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Original Investigation
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Abstract

Introduction. Toxic tobacco smoke residue, also known as thirdhand smoke (THS), can persist in 
indoor environments long after tobacco has been smoked. This study examined the effects of dif-
ferent cleaning methods on nicotine in dust and on surfaces.
Aims and Methods. Participants had strict indoor home smoking bans and were randomly as-
signed to: dry/damp cleaning followed by wet cleaning 1 month later (N = 10), wet cleaning fol-
lowed by dry/damp cleaning (N = 10) 1 month later, and dry/damp and wet cleaning applied the 
same day (N = 28). Nicotine on surfaces and in dust served as markers of THS and were measured 
before, immediately after, and 3 months after the cleaning, using liquid chromatography with triple 
quadrupole mass spectrometry (LC–MS/MS).
Results. Over a 4-month period prior to cleaning, surface nicotine levels remained unchanged 
(GeoMean change: −11% to +8%; repeated measures r = .94; p < .001). Used separately, dry/damp 
and wet cleaning methods showed limited benefits. When applied in combination, however, we ob-
served significantly reduced nicotine on surfaces and in dust. Compared with baseline, GeoMean 
surface nicotine was 43% lower immediately after (z = −3.73, p < .001) and 53% lower 3 months later 
(z = −3.96, p < .001). GeoMean dust nicotine loading declined by 60% immediately after (z = −3.55, 
p < .001) and then increased 3 months later to precleaning levels (z = −1.18, p = .237).
Conclusions. Cleaning interventions reduced but did not permanently remove nicotine in dust and 
on surfaces. Cleaning efforts for THS need to address persistent pollutant reservoirs and replenish-
ment of reservoirs from new tobacco smoke intrusion. THS contamination in low-income homes 
may contribute to health disparities, particularly in children.
Implications. Administered sequentially or simultaneously, the tested cleaning protocols reduced 
nicotine on surfaces by ~50% immediately after and 3 months after the cleaning. Nicotine dust 
loading was reduced by ~60% immediately after cleaning, but it then rebounded to precleaning 
levels 3 months later. Cleaning protocols were unable to completely remove THS, and pollutants in 
dust were replenished from remaining pollutant reservoirs or new secondhand smoke intrusion. To 
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achieve better outcomes, cleaning protocols should be systematically repeated to remove newly 
accumulated pollutants. New secondhand smoke intrusions need to be prevented, and remaining 
THS reservoirs should be identified, cleaned, or removed to prevent pollutants from these reser-
voirs to accumulate in dust and on surfaces.

Introduction

Toxic tobacco smoke residue can persist for extended periods of 
time after tobacco has been smoked in homes, used cars, rental 
cars, hotel rooms, casinos, and in educational and medical settings 
where tobacco smoke pollutants have been brought in from the 
outside.1–12 Also known as thirdhand smoke (THS), this residue 
accumulates in dust and on surfaces and can become embedded in 
materials where it creates long-term reservoirs of pollutants.13,14 
From these reservoirs, volatile compounds can be reemitted and 
particulate matter can become resuspended, allowing THS pol-
lutants to cause exposure and human health risks through in-
halation, dermal transfer, and ingestion long after smoking 
has occurred.15,16 Young children are especially at risk due to 
hand-to-mouth behavior, small body size, increased inhalation 
rate, immature organ and immune systems, and activity near sur-
faces where pollutants accumulate.17

Secondhand smoke (SHS) is a dynamic mixture of more than 
7000 particulate and gas-phase compounds, and this mixture is the 
precursor of THS.18 The deposition, adsorption, and accumulation 
of SHS and its transition to THS have been studied in controlled 
chambers and in real-world field studies, and these processes are a 
function of smoking behavior (eg, frequency, duration, and type of 
tobacco products), the properties and interactions of the chemical 
constituents (eg, volatility, pH, and reactivity), and the environment 
in which they are emitted (eg, volume, surface material, humidity, 
and air exchange rate).15,19–24 The dynamic interaction of chemicals 
with surfaces in indoor environments is particularly significant for 
semi-volatile organic compounds (SVOCs) and their secondary pol-
lutants, many of which are known biologically active toxicants and 
federally regulated as hazardous air pollutants and California state-
regulated toxic air contaminants.15,24–30

