0.3 56 76 80 63 42
Camphene 88 123 125 98 66
[-Pinene 0.9 11 15 17 13 9
a-Terpinene 50 211 148 112 69
d-Limonene 6.8 968 1340 1353 1045 706
p-Cymene 158 196 206 162 107
Eucalyptol 300 382 396 304 202
y-Terpinene 95 144 149 110 75
Terpinolene 640 2008 1557 1138 758
Camphor 18 24 26 20 14
Isoborneol 62 71 90 64 42
Borneol 0.2 45 59 62 51 38
o-Terpineol 0.6 432 807 828 722 575
y-Terpineol 0.3 24 122 109 102 75
o-Phellandrene 0.1 17 40 37 27 17
Terpene@26.3 27 40 42 32 22
Terpene@28.2 0.1 16 45 37 27 19
Terpene@29.4 0.1 6 30 36 64 17
1-Terpineol 109 208 204 153 116
B-Terpineol 0.1 72 79 87 71 52
4-Terpineol 0.6 67 93 88 67 47

% Times are referenced to the start of the simulated-use activity.
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Table C.27 (continued). Airborne constituent concentrations (pg m™) for experiment 1N (GPC-
1, mopping).

Sample ID 5b 6a 6b 7a 7b
GC Run # 30918 04 | 30923 01 | 30918 08 | 30919 02 | 30922 08
Start time (min) 120 240 240 540 540
End time (min) 240 540 540 1440 1440
a-Pinene 21 5 5 1 1
Camphene 32 8 8 1 1
[-Pinene 4 1 1 0 0
a-Terpinene 43 6 9 0 0
d-Limonene 348 101 97 15 14
p-Cymene 52 16 15 2 2
Eucalyptol 95 25 23 3 2
y-Terpinene 38 10 10 1 1
Terpinolene 434 82 106 6 5
Camphor 8 3 3 1 1
Isoborneol 26 12 13 3 3
Borneol 24 13 12 4 4
a-Terpineol 396 230 227 86 84
y-Terpineol 54 21 27 7 6
o-Phellandrene 10 2 2 0 0
Terpene@26.3 11 3 3 0 0
Terpene@28.2 11 2 3 0 0
Terpene@29.4 9 4 3 1 1
1-Terpineol 81 34 35 8 8
B-Terpineol 33 18 17 6 6
4-Terpineol 27 13 15 4 4
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Table C.28. Airborne concentrations of 2-butoxyethanol for experiment 10 (GPC-3, mopping).

Sample ID | GCfile | Start(min)? | End (min) ® | 2-BE (ug m®)
bk1 30917 01| -119 -99 14
1c 30917 02 0 10 805
2b 30917 03 10 30 1428
3a 30917 05 30 60 1396
4b 30917 04 60 120 958
5a 30919 03 120 240 632
5b 30917 06 120 240 596
6b 30917 11 240 530 262
Ta 30918 06 530 1440 57

% Times are referenced to the start of the simulated-use activity.

Table C.29. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 1N
(GPC-1, mopping).

Sample ID | GC file | Start (min)® | End (min)? | 2-BE (ug m™) | Limonene (ug m~)
bk2 30917 09 -41 -21 19 33
1c 30916 04 0 10 266 2287
2a 30916 01 10 30 483 3403
3a 30916 02 30 60 389 2737
4a 30916 08 60 120 264 1679
4b 30916 03 60 120 274 1757
5b 30916 07 120 240 168 816
6b 30916 09 240 540 90 239
7a 30917 06 540 1440 24 35

® Times are referenced to the start of the simulated-use activity.
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Table C.30. Airborne concentrations of 2-butoxyethanol and d-limonene for experiment 10
(GPC-3, mopping).

Sample ID | GC file | Start (min)® | End (min)? | 2-BE (ug m™) | Limonene (ug m~)
bk2 31002 04 | -30 -10 8 1
la 30929 10 0 10 897 5527
2a 30929 01 10 20 1201 7127
3a 30929 09 20 30 1183 6641
4a 30929 02 30 40 1269 6402
5b 31002 02 40 50 1228 5860
6a 31002 _05 50 60 1169 5367
6b 31001 13 50 60 1184 5553
7a 30929 13 60 80 798 3803
8b 30930 01 80 100 706 3286
9b 31002 01 | 100 120 700 2826
10a 30929 11| 120 160 515 2176
1la 30929 08 | 160 200 426 1554
12b 30929 06 | 200 240 368 1196
13a 30929 07 | 240 390 226 603
14b 30929 12| 390 591 126 219
15b 30930 03| 591 910 58 75
16a 31001 11| 910 1440 29 29

® Times are referenced to the start of the simulated-use activity.
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Table C.31. Airborne constituent concentrations (1g m™) for experiment 1R (AFR-1).

Sample ID la 2a 3b 4a 5a 5b 6a 6b
GCRun # 30911 06 | 30911 08 | 30912 02 | 30915 02 | 30915 01 | 30913 01 | 30914 02 | 30914 01
Start time (min) 238 480 1219 1713 3064 3064 4362 4362
End time (min) 243 482 1221 1715 3066 3069 4364 4367
[-Pinene 4 3 3 3 3 2 2 2
d-Limonene 49 41 40 40 34 31 23 24
Dihydromyrcenol 160 161 183 187 165 149 114 113
Linalool 121 124 148 156 139 131 94 96
Linalyl acetate 56 39 50 75 57 63 50 48
B-Citronellol 15 17 31 38 38 38 29 29
trans-Citral 5 4 9 9 9 12 7 7
3,7-Dimethyl-3-octanol 90 89 101 101 89 82 61 62
Isononyl acetate 111 108 119 119 102 93 71 72
Phenyl ethyl alcohol 33 77 115 65 67 69 113 56
Benzyl acetate 194 216 296 333 322 293 242 237
Bornyl acetate 319 355 473 500 435 403 307 306
a-a-DM-benzeneethanol 78 95 168 198 199 184 149 147
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Figure C.1. Cumulative probability distribution for product application rates among 25
subjects instructed to use a trigger-spray product (GPC-3) to clean a 0.93-m? section of
laminate tabletop.
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Figure C.2. Cumulative probability distribution for product application rate for 11
subjects instructed to use a trigger-spray product (GPC-1) to disinfect a clean 1.16-m?
laminate tabletop.
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APPENDIX D. REACTIVE CHEMISTRY BENCH-SCALE EXPERIMENTS

This appendix presents results corresponding to three household products (GPC-1,
GPD-1 and AFR-1) tested for ozone reactive chemistry in bench-scale experiments
following a matrix of 15 different experiments. Experimental conditions explored low
(~30 ppb), moderate (~60 ppb), high (~130 ppb) and very high (~250 ppb) ozone supply
levels, as well as two different air exchange rates (1 and 3 h™). We also tested for ozone
reactivity of dry residue remaining on surfaces exposed to the three products, and for the
effect of the presence of NO; in one experimental condition. The experimental matrix is
summarized in Table 4.1.

Sample IDs starting in “1” correspond to VOC or oxidation products collected in
the absence of ozone; those starting in “2” correspond to samples collected at steady-state
ozone levels. Replicate samples for each condition are indicated with a letter following
the number, in alphabetical order. For experiments with the products GPC-1 and GPD-1,
an additional VOC “bag” sample is reported, corresponding to a direct measurement of
the Tedlar bag concentrations of VOCs before being introduced (and diluted) in the
reaction chamber. Chamber ozone concentrations were measured directly in the reaction
chamber; supply ozone concentrations were determined before and after each experiment
at the output of the ozone source. These measured data were adjusted by calculation to
account for dilution of ozone into the total rate of air supply to the chamber.

Airborne concentrations of primary VOCs and of oxidation products
corresponding to each experimental condition are presented in Tables D.1-D.31. Table
D.32 presents a summary of ozone concentration data from experiments performed in the
bench-scale chamber. Scanning mobility particle sizer (SMPS) plots and optical particle
counter (OPC) data recorded during the experiments are presented in Figures D.1-D.23.
Figures D.24-D.37 present data corresponding to the response of the ozone analyzer in
each experiment. Figure D.38 illustrates the response of the ozone analyzer and the
NO/NO;, monitor during experiment 20.
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Table D.1. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2A

(GPC-1)
sample ID
species Bag la 1b 1c 1d le 2a 2b 2C 2d
a-Terpinene 11.96| 0.12 0.13 | 0.08 | 0.12 0.07 | 0.00 | 0.00 | 0.00 | 0.00
d-Limonene 153.66| 1.09 114 | 118 | 1.12 114 | 0.85 | 0.88 | 0.85 | 0.89
p-Cymene 36.22| 0.21 022 | 023 | 0.21 0.22 | 0.22 | 0.23 | 0.22 | 0.24
Eucalyptol 4552 | 0.32 0.34 | 0.35 | 0.33 0.34 | 0.34 | 035 | 0.34 | 0.37
Terpinolene 88.34| 1.31 1.39 | 1.03 | 1.32 0.92 | 0.47 | 0.50 | 0.40 | 0.48
a-Terpineol 109.64| 0.74 092 | 094 | 0.89 092 | 069 | 0.73 | 0.71 | 0.74
y-Terpineol 11.60| 0.10 0.13 | 0.11 | 0.12 0.10 | 0.04 | 0.04 | 0.04 | 0.04
Table D.2. Airborne oxidation product concentrations (mg m™) measured in experiment 2A
(GPC-1)
sample ID

species la 1b 2a 2b 1c 2C 2d
Formaldehyde 0.001 0.001 0.071 0.075

Acetaldehyde 0.002 0.003 0.009 0.012

Acetone 0.028 0.030 0.311 0.328

Glycolaldehyde nd nd 0.037 0.043

Formic acid 0.020 0.083 | 0.106
Acetic acid 0.016 0.135 | 0.165
Table D.3. Airborne concentrations of primary VOCs (mg m™®) measured in experiment 2B-|
(GPC-1).

sample ID

species Bag la 1b 1c 2a 2b 2C 2d
a-Terpinene 20.84 0.12 0.13 0.09 0.01 0.01 0.01 0.01
d-Limonene 201.30 | 1.23 1.38 1.29 1.07 1.08 1.14 1.21
p-Cymene 42.00 0.26 0.29 0.27 0.26 0.26 0.28 0.29
Eucalyptol 64.78 0.39 0.44 0.41 0.39 0.39 0.41 0.44
Terpinolene 18754 | 1.14 1.26 0.94 0.64 0.73 0.72 0.82
a-Terpineol 12298 | 0.72 0.81 0.83 0.73 0.74 0.79 0.83
y-Terpineol 14.36 0.08 0.09 0.08 0.05 0.05 0.06 0.05
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Table D.4. Airborne oxidation product concentrations (mg m™) measured in experiment 2B-1

(GPC-1).
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 |<0.001| 0.029 | 0.030

Acetaldehyde 0.001 | 0.002 | 0.003 | 0.005

Acetone 0.058 | 0.071 | 0.166 | 0.187

Glycolaldehyde nd nd 0.021 | 0.022

Formic acid 0.036 | 0.039 0.063 | 0.143
Acetic acid 0.072 | 0.109 0.105 | 0.290

Table D.5. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2B-11

(GPC-1).
sample ID
species Bag la 1b 1c 1d 2a 2b 2C 2d 2e
a-Terpinene 23.96| 0.15 | 0.14 | 0.11 | 0.11 0.01 | 0.01|0.01|0.01]0.01
d-Limonene 194 | 1.28 1.27 | 096 | 1.27 1.09 | 1.05 | 1.06 | 1.04 | 1.03
p-Cymene 3486| 0.23 | 0.23 | 0.17 | 0.23 0.23 | 0.22 | 0.23 | 0.22 | 0.24
Eucalyptol 58.26| 0.38 | 0.37 | 0.28 | 0.38 0.37 | 035|033 ]035]|0.21
Terpinolene 212.1| 1.52 142 | 114 | 1.23 090 | 081 ] 0.71 | 0.58 | 0.69
a-Terpineol 153.1| 0.78 | 0.77 | 0.60 | 0.80 0.74 | 0.73 | 0.77 | 0.75 | 0.65
y-Terpineol 19.66 | 0.09 0.09 | 0.07 | 0.09 0.06 | 0.05 | 0.05 | 0.05 | 0.04
Table D.6. Airborne oxidation product concentrations (mg m™) measured in experiment 2B-11
(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d

