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Dry steam cleaning, which has gained recent attention as an effective method to reduce house dust mite

(HDM) allergen concentration and loading in carpets, was evaluated in this study for its efficacy in

lowering levels of polycyclic aromatic hydrocarbons (PAHs) as well as HDM allergens. Fifty urban

homes with wall-to-wall carpets, mostly low-income and with known lead contamination, were studied

in 2003 and 2004. Two carpet-cleaning interventions were compared: Repeated HEPA (High Efficiency

Particulate Air filtered) vacuuming alone and repeated HEPA vacuuming supplemented with dry steam

cleaning. Vacuum samples were collected to measure carpet loading of dust and contaminants

immediately before and after cleaning. Paired comparisons were conducted to evaluate the effectiveness

of the cleaning protocols in reducing the levels of PAHs and HDM allergens in carpets. The results

indicated that both cleaning methods substantially reduced the loading of PAHs and HDM allergens as

well as dust in carpets (p < 0.0001). The reductions in loading of dust (64.4%), PAHs (69.1%), and

HDM allergens (85.5%), by dry steam cleaning plus repetitive HEPA vacuuming were larger than the

reductions by regular HEPA vacuuming alone: dust (55.5%), PAHs (58.6%), and HDM allergens

(80.8%), although the difference was statistically significant only for dust and PAHs. We conclude that

intensive HEPA vacuum cleaning substantially reduced the loading of PAHs and HDM allergens in

carpets in these urban homes and that dry steam cleaning added modestly to cleaning effectiveness.
Introduction

House dust is a repository for heavy metals, semi-volatile and

non-volatile pesticides, polycyclic aromatic hydrocarbons

(PAHs), persistent organic compounds, and viable biological

particles.1 Once indoors, pollutants associated with dust persist

for long periods, particularly if the dust is embedded in carpets.

Previous studies have shown that carpets can harbor large

amounts of lead, house dust mite (HDM) allergens, PAHs, and

other chemical substances.2–5 Without proper cleaning, these

contaminants are accessible and potentially harmful to young

children.6–10

Several previous studies have shown that dust lead contami-

nation can be reduced with a vacuum cleaner, although signifi-

cant reductions have generally required a thorough and

repetitive vacuuming technique.11–13 It may also be difficult to

remove HDM allergens and PAHs from carpets. One field study

demonstrated that a HEPA-filtered vacuum cleaner with a dirt

finder indicator was effective in reducing the carpet loading of

dust mite allergens.13 The in-built dirt finder indicator provides
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a signal when the number of dust particles vacuumed per second

falls below a preset level. The HEPA vacuum filtration is believed

to prevent dust re-entrainment, which may re-contaminate

carpet surfaces after using a non-HEPA vacuum cleaner.

However, data demonstrating the importance of this are quite

limited. Hot water extraction, another cleaning method for

reducing lead dust in carpets, was not superior to dry vacuuming

based on a limited number of field evaluation studies.5

A recent intervention study indicated that using a dry steam

cleaner in addition to regular vacuuming could further reduce the

levels of dust mite allergens for a period of up to eight weeks as

compared to using regular vacuuming alone.4Dry steam cleaning

is believed to kill dust mites with high temperature vapor (above

100 �C), and simultaneously to soften and loosen sticky dust

which is removed by a towel attached to the cleaning head or by

subsequent regular vacuuming. In addition, the high temperature

may help volatilize and remove PAHs and other chemicals in the

carpets. The dry steam cleaner does not use detergents and only

delivers dry vapor (in general, below 6% of water content) into

the carpet pile, which allows carpets to dry within 15 minutes.

Based on the foregoing, we proposed the use of dry steam

cleaning with regular HEPA vacuum cleaning to enhance the

removal of common toxicants from carpets.

We evaluated cleaning efficacy on carpets using repetitive

HEPA vacuuming with or without dry steaming for PAHs,

HDM allergens, and lead. These species were selected for study

given their putative effects on health. PAHs are carcinogenic14

and their presence in house dust may be associated with cancer
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risk;9,15 HDM allergens contribute to allergic sensitization,

development of asthma, and exacerbation of asthma symp-

toms;16 and lead is well known for its neurotoxicity, especially to

young children.17 In addition, they represent three major types of

pollutants that are associated with house dust.1 The dramatic

differences among them in chemical and physical properties may

lead to different cleaning efficiency using a given cleaning

method. This paper focuses only on PAHs and HDM allergens;

the results for reduction of lead in carpets have been published by

Yiin et al.18
Methods

Recruitment and screening visit

We studied 50 homes, mostly low-income, urban residences,

having at least one room with wall-to-wall carpeting. Families

with children having elevated blood lead levels (10–25 mg dL�1)

or higher were recruited via referrals from the New Jersey State

Health Department or local health departments in northern New

Jersey. The referred subjects were interviewed by phone or in

person. Homes were screened to ascertain the presence of at least

one wall-to-wall carpet. Baseline questionnaires were collected

from the parent or caregiver to obtain demographic information,

age of the house, and cleaning habits (e.g., how often, what

method, and brand name of cleaning products). Informed

consent was obtained from an adult member of each household.