While the pervasiveness and persistence of THS pollutants have 
been demonstrated across a wide variety of indoor environments, 
very little is known about how to reduce or remove THS pollution 
in contaminated environments. Existing research suggests that rou-
tine cleaning efforts in private homes and cars,2,31 and in hotels are 
unable to remove THS pollutants.3 This limitation may be in part be-
cause many household cleaners are alkaline (eg, soap and ammonia) 
causing some compounds to be volatilized (eg, free-base nicotine) 
and reemitted from their reservoirs and subsequently adsorb to other 
surfaces.32,33 Moreover, although cleaning may remove some THS 
from surfaces and dust, SVOCs embedded in materials (eg, carpets, 
upholstery, and walls) may simply reemit into the air, partition into 
the particulate phase, deposit back on surfaces, and accumulate in 
dust.34,35

One strategic consideration for cleaning up THS pollution is to 
target two of its major reservoirs: dust accumulation and adsorp-
tion to surfaces. For THS compounds that have accumulated in set-
tled house dust, removal through vacuuming, washing, and wiping 
should significantly reduce dust loading and, therefore, human 
exposure. For SVOCs in THS (eg, nicotine) that have adsorbed to 
material surfaces (eg, fibers of carpets, drapes, desks, and cabinets), 
the sequential use of alkaline (ie, ammonia), and acidic (eg, white 

vinegar) solutions may be more effective than either an alkaline or 
acidic cleaning solution alone. While the alkaline solution volatilizes 
nicotine bound on surfaces, the acidic solution turns the free nicotine 
compound into a stable salt that can then be more easily dissolved 
and removed.32

This study was designed to examine whether common household 
cleaning methods have a short-term and long-term impact on THS 
levels in THS polluted apartments as measured by nicotine levels in 
dust and on surfaces. Nicotine was used as a marker for THS as it is 
specific to tobacco smoke, validated and sensitive methods for detec-
tion on surfaces and in dust were available and levels are highly cor-
related with other toxic compounds in THS.13,14,36,37 Since smoking 
prevalence is higher among lower-income populations and SHS is 
higher in multiunit housing, this study focused on THS polluted 
apartments in low-income housing. We were specifically interested 
in examining the separate and combined impacts of dust removal 
using vacuuming and wiping surfaces (ie, dry/damp methods) and 
deep carpet cleaning and washing of materials and surfaces (ie, wet 
methods).38–40

Methods

Participants
After approval from the San Diego State University Institutional 
Review Board, participants were recruited into the study from 
prescreened multiunit housing homes (N = 220) found to have ele-
vated levels of THS pollution operationalized as nicotine surface 
concentrations ≥3.1  µg/m2. This cut-off is the lower-bound of the 
95% confidence interval (CI) of the geometric mean (GeoM) from 
a previous study of nonsmokers moving into homes previously 
occupied by smokers (GeoM = 10.0 μg/m2, 95% CI [3.1; 28.6]).2 
This cut-off is just above the upper bound of the 95% CI of the 
GeoM in nonsmokers’ homes who had lived there ≥6 months and al-
lowed no smoking or electronic cigarette use by residents or visitors 
(GeoM = 1.5 μg/m2, 95% CI [0.4; 3.0]).2 Procedures for recruiting 
participants into the screening phase of the study were previously 
described.41 Of the 220 prescreened homes, 79 had nicotine levels 
above the 3.1  µg/m2 cut-off. Of those, N  =  74 had strict indoor 
home smoking bans and planned to live in their homes for the next 
6 months, and N = 38 agreed to participate in the baseline, posttest, 
follow-up measures, and the cleaning intervention. None of the par-
ticipants dropped out after enrolling in the study. Participants signed 
informed consent and received incentives of up to $120.

Research Design and THS Cleaning Intervention
Participants were randomly assigned to one of three THS cleaning 
protocols. In group 1, N  =  10 homes received the “dry/damp 
cleaning,” followed by the “wet cleaning” one month later. In group 
2, N = 10 received the “wet cleaning” first, followed by the “dry/
damp cleaning” 1 month later. In group 3, N = 18 homes received 
all cleaning procedures on the same day. Figure 1 shows an overview 
of the research design and timing of the screening, baseline, posttest, 
and follow-up measurements.
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The cleaning was conducted by two different cleaning and res-
toration companies (D, W) who were given alternating assignments 
whenever possible. Company D cleaned eight homes in group 1, five 
in group 2, and nine in group 3. The corresponding assignments for 
company W were 2, 5, and 9, respectively. Before the cleaning, the 
crew supervisor and a research assistant met with the study partici-
pant at their home to review the planned procedures. The companies 
were provided with a written protocol and checklist, and an “assur-
ance of work completed” was signed by the study participant, the 
cleaning crew supervisor, and the company owner after the cleaning 
was completed. The median cleaning cost per home was $1234 
(interquartile range: [$984; $1752]).

