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Abstract
The use of household cleaning products can result in exposure to potentially haz-
ardous volatile and semi-volatile organic compounds (VOCs and SVOCs). “Green” 
cleaning products have become increasingly available, but there is no official “green” 
standard, and it is difficult for consumers to know what chemicals they may be ex-
posed to while cleaning. We measured air concentrations of 46 VOCs and SVOCs of 
concern released from conventional and “green” cleaning products during both real-
world household cleaning and a controlled chamber environment, with a focus on 
chemicals that might increase women's risk of breast cancer, including possible carcin-
ogens, reproductive/developmental toxicants, or endocrine disruptors. Air samples 
were analyzed using gas chromatography–mass spectrometry and high-performance 
liquid chromatography. First, in a study of 50 women cleaning their own homes using 
either conventional or “green” cleaning products, we recorded the products used and 
collected air samples from the breathing zone to determine whether specific products 
or types of products were associated with increased concentrations of specific VOCs 
and SVOCs. The results showed that women who used conventional bleach products, 
disinfecting wipes, and dish soap had higher breathing zone air concentrations of sev-
eral VOCs, including chloroform, carbon tetrachloride, hexaldahyde, and 1,4-dioxane, 
than women who did not use these products. While fewer “green” products were 
associated with increases in VOC air concentrations, use of “green” all-purpose clean-
ers was associated with increases in air concentrations of some fragrance chemicals 
of concern. In the laboratory, we then selected 9 of the most common conventional 
products and 7 “green” products used in the in-home study for measurement of the 
same VOCs using a continuous stirred cylindrical flow-through chamber. We found 
that 75% of the highest VOC emissions were emitted by conventional cleaning prod-
ucts, but we also identified VOC emissions of concern from green products. VOC 
emissions in the chamber largely agreed with the modeled associations from real-
world cleaning.
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1  |  INTRODUC TION

The use of household cleaning products can result in exposure to 
potentially hazardous volatile and semi-volatile organic compounds 
(VOCs and SVOCs, respectively).1,2 In laboratory chamber experi-
ments, application of household cleaners increased air concentra-
tions of terpenes, glycol ethers, aldehydes, and other chemicals.3,4 
An experiment in a controlled bathroom setting showed that 10-min 
cleaning sessions using all-purpose cleaner, glass cleaner, and bath-
room cleaner increased total VOC concentrations for up to 20 min 
following the cessation of cleaning tasks.5 Other studies suggest 
that elevated VOC concentrations may persist for several hours, 
extending exposure beyond the time of active household clean-
ing and potentially exposing other residents, including children.1 
Several studies have linked VOC exposure from cleaning products to 
acute health effects, including asthma and respiratory irritation.6,7 
However, few studies have examined exposures to carcinogens, re-
productive toxicants, and endocrine disruptors that are present in 
cleaning products and may have chronic effects on women's health. 
Because women are often the principal cleaners in the home en-
vironment, we focused on exposures in housecleaning products 
that might increase the risk of breast cancer and other reproductive 
harm.

It is difficult for consumers to know whether they are exposed 
to carcinogens, reproductive/developmental toxicants, or endocrine 
disruptors from their cleaning products. The U.S. Environmental 
Protection Agency (EPA) requires disclosure of active ingredients or 
ingredients that kill bacteria, viruses, or mold and the U.S. Consumer 
Product Safety Commission (CPSC) requires labelling for acute poi-
soning prevention,8 but there is no U.S. federal law requiring that all 
ingredients be listed on the cleaning product label. This absence of 
ingredient transparency makes it challenging for consumers to avoid 
ingredients of public health concern. Cleaning products marketed 
as “green,” implying that they are lower in hazardous ingredients 
or safer for human health and/or the environment, have become 
increasingly available. However, there is no official designation of 
“green” and no standard certification to ensure that products mar-
keted as “green” are lower in chemicals of concern.

In the LUCIR study, an intervention study of 50 women clean-
ing their own homes, we recently demonstrated that personal air 
concentrations of 17 chemicals of concern for breast cancer (i.e., 
suspected carcinogens, reproductive toxicants, or endocrine dis-
ruptors) decreased when women switched from their usual conven-
tional cleaning products to cleaning products marketed as “green.”9 
However, concentrations of several fragrance compounds, including 
one carcinogen (β-myrcene) and two suspected endocrine disruptors 
(celestolide and galaxolide), increased when women cleaned with 
the “green” products. The previous publication only showed overall 

changes in concentrations when using conventional versus “green” 
products; we were not able to determine which individual products 
or types of products most contributed to personal exposure.