The study protocols and all supporting documentations were

approved by the UMDNJ-Robert Wood Johnson Medical

School Institutional Review Board.
Interventions

Among carpeted rooms, the one in which a child would be

presumed to spend the most time in a day was selected to test

the effectiveness of two cleaning interventions: The HEPA–

HEPA protocol consisted of HEPA vacuuming followed, after

about two hours, by repeat HEPA vacuuming. The HEPA–

steam–HEPA protocol consisted of an initial HEPA vacuuming

followed by dry steam cleaning, followed by repeat HEPA

vacuuming. Both protocols started with the same initial vac-

uuming that was applied to the whole carpet. The carpet was

vacuumed twice in perpendicular directions at a rate of 10 ft2

min�1 using a HEPA vacuum cleaner (Self Propelled Wind-

Tunnel� Ultra Upright, Hoover Company, Newton, IA)

equipped with a dirt finder indicator. We used a high sensitivity

setting for initial HEPA vacuuming, and used the indicator light

as a signal to move the vacuum cleaner to the next area of

carpet.

After the first HEPA vacuuming, the carpet was divided into

two halves to separate the interventions. Thirty to sixty minutes

were allowed to permit disturbed dust inside the room to settle. A

dry steam cleaner (VaporJet 2400, VaporTechnologies LLC,

Sandy, UT) was then applied to one half of the carpet. The dry

steam cleaning was performed at a rate of 4.3 ft2 min�1 according

to the manufacturer’s instructions for carpeting. After the dry

steam cleaning a minimum of 15 minutes was allowed for drying,

and the whole experimental area of carpet was then cleaned again

with the same HEPA vacuum using a clean nozzle.
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Dust sampling

Two pre-cleaning vacuum dust samples were collected from each

of the 50 study carpets using a template, size 2.76 ft2, with

a canister vacuum sampler (Metro Data-Vac/2, Metropolitan

Vacuum Cleaner Co. Inc, Suffern, NY). The templates were

located near the dividing line that separated the two cleaning

strategies. One vacuum sample was for the analysis of PAHs, and

one for HDM allergens, each providing a common baseline for

the two cleaning strategies. The post-cleaning samples were

collected separately on each half of the rug to assess the effects of

the two cleaning strategies. These were collected using 2.76 ft2

templates located near the location of the pre-cleaning samples.

Thus, in total, 50 pre-cleaning and 100 post-cleaning samples

were collected for HDM analysis and an identical number for

PAH analysis. Temperature and relative humidity were

measured and recorded for each dust vacuum sample.

In addition to assessing from the above samples whether there

was an overall difference in cleaning efficacy when dry steam

cleaning was added to repeated HEPA vacuuming, we were also

interested to know whether a second HEPA vacuuming after dry

steam cleaning removed a substantial further amount of dust and

toxicants. To determine this we collected extra dust samples for

HDM and PAHs after dry steam cleaning and compared these

levels with the levels found after the subsequent (repeated)

HEPA vacuuming. Because of budget limitations these extra

samples were limited to 20 homes.
Laboratory analysis

The analysis of PAH content for dust vacuum samples was

conducted in our laboratory. All pre/post-vacuum samples were

blinded and delivered to the laboratory in identical, numbered

containers. Each dust sample (0.1–1.0 g, depending on the

amount available) was spiked with 1000 ng of four PAH surro-

gates, including naphthalene-D8, phenanthrene-D10, pyrene-D12

and benzo[a]pyrene-D12. After spiking with a known amount of

acenaphene-D10 and anthracene-D10 as internal standards, the

samples were extracted with 10 mL hexane for 30 min in a soni-

cation bath. This procedure was repeated twice. After sonication,

the extract was cleaned with a PTFE filter (pore size: 0.2 mm) to

remove any particles in the solution. After cleaning, the extract

was concentrated to �1 mL at 45 �C with a rotary evaporator.

The extract was then transferred to a 1 mL clean vial and further

concentrated to 500 mL under a gentle nitrogen gas stream. The

sample extract were stored in the freezer at 4 �C for at least one

day for any fine particles left in the extract to settle before

injection on GC/MS.

Prior to injection, 100 mL sample extract from the 500 mL

available was filtered and transferred to a 200 mL glass insert.