Dry-Damp Cleaning
All horizontal and vertical hard surfaces in the home were wiped 
with alkaline Simple Green All-Purpose Cleaner (1 part Simple 
Green to 10 parts water), followed by acidic distilled white vinegar 
(1 part vinegar to 3 parts water). The vinegar solution was left for 
1–2 min dwell time on nonporous surfaces, and scrub brushes were 
used as needed. The cleaned surfaces included floors, walls, coun-
ters, ceilings, blinds, windows, and exterior sides of drawers, cab-
inets, and closets. Interiors of drawers, cabinets, and closets were 
only cleaned if participants emptied them, and <10% were cleaned. 

Floors, closets, upholstered furniture, and mattresses were vacuumed 
with high-efficiency particulate air (HEPA) filters to remove dust.

Wet Cleaning
Carpets, area rugs, and upholstered furniture and mattresses were 
steam cleaned using standard procedures, including an enzymatic 
preconditioner and hot water with a pH neutralizer. The study 
protocol stated that fabric curtains should also be steam cleaned, 
or taken off site for dry cleaning. Of the 10 homes with curtains, 
six were steam-cleaned on site, two were dry-cleaned off site, 
one was vacuumed, and one was deemed too fragile and was not 
cleaned.

Measures
After the initial screening (BL0) to determine eligibility, there were 
five additional visits in groups 1 and 2 to collect study measures: 
1 day prior to and 1 day after the first part of the cleaning inter-
vention (BL1, P1), 1 day prior to and 1 day after the second part 
of the cleaning intervention (BL2, P2), and at follow-up 3 months 
after the final cleaning (FUM3). In group 3, there were three add-
itional visits after the BL0 screening: 1 day prior to and 1 day after 
the combined cleaning intervention (BL1, P1) and at follow-up 
3 months later (FUM3). The average interval between BL0 and Bl1 

Figure 1. Overview of research design and measurements. MUH: Multiunit Housing; BL0: baseline 0; BL1: baseline 1; P1: posttest 1; BL2: baseline 2; P2; posttest2; 
FUM3: follow-up month 3
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was 120 days. Home visits took about 60–90 min and were con-
ducted from September, 2016 to April, 2018.

Interviews
Pairs of research assistants visited homes to collect samples and con-
duct in-person interviews about: tobacco and electronic cigarettes 
use overall and inside the home during the past 12 months; reported 
exposure to tobacco and electronic cigarettes away from home and 
at home during the 7 days prior to each home visit; and knowledge 
of building smoking restrictions inside apartments, on balconies and 
porches, and in indoor and outdoor common areas.

Surface Nicotine
Nicotine on surfaces is a specific marker of THS, representing 
SVOCs in THS on household surfaces. Two wipe samples and a 
field blank were collected at each home visit for analysis of nico-
tine using isotope-dilution liquid chromatography/triple quadru-
pole mass spectrometry (LC-MS/MS). Samples were collected in 
the room where residents had smelled the strongest tobacco odor, 
or if no odor was noted, in the living room. The wipe sample 
preparation and nicotine LC-MS/MS methods were published 
elsewhere, and additional details are provided in Supplementary 
Material.4 A wood vertical surface (eg, door panel) and a wood 
horizontal surface (eg, underneath a table, shelf, or desk) were 
sampled. In one home there was no wood horizontal surface, so 
two wood vertical surfaces were sampled. The nicotine levels of 
the two surface wipes were averaged for statistical analyses. Field 
blanks were collected in all homes; a random sample of 20% were 
analyzed. The individual field blank nicotine level (or the average 
field blank for the batch if the individual field blank was not ana-
lyzed) was subtracted from the corresponding sample level to de-
termine the blank-corrected surface nicotine level based on which 
all data analyses were conducted. Field blank values ranged from 
<LOQ of 0.30 ng/wipe to 1.31 ng/wipe (GeoM = 0.37 ng/wipe). 
The median nicotine level of the field blank was 1.2% of the 
median nicotine wipe sample (interquartile range, IQR: [0.1%; 
6.3%]).