Formaldehyde 0.001 | 0.002 | 0.038 | 0.041

Acetaldehyde 0.003 | 0.009 | 0.006 | 0.014

Acetone 0.024 | 0.035 | 0.179 | 0.197

Glycolaldehyde nd nd 0.024 | 0.026

Formic acid 0.016 | 0.044 0.043 | 0.058
Acetic acid 0.035 | 0.111 0.090 | 0.115
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Table D.7. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2B-111

(GPC-1)
sample ID

species Bag la 1b 1c 1d 2a 2b 2C
a-Terpinene 13.62 0.15 0.13 0.14 0.13 0.01 0.01 0.01
d-Limonene 181.06 | 1.23 1.22 1.21 1.22 1.02 1.00 1.01
p-Cymene 34.46 0.23 0.23 0.22 0.23 0.22 0.22 0.23
Eucalyptol 56.08 0.36 0.37 0.36 0.36 0.35 0.35 0.35
Terpinolene 139.36 | 1.54 1.47 1.52 1.39 0.85 0.83 0.87
a-Terpineol 60.9 0.91 0.93 0.97 0.94 0.83 0.80 0.80
y-Terpineol 6.58 0.11 0.11 0.12 0.11 0.06 0.06 0.06

Table D.8. Airborne oxidation product concentrations (mg m™) measured in experiment 2B-111

(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 | 0.003 | 0.043 | 0.045

Acetaldehyde 0.002 | 0.002 | 0.006 | 0.009

Acetone 0.022 | 0.005 | 0.198 | 0.212

Glycolaldehyde nd nd 0.028 | 0.034

Formic acid 0.013 | 0.014 0.052 | 0.074
Acetic acid 0.021 | 0.027 0.095 | 0.140
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Table D.9. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2C

(GPC-1)
sample ID

species Bag la 1b 1c 1d 2a 2b 2C
o-Terpinene 23 0.15 0.15 0.13 0.13 0.02 | 0.02 0.02
d-Limonene 192 1.24 1.32 1.28 1.27 1.09 | 1.07 1.12
p-Cymene 34 0.22 0.24 0.23 0.23 0.23 | 0.22 0.23
Eucalyptol 57 0.37 0.39 0.38 0.38 037 | 0.36 | 0.38
Terpinolene 221 1.54 1.56 1.40 1.42 1.03 | 0.95 | 0.99
a-Terpineol 95 0.63 0.67 0.66 0.66 0.78 | 0.74 | 0.76
y-Terpineol 12 0.08 0.08 0.08 0.08 0.07 | 0.06 | 0.06

Table D.10. Airborne oxidation product concentrations (mg m™®) measured in experiment 2C

(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 | 0.001 | 0.044 | 0.045

Acetaldehyde 0.002 | 0.007 | 0.008 | 0.009

Acetone 0.012 | 0.020 | 0.206 | 0.218

Glycolaldehyde nd nd 0.029 | 0.027

Formic acid 0.017 | 0.040 | 0.048 |0.054
Acetic acid 0.033 | 0.096 | 0.109 |0.129

Table D.11. Airborne concentrations of primary VOCs concentrations (mg m™) measured in
experiment 2D (GPC-1)

sample ID
species Bag la 1b 1c 1d 2a 2b 2C 2d
a-Terpinene 20.15 0.14 0.12 0.14 | 0.12 | 0.04 | 0.04 | 0.04 | 0.03
d-Limonene 155.68 1.11 1.15 116 | 1.17 | 1.13 | 1.12 | 1.21 | 1.07
p-Cymene 26.33 0.19 0.20 021 | 021 | 021 | 0.21 | 0.22 | 0.20
Eucalyptol 47.63 0.33 0.25 024 | 035|033 | 035 | 0.38 | 0.34
Terpinolene 180.60 1.07 1.33 150 | 134 | 1.25 | 1.17 | 1.39 | 1.03
a-Terpineol 61.23 0.82 0.85 1.10 | 1.10 | 1.00 | 0.98 | 1.06 | 0.93
y-Terpineol 7.55 0.11 0.10 0.14 | 0.14 | 0.11 | 0.10 | 0.11 | 0.09
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Table D.12. Airborne oxidation product concentrations (mg m™®) measured in experiment 2D

(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 nd 0.016 | 0.017

Acetaldehyde 0.002 nd 0.002 | 0.006

Acetone 0.014 | 0.016 | 0.081 | 0.087

Glycolaldehyde nd nd 0.012 | 0.013

Formic acid 0.009 | 0.041 0.020 | 0.066
Acetic acid 0.022 | 0.114 0.045 | 0.107

Table D.13. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2E

(GPC-1)
sample ID

species Bag la 1c 2a 2b 2C
a-Terpinene 11.96 0.09 0.09 0.08 0.03 0.03 0.03
d-Limonene 153.66 1.11 1.14 1.14 1.07 1.09 1.09
p-Cymene 36.22 0.27 0.27 0.28 0.27 0.27 0.28
Eucalyptol 45.52 0.33 0.34 0.34 0.33 0.33 0.34
Terpinolene 88.34 0.71 0.74 0.72 0.63 0.65 0.64
a-Terpineol 109.64 0.52 0.72 0.72 0.72 0.82 0.80
y-Terpineol 11.60 0.05 0.07 0.07 0.06 0.08 0.07

Table D.14. Airborne oxidation product concentrations (mg m™) measured in experiment 2E

(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 | 0.003 | 0.007 | 0.007

Acetaldehyde 0.002 | 0.007 | 0.002 | 0.004

Acetone 0.039 | 0.060 | 0.062 | 0.073

Glycolaldehyde nd nd 0.008 | 0.008

Formic acid 0.008 | 0.026 0.035 | 0.012
Acetic acid 0.018 | 0.044 0.025 | 0.029
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Table D.15. Airborne d-limonene concentrations (mg m™) measured in experiment 2F (GPD-1).

sample ID | d-Limonene

Bag 951.90

la 3.71

1b 3.60

1c 3.56

1d 3.43

2a 2.84

2b 2.84

2C 2.88

2d 2.95
Table D.16. Airborne oxidation product concentrations (mg m™®) measured in experiment 2F
(GPD-1)

sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 | 0.001 | 0.041 | 0.040
Acetaldehyde 0.002 | 0.004 | 0.002 | 0.004
Acetone 0.003 | 0.007 | 0.009 | 0.014
Glycolaldehyde nd nd 0.005 | 0.008
Formic acid 0.013 | 0.024 | 0.039 | 0.053
Acetic acid 0.028 | 0.055 | 0.070 | 0.113

Table D.17. Airborne d-limonene concentrations (mg m™) measured in experiment 2G (GPD-1).

sample ID | d-Limonene
Bag 371.40
la 4.09
1b 4.01
1c 4.19
1d 4.14
2a 3.49
2b 3.35
2C 3.08
2d 3.33
2e 3.12
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Table D.18. Airborne oxidation product concentrations (mg m™) measured in experiment 2G
(GPD-1)

sample ID
species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde <0.001 | 0.003 | 0.045 | 0.047
Acetaldehyde 0.002 | 0.008 | 0.007 | 0.009
Acetone 0.005 | 0.017 | 0.016 | 0.019
Glycolaldehyde nd nd 0.008 | 0.010
Formic acid 0.014 | 0.043 | 0.047 | 0.082
Acetic acid 0.039 | 0.101 | 0.099 | 0.195

Table D.19. Airborne d-limonene concentrations (mg m™) measured in experiment 2H (GPD-1).

sample ID | d-Limonene

Bag 585.6
la 3.23

1b 3.26

1c 3.27

2a 2.99

2b 2.96

2C 2.92

2d 2.87

Table D.20. Airborne oxidation product concentrations (mg m™) measured in experiment 2H
(GPD-1)

sample ID
species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde <0.001 | 0.001 | 0.016 | 0.017
Acetaldehyde 0.003 | 0.012 | 0.002 | 0.005
Acetone 0.006 | 0.016 | 0.007 | 0.016
Glycolaldehyde nd nd 0.003 | 0.005
Formic acid 0.012 | 0.037 | 0.023 | 0.039
Acetic acid 0.032 | 0.090 | 0.039 | 0.122
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Table D.21. Airborne concentrations of primary VOCs (mg m™) measured in experiment 21

(AFR-1)
sample ID

species la 1b 1c 2a 2b 2C 2d 2e
d-Limonene 0.57 0.57 0.56 0.45 0.49 048 | 0.50 | 0.48
Linalool 0.94 0.94 0.92 0.66 0.72 071 | 0.74 | 0.71
Linalyl acetate 0.35 0.46 0.51 0.38 0.39 042 | 0.40 | 0.47
Dihydromyrcenol 1.30 1.30 1.28 1.39 1.49 1.47 1.52 1.49
Phenylethyl alcohol | 0.66 0.68 0.67 0.76 0.83 0.82 | 0.83 | 0.82
Benzyl acetate 1.54 1.54 1.52 1.71 1.83 180 | 186 | 181
[-citronellol 0.10 0.11 0.10 0.07 0.07 0.08 | 0.08 | 0.07

Table D.22. Airborne oxidation product concentrations (mg m™) measured in experiment 21

(AFR-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 nd 0.051 | 0.052

Acetaldehyde 0.012 | 0.019 | 0.014 | 0.017

Acetone 0.010 | 0.014 | 0.134 | 0.087

Glycolaldehyde nd nd 0.031 | 0.033

Formic acid 0.013 | 0.041 | 0.070 |0.076
Acetic acid 0.358 | 0.446 | 0.454 |0.529
Table D.23. Airborne concentrations if primary VOCs (mg m™) measured in experiment 2J
(AFR-1)

sample ID

species la 1b 1c 2a 2b 2C 2d 2e 2f
d-Limonene 0.63 0.63 0.62 0.74 | 0.67 | 0.79 | 0.79 | 0.42 | 0.51
Linalool 1.06 1.08 1.05 1.03 | 094 |1.07 | 1.11 | 0.63 | 0.72
Linalyl acetate 0.43 0.51 0.51 051 | 043 | 0.64 | 0.80 | 0.32 | 0.49
Dihydromyrcenol 1.46 1.48 1.45 229 | 207 | 241 | 248 | 1.33 | 1.58
Phenylethyl alcohol 0.73 0.73 0.71 118 | 1.05 | 1.27 | 1.31 | 0.66 | 0.83
Benzyl acetate 1.74 1.76 1.73 291 | 266 | 3.06 | 3.17 | 1.70 | 2.02
[-citronellol 0.10 0.11 0.10 0.10 | 0.09 | 0.10 | 0.11 | 0.06 | 0.08
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Table D.24. Airborne oxidation product concentrations (mg m™) measured in experiment 2J

(AFR-1)
sample ID

species la 1b 2a 2b 1c 2C
Formaldehyde 0.002 | 0.005 | 0.142 | 0.138

Acetaldehyde 0.009 | 0.012 | 0.034 | 0.034

Acetone 0.026 | 0.032 | 0.255 | 0.252

Glycolaldehyde nd nd 0.078 | 0.080

Formic acid 0.032 | 0.159
Acetic acid 0.407 | 0.613

Table D.25. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2K

(AFR-1)
sample ID

species la 1b 1c 1d le 2a 2b 2C 2d 2e
d-Limonene 052| 051 053] 051| 053] 0.45| 0.42| 052| 0.47| 0.47
Linalool 093] 093] 0.95 0.91| 0.94| 0.82| 0.78| 0.96| 0.84| 0.87
Linalyl acetate 0.36| 0.46 | 0.40, 0.36| 0.41| 0.43| nd | 053] 0.42| 0.49
Dihydromyrcenol 1.34| 133 1.38 132] 1.37| 140 1.32| 1.61] 145 1.48
Phenylethyl alcohol 0.66| 0.66 | 0.66] 0.65| 0.67| 0.74| 0.67| 0.86| 0.76| 0.78
Benzyl acetate 147 148 | 152 146| 152| 1.64| 1.64| 1.87| 1.69| 1.74
[-citronellol 0.11| 0.11| 0.10, 0.10{ 0.10f 0.09| 0.07| 0.10{ 0.09| 0.09