In the present analysis, we expand on our previous study by ex-
amining the VOC and SVOC emissions associated with use of spe-
cific conventional and “green” products. We first examined personal 
air monitoring data from the LUCIR intervention study to determine 
whether the use of specific products was associated with increased 
exposure to VOCs and SVOCs of concern in a real-world, in-home 
setting. We then conducted chamber analyses of 9 of the most com-
mon conventional products and the 7 “green” products used in the 
LUCIR intervention. The purpose of this research was to identify 
chemical exposures associated with common conventional cleaning 
products and with their “green” counterparts to inform interventions 
to reduce exposure.

2  |  METHODS

We examined air concentrations of 36 VOCs and 10 SVOCs in clean-
ing products under real-world household cleaning conditions and 
36 VOCs in a controlled chamber environment. (Due to resource 
constraints, the 10 SVOCs were not included in the chamber analy-
sis.) VOCs and SVOCs of interest were chosen a priori because they 
are suspected carcinogens or reproductive toxicants according to 
California's Proposition 65 list10 or were potential endocrine disrup-
tors according to The Endocrine Disruption Exchange (TEDX) list.11 
A complete list of the target VOCs and SVOCs selected a priori is 
shown in Table S1 in Appendix S1.

2.1  |  Personal air sampling during 
household cleaning

First, we used data from the LUCIR Study in Salinas, California9 to 
examine VOC and SVOC air concentrations in the breathing zone 
of 50 women as they cleaned their own homes under real-world 
conditions. At the first study visit, participants were asked to use 
their regular cleaning products and conduct their usual cleaning 
routines in the kitchen and bathroom for 30 min total. Staff re-
corded the brand, name, and bar code of all cleaning products that 
were used during the visit. For the second study visit, scheduled 
1 week later, participants were again asked to conduct their usual 
cleaning routine in the kitchen and bathroom, but were given 7 
“green” cleaning products to use instead of their regular prod-
ucts. All participants received the same “green” products—two 
all-purpose cleaners, disposable wipes, powder cleanser, toilet 
bowl cleaner, dish soap, and a homemade glass cleaner made from 

K E Y W O R D S
emissions testing, household cleaning products, personal air monitoring, volatile organic 
compounds
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water, white vinegar, and the dish soap. The “green” products were 
from national brands that marketed themselves as being “natural,” 
“plant-based,” “safe,” “non-toxic,” or “free of harsh chemicals.” The 
selected “green” products were locally available and were of simi-
lar prices to locally available conventional products. Participants 
selected which of the “green” products to use and again, staff re-
corded which cleaning products were used. At both visits, staff 
also recorded the ventilation conditions in the home (researcher's 
observation of open windows or doors or use of fans, air condi-
tioning, or exhaust hood at time of visit) and use of air fresheners 
(participant's reported use of any of eight different types of air 
fresheners that day or researcher's observation of air freshener 
use at time of visit).

Air sample collection and analysis methods have been described 
previously.9 Briefly, three parallel air samples were collected from 
the breathing zone during each 30-min cleaning session using a 
backpack sampler worn by the participant. Two air samples were col-
lected at 100 ml/min according to U.S. EPA Method TO-17,12 using 
a Carbopack multibed thermal desorption tube (Supelco, Bellefonte 
PA, 28286-U) for measurement of VOCs and a Tenax TA thermal 
desorption tube (Supelco, Bellefonte PA, 28281-U) for measurement 
of SVOCs. The third air sample was collected at 1 L/min according to 
U.S. EPA Method TO-11A,12 using a silica gel cartridge coated with 
2,4-dinitrophenylhydrazine (DNPH) (Waters corporation, Milford 
MA, XPoSure Aldehyde Sampler P/N WAT047205) with ozone 
scrubbers installed upstream (P/N WAT054420) for measurement 
of aldehydes. Before and after each sampling event, actual sampling 
flow rates were recorded using DryCal flow meters (Mesa Labs, 
Lakewood, CO, Defender Model 510). Field blanks were collected 
for each sample media at 12% of the locations by shipping/handling/
installing sampling tubes/cartridges onto the backpack sampler in 
the field then collecting the tubes without drawing air through 
the pumps. After use, sampling media were stored at −30 C and 
shipped weekly to Lawrence Berkeley National Laboratory (LBNL) 
for analysis.