Dust loading
Dust samples were collected from a 1-m2 area (or from a larger area 
if needed to collect ∼1 cm of dust in a collection bottle) at each home 
visit using a high-volume small-surface sampler cyclone vacuum 
(CS3, Model HVS4, Venice, FL). The median area vacuumed was 6.7 
m2 (IQR:1.0–13.2). Dust loading describes the overall dustiness of a 
home in grams of sieved dust collected per square meter vacuumed 
(g/m2).

Dust Nicotine
Nicotine in dust is a specific marker of THS, representing SVOCs 
in THS that have accumulated in settled house dust, and additional 
details are provided in the Supplementary Material. The dust sample 
preparation method and nicotine LC-MS/MS method were pub-
lished elsewhere.5 Levels of nicotine are reported in micrograms per 
gram of dust collected (μg/g; ie, concentration) and in micrograms 
per square meter vacuumed (μg/m2; loading).

Statistical Analyses
Logarithmic transformations were applied to all surface and dust 
nicotine measures to control for positively skewed distributions and 

heterogeneous residual variances. We compared group means at base-
line using linear regression models to determine whether randomization 
achieved equivalent groups with respect to participant and apartment 
characteristics, the time interval between measurements, and nicotine 
levels prior to the cleaning interventions. Changes in nicotine levels 
over time were examined separately within each group with mixed 
linear models, in which home was the random factor and time was the 
repeated-measures fixed factor. We estimated model parameters using 
restricted maximum likelihood estimation and allowing for unstruc-
tured residual variances. Specific comparisons between timepoints were 
tested using contrasts following model estimation. All statistical ana-
lyses were conducted using Stata version 16, and the Type I error rate 
was set at 5% (two-sided).42

Results

Characteristics of Participants and Their Homes
The median age of participants was 71.5 years, 74% (N = 28) were 
women; 39% (N = 15) were Latino/Hispanic, 34% (N = 13) White/
Caucasian, 13% (N = 5) Black/African American, 11% (N = 4) Asian 
American, and 3% (N  =  1) bi/multiracial. The median apartment 
size was 447 sqft (IQR: 370–671), and 76% of apartments were 
fully or partially carpeted. The apartment types were studio (45%, 
N = 17), followed by one-bedroom (26%, N = 10) and two-bedroom 
apartments (18%, N = 7). At the start of the cleaning intervention, 
participants had lived a median 5.0  years (IQR: 2.7–9.6) in their 
apartment. Supplementary Table 1 shows participants’: smoking 
status, home smoking policies, building smoking policies, and re-
ported smoke intrusion from neighbors.

Stability of Surface Nicotine Levels Before Cleaning
Table 1 shows that mean surface nicotine concentrations remained 
stable during the 4-month period between the BL0 and BL1 prior 
to the intervention (all p > .50) changing by ≤11% in each of the 
three groups. Similar to the stability in mean levels, Pearson correl-
ations between the BL0 and BL1 measures show strong linear asso-
ciations between surface nicotine levels over a 4-month period for 
the three groups combined (r = .94, p < .001) as well as individually 
(group 1: r = .87, group 2: r = .94, group 3: r = .95; all p < .001). 
Supplementary Figure 1 shows the scatterplot of the two measures 
with a linear fit line. Findings about the linear associations among 
nicotine levels measured over the course of the cleaning interven-
tions are reported in Supplementary Table 4.

Equivalence of Groups at Baseline
Baseline nicotine levels and the mean number of days between BL0 and 
BL1 are presented in Supplementary Table 2. Statistical comparisons 
of group means showed no significant differences (all p > .50) with 
respect to the time interval between BL0 and BL1, dust loading, dust 
nicotine concentration, and dust nicotine loading. In contrast, GeoM 
levels of surface nicotine at BL0 and BL1 differed significantly between 
cleaning intervention groups (p = .006 and .015) with the lowest levels 
in group 1 (BL1: 7.15 µg/m2, 95% CI: [2.98; 15.70]), the highest levels 
in group 2 (BL1: 61.57 µg/m2, 95% CI: [19.30; 191.92]), and inter-
mediate levels in group 3 (BL1: 19.51 µg/m2, 95% CI: [5.92; 59.82]).

Dry/Damp Cleaning
To examine the immediate effects of dry/damp cleaning, we compared 
pre–post changes in group 1 (BL1 vs. P1) and group 2 (BL2 vs. P2).  
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To examine the longer-term effects, we compared in group 1 the BL1 
to the BL2 measures taken ~30 days after the cleaning. Additionally, 
we compared in group 2 the BL2 to FUM3, the 3-month follow-up 
measures.