Table D.26. Airborne oxidation product concentrations (mg m™®) measured in experiment 2K

(AFR-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde <0.001 | 0.001 | 0.025 | 0.016

Acetaldehyde 0.014 | 0.015 | 0.011 | 0.012

Acetone 0.010 | 0.015 | 0.046 | 0.045

Glycolaldehyde nd nd 0.016 | 0.018

Formic acid 0.015 | 0.038 0.046 | 0.059
Acetic acid 0.322 | 0.504 0.295 | 0.501
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Table D.27. Airborne concentrations of primary VOCs (mg m™) measured in experiment 2L

(GPC-1)
sample ID (time)

species la(0.2h)| 1b(1.6h)| 1c(3h)] 1d(20h)| le(24h)| 1f(25h)
a-Terpinene nd nd nd nd nd nd
d-Limonene nd nd nd nd nd nd
p-Cymene nd nd nd nd nd nd
Eucalyptol nd nd nd nd nd nd
Terpinolene nd nd nd nd nd nd
a-Terpineol 5.8 6.9 22| <0.01 <0.01 <0.01
y-Terpineol 0.55 0.69 0.0 n.d. nd nd

Table D.28. Oxidation product concentrations (1g m™) measured in experiment 2L (GPC-1)

sample 1D (time)
species la (0-3h) | 1b (0-3 h)
Formaldehyde 5.27 6.11
Acetaldehyde 1.03 2.12
Acetone 22.7 24.4
Glycolaldehyde 3.18 3.78

Table D.29. Airborne oxidation product concentrations (g m™) measured in experiment 2N

(GPD-1)
sample 1D (time)
species la (0-4 h)
Formaldehyde 4.03
Acetaldehyde 5.12
Acetone 26.1
Glycolaldehyde nd
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Table D.30. Airborne concentrations of primary VOCs (mg m™) measured in experiment 20

(GPC-1).
sample ID

species Bag la 1b 1c 1d 2a 2b 2C 2d 2e
a-Terpinene 1196 | 0.14 | 0.12 | 012 | 0.11 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01
d-Limonene 15366 | 127 | 132 | 127 | 128 | 1.02 | 1.03|1.03|1.06 | 1.13
p-Cymene 36.22 | 0.26 | 027 | 025 | 0.26 | 0.24 | 0.24 | 0.24 | 0.25 | 0.26
Eucalyptol 4552 | 0.38 | 040 | 038 | 038 | 0.35 | 0.36 | 0.36 | 0.37 | 0.38
Terpinolene 88.34 | 154 | 140 | 140 | 1.33 | 0.87 | 0.88 | 0.84 | 0.72 | 0.92
a-Terpineol 109.64| 1.08 | 111 | 109 | 1.11 | 1.03 | 1.02 | 1.00 | 1.02 | 1.09
y-Terpineol 116 | 013 | 0.13 | 0.13 | 0.13 | 0.08 | 0.08 | 0.08 | 0.08 | 0.09

Table D.31. Airborne oxidation product concentrations (mg m™®) measured in experiment 20

(GPC-1)
sample ID

species la 1b 2a 2b 1c 1d 2C 2d
Formaldehyde 0.001 | 0.001 | 0.037 | 0.036

Acetaldehyde 0.001 | 0.001 | 0.027 | 0.028

Acetone 0.035 | 0.023 | 0.196 | 0.194

Glycolaldehyde 0.006 nd 0.031 | 0.035

Formic acid 0.005 | 0.028 | 0.043 | 0.037
Acetic acid 0.004 | 0.000 | 0.085 | 0.110
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Table D.32. Summary of ozone concentration data from experiments in bench-scale chamber.

Ozone concentration (ppb)

Experiment | Product Supply Chamber
2A GPC-1 253+ 4 245
2B GPC-1 131+4 12+3
2C GPC-1 130 + 13 8+3
2D GPC-1 65+ 2 2+1
2E GPC-1 29+ 1 0+2
2F GPD-1 1379 1814
2G GPD-1 136 + 7 4+3
2H GPD-1 61+2 92
2l AFR-1 126 + 6 155
2] AFR-1 127 +5 212
2K AFR-1 63+0.5 5+4
2L GPC-1 118+ 2 a
2M AFR-1 114+ 2 a
2N GPD-1 122 +2 a
20 GPC-1 139+ 2 8+3

& Chamber concentrations decreased initially as a consequence of the introduction of the dry
residue applied on a surface, and subsequently increased to approach inlet values.
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Figure D.1. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with very high ozone levels

(253 ppb in supply air) at 3 ach (Expt 2A).
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Figure D.2. OPC measurements of secondary organic aerosol particles generated in the reaction
of GPC-1 with very high ozone levels (253 ppb in supply air) at 3 ach (Expt 2A).
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Figure D.3. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with high ozone levels
(131 ppb in supply air) at 3 ach (Expt 2B).
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Figure D.4. OPC measurements of secondary organic aerosol particles generated in the reaction
of GPC-1 with high ozone levels (131 ppb in supply air) at 3 ach (Expt 2B).
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Figure D.5. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with high ozone levels
(130 ppb in supply air) at 1 ach (Expt 2C).
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Figure D.6. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with moderate ozone levels
(65 ppb in supply air) at 3 ach (Expt 2D).
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Figure D.7. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with low ozone levels

(29 ppb in supply air) at 3 ach (Expt 2E).
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Figure D.8. OPC measurements of secondary organic aerosol particles generated in the reaction
of GPC-1 with low ozone levels (29 ppb in supply air) at 3 ach (Expt 2E).
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Figure D.9. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPD-1 with high ozone levels
(137 ppb in supply air) at 3 ach (Expt 2F).
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Figure D.10. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPD-1 with high ozone levels
(136 ppb in supply air) at 1 ach (Expt 2G).
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Figure D.11. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPD-1 with moderate ozone levels
(63 ppb in supply air) at 3 ach (Expt 2H).
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Figure D.12. SMPS measurements of secondary organic aerosol particles generated in the reaction of AFR-1 with high ozone levels
(126 ppb in supply air) at 3 ach (Expt 21).

256



Ozone Introduced Termination

10°7 A — 0.15-0.24 ym | A
— 0.24-0.36 uym | i
10° = —— 0.36-0.47 um
—— 0.47-0.62 pm
—~10° 0.62-0.89 pm

dN/dlogDp (cm
S
|

i i i i i
12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time
104—;
3 == 12:45
] —_ 13:25
5 1 e 16:00
s 107 3
S E
(@) L il 1
=2 . '
3 102—;
D‘) -
32 »
= ;
C 10 3 '
1 o .
0 : i
10 2 3 4 5 é%éé;
Dp (um)

Figure D.13. OPC measurements of secondary organic aerosol particles generated in the reaction
of AFR-1 with high ozone levels (126 ppb in supply air) at 3 ach (Expt 2I).
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Figure D.14. SMPS measurements of secondary organic aerosol particles generated in the reaction of AFR-1 with high ozone levels
(127 ppb in supply air) at 1 ach (Expt 2J).
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Figure D.15. OPC measurements of secondary organic aerosol particles generated in the reaction
of AFR-1 with high ozone levels (127 ppb in supply air) at 1 ach (Expt 2J).
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Figure D.16. SMPS measurements of secondary organic aerosol particles generated in the reaction of AFR-1 with moderate ozone levels
(63 ppb in supply air) at 3 ach (Expt 2K).
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Figure D.17. OPC measurements of secondary organic aerosol particles generated in the reaction
of AFR-1 with moderate ozone levels (63 ppb in supply air) at 3 ach (Expt 2K).
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Figure D.18. SMPS measurements of secondary organic aerosol particles generated in the reaction of dried residue of GPC-1 with high
ozone levels (118 ppb in supply air) at 1 ach (Expt 2L).
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Figure D.19. OPC measurements of secondary organic aerosol particles generated in the reaction
of dried residue of GPC-1 with high ozone levels (118 ppb in supply air) at 1 ach (Expt 2L).
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Figure D.20. SMPS measurements of secondary organic aerosol particles generated in the reaction of dried residue of GPD-1 with high
ozone levels (114 ppb in supply air) at 1 ach (Expt 2M).
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Figure D.21. SMPS measurements of secondary organic aerosol particles generated in the reaction of sorbed residue of AFR-1 with high
ozone levels (122 ppb in supply air) at 1 ach (Expt 2N).
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Figure D.22. SMPS measurements of secondary organic aerosol particles generated in the reaction of GPC-1 with high ozone levels
(139 ppb in supply air) and NO2 levels (75 ppb in supply air) at 3 ach (Expt 20).
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Figure D.23. OPC measurements of secondary organic aerosol particles generated in the reaction
of GPC-1 with high ozone levels (139 ppb in supply air) and NO2 levels (75 ppb in supply air) at
3 ach (Expt 20).
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Figure D.24. Response of ozone analyzer in experiment 2A (GPC-1).
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Figure D.25. Response of ozone analyzer in experiment 2B (GPC-1).
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Figure D.26. Response of ozone analyzer in experiment 2C (GPC-1).
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Figure D.27. Response of ozone analyzer in experiment 2D (GPC-1).
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Figure D.28. Response of ozone analyzer in experiment 2E (GPC-1).
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Figure D.29. Response of ozone analyzer in experiment 2F (GPD-1).
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Figure D.30. Response of ozone analyzer in experiment 2G (GPD-1).
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Figure D.31. Response of ozone analyzer in experiment 2H (GPD-1).
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Figure D.32. Response of ozone analyzer in experiment 21 (AFR-1).
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Figure D.33. Response of ozone analyzer in experiment 2J (AFR-1).
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Figure D.34. Response of ozone analyzer in experiment 2K (AFR-1).
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Figure D.35. Response of ozone analyzer in experiment 2L (GPC-1).
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Figure D.36. Response of ozone analyzer in experiment 2M (AFR-1).

introduction of plate
) /
o
&
c 100+
je ]
T chamber O,
c
()
(&]
c
o
o
)
S 104
N -
o
T T T T T T T T
0 5 10 15 20

time (h)

Figure D.37. Response of ozone analyzer in experiment 2N (GPD-1).
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Figure D.38. Time-dependent concentrations of ozone, NO,, and NO in Expt 20.
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APPENDIX E. ROOM-SCALE EXPERIMENTS WITH OZONE

This appendix presents supplemental and detailed material supporting the text and
display items for §4.4-4.5.

Experiments were conducted to quantify chemical reactions and the formation of
secondary pollutants when cleaning products and air fresheners are used in the presence of
ozone. The same three products were used for these experiments as for the small chamber
experiments described in 84.2-4.3 and Appendix D: GPC-1, GPD-1, and AFR-1. The basic
construct of the experiments was the following: each product was used in a realistic manner in
LBNL’s room-sized (50 m*) chamber without ozone, then in an identically scripted manner with
ozone provided in chamber supply air. A complete list of experiments is provided in Table 4.7
and protocols are described in 84.4. The following paragraphs provide a brief guide to the tables
and figures included in this appendix.

Tables E.1 through E.13 list the primary VOC concentrations measured in chamber air
throughout the experiments; primary VOCs refer to those contained in the products and emitted
during product use. GPD-1 experimental results are reported in Tables E.1 (no ozone) and E.2
(with ozone). VOC concentrations measured in experiments with GPC-1 are provided in Tables
E.3-E.5 (no ozone) and E.6-E.11 (with ozone). VOC concentrations in experiments with AFR-1
are shown in Tables E.12-E.13. In most cases, samples were collected over relatively short
periods (1-20 min duration) that were selected to provide resolved information about temporal
VOC patterns. In all experiments with GPC-1, samples were also collected over the integrated
periods of 0-30 min, 30-90 min, 90-240 min, and 240-720 min. Concentrations are presented in
units of parts per billion and displayed to 2 decimal places for all values for uniformity of
presentation; these should not be construed as signifying the measurement precision. In Table
E.6, results are incomplete because GC-MS output files were analyzed for only a subset of
VOCs. Complete data are available for the time-integrated samples from this experiment (Exp.
3F, Table E.7) and for both time-integrated and time-resolved samples for the other two
experiments featuring GPC-1 use in the presence of ozone (Exps. 3G-3H, Tables E.8-E.11).