Volatile and semi-volatile organic compound tubes were an-
alyzed after spiking with internal standard using an autosampler 
(Gerstel, Linthicum, MD, Model TDSA2), thermal desorption oven 
(Model TDS3), and cryogenically cooled injection system (Model 
CIS4) coupled with gas chromatography/mass spectrometry (Agilent 
6890/5973 and Agilent 7890A/5977B for the VOC and SVOC 
analysis, respectively). Multipoint calibrations were prepared from 
pure standards for all target VOCs and SVOCs and the response 
for each analyte was normalized to the internal standard response. 
The DNPH-coated cartridges were extracted with 2  ml of high 
purity acetonitrile (P/N 018-4, Burdick & Jackson) and analyzed 
by high-performance liquid chromatography (HPLC; 1200 Series; 
Agilent Technologies). Multipoint calibration curves were prepared 
from certified standard hydrazone derivatives of all target analytes 
(CRM47651: Sigma-Aldrich). The average field blank air concentra-
tion of each analyte was subtracted from calculated air concentra-
tions to yield blank-subtracted air concentrations (μg/m3) for each 
sample.

We obtained complete air concentration data for all participants 
in the first home visit when they used their regular products (n = 50). 
However, 5 participants accidentally used a conventional product at 
the second visit and one Carbopack sorbent tube was damaged in 
the field, resulting in 44 air samples from the “green” product use at 
the second visit.

For our analysis of personal air concentrations associated with 
in-home product use, we limited statistical analyses to the 30 VOCs 
and 10 SVOCs that were detected in at least 60 percent of samples. 
Concentrations below the method detection limit (MDL) were as-
signed the machine-read concentration if available or imputed with 
a random value <MDL based on the log-normal distribution.13 Air 
concentrations were log10 transformed for analysis.

Linear regression models were used to obtain percent change in 
air concentration associated with in-home use of different cleaning 
products (used vs. did not use). At the first visit, participants could 
use any conventional cleaning products they wanted resulting in a 
very large number of different products used. Thus, for the conven-
tional products analyses, we classified products by type (e.g., any 
bleach product, any dish soap). At the second visit, participants were 
given only 7 “green” products to choose from, so the “green” prod-
uct models examined use of individual “green” products rather than 
product types. All models adjusted for use of ventilation (yes/no) and 
air fresheners (yes/no). Analyses were conducted using Stata version 
15 (StataCorp). Statistical significance was considered at α = 0.05.

2.2  |  Emission testing in continuous 
stirred chamber

Because environmental conditions in homes and product application 
amounts and methods varied, including the use of multiple products 
during a given cleaning event, we also analyzed VOC emissions in a 
controlled chamber analysis. To evaluate individual cleaning prod-
ucts, we selected 9 of the most popular conventional products used 
by participants plus the 7 “green” products given to the participants 
for inclusion. The 9 conventional products chosen for analysis were 
the 4 most popular all-purpose cleaners used by participants, plus 
the most popular cleaning wipes, dish soap, glass/window cleaner, 
powder cleaner, and toilet bowl cleaner. These products were used 
by 8%–42% of participants (Table 1). The 9 conventional products 
were selected to be parallel to the 7 “green” products given to par-
ticipants, which consisted of 2 brands of all-purpose cleaners, and 
one each of cleaning wipes, dish soap, glass/window cleaner, powder 
cleaner, and toilet bowl cleaner.

Emission testing was conducted in a 0.395 m3 continuous stirred 
cylindrical frame flow-through chamber (“chamber”) at Lawrence 
Berkeley National Laboratory in October 2020. The chamber was 
constructed with a Teflon-coated aluminum frame wrapped in a 
transparent Teflon film to minimize the interaction of pollutants with 
the chamber walls.14 The chamber was uniformly mixed using a ro-
tating impeller to insure that measurements collected from the sam-
pling ports were representative of the concentration at any point 
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within the chamber.14 Tests were conducted in ambient laboratory 
conditions at an average temperature of 29.1°C (range 25.7–32.4°C) 
and an average relative humidity of 33.9% (range 14.5%–52.1%). The 
chamber was not equipped with heating or cooling elements. The 
ventilation rate was set to 5 changes per hour in order to approxi-
mate the near field exposure concentration, or the exposure concen-
tration for the space around the emission source and the breathing 
zone.15,16

For each test, the chamber was flushed with clean air for 3 to 6 air 
changes, then, a clean glass sampling dish (Pyrex, 33.5 × 5.1 × 22.6 cm 
inch) was placed in the test chamber for 15 min (1.25 air changes). 
Next, one cleaning product was applied to the sampling dish in ac-
cordance with the cleaning product type. For example, with products 
in a spray bottle, 2–3 sprays were applied to the dish; with liquid or 
powder products, 10 ml were applied with or without water, as ap-
propriate; with cleaning wipes, 2 wipes were used (see Table S2 for 

product-specific application methods). Mass of product applied was 
noted in grams by weighing the product container before and after 
application. Single-ply cellulose wipes (Kimtech Science Kimwipes, 
Kimberly-Clark Professional) were used to spread products evenly 
across the surface of the sampling plate and the used wipe was left 
in the chamber for the remainder of the test. One hour following 
the product application, the sampling tray was removed, and sam-
pling continued for 45 more minutes. This sampling procedure was 
repeated for each of the 16 cleaning products. A new, clean sampling 
dish was used for each test. However, the surfaces inside the cham-
ber were not cleaned between tests.