Surface Nicotine Loading
Surface nicotine levels before and after dry/damp cleaning are reported in 
Table 1. In group 1, dry/damp cleaning was associated with a decrease in 
GeoM surface nicotine concentration of 23% (BL1 vs. P1; p = .15) and 
38% (BL1 vs. BL2; z = −2.65, p = .008) immediately after and 30 days 
after the cleaning, respectively. In group 2, dry/damp cleaning was asso-
ciated with a 37% decrease (BL2 vs. P2; p = .26) comparing levels im-
mediately before to immediately after the cleaning. Three months after 
the cleaning, GeoM surface nicotine levels in group 2 remained at 47% 
lower levels (BL2 vs. FUM3; p = .20) than before the cleaning.

Dust Nicotine
Dust nicotine loadings before and after dry/damp cleaning are re-
ported in Table 2. In group 1, dry/damp cleaning was associated with 
a decrease in dust nicotine loading of 34% (BL1 vs. P1; p = .123) 
and 37% (BL1 vs. BL2; z  =  −1.89; p  =  .059) immediately after 
and 30 days after the cleaning, respectively. In group 2, dry/damp 
cleaning was associated with a 2% increase comparing levels (BL2 
vs. P2; p > .25) immediately before to immediately after the cleaning. 
Three months after the cleaning, GeoM dust nicotine loading in 
group 2 remained at 5% higher (BL2 vs. FUM3; p > .25) levels than 
before the cleaning. None of the observed changes in nicotine con-
centration (see Supplementary Table 3) were statistically significant 
(all p > .25).

Wet Cleaning
To examine the immediate effects of wet cleaning, we compared pre–
post changes in group 1 (BL2 vs. P2) and group 2 (BL1 vs. P1). To 
examine the longer-term effects, we compared in group 1 the BL2 to 
the FUM3 measures, the 3-month follow-up. Additionally, we com-
pared in group 2 the BL1 to BL2 taken ~30 days after the cleaning.

Surface Nicotine Loading
Surface nicotine levels before and after wet cleaning are presented 
in Table 1. In group 1, wet cleaning was associated with a 10% de-
crease comparing levels immediately before to immediately after the 
cleaning (BL2 vs. P2). Three months after the cleaning, surface nico-
tine concentrations in group 2 increased 1% compared with before 
the cleaning (BL2 vs. FUM3). In group 2, wet cleaning was associ-
ated with a decrease in GeoM surface nicotine levels of 4% (BL1 vs. 
P1) and 21% (BL1 vs. BL2). None of the observed changes in nico-
tine concentration were statistically significant (all p >.15).

Dust Nicotine
Changes in dust nicotine loadings before and after wet cleaning are 
shown in Table 2. In group 1, wet cleaning was associated with a 
58% decrease (BL2 vs. P2; p  =  .007), comparing levels immedi-
ately before to immediately after the cleaning. Three months after 
the cleaning, dust nicotine loading in group 1 remained at 39% 
lower levels than before the cleaning (BL2 vs. FUM3; p = .30). In 
group 2, wet cleaning was associated with a decrease in GeoM dust 
nicotine loading of 45% (BL1 vs. P1; p =  .22) and 15% (BL1 vs. 
BL2; p  =  .73) immediately after and 30  days after the cleaning, 
respectively.

Table 1. Surface wipe nicotine loading before and after the cleaning interventions

GeoMean,  
µg/m2 95% Confidence Interval

Percent change 

vs. BL0 vs. BL1 vs. BL2

Group 1 (N = 10)
Baseline 0-screening 7.7a,b,c [4.5; 12.9] Ref
Baseline 1 7.2d,e,f [3.0; 15.7] −7% Ref  
Dry/damp cleaning
Posttest 1 5.5g [2.5; 11.1] −28% −23%  
Baseline 2 4.4a,d,g [2.1; 8.7] −42% −38% Ref
Wet cleaning
Posttest 2 4.0b,e [1.8; 7.8]   −10%
Follow-up month 3 4.5c,f [2.0; 9.0]   1%
Group 2 (N = 10)
Baseline 0−—-Screening 57.1a,b [18.2; 175.3] Ref   
Baseline 1 61.6 [19.3; 191.9] 8% Ref  
Wet cleaning
Posttest 1 59.2c [11.1; 298.8] 4% −4%  
Baseline 2 48.9c [9.2; 242.0] −14% −21% Ref
Dry/damp cleaning
Posttest 2 31.0a [7.6; 118.4]   −37%
Follow-up month 3 25.7b [7.6 82.5]   −47%
Group 3 (N = 18)
Baseline 0-screening 21.9a,b [9.5; 49.0] Ref   
Baseline 1 19.5 [5.9; 59.8] −11% Ref  
Combination dry/damp and wet cleaning
Posttest 1 12.7a [5.4; 28.4] −42% −35%  
Follow-up month 3 8.1b [3.6; 17.1] −63% −58%  