Degradation can occur on Tenax when ozone in the sample air stream encounters a
collected, reactive VOC (Calogirou et al., 1996). As a result, reported concentrations of some
VOCs measured in the presence of ozone are biased low owing to degradation. Based on
Calogirou et al. (1996), the extent of degradation depends on the following factors: (a)
concentration of ozone in the air stream, (b) reactivity of collected VOC with ozone, and (c)
sample duration. Sample airflow rate may also be important. The gas phase VOC concentration
and the total mass of VOC collected on the sample are also important factors in determining the
relative importance of degradation.

The conditions extant in our experiments and the details of individual samples were
evaluated in relation to the degradation experiments reported by Calogirou et al. (1996) to
identify specific cases in which degradation is likely to have occurred. For this assessment, the
analyzed VOCs were grouped according to their reactivity with ozone. Specifically, the ozone-
reactivity of each VOC was evaluated in relation to the ozone-reactivity of limonene. The VOCs
were grouped as follows:

* Group 0: no appreciable reactivity with ozone;

» Group 1: ozone reactivity much less than (<20%) d-limonene (a.-pinene);

» Group 2: ozone-reactivity similar (0.5 to 1.5x) to d-limonene (y-terpinene, tentatively

identified terpenes eluting at 26.3 and 29.4 min, a-terpineol, 4-terpineol, 3-citronellol);

* Group 3: ozone reactivity ~2x that of limonene (linalool and linalyl acetate);
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» Group 4: ozone reactive >3x that of limonene (a-terpinene, terpinolene, tentatively

identified terpene at 28.2 min, y-terpineol, a-phellandrene).

Based on Figure 1 of Calogirou et al. (1996) the following degradation effects were
observed for varying ozone concentrations when sampling occurred for 10 min at 100 mL/min;
degradation effects are expressed as a reduction in the measured versus the actual VOC
concentration:

» Group 1: reduction of <20% up to 60 ppb;

* Group 2: 30% reduction at 30 ppb; 60% reduction at 60 ppb;

* Group 3: 60% reduction at 30 ppb; 80% reduction at 60 ppb

* Group 4: 80% reduction at 30 ppb.

Overall, little effect was seen for any compound when the ozone level was at 8 ppb. Ozone
concentrations in our large chamber experiments were between 4 and 60 ppb.

From Figure 2 of Calogirou et al., it was observed that shorter sampling times (even at
higher flow rates) greatly reduce degradation effects. The results presented in this figure were
utilized as follows:

» Group 1: Assume no effect at sample time shorter than 10 min;

* Group 2: Degradation reduced substantially at sample times of 5 min or less;

* Group 3: Degradation reduced substantially at sample times of 5 min or less;

* Group 4: Degradation reduced substantially at sample times of 5 min or less.

The reduction in degradation, relative to that observed for a 10-min sampler, was estimated
based on specific sample times in our experiment (using Figure 2 of Calogirou et al.)

Calogirou et al. (1996) conducted experiments with VOC concentrations that were much
lower than those occurring for several hours following product use in our chamber. In our
experiments, VOC concentrations were often higher than the ozone concentration. Under these
circumstances, degradation should have been less than what was observed by Calogirou et al.

In the relevant VOC tables that follow, i.e. those pertaining to experiments in which
ozone was used, we have indicated the reported sample concentrations that are expected to be
biased low; these are indicated as being either slightly impacted, i.e. roughly on the order of 5-
20%, or substantially impacted, i.e. at >30%.

Tables E.14-E.20 present the gas-phase concentrations of perchloroethylene (PCE) and
trimethylbenzene (TMB) measured in individual samples. PCE and TMB concentrations were in
many cases evaluated using the same samples that were used for determination of other VOCs.
Since PCE and TMB concentrations were very low compared to VOC levels following use of
GPC-1 and GPD-1, additional sorbent tubes samples of larger air volumes were collected to
determine PCE and TMB concentrations during the early hours of these experiments. In
analyzing these samples, the MS detector was turned off following quantitation of PCE and
TMB to avoid saturation with the large quantities of other VOCs collected in these samples. As
noted in 84.4.3, the diffusion vial emission rates and thus the absolute concentrations of both
PCE and TMB are sensitive to temperature; the ratio is less sensitive to temperature and
therefore is a better indicator of a change in their relative levels owing to the presence of the
hydroxyl radical.

Table E.21 presents the concentrations of very volatile carbonyls (formaldehyde,
acetaldehyde and acetone) for all samples collected throughout the large chamber experiments.
These include duplicate samples for two periods during most experiments. For the cleaning
products (GPC-1 and GPD-1) carbonyl samples were collected 0-4 h and 4-12 h following
product use. Experiments without ozone served as the controls for experiments with ozone. For
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AFR-1 (Exps 3J-3K), the first set of carbonyl samples was collected with the air freshener
operating and no ozone in the chamber; sample times are relative to the start of ozone in the
supply air. The second set of samples was collected approximately 2-5 h after ozone was
introduced to the supply air. Negative values result when the concentrations of a carbonyl
measured on blank samplers exceed those measured on air samples collected in experiments.

Figures E.1 through E.11 (top panels) present time- and size-resolved particle number
concentrations measured for each experiment using the Lasair optical particle counter (OPC).
The size ranges differ somewhat from the nominal bin sizes output by the instrument; the bins
shown in these figures are for an oleic acid aerosol and appear to closely approximate the organic
aerosol formed from the reaction of ozone and terpenes contained in cleaning products (see
84.3.4). The bottom panel of each figure presents calculated size-resolved particle mass
concentrations at specific times of relevance. For the cleaning products (GPC-1 and GPD-1,
Figures E.1-E.9), mass concentrations are presented for the period before the start of the cleaning
activity, at the time of peak mass concentrations after cleaning, and 3 h after the cleaning event.
For the air freshener, particle mass concentrations are shown at the time of the peak before ozone
was added, at the time of the peak after ozone was added and at 2 h after ozone was added in
each experiment.

Figure E.12 through E.22 show the concentrations recorded by the UV ozone analyzer
during each experiment. In experiments in which GPC-1 was used in the absence of ozone, there
was an instrument response to some component of GPC-1. The wavelength at which this
instrument operates is sensitive to aromatic VOCs. The instrument is designed to account for this
and other potential interferences by comparing the unaltered sample air stream to the same air
stream after it has passed through an ozone scrubber. To the extent that the instrument is
responding to a compound that has been released into the air with GPC-1, one might expect the
signal to decay roughly at the air-exchange rate (since this is the base rate at which compounds
are being removed from chamber air). But it is evident from Figures E.15-E.16 that the
interference signal decreases at a rate that is much faster than air exchange. We therefore cannot
offer a complete explanation for the interference signal in these experiments. In the air freshener
experiments (3J-3K, Figs E.21-E.22), ozone was introduced to the supply air with the device
already operating. This is in contrast to the cleaning product experiments, in which product
application occurred in a chamber already containing a steady level of ozone. To illustrate the
effect of air freshener VOCs on ozone concentrations, Figures E.22-E.23 include a plot of the
ozone concentrations that would be expected in the absence of reactive VOC:s, i.e. based solely
on the air-exchange rate and the concentration of ozone in the air supply.

Figures E.23-E.25 display the time-dependent temperatures measured in each experiment,
grouped by product. Figures E.26-E.28 show analogous data for relative humidity.
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Table E.1. Airborne concentrations of d-limonene measured in experiment 3B (GPD-1).

Sample ID | Start (min) ® | End (min) ? | GC data file | Limonene (ppb)
bkl -47 -17 50609 05 0.2
la 4.5 55 50609 06 874
1b 4.5 55 50611 01 803
2a 19.5 20.5 50609 02 946
3a 40.5 415 50609 09 967
4a 59.5 60.5 50609 03 928
4b 60 61 50609 12 900
5a 89.5 90.5 50609 10 917
6a 119 121 50609 04 436
6b 119 121 50613 13 467
7a 178.5 181.5 50609 07 230
8a 358.5 361.5 50609 08 68
9a 544 546.25 50609 11 30
10b 748 754 50609 13 12
1lla 1460 1496 50611 04 15

® Times are referenced to the start of the simulated-use activity.
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Table E.2. Airborne concentrations of d-limonene measured in experiment 3C (GPD-1)

Sample ID | Start (min) ® | End (min) ? | GC data file | Limonene (ppb)

bk1 -94 -74 50612 02 0.0
la 4 5 50612 12 1007

2a 19 20 50612 03 1408

2b 20 21 50613 08 1350

3a 39 40 50612 13 1002

4a 59 60 50615 10 755

4b 60 61 50612 09 680

5b 90 91 50612 04 377

6a 119 120.5 50612 11 228"
6b 119 120.5 50612 05 205°
7b 146 148 50612 10 116°
8b 188 192 50612 06 55 P
9b 238 243 50612 07 28"
10b 356 366 50612 08 59°¢
1la 442 452 50615 14 20°
12b 561 579 50612 11 04°
13a 720 740 50613 09 0.1°
13b 720 740 50616 06 0.1°

% Times are referenced to the start of the simulated-use activity.

® Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.
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Table E.3. Airborne time-integrated concentrations of primary VOCs (ppb) in experiment 3D

(GPC-1)

Sample ID bkl la 1c 1d 2C 2d
GC file 50603 10 | 50603 04 | 50604 02 | 50605 07 | 50604 01 | 50605 08
Start time (min) * |  -64 0 0 0 32 32
End time (min) * -23 30 30 30 90 90
a-Pinene 0.02 16.98 14.29 15.03 10.00 8.00
Camphene nd 15.06 13.53 14.72 7.55 7.66
a-Terpinene nd 23.66 12.80 19.79 9.12 8.16
d-Limonene 0.06 209.80 184.82 200.98 96.80 98.49
p-Cymene 0.00 18.75 16.72 19.15 8.58 8.88
y-Terpinene nd 22.72 20.39 21.09 10.79 10.55
Terpinolene nd 160.08 94.37 135.63 60.19 61.29
Terpineol (aty) 0.02 147.41 125.95 140.11 75.23 74.26
a-Terpineol nd 128.12 116.00 125.64 67.96 68.72
y-Terpineol nd 19.50 12.24 15.96 8.21 7.08
Eucalyptol nd 47.75 43.51 46.45 20.18 20.46
Isoborneol nd 8.97 9.28 9.01 3.96 3.97
o-Phellandrene nd 11.41 9.26 10.55 5.38 5.12
Terpene@26.3 nd 9.11 8.43 9.31 451 4.46
Terpene@28.2 nd 9.96 6.68 9.09 4.12 3.97
Terpene@29.4 nd 5.47 5.36 5.81 2.43 2.30
1-Terpineol nd 39.81 37.53 38.71 17.83 17.68
B-Terpineol nd 13.27 12.86 12.97 6.63 6.51
4-Terpineol nd 8.14 8.81 9.30 4.59 4.30

% Times are referenced to the start of the simulated-use activity.
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Table E.3 (continued). Airborne time-integrated concentrations of primary VOCs (ppb) in

experiment 3D (GPC-1)

Sample ID 3cC 4a 4c 5¢C

GC file 50604 03 | 50603 09 | 50606 07 | 50605 01
Start time (min) 92 240 240 720

End time (min) 240 720 720 1440

a-Pinene 3.05 0.24 0.23 0.02
Camphene 2.14 0.25 0.24 nd

a-Terpinene 1.30 0.31 0.31 0.01
d-Limonene 27.51 6.18 5.69 0.47
p-Cymene 2.65 0.70 0.65 0.07
y-Terpinene 2.98 0.68 0.64 0.06
Terpinolene 11.31 3.87 3.68 0.17
Terpineol (a+y) 34.12 14.99 13.62 2.26
a-Terpineol 32.20 13.66 12.84 2.32
y-Terpineol 2.84 1.19 1.12 0.11
Eucalyptol 4.07 0.61 0.57 0.14
Isoborneol 1.61 0.52 0.46 0.08
o-Phellandrene 1.26 0.26 0.25 0.01
Terpene@26.3 1.27 0.25 0.26 0.02
Terpene@28.2 0.75 0.22 0.21 0.03
Terpene@29.4 0.78 0.18 0.21 0.03
1-Terpineol 7.36 2.25 2.09 0.29
B-Terpineol 2.99 1.20 1.13 0.17
4-Terpineol 2.09 0.95 0.61 0.15
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Table E.4. Airborne, time-resolved concentration measurements of primary VOCs (ppb) in
experiment 3E (GPC-1).