VOCs sample collection and analysis were the same as described 
earlier for personal sampling in the home except that samples were 
collected using peristaltic pumps (Cole-Parmer Model No. 7553-70) 
calibrated to pull air through the sorbent tubes at approximately 
20 ml/min and through the DNPH-coated cartridges at approxi-
mately 1.25 L/min. Samples were collected for the 1 h and 45 min 
encompassing the application and clearance period of each test. Due 
to laboratory availability, we were unable to use Tenax TA thermal 
desorption tubes (Supelco, Bellefonte PA) for the measurement of 
SVOCs during chamber testing. Therefore, only 36 analytes were 
investigated. Three blanks were collected during emissions testing 
by installing the sampling tube and cartridge and following the sam-
ple collection protocol without any product application. The aver-
age chamber blank air concentration of each analyte was subtracted 
from calculated air concentrations to yield blank-subtracted air con-
centrations (μg/m3) for each sample. Blank-subtracted air concen-
trations were converted to a time-averaged emission rate over the 
sampling period in units of micrograms of chemical emitted per gram 
of product used (μg/g), using the air flow rate through the chamber, 
product application mass and sample duration.17

3  |  RESULTS

3.1  |  In-home cleaning

A list of the most commonly used products and their frequency of 
use during in-home cleaning is shown in Table  1. Almost 200 dif-
ferent cleaning products, many of which were different fragrances 
or formulations of the same brand, were used during the regular 
cleaning session when participants used their own cleaning prod-
ucts. Dish soap was the most commonly used product (used by 82% 
of participants), followed by bleach products (72% of participants) 
and glass/window cleaners (54% of participants). Disinfecting wipes 
and toilet bowl cleaners were used by 26% and 24% of participants, 
respectively.

During the intervention visit when participants chose from the 7 
provided “green” cleaning products, the most commonly used prod-
ucts were the “green” toilet bowl cleaner (91%) and the two “green” 
all-purpose cleaners (84% and 86%). Almost all participants (94%) 
used air fresheners during their regular cleaning or earlier that day 
and most participants (74%) used some form of ventilation (open 

TA B L E  1 Frequency of use of conventional and “green” cleaning 
products during in-home cleaning, LUCIR Study, Salinas, California, 
2019.

Product n (%)

Visit 1: Conventional product use (N = 50 homes)

Most commonly used types of products:

Any products containing bleach 36 (72)

Any disinfecting wipes 13 (26)

Any dish soap 41 (82)

Any glass/window cleaner 27 (54)

Any toilet bowl cleaner 12 (24)

Most commonly used individual products:

All-Purpose Cleaner 1 (APC1) 9 (18)

All-Purpose Cleaner 2 (APC2) 12 (24)

All-Purpose Cleaner 3 (APC3) 9 (18)

All-Purpose Cleaner 4 (APC4) 7 (14)

Cleaning Wipes 1 (CW1) 8 (16)

Dish Soap 1 (DS1) 21 (42)

Glass/Window Cleaner 1 (GWC1) 15 (30)

Powder Cleanser 1 (PC1) 4 (8)

Toilet Bowl Cleaner 1 (TBC1) 6 (12)

Visit 2: “Green” Product Use (N = 44 homes)a

Most commonly used individual products:

All-Purpose Cleaner 5 (APC5) 37 (84)

All-Purpose Cleaner 6 (APC6) 38 (86)

Cleaning Wipes 2 (CW2) 21 (48)

Dish Soap 2 (DS2) 34 (77)

Glass/Window Cleaner 2 (GWC2) 33 (75)

Powder Cleanser 2 (PC2) 28 (64)

Toilet Bowl Cleaner 2 (TBC2) 40 (91)

aFive homes were excluded from the analysis because the participant 
accidently used a conventional cleaning product during the “green” 
product only cleaning session, one home was excluded because 
laboratory analysis could not be completed.
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windows/doors or use of fans/air conditioning/hood exhaust) during 
their regular cleaning (not shown). Air freshener use decreased 
slightly to 89% and ventilation use increased slightly to 80% during 
the intervention visit when participants cleaned with “green” clean-
ing products.