Ref: reference group for the calculation of the percent change in GeoMean.
a,b,c,d,e,f,g Within each of the cleaning groups, pairs of letters indicate significant differences between GeoMeans (p <.05). 
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Dust nicotine concentrations before and after wet cleaning (see 
Supplementary Table 3) in group 1 was associated with a 32% re-
duction (p  =  .019) comparing levels immediately before to imme-
diately after the cleaning. Three months after the cleaning, dust 
nicotine concentrations in group 1 were 13% lower (p = .643) than 
levels than before the cleaning. In group 2, wet cleaning was associ-
ated with a 4% decrease (p = .78) and 11% increase (p = .23) imme-
diately after and 30 days after the cleaning, respectively.

Combination Dry/Damp and Wet Cleaning
Surface Nicotine Loading
Table  1 shows statistically significant improvements in GeoM 
surface nicotine levels after combined dry/damp/wet cleaning. In 
group 3, the combination cleaning was associated with a signifi-
cant decrease in GeoM surface nicotine loading of 35% (BL1 vs. 
P1; z  =  −3.36, p  =  .001) immediately after the cleaning. At the 
3-month follow-up, surface nicotine concentration remained sig-
nificantly lower than at baseline with a 58% reduction (BL1 vs. 
FUM3; z = −4.14, p = <.001).

Dust Nicotine
Table  2 shows statistically significant improvements in GeoM 
dust nicotine loading immediately after combined dry/damp/wet 
cleaning. In group 3, we observed a significant decrease in dust nico-
tine loading of 68% immediately after the cleaning (BL1 vs. P1; 
z = −3.36, p = .001). At the 3-month follow-up, nicotine loading was 
11% lower compared with baseline levels (BL1 vs. FUM3; p = .76).

Supplementary Table 3 shows that in group 3, the combination 
dry/damp/wet cleaning was associated with a significant decrease in 
dust nicotine concentration of 31% (BL1 vs. P1; z = −2.38, p = .017) 
immediately after the cleaning. At the 3-month follow-up, nicotine 
concentration had returned to baseline levels (0% change; p = .99).

Overall Change in THS Associated with the Cleaning 
Intervention
Because small sample sizes of the individual intervention groups 
limited the statistical power and because the homes of all three 
groups experienced the same cleaning regimens—though in dif-
ferent orders and in combination—we examined whether the overall 
cleaning efforts were associated with changes in surface and dust 
nicotine levels. Therefore, we pooled the data from the three cleaning 
groups and compared BL1 with P2 and FUM3 measures.

Table  3 shows the GeoM levels before and after the comple-
tion of all cleaning efforts for the three cleaning groups combined. 
Compared to BL1, surface nicotine levels after the cleaning inter-
ventions at P2 showed a significant reduction of 43% (BL1 vs. P2; 
z = −3.73, p < .001) and a 53% reduction 3 months later (BL1 vs. 
FUM3; z  =  −3.96, p < .001). Dust nicotine loading were signifi-
cantly lower by 60% at the end of the cleaning efforts (BL1 vs. P2; 
z = −3.55, p < .001), but the loading rebounded 3 months later, when 
the improvement was only 26% lower than at baseline (BL1 vs. 
FUM3; z = −1.18, p = .237). Compared to dust nicotine concentra-
tion at BL1, the cleaning efforts were not associated with any signifi-
cant changes at P2 (p = .369) and FUM3 (p = .565).