Sample ID x1 X3 x4 x5 X8 X7
GC file 50621 11 | 50621 12 | 50622 17 | 50621 02 | 50625 02 | 50621 14
Start (min) 9 19 20 40 59 59
End time (min) 10 20 21 41 61 61
a-Pinene 12.25 9.57 10.08 6.93 4.65 5.07
Camphene 12.64 9.75 10.41 6.93 4.65 5.00
a-Terpinene 10.25 6.63 8.98 12.97 5.95 5.92
d-Limonene 169.15 130.75 139.94 91.72 59.91 64.42
p-Cymene 16.88 12.86 13.27 7.90 5.84 5.91
y-Terpinene 18.34 13.82 14.94 9.85 6.40 6.88
Terpinolene 73.47 53.72 76.28 81.26 41.34 41.61
Terpineol (a+y) 136.30 95.51 104.14 68.96 47.33 49.56
a-Terpineol 125.97 88.37 95.52 59.14 41.55 44.88
y-Terpineol 11.71 8.25 9.50 8.52 5.08 5.04
Eucalyptol 47.36 35.72 38.00 23.61 15.07 16.26
Isoborneol 11.68 7.46 7.30 4.33 2.715 3.05
a-Phellandrene 7.95 5.75 6.66 5.55 3.23 3.44
Terpene@26.3 7.50 5.69 5.97 3.82 2.62 2.84
Terpene@28.2 5.20 3.65 4.92 5.04 2.60 2.65
Terpene@29.4 4.60 3.09 411 1.94 1.49 1.70
1-Terpineol 42.63 27.36 28.84 16.59 11.55 12.67
B-Terpineol 14.13 8.60 10.05 5.81 3.84 4.28
4-Terpineol 11.01 7.98 7.93 4.74 3.47 3.47
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Table E.4 (continued). Airborne, time-resolved concentration measurements of primary VOCs
(ppb) in experiment 3E (GPC-1).

Sample ID X9 x12 x11 x13
GC file 50621 04 | 50625 08 | 50621 05 | 50621 10
Start time (min) 118 178 178 365
End time (min) 122 184 184 390
a-Pinene 2.14 1.04 1.07 0.18
Camphene 2.16 1.04 1.09 0.20
a-Terpinene 3.13 0.66 1.39 0.36
d-Limonene 26.10 13.85 14.37 4.94
p-Cymene 2.49 1.39 1.58 0.61
y-Terpinene 2.82 1.37 1.49 0.53
Terpinolene 22.14 6.62 11.34 3.61
Terpineol (a+y) | 30.95 21.44 22.75 12.75
o-Terpineol 27.15 19.82 20.44 11.51
y-Terpineol 3.43 1.91 2.34 1.17
Eucalyptol 5.34 2.18 2.22 0.57
Isoborneol 1.55 1.10 1.01 0.53
a-Phellandrene 1.50 0.61 0.77 0.24
Terpene@26.3 1.08 0.59 0.60 0.22
Terpene@28.2 1.33 0.39 0.65 0.22
Terpene@29.4 0.55 0.41 0.44 0.19
1-Terpineol 6.61 4.61 4.64 2.13
B-Terpineol 2.24 1.65 1.70 0.88
4-Terpineol 1.96 1.38 1.10 0.62
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Table E.4 (continued). Airborne, time-resolved concentration measurements of primary VOCs

(ppb) in experiment 3E (GPC-1).

Sample ID x16 x17 x19
GC file 50621 09 | 50621 15 | 50621 16
Start time (min) 482 605 704
End time (min) 502 625 724
a-Pinene 0.08 0.04 0.03
Camphene 0.08 0.03 0.02
a-Terpinene 0.27 0.15 0.08
d-Limonene 3.03 1.77 1.21
p-Cymene 0.37 0.24 0.18
y-Terpinene 0.37 0.23 0.15
Terpinolene 3.39 2.22 1.46
Terpineol (a+y) 9.43 6.52 5.19
a-Terpineol 8.49 5.92 4.80
y-Terpineol 0.93 0.65 0.47
Eucalyptol 0.43 0.35 0.29
Isoborneol 0.37 0.26 0.21
a-Phellandrene 0.14 0.07 0.04
Terpene@26.3 0.13 0.07 0.04
Terpene@28.2 0.19 0.12 0.08
Terpene@29.4 0.10 0.07 0.07
1-Terpineol 1.36 0.88 0.64
[-Terpineol 0.58 0.41 0.37
4-Terpineol 0.39 0.27 0.21

285




Table E.5. Airborne time-integrated concentrations of primary VOCs (ppb) in experiment 3E

(GPC-1)
Sample ID bkl la 1b 2b 3a 4a
GC file 50621 01 | 50621 07 | 50622 10 | 50621 06 | 50621 08 | 50621 13
Start time (min) -76 0 0 30 90 240
End time (min) -56 30 30 90 240 720
a-Pinene 0.03 9.64 9.65 5.10 1.41 0.14
Camphene nd 9.77 9.78 5.07 1.40 0.15
a-Terpinene nd 21.48 20.55 9.05 1.33 0.12
d-Limonene 0.03 134.31 134.37 65.75 17.98 3.75
p-Cymene 0.00 11.72 12.12 5.91 1.77 0.46
y-Terpinene nd 14.69 14.57 7.06 1.92 0.42
Terpinolene 0.01 130.83 126.69 60.85 12.19 2.02
Terpineol (a+y) 0.11 98.14 95.77 46.09 21.54 8.57
a-Terpineol 0.10 83.97 82.86 40.74 19.41 8.07
y-Terpineol 0.01 12.70 11.76 5.33 2.26 0.67
Eucalyptol 0.01 32.81 32.93 14.75 2.93 0.45
Isoborneol 0.02 nd nd nd nd nd
a-Phellandrene nd 8.43 8.13 3.93 0.92 0.13
Terpene@26.3 nd 5.75 5.80 2.79 0.77 0.16
Terpene@28.2 nd 8.31 8.06 3.74 0.71 0.11
Terpene@29.4 nd 2.44 3.26 1.38 0.45 0.13
1-Terpineol 0.03 26.36 25.59 11.20 4.59 1.47
B-Terpineol 0.03 8.07 8.19 3.82 1.64 0.65
4-Terpineol 0.03 7.84 6.02 2.99 1.27 0.39

% Times are referenced to the start of the simulated-use activity.
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Table E.6. Airborne, time-resolved concentration measurements of primary VOCs (ppb) in

experiment 3F (GPC-1).

Sample ID X2 X3 x5 X7
GC file 50609 15 | 50607 10 | 50607 11 | 50607 04
Start time (min) 9 24 59 120
End time (min) 10 25 60 123
a-Pinene 17.5 12.9 6.3 2.3
Camphene 17.1 12.3 5.9 2.4
a-Terpinene 13.1 1.5 0.0 0.0°
d-Limonene 232.7 176.8 69.1 19.3
p-Cymene 21.0 15.3 7.5 3.1
y-Terpinene 25.7 19.0 6.9 1.9
Terpinolene 235.2 152.1 31.4 35°
Terpineol (o+y) 209.1 168.6 77.6 30.1°
a-Terpineol 179.4 152.8 74.9 314
y-Terpineol 26.1 185 6.3 1.0°
Eucalyptol 67.0 46.2 20.5 6.5
Isoborneol - - - -
o-Phellandrene - - - -
Terpene@26.3 - - - -
Terpene@28.2 - - - -
Terpene@29.4 - - - -
1-Terpineol - - - -
B-Terpineol - - - -
4-Terpineol - - - -
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Table E.6 (continued). Airborne, time-resolved concentration measurements of primary VOCs
(ppb) in experiment 3F (GPC-1).

Sample ID x10 X9 x12 x13
GC file 50611 02 | 50609 14 | 50607 08 | 50607 12
Start time (min) 180 180 356 536
End time (min) 183 183 368 551
a-Pinene 0.0 1.0 0.1 0.0
Camphene 1.6 1.2 0.3 0.1
a-Terpinene 0.0° 0.0° 0.0° 0.0°
d-Limonene 8.9° 8.0° 0.8° 0.2°
p-Cymene 1.8 1.9 0.8 0.4
y-Terpinene 0.8° 0.7° 0.1° 0.0°
Terpinolene 0.9° 0.8° 0.0° 0.0°
Terpineol (a+y) 12.6° 11.8° 0.4° 0.1°
a-Terpineol 13.7 2 12.92 0.5° 0.1°
y-Terpineol 0.2° 0.2° 0.0° 0.0°
Eucalyptol 2.8 2.6 0.8 0.5
Isoborneol - - - -
o-Phellandrene - - - -
Terpene@26.3 - - - -
Terpene@28.2 - - - -
Terpene@29.4 - - - -
1-Terpineol - - - -
B-Terpineol - - - -
4-Terpineol - - - -

% Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

® Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.
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Table E.7. Airborne time-integrated concentrations of primary VOCs (ppb) in experiment 3F

(GPC-1).

Sample ID bk2 la 1b 2a 2b
GC file 50607 05 | 50607 02 | 50611 05 | 50611 06 | 50607 03
Start time (min) -85 0 0 30 30

End time (min) -55 30 30 90 90
a-Pinene nd 12.83 13.16 6.84 6.52
Camphene nd 12.48 12.73 6.52 6.40
a-Terpinene nd 5.86 441 nd nd
d-Limonene 0.02 169.92 171.88 74.59 72.76
p-Cymene 0.00 14.54 15.36 8.34 7.47
y-Terpinene nd 19.05 18.89 7.36° 7.73°
Terpinolene nd 172.91 148.71 33.83° 42.85°
Terpineol (a+y) nd 133.87 132.60 68.97 69.58
a-Terpineol nd 117.95 117.99 65.43 65.48
y-Terpineol nd 15.95 14.88 539" 599"
Eucalyptol 0.05 42.88 4458 20.07 19.50
Isoborneol nd nd nd nd nd
a-Phellandrene 0.03 10.09 9.27 2.88° 3.06°
Terpene@26.3 nd 7.59 7.90 3.51 3.45
Terpene@28.2 0.00 9.95 8.69 1.75° 2.13°
Terpene@29.4 0.01 2.48 2.83 1.76 1.09
1-Terpineol 0.01 37.37 38.06 17.75 18.36
B-Terpineol 0.02 12.00 12.15 6.18 5.94
4-Terpineol 0.02 9.59 9.77 459 415
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Table E.7 (continued). Airborne time-integrated concentrations of primary VOCs (ppb) in

experiment 3F (GPC-1).

Sample ID 3a 3b 4a 5a
GC file 50607 06 | 50611 03 | 50608 08 | 50608 09
Start time (min) 90 90 240 720
End time (min) 240 240 720 1440
o-Pinene 1.56 1.94 0.09°" 0.01°
Camphene 1.72 1.73 0.18 0.01
a-Terpinene nd nd nd nd
d-Limonene 13.12°¢ 13.21° 0.40 ¢ 0.07 ¢
p-Cymene 2.31 2.35 0.68 0.13
y-Terpinene 1.30° 1.30° 0.02° nd
Terpinolene 1.59 ¢ 1.65 ¢ nd nd
Terpineol (o+y) 13.17 ¢ 15.55 ¢ 0.08 ¢ 0.01°¢
o-Terpineol 14.38 ¢ 16.79 ¢ 0.08 ¢ nd
y-Terpineol 0.19°¢ 0.31°¢ 0.01° nd
Eucalyptol 3.87 3.90 0.62 0.31
Isoborneol nd nd nd nd
a-Phellandrene 0.46 ¢ 0.45° 0.04 ¢ 0.03°¢
Terpene@26.3 0.71°¢ 0.73°¢ 0.02°¢ nd
Terpene@28.2 0.08 ¢ 0.08 ° 0.00° 0.00°
Terpene@29.4 0.33° 0.29° 0.01° 0.03°
1-Terpineol 5.73 5.90 1.04 0.16
B-Terpineol 2.56 2.71 0.20 0.06
4-Terpineol 0.80 ¢ 0.86 ¢ 0.23°¢ 0.06 ¢

% Times are referenced to the start of the simulated-use activity.

® Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.
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Table E.8. Airborne, time-resolved concentration measurements of primary VOCs (ppb) in
experiment 3G (GPC-1).

Sample ID bkl x1 X2 X3 x4 X6
GC file 50614 01 | 50614 05 | 50620 08 | 50615 13 | 50614 12 | 50614 13
Start time (min) ® -63 9 10 14 19 27.5
End time (min) -43 10 11 15 20 29
a-Pinene 0.01 15.29 14.70 12.97 12.26 9.85
Camphene nd 15.18 14.91 12.76 12.06 9.86
a-Terpinene nd 10.22° 5.45°" 2.36 1.32 nd
d-Limonene 0.02 197.19 190.24 179.34 152.11 118.48
p-Cymene 0.00 17.86 19.80 18.30 14.32 11.60
y-Terpinene nd 21.99 19.26 18.16 16.30 12.54
Terpinolene nd 200.55° | 128.03° 98.34 106.40 75.29
Terpineol (a+y) 0.01 159.54 149.17 142.46 119.15 94.90
a-Terpineol nd 136.96 131.32 130.91 107.45 86.23
y-Terpineol nd 20.04° 16.46° 13.86 12.51 9.36
Eucalyptol 0.02 51.61 49.84 43.31 40.20 32.04
Isoborneol nd 11.74 11.11 8.92 8.89 6.51
a-Phellandrene 0.06 12.27° 9.92° 8.21 7.64 5.59
Terpene@26.3 0.01 8.87 8.61 7.92 6.88 5.44
Terpene@28.2 nd 12.21° 8.32° 6.04 6.37 4.30
Terpene@29.4 0.02 3.02 4.59 5.20 2.79 2.21
1-Terpineol 0.02 45.48 44.22 39.26 34.28 25.65
B-Terpineol 0.04 13.73 14.34 15.06 10.92 8.43
A-Terpineol 0.03 10.27 10.94 10.28 8.51 6.09
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Table E.8 (continued). Airborne, time-resolved concentration measurements of primary VOCs

(ppb) in experiment 3G (GPC-1).

Sample ID x8 X9 x10 x11 x12 x15
GC file 50614 02 | 50614 14 | 50614 10 | 50622 09 | 50614 03 | 50614 04
Start time (min) 39 49 59 59 88 118
End time (min) 41 51 61 61 91 122
a-Pinene 7.91 6.50 5.79 5.47 3.32 2.02
Camphene 7.89 6.43 5.81 5.60 3.38 2.21
a-Terpinene nd nd nd nd nd nd
d-Limonene 92.75 70.81 60.21 57.83 29.73° 16.06 °
p-Cymene 9.22 7.77 7.28 7.18 4.22 2.96
y-Terpinene 10.02 7.35 5.93 5.54 3.02° 1.48"
Terpinolene 72.65 31.31 19.82 18.02 8.06 ¢ 1.66°¢
Terpineol (a+y) 80.84 61.02 54.22 50.76 31.84° 18.93°
a-Terpineol 73.04 57.68 52.54 49.79 32.35° 20.17°
y-Terpineol 8.37 4.98 3.68 3.00 1.60°¢ 0.52°¢
Eucalyptol 25.01 20.16 17.80 16.96 9.61 5.67
Isoborneol 4.56 4.09 3.43 3.61 2.50 1.84
a-Phellandrene 451 2.76 2.08 1.97 095°¢ 0.56 ¢
Terpene@26.3 4.31 3.37 2.78 2.68 1.43° 0.86°
Terpene@28.2 3.90 1.71 1.02 0.92 0.40°¢ 0.07°¢
Terpene@29.4 1.27 1.38 1.09 1.17 0.49° 0.35°
1-Terpineol 19.84 16.31 14.27 13.97 0.17 6.48
B-Terpineol 6.78 5.82 5.00 5.05 3.36 2.59
4A-Terpineol 4.57 3.96 3.31 3.16 1.93° 1.04°
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Table E.8 (continued). Airborne, time-resolved concentration measurements of primary VOCs

(ppb) in experiment 3G (GPC-1).

Sample ID x17 x18 x20 x21 X22 x23
GC file 50616 05 | 50614 15 | 50616 04 | 50614 07 | 50616 03 | 50615 12
Start time (min) 178 265 354 354 713 713
End time (min) 184 274 360 364 733 733
a-Pinene 0.86 0.23° 0.08°" 0.07°" 0.01° 0.01°
Camphene 1.10 0.46 0.22 0.22 0.02 0.02
a-Terpinene nd nd nd nd nd nd
d-Limonene 6.31° 1.43° 0.65° 0.45° 0.07° 0.08 °
p-Cymene 1.71 1.02 0.71 0.71 0.24 0.24
y-Terpinene 0.56° 0.11° 0.05° 0.03° nd nd
Terpinolene 0.21°¢ 0.02°¢ 0.00 ¢ 0.00 ¢ nd nd
Terpineol (o+y) 6.21° 0.19°¢ 0.30°¢ 0.23°¢ 0.03°¢ 0.03°¢
a-Terpineol 6.82° 0.20° 0.34° 0.25° 0.02° 0.03 ¢
y-Terpineol 0.08 ¢ 0.01° nd 0.01° 0.01°¢ 0.00 ¢
Eucalyptol 2.36 0.98 0.59 0.62 0.34 0.34
Isoborneol 1.34 0.87 0.66 0.66 0.26 0.27
o-Phellandrene 0.27°¢ 0.12°¢ 0.05° 0.05 ¢ 0.00 ¢ nd
Terpene@26.3 0.37° 0.11° 0.04° 0.03° 0.02° 0.01°
Terpene@28.2 0.02° 0.01° 0.03° 0.01° 0.01° 0.01°
Terpene@29.4 0.18° 0.05° 0.02° 0.02° 0.04° 0.02°
1-Terpineol 3.84 1.83 1.02 1.07 0.34 0.37
B-Terpineol 1.69 0.72 0.23 0.20 0.10 0.10
4-Terpineol 0.38° 0.10 ¢ nd 0.06 ¢ 0.06 ¢ nd

% Times are referenced to the start of the simulated-use activity.
® Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.
¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.

293




Table E.9. Airborne, time-integrated concentrations of primary VOCs (ppb) in experiment 3G

(GPC-1).

Sample ID bkl la 1b 2a 3a 4a
GC file 50614 01 | 50614 08 | 50622 08 | 50614 09 | 50614 11 | 50614 16
Start time (min) ® -63 0 0 30 90 240
End time (min) * -43 30 30 90 240 720
a-Pinene 0.01 12.05 11.71 5.68 1.29 0.07
Camphene nd 12.10 11.95 5.68 1.51 0.15
a-Terpinene nd 3.60 3.76 nd nd nd
d-Limonene 0.02 154.85 152.19 61.00 10.40° 0.54 ¢
p-Cymene 0.00 14.64 14.41 7.16 2.14 0.55
y-Terpinene nd 17.00 16.79 6.00 0.96 ¢ 0.03°¢
Terpinolene nd 128.02 126.33 25.75"° 0.60 ¢ 0.00 ¢
Terpineol (a+y) 0.00 104.61 102.15 46.03 8.36 ¢ 0.10 ¢
a-Terpineol nd 9451 90.59 44.37 9.16 0.14°¢
y-Terpineol nd 11.72 11.33 3.47° 0.12° nd
Eucalyptol 0.02 36.74 35.95 15.70 3.15 0.47
Isoborneol nd nd nd nd nd nd
a-Phellandrene 0.06 8.48 8.60 2.31° 0.38° 0.04°
Terpene@26.3 0.01 6.89 6.86 2.80 0.57° 0.03°¢
Terpene@28.2 nd 7.61 7.79 1.37° 0.07 ¢ 0.02°¢
Terpene@29.4 0.02 3.07 2.71 1.10 0.24°¢ 0.04°¢
1-Terpineol 0.01 29.64 30.31 12.58 4.06 0.79
B-Terpineol 0.03 9.69 8.97 4.58 1.63 0.14
4-Terpineol 0.03 7.99 7.58 3.20 0.58 ¢ 0.19°¢

% Times are referenced to the start of the simulated-use activity.
® Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.
¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.
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Table E.10. Airborne, time-resolved concentration measurements of primary VOCs (ppb) in
experiment 3H (GPC-1).

Sample ID bkl x1 X3 x4 x5 X7
GC file 50623 01 | 50623 04 | 50623 07 | 50625 04 | 50623 02 | 50623 06
Start time (min) ® -53 9 19 20 43 58
End time (min) * -33 10 20 21 45 61
a-Pinene nd 14.50 11.98 12.04 7.30 5.47
Camphene nd 14.66 12.14 12.18 7.35 5.55
a-Terpinene nd 7.08 1.07 0.68 nd nd
d-Limonene 0.03 190.78 151.71 151.34 82.53 56.83
p-Cymene 0.01 18.05 14.53 14.94 8.60 6.68
y-Terpinene nd 20.93 15.90 16.07 8.79 5.94
Terpinolene nd 168.55 96.09 75.20 55.43 26.61
Terpineol (a+y) nd 176.44 136.90 132.31 79.79 57.62
a-Terpineol nd 152.02 123.37 121.14 72.08 54.87
y-Terpineol nd 20.90 13.92 12.23 7.55 4.65
Eucalyptol 0.11 52.12 41.70 41.72 24.41 17.68
Isoborneol nd 13.58 9.15 9.81 4.55 3.58
a-Phellandrene 0.04 11.08 7.31 6.75 3.69 2.15
Terpene@26.3 nd 8.52 6.42 6.68 3.75 2.68
Terpene@28.2 nd 10.42 5.73 4.64 2.88 1.31
Terpene@29.4 0.01 3.73 2.63 2.89 1.13 0.91
1-Terpineol 0.04 48.61 35.10 35.45 19.03 14.43
B-Terpineol 0.04 13.65 11.03 11.00 7.58 5.01
4-Terpineol 0.03 12.63 9.55 9.73 4.95 3.58
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Table E.10 (continued). Airborne, time-resolved concentration measurements of primary VOCs

(ppb) in experiment 3H (GPC-1).

Sample ID X9 x11 x12 x13 x15 x17
GC file 50623 08 | 50623 09 | 50625 03 | 50623 11 | 50623 12 | 50623 13
Start time (min) 116 175 175 230 350 470
End time (min) 124 185 185 250 370 490
a-Pinene 1.95 0.83 0.87 0.38" 0.07° 0.03°
Camphene 2.17 1.09 1.13 0.61 0.20 0.09
a-Terpinene nd nd nd nd nd nd
d-Limonene 15.43 6.04° 6.37° 2.00°¢ 0.39°¢ 0.16
p-Cymene 2.89 1.65 1.69 1.16 0.64 0.49
y-Terpinene 1.48 0.55° 0.58° 0.16 ¢ 0.02°¢ 0.01°¢
Terpinolene 1.45°¢ 0.23°¢ 0.23°¢ 0.02°¢ nd nd
Terpineol (o+y) 19.85 6.67 " 6.95 " 1.11° 0.16 0.08 ¢
o-Terpineol 20.70 7.17° 7.49° 1.19° 0.18 ¢ 0.08 ¢
y-Terpineol 0.49 ¢ 0.08 ¢ 0.07°¢ 0.02°¢ 0.00°¢ 0.01°¢
Eucalyptol 5.74 2.53 2.58 1.37 0.65 0.56
Isoborneol 2.01 1.39 1.43 1.04 0.62 0.52
a-Phellandrene 1.24°¢ 0.26 ¢ 0.26 ¢ 0.14°¢ 0.05°¢ 0.02°¢
Terpene@26.3 0.85 0.39° 0.39° 0.17°¢ 0.03°¢ 0.01°¢
Terpene@28.2 0.08°¢ 0.02 nd 0.01°¢ 0.00°¢ 0.01°¢
Terpene@29.4 0.33 0.16° 0.18° 0.05°¢ 0.02°¢ 0.01°¢
1-Terpineol 7.29 4.14 4.32 2.34 1.04 0.80
B-Terpineol 2.86 1.79 1.79 0.99 0.19 0.07
4A-Terpineol 1.04 0.44° | nqg 0.07 0.04° nd
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Table E.10 (continued) Airborne, time-resolved concentration measurements of primary VOCs
(ppb) in experiment 3H (GPC-1).