Internal standards, 200 ng of acenaphthene-D10 and anthracene-

D10, were added to the 100 mL extract to monitor any instru-

mental variation during sample analysis. A 1 mL sample was

injected on GC/MS for PAH analysis. The analytical conditions

were as follows. The injection port temperature was 300 �C. The

GC oven temperature program was: initially at 50 �C for 1.10

min, then a ramp increase of 25 �C min�1 to 125 �C, followed by

a rate increase of 8 �C min�1 to 260 �C and 3 �C min�1 to final

temperature of 300 �C with a holding time of 5:00 min. The
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transfer line temperature was 270 �C and the ion trap tempera-

ture was 220 �C.

Seven levels of PAH calibration standards were used for

constructing the calibration curves. The calibration curves were

constructed using the ratio of the response between the target

PAHs and the internal standards, and the R2 was greater than

0.995. The precision of the instrument was determined by

performing seven repeated analyses of a mid-level calibration

standard. The standard deviation of these seven injections was

< 25%. Additionally ten percent of lab blanks (N ¼ 17) and

solvent blank were analysed for QA/QC. In general, no PAHs

were detected in the solvent blank or lab blanks. The analytical

detection limits (ADLs) of PAHs using GC/MS ranged from

10–20 pg, and the method detection limits (MDLs), determined

by ADLs and a final concentrated volume (500 mL) for each

sample, were 5–10 ng g�1.

The PAH concentrations and the surrogate recoveries were

quantified based on the calibration curves. The PAH concen-

trations were corrected with the recoveries of the surrogates.

These considered the loss of PAHs during the sample processing.

According to the volatility of each PAH species, the recovery

of naphthalene-D8 was applied to correct the concentrations of

naphthalene, acenaphthylene, acenaphthene and fluorene; the

recovery of phenanthrene-D10 was used to correct the concen-

trations of phenanthrene and anthracene; the recovery of

pyrene-D10 was used to correct the concentrations of pyrene,

fluoranthene, benzo[a]anthracene and chrysene; and the recovery

of benzo[a]pyrene-D12 was used for the correction of benzo[a]-

pyrene and the rest of compounds. The recovery of the surro-

gates was 179 � 87% for naphthalene-D8, 136 � 61% for

phenanthrene-D10, 85 � 53% for pyrene-D12 and 88 � 83% for

benzo[a]pyrene-D12. The large variability of the recovery may be

due to the difference between each dust matrix so that the

recovery of PAH from the dust samples differed.

The dust mite allergens analysis for dust vacuum samples was

conducted by STL P&KMicrobiology Services Inc. (Cherry Hill,

NJ) which is accredited by the American Industrial Hygiene

Association under the Environmental Microbiology Laboratory

Accreditation Program (AIHA-EMLAP). ELISA (Enzyme-

Linked Immunosorbent Assay) method was used to measure two

common species of dust mite allergens: Dermatophagoides pter-

onyssinus allergen 1 (Der p 1) and Dermatophagoides farinae

allergen 1 (Der f 1). The dust samples were prepared by extracting

100 mg of the fine dust in 2 mL PBS-T (phosphate buffered saline

with 0.05% Tween 20; pH ¼ 7.4). Extracts were clarified by

centrifugation at 2500 rpm and the supernatants (1–1.5 mL) were

decanted and stored at �20 �C until they were analysed. Indi-

vidual HDM allergens were measured using monoclonal anti-

body-based enzyme linked immunosorbent assays (ELISAs) as

described by Chapman et al.19 The MQL (method quantification

limit) ranged between 0.26 and 0.80 mg g�1 throughout all test

samples.
Statistical analysis

Many HDM allergen concentrations in pre-cleaning (70%) and

post-cleaning (82%) samples were below the MQL. Carpets with

pre-cleaning HDM allergen concentration below MQL were

excluded from HDM analysis. To retain all of the remaining 15
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sample pairs, we used a value of half of theMQL for carpets with

a post-cleaning HDM level that was belowMQL. HDM allergen

(combination of Der p 1 and Der f 1) concentrations (mg g�1) and

PAH concentrations (mg g�1) were converted to loadings (mg ft�2)

by multiplying the mass of vacuumed house dust and dividing by

the collection template area (2.78 ft2). The reduction percentages

for loading of total dust, PAHs and HDM allergens by two

cleaning interventions were calculated by the following equation:

Reduction ð%Þ ¼ ðPre� PostÞ
Pre

100

where, Pre is the pre-cleaning loading, and Post is the post-

cleaning loading (either after HEPA vacuuming alone or after

dry steaming plus HEPA vacuuming).