Associations of personal air concentrations of target VOCs 
and SVOCs with use of specific conventional cleaning products 
are shown in Table  2. Air concentrations of chloroform and car-
bon tetrachloride were 1131% and 179% higher, respectively, in 
the breathing zones of participants who used products contain-
ing bleach while cleaning their homes compared to those who 
did not, after controlling for air freshener use and household 
ventilation. Benzaldehyde and hexaldehyde concentrations were 
99% and 169% higher among participants who used conven-
tional disinfecting wipes compared to those who did not. Using 
conventional dish, soap was associated with increased personal 
air concentrations of 1,4-dioxane (241% increase), benzene (113% 
increase), m/p-xylene (310% increase), o-xylene (327% increase), 
styrene (142% increase), hexane (407% increase), heptane (220% 
increase), octamethylcyclotetrasiloxane (D4) (414% increase), and 
β-myrcene (528% increase).

The use of some conventional cleaning products was associated 
with lower concentrations of target VOCs and SVOCs, possibly 
because these products were used instead of other products con-
taining those chemicals. The use of products containing bleach was 
associated with 61% lower concentrations of galaxolide. The use 
of conventional disinfecting wipes was associated with 65% lower 
1,4-dioxane concentrations. Carbon tetrachloride concentrations 
were 71% lower among participants who used conventional dish 
soap. Conventional glass/window cleaner use was associated with 
decreased chloroform (68% decrease) and benzaldehyde (44% de-
crease) air concentrations.

In the intervention visit, the use of certain “green” products was 
also associated with changes in air concentrations of target VOCs 
and SVOCs (Table  S3). Specifically, we saw higher breathing zone 
air concentrations of 1,4-dioxane (176% increase), celestolide (162% 
increase), and galaxolide (146% increase) among participants who 
used one of the “green” all-purpose cleaners (APC5) compared with 
those who did not. We also saw higher concentrations of tonalide 
(100% increase) among participants who used the “green” cleaning 
wipes (CW2) compared to those who did not. Conversely, use of the 
other “green” all-purpose cleaner (APC6) was associated with lower 
concentrations of ethylbenzene (71% decrease), o-xylene (72% de-
crease), and D4 (89% decrease). Use of the “green” dish soap (DS2) 
was associated with lower concentrations of diethyl phthalate (47% 
decrease), cashmeran (81% decrease), galaxolide (51% decrease), and 
tonalide (59% decrease). Use of the “green” powder cleaner (PC2) 
was associated with lower concentrations of celestolide (50% de-
crease). The use of the “green” toilet bowl cleaner (TBC2) was as-
sociated with lower concentrations of naphthalene (73% decrease), 
2-ethylhexanol (91% decrease), o-xylene (76% decrease), benzalde-
hyde (72% decrease), diisobutyl phthalate (61% decrease), and cash-
meran (85% decrease).

3.2  |  Chamber analysis

The results of the chamber analyses to quantify VOC emissions from 
9 of the most commonly used conventional cleaning products and 
all 7 of the “green” products provided by the study in a controlled 
laboratory setting are shown in Figure 1. Among the 36 VOCs ana-
lyzed, 28 were emitted from at least one product; 26 were emitted 
from at least one conventional product and 18 were emitted from at 
least one “green” product. Twenty-one (75%) of the VOC emissions 
were highest among a conventional product, and 7 (25%) were high-
est among “green” products.

One of the conventional all-purpose cleaners (APC1) emit-
ted the highest amounts of chloroform (65.8  μg/g) and carbon 
tetrachloride (11.2  μg/g). APC1 also emitted the most tetrachlo-
roethylene (0.26 μg/g), benzene (0.32 μg/g), toluene (1.59 μg/g), 
and heptane (0.45 μg/g). APC2 emitted the most trichloroethene 
(0.35 μg/g), 1,4-dioxane (9.9  μg/g), ethylene glycol monobutyl 
ether (EGBE) (95.41 μg/g), and diethylene glycol monobutyl ether 
(DGBE) (>425.16 μg/g, above instrument limit of quantification). 
APC3 emitted the highest level of benzaldehyde (2.44 μg/g) and 
β-myrcene (15.77 μg/g). APC4 emitted the highest level of formal-
dehyde (6.76 μg/g). The conventional cleaning wipes (CW1) emit-
ted the highest amount of hexaldehyde (65.5  μg/g), ethylbenzene 
(0.36 μg/g), styrene (0.26 μg/g), and 2-ethylhexanol (2.75 μg/g). The 
conventional dish soap (DS1) emitted the second highest amounts 
of 1,4-dioxane (1.5  μg/g). The conventional glass/window cleaner 
emitted the highest levels of TXIB/Kodaflex (6.01 μg/g) and D4 
(0.07 μg/g). The conventional toilet bowl cleaner (TBC1) emitted 
the highest level of acetaldehyde (1.93 μg/g) and the conventional 
powder cleanser (PC1) emitted the highest amount of phenol 
(>72.62 μg/g, above instrument upper limit of quantification). PC1 
also emitted the second highest amount of chloroform (10.2 μg/g). 
Chloroform appeared to be emitted from every product tested, al-
beit in much smaller amounts relative to APC1 and PC1—the next 
highest amount emitted was 0.6 μg/g from APC2.