Sample ID x19 x21
GC file 50623 18 | 50623 14
Start time (min) 582 724
End time (min) 602 744
a-Pinene 0.02 0.01
Camphene 0.05 0.03
a-Terpinene nd nd
d-Limonene 0.16 ¢ 0.09 ¢
p-Cymene 0.35 0.24
y-Terpinene 0.01° nd
Terpinolene 0.01°¢ nd
Terpineol (o+y) 0.14°¢ 0.04°¢
a-Terpineol 0.13°¢ 0.03°¢
y-Terpineol 0.01° 0.01°
Eucalyptol 0.49 0.45
Isoborneol 0.37 0.30
a-Phellandrene 0.01°¢ nd
Terpene@26.3 0.01° nd
Terpene@28.2 nd nd
Terpene@29.4 nd nd
1-Terpineol 0.59 0.45
[-Terpineol nd 0.02
4-Terpineol nd nd

% Times are referenced to the start of the simulated-use activity.

® Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.

¢ Not quantifiable, owing to poor peak resolution from the gas chromatograph.
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Table E.11. Airborne, time-integrated concentrations of primary VOCs (ppb) in experiment 3H

(GPC-1).
Sample ID bkl la 2a 3a 4a
GC file 50623 01 | 50623 05 | 50623 03 | 50623 10 | 50623 15
Start time (min) ® -53 0 30 90 240
End time (min) * -33 30 90 240 723
a-Pinene nd 11.68 5.64 1.25 0.07°
Camphene nd 11.92 5.81 1.49 0.15
a-Terpinene nd 2.76 nd nd nd
d-Limonene 0.03 152.96 62.12 10.18°° 0.28 ¢
p-Cymene 0.01 14.69 6.96 2.12 0.56
y-Terpinene nd 16.50 6.44 0.94°¢ 0.01°
Terpinolene nd 113.49 33.56" 0.40°¢ nd
Terpineol (o+y) nd 117.13 52.13 8.06 ¢ 0.03 ¢
a-Terpineol nd 103.64 49.94 8.81° 0.02°¢
y-Terpineol nd 12.95 3.95° 0.07 ¢ 0.01°¢
Eucalyptol 0.10 37.55 16.46 3.32 0.57
Isoborneol nd 8.63 3.52 1.39 0.48
a-Phellandrene 0.04 7.92 2.46° 0.36° 0.03°
Terpene@26.3 nd 6.64 2.80 0.58°¢ 0.02°¢
Terpene@28.2 nd 6.78 1.66° 0.04°¢ 0.00°¢
Terpene@29.4 0.01 2.74 0.87 0.17° 0.01°
1-Terpineol 0.04 31.98 13.46 4.41 0.83
B-Terpineol 0.03 10.02 4.62 1.86 0.11
4-Terpineol 0.03 8.59 2.94 0.56 ¢ 0.06 ¢

% Times are referenced to the start of the simulated-use activity.

® Reported concentration estimated to be approximately 5-20% lower than actual because of

sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on

Tenax in presence of ozone. See text at start of Appendix E.
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Table E.12. Airborne concentration measurements of primary VOCs (ppb) in experiment 3J

(AFR-1)

Sample ID la 1b 2a 2b 3a 4b
GC file 50626 02 | 50626 03 | 50626 08 | 50626 11 | 50626 04 | 50626 05
Start time (min) -180 -180 -24 -24 15 57
End time (min) * -168 -168 -12 -12 27 71
d-Limonene 2.68 3.13 241 2.49 1.81°¢ 0.92°
Dihydromyrcenol 11.13 12.94 10.44 10.30 10.09 9.25 ¢
Linalool 7.28 8.57 6.80 6.71 3.58° 0.80°
Linalyl acetate 3.50 4.07 3.36 3.63 1.66 ° 0.41°
B-Citronellol 1.75 2.04 1.65 1.68 0.59 ¢ 0.12
o-Citral 0.52 0.46 0.40 0.43 0.28 ° nd
Benzyl acetate 16.43 19.07 15.76 15.60 15.59 15.61
Bornyl acetate 4.49 5.30 4.33 4.35 4.22 4.29

Table E.12 (continued). Airborne concentration measurements of primary VOCs (ppb) in
experiment 3) (AFR-1).

Sample ID 5a 5b 6a 7b 8a
GC file 50626 06 | 50628 03 | 50626 07 | 50626 09 | 50626 12
Start time (min) 112 112 173 235 298
End time (min) 128 128 189 251 314
d-Limonene 0.55° 0.67° 0.41° 0.37° 0.39°
Dihydromyrcenol 8.30° 8.84 ¢ 7.35°¢ 6.55 ° 6.18 °
Linalool 0.43° 0.51° 0.31° 0.32° 0.28 °
Linalyl acetate 0.27 nd °© nd nd nd
p-Citronellol 0.08 ° 0.10° 0.07° 0.05° 0.05°
a-Citral nd nd nd nd nd
Benzyl acetate 15.57 16.52 15.68 15.51 15.21
Bornyl acetate 4.34 4.62 4.36 4.34 4.23

% Times are referenced to the start of the simulated-use activity.
® Quantified by total ion current based on response of linalool.

° nd = not detected

¢ Reported concentration estimated to be approximately 5-20% lower than actual because of
sampling losses on Tenax in presence of ozone. See text at start of Appendix E.
¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on
Tenax in presence of ozone. See text at start of Appendix E.
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Table E.13. Airborne concentration measurements of primary VOCs (ppb) in experiment 3K

(AFR-1).
Sample ID bkl 1b 2a 3b 4a
GC file 50627 03 | 50627 12 | 50627 06 | 50627 07 | 50628 02
Start time (min) -255 -140 -27 10 50
End time (min) -243 -120 -7 30 70
d-Limonene 1.55 1.57 1.57 0.91°¢ 0.70 °
Dihydromyrcenol 6.92 6.71 6.94 6.38 6.35°
Linalool 4.30 4.27 4.52 1.39° 0.59 °
Linalyl acetate 2.28 2.23 2.45 0.57° 0.37°
-Citronellol 1.05 1.12 1.22 0.20 ¢ 0.08 °
a-Citral 0.30 0.30 0.35 nd nd
Benzyl acetate 11.55 11.48 11.84 11.37 11.68
Bornyl acetate 2.98 2.98 3.10 2.97 3.07

Table E.13 (continued). Airborne concentration measurements of primary VOCs (ppb) in

experiment 3K (GPC-1).

Sample ID 4b 5a 6a 7a 8a
GC file 50627 13 | 50627 08 | 50627 09 | 50627 10 | 50627 11
Start time (min) 50 105 165 225 285
End time (min) 70 135 195 255 315
d-Limonene 0.41° 0.22° 0.33° 0.17° 0.19°
Dihydromyrcenol 5.88 ¢ 4.94° 4.79° 3.93°¢ 3.78 ¢
Linalool 0.26 ° 0.14° 0.23° 0.10° 0.11°
Linalyl acetate 0.19° | nd® nd nd nd
B-Citronellol 0.04° 0.03° 0.02° 0.01° 0.01°
o-Citral nd nd nd nd nd
Benzyl acetate 11.39 11.48 11.81 10.90 11.04
Bornyl acetate 2.97 3.10 3.16 2.94 2.95

% Times are referenced to the start of the simulated-use activity.
® Quantified by total ion current based on response of linalool.

° nd = not detected

¢ Reported concentration estimated to be approximately 5-20% lower than actual because of

sampling losses on Tenax in presence of ozone. See text at start of Appendix E.

¢ Reported concentration estimated to be >30% lower than actual because of sampling losses on

Tenax in presence of ozone. See text at start of Appendix E.
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Table E.14. Sample information and results for PCE and TMB, Expt 3C.

Sample | Start End GC file PCE TMB | TMB/

ID time time (ppb) (ppb) PCE
(min) ® | (min) ?
bkl -94 -74 50612 01 | 0.427 | 0.721 | 1.688
bk?2 -94 -74 50613 11 | 0.403 | 0.704 | 1.748
bk3 -72 -52 50616 10 | 0.415 | 0.717 | 1.727
bk4 -72 -52 50620 07 | 0.428 | 0.761 | 1.777
pcel 22 38 50612 15 | 0.408 | 0.705 | 1.727
pce2 22 38 50613 10 | 0.404 | 0.685 | 1.694
pce3 62 82 50613 12 | 0.429 | 0.724 | 1.689
pced 62 82 50616 09 | 0.437 | 0.753 | 1.725

pcesS 95 105 50612 14 | 0452 | 0.757 | 1.676

pceb 95 105 50616 07 | 0.450 | 0.767 | 1.705

pce7 150 170 50612 15| 0431 | 0.711 | 1.651

pce8 150 170 50616 08 | 0457 | 0.741 | 1.621

10a 356 364 50616_11 | 0.457 | 0.709 | 1.552

10b 356 366 50612 08 | 0.441 | 0.696 | 1.578

1la 442 452 50615 14 | 0441 | 0.726 | 1.647

11b 442 452 50616 12 | 0.438 | 0.698 | 1.595

12b 561 579 50612 11 | 0445 | 0.701 | 1.577

13a 720 740 50613 09 | 0424 | 0.688 | 1.621

13b 720 740 50616 06 | 0.426 | 0.702 | 1.650

% Times are referenced to the start of the simulated-use activity.
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Table E.15. Sample information and results for PCE and TMB, Expt 3E.

Sample | Start End GC file PCE TMB | TMB/

ID time time (ppb) (ppb) PCE
(min) ® | (min) ?
bkl -76 -56 50621 01 | 0.400 | 0.704 | 1.760
bk?2 -76 -56 50625 05 | 0.411 | 0.718 | 1.746
bk3 -55 -32 50622 16 | 0.397 | 0.679 | 1.708
pcel 22 38 50622 11 | 0.402 | 0.698 | 1.736
pced 65 85 50622 12 | 0.405 | 0.697 | 1.723

pce6 140 160 50622 13 | 0.429 | 0.729 | 1.699

pce7 230 250 50622 14 | 0446 | 0.770 | 1.726

pce9 344 364 50622 15| 0.488 | 0.852 | 1.746

x11 178 184 50621 05 | 0.434 | 0.768 | 1.769

x12 178 184 50625 08 | 0.436 | 0.752 | 1.726

x13 365 390 50621 10 | 0.475 | 0.856 | 1.801

x14 365 390 50625 07 | 0.492 | 0.878 | 1.787

x16 482 502 50621 09 | 0482 | 0.871 | 1.810

x17 605 625 50621 15| 0.462 | 0.809 | 1.751

x19 704 724 50621 16 | 0439 | 0.774 | 1.764

3a 90 240 50621 08 | 0.416 | 0.729 | 1.752

4a 240 720 50621 13 | 0461 | 0.820 | 1.778

% Times are referenced to the start of the simulated-use activity.

Table E.16. Sample information and results for PCE and TMB, Expt 3G.

Sample | Start End GC file PCE TMB | TMB/

ID time time (ppb) (ppb) PCE
(min) ® | (min)?

bkl -63 -43 50614 01 | 0412 | 0.716 | 1.736

bk?2 -63 -43 50616 02 | 0.420 | 0.708 | 1.686

x17 178 184 50616 05 | 0.453 | 0.704 | 1.554

x18 265 274 50614 15| 0452 | 0.694 | 1535

x20 354 360 50616 04 | 0.447 | 0.708 | 1.585

x21 354 364 50614 07 | 0.445 | 0.708 | 1.592

X22 713 733 50616 03 | 0.444 | 0.738 | 1.664

X23 713 733 50615 12 | 0452 | 0.757 | 1.674

3a 90 240 50614 11 | 0.434 | 0.691 | 1.591

4a 240 720 50614 16 | 0459 | 0.733 | 1.596

% Times are referenced to the start of the simulated-use activity.
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Table E.17. Sample information and results for PCE and TMB, Expt 3H.