Discussion

This is the first study to examine the effects of cleaning interven-
tions for homes polluted with THS residue. Used separately, dry/
damp and wet cleaning methods showed only limited benefits 
with respect to surface and dust nicotine. The combination of the 
two methods, however, significantly reduced nicotine on surfaces 
and in dust, but the cleaning methods did not eliminate the THS. 
Compared to baseline, the cleaning efforts lowered mean surface 
nicotine levels by ~50% immediately after and 3 months after the 

Table 2. Dust nicotine loading before and after the cleaning interventions

GeoMean  
µg/m2 95% Confidence Interval

Change

vs. BL1 vs. BL2

Group 1 (N = 10)
Baseline 1 1.23a,b,c [0.31; 2.82] Ref
Dry/damp cleaning
Posttest 1 0.82 [0.30; 1.53] −34%  
Baseline 2 0.78a,d [0.19; 1.64] −37% Ref
Wet cleaning
Posttest 2 0.33b,d [0.07; 0.65]  −58%
Follow-up month 3 0.47c [0.23; 0.76]  −39%
Group 2 (N = 10)
Baseline 1 1.05 [0.05; 3.00] Ref  
Wet cleaning
Posttest 1 0.58 [0.05; 1.62] −45%  
Baseline 2 0.89 [0.16; 2.06] −15% Ref
Dry/damp cleaning
Posttest 2 0.91 [0.23; 1.96]  2%
Follow−up month 3 0.93 [0.34; 1.78]  5%
Group 3 (N = 18)
Baseline 1 1.33a [0.46; 2.72] Ref  
Combination dry/damp and wet cleaning
Posttest 1 0.42b [0.04; 0.95] −68%  
Follow-up month 3 1.19a,b [0.51; 2.17] −11%  

Ref: reference group for the calculation of the percent change in GeoMean.
a,b,c,d Within each of the cleaning groups, pairs of letters indicate significant differences between GeoMeans (p < .05).
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cleaning. Mean dust nicotine loadings declined by 60% immedi-
ately after cleaning and then increased 3  months later to levels 
26% lower than at baseline. There was no change, however, in dust 
nicotine concentration. The observed reductions are noteworthy 
because mean surface nicotine levels remained virtually unchanged 
over a 4-month period prior to cleaning (BL0 vs. BL1), and the cor-
relation between the repeated measures indicated very high stability 
over time (r = .94).

The lack of change in dust nicotine concentration and the re-
bound in dust nicotine loading underscores an important limita-
tion of the cleaning methods. As dust accumulates again after the 
cleaning, nicotine levels in settled house dust appears to be replen-
ished. Given the chemical properties of THS constituents, one likely 
explanation is that nicotine is being replenished from THS reser-
voirs that were not removed or not sufficiently depleted during the 
cleaning. Given the many suitable materials available in a home 
that can potentially store THS constituents, we suspect that THS 
reservoirs may be widely distributed in a home and may include 
carpets, furniture, upholstery, mattresses, blankets, walls, clothes, 
books, etc. Achieving larger and longer-term reductions in THS 
levels may require repeated and frequent cleaning to remove dust 
that re-accumulated and surface deposits that have been replenished. 
This may also require the identification and removal of important 
THS reservoirs in a home that cannot be effectively cleaned. Future 
research is needed to better understand which materials and objects 
in a home are the primary THS reservoirs that should be targeted for 
remediation, removal, or replacement.

The observed reduction in nicotine dust loading immediately 
after cleaning is similar to those reported in studies of cleaning 
interventions for lead, polycyclic aromatic hydrocarbons (PAHs), 
and house dust mite allergens.43–46 For instance, Yu et  al. exam-
ined the effects of HEPA filter vacuuming and dry steam cleaning 
in homes with wall-to-wall carpet and observed a 59–69% reduc-
tion in polycyclic aromatic hydrocarbon dust loading. They found 
that house dust mite allergens were removed at an even greater ef-
ficiency (81–86%), likely due to a larger particle size (>10 µm) that 

can be more efficiently removed with well-maintained HEPA filter 
vacuum cleaners.47 As HEPA filters only remove particles, they have 
only short-term impact on removal of SVOCs in THS (eg, nicotine) 
that exist in equilibrium of gas and condensed phases and can repar-
tition into the particle phase.11,34,35 Our study indicates that initial 
gains in THS reduction are lost or reduced 3 months after the initial 
cleaning. Although likely occurring through different mechanisms, 
this finding was also made in long-term follow-up studies for lead 
and dust mites following cleaning.44,48 In combination, these studies 
point to the critical role of persistent and replenished pollutant res-
ervoirs in limiting the long-term benefits of cleaning interventions.