Among the “green” products, APC5 emitted the highest levels 
of m/p-xylene (0.87 μg/g) and crotonaldehyde (5.78 μg/g), and APC6 
emitted the highest levels of o-xylene (0.17 μg/g) and decamethyl-
cyclopentasiloxane (D5) (0.26 μg/g). The “green” homemade glass/
window cleaner (GWC2) appeared to emit the highest levels of 
methylene chloride (0.36 μg/g) and hexane (1.77 μg/g). The “green” 
toilet bowl cleaner (TBC2) emitted the highest level of butylbenzene 
(0.12 μg/g).

4  |  DISCUSSION

In a real-world, household cleaning setting, we found that women 
who used certain types of conventional cleaning products experi-
enced increased exposure to some VOCs and SVOCs of concern, 
including increased air concentrations of chloroform and carbon tet-
rachloride in the breathing zone of women using bleach-containing 
products, increased benzaldehyde and hexaldehyde exposure among 
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women using conventional cleaning wipes, and increased exposure 
to 1,4-dioxane, D4, β-myrcene, and several benzene derivatives 
among women using conventional dish soap. These chemical expo-
sures may arise from intentional ingredients in products, uninten-
tional impurities, or reactions created during the cleaning process. 
For example, chloroform and carbon tetrachloride are caused when 
the sodium hypochlorite in bleach reacts with soap or surfactants18 
while benzaldehyde and hexaldehyde can be formed when fragrance 
compounds react with ozone, hydroxyl radicals or nitrate radicals.1 
Of the chemicals associated with conventional dish soap use, D4 
(a cyclic siloxane used as a solvent and carrier in cleaners19) and β-
myrcene (a plant-derived fragrance compound) are likely intentional 
ingredients in product formulation, while the benzene derivatives 
are more likely to be trace impurities20 and 1,4-dioxane is an impu-
rity created as a by-product of surfactant synthesis.21 “Green” prod-
ucts were associated with fewer increases in air concentrations but 
still resulted in exposure to some chemicals of concern, particularly 
intentional fragrance compounds including polycyclic musks such as 
celestolide, galaxolide, and tonalide.

In chamber analyses, we were able to analyze emissions from all 
of the “green” products used in the in-home study but only from 
9 of many conventional products used. We found that 75% of the 
highest VOC emissions came from conventional cleaning products, 

but also identified VOC emissions from “green” products. Despite 
the fact that we were only able to analyze a small fraction of the 
conventional products used, the results of our analyses—from 
both real-world household cleaning and a controlled chamber 
environment—generally complement each other. Specifically, prod-
ucts containing bleach, namely APC1 and PC1, emitted the highest 
levels of chloroform and carbon tetrachloride in the chamber, which 
is consistent with our personal air sampling findings among women 
using bleach products in the home. The high emission of 1,4-dioxane 
from DS1, which was used by 42% of participants in the home, is con-
sistent with our observation of higher 1,4-dioxane concentrations 
in the homes of women using conventional dish soap. Conventional 
CW1 emitted the highest amount of hexaldehyde, which supports 
our finding that use of disinfecting wipes increased personal air con-
centrations of hexaldehyde in real-world household cleaning.

These results also support previous findings from the LUCIR 
study,9 in which we compared overall VOC and SVOC levels during 
the conventional versus “green” cleaning sessions. That study found 
significant decreases in air concentrations of several chemicals in-
cluding chloroform, carbon tetrachloride, 1,4-dioxane, and hexalda-
hyde, in the session when the “green” products were used compared 
to the conventional products. The LUCIR study also found an un-
expected increase in air concentrations of the fragrance chemicals 

F I G U R E  1 Emission of target VOCs from conventional and “green” cleaning products in stir chamber, LUCIR Study, 2020. Notes: APC, 
all-purpose cleaner; CW, cleaning wipes; DS, dish soap; GWC, glass/window cleaner; PC, powder cleaner; TBC, toilet bowl cleaner. †Above 
instrument upper limit of quantification.