Sample | Start End GC file PCE TMB | TMB/

ID time time (ppb) (ppb) PCE
(min) ® | (min) ?
bkl -53 -33 50623 01 | 0.413 | 0.696 | 1.684
bk3 -32 -12 50624 05 | 0.411 | 0.690 | 1.676
pcel 22 38 50623 16 | 0.405 | 0.659 | 1.627
pce3 65 85 50623 17 | 0.420 | 0.660 | 1.571

X9 116 124 50623 08 | 0.424 | 0.663 | 1.565
x11 175 185 50623 09 | 0.419 | 0.655 | 1.565

x12 175 185 50625 03 | 0.427 | 0.674 | 1.579

x13 230 250 50623 11 | 0.425 | 0.657 | 1.546

x15 350 370 50623 12 | 0.387 | 0.605 | 1.562

x17 470 490 50623 13 | 0.437 | 0.696 | 1.593

x19 582 602 50623 18 | 0.425 | 0.684 | 1.608

x21 724 744 50623 14 | 0439 | 0.712 | 1.621

3a 90 240 50623 10 | 0.417 | 0.659 | 1.579

4a 240 723 50623 15| 0.432 | 0.689 | 1.597

% Times are referenced to the start of the simulated-use activity.

Table E.18. Sample information and results for PCE and TMB, Expt 3.

Sample | Start End GC file PCE TMB | TMB/
ID time time (ppb) (ppb) PCE
(min) ® | (min) ?
bk2 -30 0 50602 12 | 0.470 | 0.811 | 1.725
la 10 30 50602 09 | 0.433 | 0.746 | 1.723
2a 32 90 50602 11 | 0.420 | 0.738 | 1.757
3a 92 240 50602 10 | 0.447 | 0.765 | 1.713
4a 240 720 50602 13 | 0.464 | 0.798 | 1.722

% Times are referenced to the start of the simulated-use activity.
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Table E.19. Sample information and results for PCE and TMB, Expt 3J.

Sample | Start End GC file PCE TMB | TMB/
ID time time (ppb) (ppb) PCE
(min) ® | (min) ?

la -180 -168 50626 02 | 0415 | 0.719 | 1.730

1b -180 -168 50626 03 | 0.486 | 0.841 | 1.730

2a -24 -12 50626 09 | 0412 | 0.709 | 1.720
2b -24 -12 50626_11 | 0.410 | 0.712 | 1.737
3a 15 27 50626 04 | 0.408 | 0.698 | 1.710
4b 57 71 50626 05 | 0.410 | 0.683 | 1.667

S5a 112 128 50626 06 | 0.418 | 0.696 | 1.664

5b 112 128 50628 03 | 0435 | 0.736 | 1.691

6a 173 189 50626 07 | 0432 | 0.713 | 1.650

7b 235 251 50626 08 | 0.429 | 0.704 | 1.642

8a 298 314 50626 12 | 0.415 | 0.684 | 1.649

post 700 710 50626 13 | 0421 | 0.731 | 1.738

% Times are referenced to the beginning of ozone supply to the chamber.

Table E.20. Sample information and results for PCE and TMB, Expt 3K.

Sample Start End GC file PCE TMB | TMB/
ID (min) ® | (min) ? (ppb) | (ppb) PCE
bkl -255 -243 50627 03 | 0.402 0.704 1.752
1b -140 -120 50627 12 | 0.419 0.723 1.727
2a -27 -7 50627 06 | 0.438 | 0.769 1.755
3b 10 30 50627 07 | 0.425 | 0.722 1.700
4a 50 70 50628 02 | 0.432 0.725 1.678
4b 50 70 50627 13 | 0.422 0.714 1.692
5a 105 135 50627 08 | 0.439 0.737 1.680
6a 165 195 50627 09 | 0.455 | 0.749 1.647
7a 225 255 50627 10 | 0.425 | 0.703 1.655
8a 285 315 50627 11 | 0.435 | 0.705 1.621

% Times are referenced to the beginning of ozone supply to the chamber.
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Table E.21. Airborne concentrations of very volatile carbonyls (ppb), measured in experiments
3A-3K.?

Start End HPLC HPLC HCHO | Acetaldehyde | Acetone
Expt | ID | (min)® | (min)® | Sequence file (ppb) (ppb) (ppb)
3A | la 0 240 50615 a 050-2101 5.7 1.0 1.4
3A | 1b 0 240 50615 a 051-2201 5.2 0.7 1.0
3B | la 0 255 50615 a 058-2901 10.0 1.2 2.7
3B | 1b 0 255 50622 b 030-0201 9.5 1.1 2.6
3B | 2a 263 745 50622 b 031-0301 9.4 1.1 1.4
3B | 2b 264 745 50622 b 032-0401 9.4 1.1 1.4
3C | la 0 253 50622 b 033-0501 23.1 2.0 3.7
3C | 1b 0 254 50622 b 034-0601 24.4 2.5 4.1
3C | 2a 261 741 50622 b 035-0701 18.0 1.9 2.6
3C | 2b 262 742 50622 b 036-0801 17.8 1.9 2.5
3D | la 0 242 50615 a 046-1701 8.5 1.8 2.7
3D | 1b 0 242 50615 a 047-1801 8.1 1.1 2.7
3D | 2a 245 720 50615 a 048-1901 7.5 1.8 15
3D | 2b 245 720 50615 a 049-2001 7.6 1.7 1.6
3E | la 0 237 50622 ¢ 011-0201 51 1.3 2.2
3E | 1a 0 238 50622 ¢ 012-0301 6.9 0.7 2.4
3E | 2a 242 714 50622 ¢ 015-0601 7.5 0.9 1.6
3E | 2b 243 715 50622 ¢ 016-0701 7.3 0.9 1.7
3F | la 0 240 50615 a 057-2801 15.2 1.9 32.3
3F | 1b 0 240 50615 a 056-2701 14.4 1.7 30.3
3F | 2a 242 720 50615 a 055-2601 10.7 1.9 9.8
3F | 2b 242 720 50615 a 054-2501 10.9 1.9 9.5
3G | la 0 235 50622 b 037-0901 175 2.1 315
3G | 1b 0 236 50622 b 038-1001 175 2.3 32.3
3G | 2a 239 720 50622 b 039-1101 12.2 2.6 7.6
3G | 2b 240 720 50622 ¢ 010-0101 11.1 1.9 7.3

& Concentrations in air calculated by first subtracting mean analyte yields of blank cartridges
from measured sample yields, then dividing by the volume of sampled air. Negative
concentrations result when the analytical blanks contained more mass than the sample cartridges.
® Times referenced to the beginning of the simulated use activity (experiments 3A-31) or to the
beginning of ozone supply to the chamber (experiments 3J-3K).
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Table E.21 (continued). Airborne concentrations of very volatile carbonyls (ppb), measured in

experiments 3A-3K. ?

Start End HPLC HPLC | HCHO | Acetaldehyde | Acetone
Expt | ID| (min)® | (min)® | Sequence file (ppb) (ppb) (ppb)
3H | la 0 238 50711 b 012-0101 15.9 1.5 32.0
3H | 1b 0 239 50711 b 013-0201 15.3 1.0 30.1
3H | 2a 243 705 50711 b 014-0301 10.0 1.2 7.0
3H | 2b 244 706 50711 b 015-0401 10.7 1.7 7.9
3l | la 0 240 50615 a 043-1401 9.6 3.0 2.1
3l | 1b 0 241 50615 a 042-1301 10.7 3.1 2.0
3l | 2a 245 723 50615 a 041-1201 9.4 2.6 15
3l | 2b 247 124 50615 a 040-1101 9.5 3.1 1.4
3] | 1la -189 -9 50711 b 016-0501 5.2 -0.2 -0.1
3)J | 1b -188 -8 50711 b 017-0601 5.6 0.0 0.1
3] | 2a 120 300 50711 b 018-0701 11.7 1.0 17.7
3) | 2b 121 301 50711 b 019-0801 12.6 1.0 17.7
3K | la -182 -2 50711 b 021-1001 6.0 -0.8 -1.3
3K | la -182 -2 50712 a 021-0501 55 -0.9 -1.7
3K | 1b -181 -1 50712 a 022-0301 54 -0.7 -1.0
3K | 2a 118 298 50712 a 023-0401 10.0 0.6 10.6
3K | 2b 119 299 50712 a 024-0601 10.5 0.1 10.8

& Concentrations in air calculated by first subtracting mean analyte yields of blank cartridges

from measured sample yields, then dividing by the volume of sampled air. Negative

concentrations result when the analytical blanks contained more mass than the sample cartridges.
® Times referenced to the beginning of the simulated use activity (experiments 3A-31) or to the
beginning of ozone supply to the chamber (experiments 3J-3K).
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Figure E.1. OPC measurements of aerosol particles during Expt 3A (GPD-1, no ozone).
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Figure E.2. OPC measurements of aerosol particles during Expt 3B (GPD-1, no ozone).
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Figure E.3. OPC measurements of aerosol particles during Expt 3C (GPD-1, with ozone).
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Figure E.4. OPC measurements of aerosol particles during Expt 3D (GPC-1, no ozone).
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Figure E.5. OPC measurements of aerosol particles during Expt 3E (GPC-1, no ozone).
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Figure E.6. OPC measurements of aerosol particles during Expt 3F (GPC-1, with ozone).
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Figure E.7. OPC measurements of aerosol particles during Expt 3G (GPC-1, with ozone).
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Figure E.8. OPC measurements of aerosol particles during Expt 3H (GPC-1, with ozone).
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Figure E.9. OPC measurements of aerosol particles during Expt 31 (water mopping, with ozone).
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Figure E.10. OPC measurements of aerosol particles during Expt 3J (AFR-1 at setting 1).
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Figure E.11. OPC measurements of aerosol particles during Expt 3K (AFR-1 at setting 3).
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Figure E.12. Response of ozone analyzer in experiment 3A (no ozone in supply air).
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Figure E.13. Response of ozone analyzer in experiment 3B (no ozone in supply air).
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Figure E.14. Response of ozone analyzer in experiment 3C (ozone in supply air).
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Figure E.15. Response of ozone analyzer in experiment 3D (no ozone in supply air).
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Figure E.16. Response of ozone analyzer in experiment 3E (no ozone in supply air).
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Figure E.17. Response of ozone analyzer in experiment 3F (ozone in supply air).

320



140 '

=

[EEY

o N

o o
| |

o

80 -

60 7~

3
40 - :
*

ozone concentration (ppb)

20 A

0 |

$ B
M Exp. 3G (GPC-1)

supply air

A *

chamber air v

v s

-2 0

2 4 6 8 10 12
time (h)

Figure E.18. Response of ozone analyzer in experiment 3G (ozone in supply air).
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Figure E.19. Response of ozone analyzer in experiment 3H (ozone in supply air).

321



140

el o

o O 9N

© O O
| | |

ozone concentration (ppb)

60*“

( 4

'0

S ozone in supply air

MO g

ozone in chamber

40 -
20 A Exp. 31 (mop with H,0)
0 T T T ‘ ‘ | |
2 0 2 4 6 8 10 12
time (h)

Figure E.20. Response of ozone analyzer in experiment 31 (ozone in supply air).
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Figure E.21. Response of ozone analyzer in experiment 3J (ozone in supply air starting at t=0).
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Figure E.22. Response of ozone analyzer in experiment 3K (ozone in supply air starting at t=0).
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Figure E.23. Chamber air temperature versus time in experiments 3A, 3B, and 3C.
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Figure E.24. Chamber air temperature versus time in experiments 3D, 3E, 3F, 3G, and 3H.
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Figure E.25. Chamber air temperature versus time in experiments 3J and 3K.
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Figure E.26. Chamber relative humidity versus time in experiments 3A, 3B, and 3C.

327



65 —exp. 3D: noozone  —exp. 3E: no ozone
—exp. 3F: with ozone =—exp. 3G: with ozone
60 | — exp. 3H: with ozone

relative humidity
»ON
o o1

w
o1
|

3F

30

-120 0 120 240 360 480 600 720
experiment time (min)

Figure E.27. Chamber relative humidity versus time in experiments 3D, 3E, 3F, 3G, and 3H.
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Figure E.28. Chamber relative humidity versus time in experiments 3J and 3K.
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