Two limitations of this study should be noted. While nicotine 
in dust and on surfaces is validated markers of SVOCs in THS 
residue, future studies should also include markers of THS particu-
late- and gas-phase constituents (eg, nicotelline, naphthalene) and 
de novo THS constituents created through secondary reactions (eg, 
NNA).14,30 In addition to the plausible hypothesis that repartitioning 
of nicotine from THS reservoirs occurs into dust and onto surfaces, 
the rebound in nicotine levels observed after the cleaning interven-
tion could also be the result of new SHS intrusion. The hypothesis 
that this rebound occurs due to SHS intrusion was not supported 
by further analysis, however, as we found no association between 
nicotine levels and SHS intrusion reported by residents (see Online 
Supplement). Moreover, the observed stability of surface and dust 
nicotine levels in repeated measures also provides evidence that SHS 
intrusion does not play a dominant role in the rebound of nico-
tine on surfaces and in dust. Future studies should include specific 
markers of SHS (eg, 3-ethynylpyridine) to better rule out SHS intru-
sion as an alternative explanation.

When tobacco is regularly smoked in indoor environments 
over long periods of time, its multiple chemical constituents ac-
cumulate and leave behind a lasting and toxic legacy in the built 
indoor environment (eg, doors, walls, and ceilings) as well as in 
the movable possessions of its residents (eg, furniture, clothes, 
blankets, pillows, toys, and books). Young children who are ac-
tively interacting with their environments are especially at risk 

Table 3. Surface nicotine loading, dust nicotine loading, and dust nicotine concentration before and after cleaning for the three cleaning 
groups combined (N = 38)

GeoMean  
µg/m2 95% Confidence Interval

Percent change

vs. BL0 vs. BL1

Surface nicotine concentrations (µg/m2)
Baseline 0—screening 21.58a,b [12.90; 35.69] Ref
Baseline 1 20.47c,d [10.56; 38.86] −5% Ref
Sequential or combined dry/damp and wet cleaning 
Posttest 2 11.59a,c [6.58; 19.92] −46% −43%
Follow-up month 3 9.58b,d [5.64; 15.87] −56% −53%
Dust nicotine loading (µg/m2)
Baseline 1 1.23a [0.62 2.06]  Ref
Sequential or combined dry/damp and wet cleaning
Posttest 2 0.50a [0.22 0.83]  −60%
Follow-up month 3 0.91 [0.55 1.35]  −26%
Dust nicotine concentration (µg/g)
Baseline 1 1.47 [1.07 1.95]  Ref
Sequential or combined dry/damp and wet cleaning
Posttest 2 1.30 [0.87 1.83]  −12%
Follow-up month 3 1.64 [1.18 2.19]  +11%

Reference group for the calculation of the percent change in GeoMeans.
a,b,c,d For each of the nicotine measures, pairs of letters indicate significant differences in GeoMeans (p < .05).
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of chronic exposure to THS pollutants via oral, dermal, and re-
spiratory routes in a home environment. As previously mentioned, 
THS contamination of low-income housing is more likely than 
high-income housing due to higher smoking rates, higher density 
occupation, smaller homes, poorer quality housing, and frequent 
moves.49,50 Therefore, exposure to THS in homes may contribute 
to tobacco-related health disparities associated with housing. 
Interventions are clearly needed to keep THS pollutant levels as 
low as possible to protect children and other vulnerable occu-
pants. Due to well-documented exposures through house dust, 
we recommend frequent vacuuming and dust removal as one step 
that can be taken by current residents.51 The present study has 
shown that conventional cleaning methods had limited success in 
removing nicotine and presumably other toxic THS component 
and can be costly. As current occupants and new tenants may not 
be aware of the toxic legacy left behind in their homes by previous 
residents, the question arises who should bear the responsibility 
and the cost of identification and remediation. Similar to other 
hazardous postconsumer waste products (eg, paints, old motor 
oil, electronic waste, and unused pharmaceuticals), THS is a form 
of product waste for which manufacturers, suppliers, and retailers 
should assume responsibility to prevent and mitigate harmful en-
vironmental impacts.52 The growing body of research on the per-
vasiveness, persistence, and toxicity of THS supports legislative 
initiatives at the national, state, and local levels to broadly ban 
tobacco use in all indoor settings and to require the beneficiaries 
of tobacco sales to share in the costs to identify and remediate the 
toxic legacy of tobacco use.

Supplementary Material
A Contributorship Form detailing each author’s specific involvement with this 
content, as well as any supplementary data, are available online at https://
academic.oup.com/ntr.
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