APC1 APC2 APC3 APC4 CW1 DS1 GWC1 PC1 TBC1 APC5 APC6 CW2 DS2 GWC2 PC2 TBC2

65.84 0.56 0.03 0.05 0.05 0.04 0.38 10.19 0.09 0.37 0.13 0.03 0.04 0.20 0.01 0.02

11.21 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.07 0.00 0.00 0.00 0.00 0.00 0.01 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.36 0.00 0.00

0.11 0.35 0.00 0.00 0.03 0.03 0.20 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.26 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Chloroform 

Carbon tetrachloride 

Trichloroethene 

Tetrachloroethylene 

1,1-Dichloroethane 

1,2-Dichloroethane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1,4-Dioxane 0.00 9.88 0.76 0.00 0.00 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Naphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2-Ethylhexanol 0.00 0.00 0.00 0.00 2.75 0.00 1.47 0.00 0.15 0.92 0.00 0.00 0.00 0.00 0.00 0.20

TXIB/Kodaflex 0.29 0.85 0.41 0.31 0.44 0.25 6.01 0.50 0.15 2.41 2.73 0.43 2.76 1.29 0.35 0.11

Benzene 0.32 0.00 0.08 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Toluene 1.59 0.62 0.56 0.42 0.00 0.00 0.22 0.16 0.14 1.14 0.66 0.00 0.00 0.26 0.00 0.03

Ethylbenzene 0.26 0.26 0.08 0.06 0.36 0.00 0.21 0.05 0.06 0.21 0.25 0.01 0.00 0.11 0.02 0.02

m/p-Xylene 0.74 0.69 0.36 0.64 0.00 0.08 0.67 0.20 0.18 0.87 0.78 0.00 0.00 0.48 0.10 0.00

o-Xylene 0.15 0.09 0.08 0.13 0.00 0.00 0.13 0.03 0.02 0.08 0.17 0.00 0.00 0.08 0.00 0.00

Styrene 0.00 0.00 0.00 0.11 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Phenol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 72.62† 21.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Butylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12

Nitrobenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1,4-Dichlorobenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Formaldehyde 0.00 1.73 0.42 6.76 0.38 2.45 3.32 0.29 3.19 1.52 3.65 0.48 0.17 0.93 0.00 0.79

Acetaldehyde 0.00 1.02 0.11 0.28 0.00 1.76 0.00 0.00 1.93 0.00 0.00 0.20 0.00 0.22 0.00 0.25

Benzaldehyde 0.00 0.00 2.44 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Hexaldehyde 0.00 0.00 5.05 0.00 65.54 0.00 0.00 0.00 3.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Crotonaldehyde 1.92 2.07 0.00 0.70 0.31 0.20 0.00 0.60 0.00 5.78 0.34 1.23 0.00 0.51 0.13 1.46

Hexane 0.69 0.00 0.00 0.00 0.11 0.00 0.71 0.02 0.01 0.29 0.35 0.00 0.00 1.77 0.00 0.00

Heptane 0.45 0.42 0.00 0.05 0.05 0.03 0.28 0.07 0.07 0.00 0.00 0.00 0.05 0.14 0.00 0.08  Not detected

EGBE 0.00 95.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

DGBE 0.00 425.16† 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.01 - 0.1 μg/g

PGME 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

D4 0.03 0.02 0.03 0.00 0.00 0.01 0.07 0.00 0.00 0.06 0.04 0.00 0.00 0.07 0.00 0.01  0.1 - 1.0 μg/g

D5 0.14 0.23 0.07 0.01 0.01 0.04 0.06 0.03 0.03 0.21 0.26 0.00 0.16 0.08 0.00 0.16

Nonylphenol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  1.0 - 100.0 μg/g

Octylphenol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Terpenes b-Myrcene 2.91 0.00 15.77 2.95 2.14 13.21 4.56 0.98 0.00 14.97 13.61 1.09 0.00 0.00 0.00 1.10  >100 μg/g

"Green" Products

Halogenated 

hydrocarbons

Other

Benzene 

derivatives

Aldehydes

Alkanes

Glycol Ethers

Siloxanes

Alkylphenols

Conventional Products
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β-myrcene, celestolide, and galaxolide. The chamber analyses of the 
present study show that “green” products APC5 and APC6 emitted 
the second and third highest amounts of the terpene β-myrcene in 
the chamber experiments. The high use rates of these two “green” 
products—84% and 86%, respectively—likely contributed to the ob-
served increase in β-myrcene in the study. Although we were unable 
to measure SVOCs in our chamber experiments, in the in-home anal-
ysis we found that use of APC5 was associated with higher personal 
air concentrations of celestolide and galaxolide, which may account 
for the increase in these two synthetic musks in the intervention 
study. The use of fragrance chemicals, some of which may have both 
chronic and acute health effects, in “green” products warrants addi-
tional scrutiny.

The main strength of the current study is that data come from 
both real-world and laboratory settings and there is much agree-
ment between our findings from both. Our findings allow us to 
understand what VOCs are emitted from cleaning products into 
the breathing zone, thereby going beyond information that would 
be found on product labels and making our findings more relevant 
for reducing exposures. We analyzed a large number of VOCs and 
SVOCs (n = 46), making this one of the largest targeted analyses of 
cleaning product chemicals.

Still, our study has a few limitations. In our analysis of personal air 
concentrations during household cleaning, our models were based on 
the overall use of products (yes/no) rather than amount of product 
used. Because we did not account for the mass of product used, our 
results could have been influenced by participants using more of one 
product and less of another. This limitation motivated our chamber-
based emissions testing, where we were able to account for mass of 
product applied. Our analysis of personal air concentrations during 
household cleaning had a small sample size (N = 50) further limited 
by compliance and damage to sampling media, which could under-
power our results. Additionally, because participants were allowed 
to use any of their conventional cleaning products during the first air 
sampling visit, a large number of different products and formulations 
were used. Cell sizes were small for individual conventional cleaning 
product use, and we were forced to analyze associations with con-
ventional products by category of products rather than by individual 
cleaning products. We were unable to test all of these conventional 
products in the chamber analysis and were limited to the 9 most 
commonly used products which limits the comparability of our per-
sonal air sampling and the chamber results. Comparability was fur-
ther limited because we could not measure SVOCs in our chamber 
experiments. Lastly, the average temperature and relative humidity 
of our chamber testing may not have been representative of condi-
tions at the time of real-world air monitoring in all cases. However, 
much agreement exists where results are comparable.

Some unexpected findings from our chamber experiment may 
point to sample contamination or carryover between tests. First, 
GWC2 appeared to emit relatively high amounts of methylene chlo-
ride and hexane, but GWC2 was a simple homemade product made 
from tap water, white vinegar, and the “green” dish soap DS2, which 
did not emit either chemical. Since methylene chloride and hexane 

are common laboratory chemicals, it is possible that other activity in 
the laboratory contaminated the sample. Second, trace amounts of 
chloroform appeared to be emitted from all products in our chamber 
analysis. APC1, the bleach-containing product with the highest chlo-
roform emission, was the first product applied, followed by APC2, 
which did not contain bleach according to the label, but appeared 
to emit the third highest level of chloroform (order of product tests 
can be seen in Table S1). Although the chamber was flushed with air 
between runs and a clean sampling plate was used for each test, the 
chamber interior surfaces were not cleaned between tests. We only 
collected three blanks throughout the duration of chamber test-
ing and cannot report on blank concentrations between each test. 
Therefore, carryover between product applications cannot be ruled 
out. Finally, our chamber experiment findings are limited because 
they are based on only one round of sampling.

The present analysis focused on chemicals that were suspected 
carcinogens, endocrine disruptors, or reproductive/developmental 
toxicants, but it should be noted that these are not the only chemi-
cals of concern found in cleaning products. Many cleaning products 
also include acute respiratory or skin irritants that were not the 
focus of our analysis. For example, vinegar was a component of the 
homemade “green” glass cleaner given to study participants, despite 
the fact that acetic acid is a known asthmagen. Although this anal-
ysis focused on non-irritant compounds, both non-irritant and irri-
tant ingredients are important considerations for choosing cleaning 
products. Overall, we provided evidence of which conventional and 
“green” cleaning products or types of products contributed most to 
a variety of exposures of public health concern. While switching to 
“green” products can decrease exposure to many carcinogens, re-
productive/developmental toxicants, and suspected endocrine dis-
ruptors,9 we did see elevated levels of some chemicals, specifically 
fragrance chemicals, associated with use of some “green” cleaning 
products. Thus, choosing “green” products without fragrance might 
also decrease exposure to both natural and synthetic fragrance com-
pounds and the volatile organic compounds that form from reactions 
with them. Improving knowledge of and access to fragrance-free 
“green” cleaning products can reduce household exposures to chem-
icals of public health concern. Moreover, cleaning product manufac-
turers should consider actions to minimize consumer exposure to 
known or suspected carcinogens, reproductive/developmental tox-
icants, or endocrine disruptors, such as product reformulations and 
transparent labeling.
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