Descriptive statistical analyses were performed for loadings

(micrograms per unit square foot) of PAHs and HDM allergens

to examine their distributions. Most data for PAHs and HDM

allergens were skewed to the right. Therefore, data for the levels

of PAHs and HDM allergens were log-transformed (base 10)

before conducting statistical analyses. Following the trans-

formations, normality tests confirmed that the data were

approximately normally distributed.

Paired t-tests were conducted for the pre-cleaning and post-

cleaning loadings to estimate the efficacy of dry steam or HEPA

vacuum cleaning on each carpet. The cleaning efficacy by dry

steam cleaner was examined further by conducting paired t-test

between post-HEPA cleaning and post-dry steam cleaning. Due

to the asymmetric distribution of reduction percentages calcu-

lated, a non-parametric approach (Wilcoxon two-sample test)

was used to determine the statistical difference in percent

reductions. SAS v9.1 (SAS�, Cary, NC) was used to run all

statistical analyses (a ¼ 0.05).
Results

The descriptive statistics for loadings of PAHs and HDM aller-

gens (sum of Der f 1 and Der p 1) obtained by vacuum sampler

are provided in Table 1. Sixteen discreet PAHs were selected for

the analysis in this study. The geometric means (GM) were

calculated due to the skewness of PAH and HDM allergen

loadings. Total PAHs calculated by the summation of all listed

sixteen PAHs and dust loadings for three cleaning events are also

provided in Table 1. Pre-cleaning samples ranged between 0.013

and 220 mg ft�2 for total PAH and between 0.22 and 10.7 mg ft�2

for HDM allergen loadings. Post-cleaning PAH levels were lower

and ranged from 0.004 to 121 mg ft�2 following the HEPA–

HEPA protocol and from 0.006 to 116 mg ft�2 following the

HEPA–steam–HEPA protocol. HDM allergens were not detec-

ted in 35 of the 50 carpets tested. Among the 15 with detectable

precleaning levels, loadings ranged from between 0.03 and

1.80 mg ft�2 and post-cleaning levels ranged (combining both

protocols) between 0.03 and 1.76 mg ft�2. Dust loadings were also

reduced from pre-cleaning samples (0.175–4.397 g ft�2) to (0.069–

2.308 g ft�2) after HEPA–HEPA and to (0.072–2.459 g ft�2) after

HEPA–steam–HEPA.

To evaluate the effectiveness of each carpet cleaning strategy,

paired t-tests between pre-cleaning and post-cleaning samples

are presented in Table 2. Further, PAH and HDM allergen

reduction achieved by the HEPA–steam–HEPA protocol was
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Table 1 Descriptive statistics for toxicant and dust loadings before and after cleaning

Carpet contaminantsa

Pre-cleaning
After HEPA–HEPA
cleaning

After HEPA–steam–
HEPA cleaning

Nb GMc Nb GMc Nb GMc

Naphthalene 44 0.024 42 0.012 41 0.012
Acenaphthylene 29 0.003 12 0.001 12 0.001
Acenaphthene 32 0.010 28 0.005 24 0.005
Fluorene 36 0.014 35 0.006 36 0.006
Phenanthrene 47 0.250 47 0.116 43 0.086
Anthracene 42 0.030 30 0.024 31 0.016
Fluoranthene 47 0.409 48 0.194 43 0.156
Pyrene 47 0.333 48 0.173 44 0.126
Benzo[a]anthracene 47 0.106 44 0.050 37 0.042
Chrysene 47 0.123 45 0.058 38 0.054
Benzo[b]fluoranthene 45 0.099 39 0.042 33 0.053
Benzo[k]fluoranthene 45 0.084 37 0.038 31 0.048
Benzo[a]pyrene 42 0.077 31 0.045 30 0.036
Indeno[1,2,3-cd]pyrene 34 0.054 27 0.027 22 0.034
Benzo[g,h,i]perylene 28 0.021 19 0.021 16 0.016
Dibenz[a,h]anthracene 40 0.050 27 0.029 25 0.032
Total PAHsd 49 1.57 50 0.66 48 0.45
HDM allergens 15 2.41 15 0.46 15 0.35
Dust 50 1.00 50 0.44 50 0.35

a The unit of loading is mg ft�2 for PAHs and HDMallergens and g ft�2 for dust. b N ¼ the number of samples. c GM¼ geometric mean. d The sum of all
sixteen PAHs analysed in the study. See Methods for a description of the HEPA–HEPA and HEPA–steam–HEPA cleaning protocols.
compared to cleaning by the HEPA–HEPA protocol. Mean

percent reduction for each set of comparisons and its 95%

confidence intervals (CI) were calculated. HEPA–HEPA ach-

ieved mean reductions of 58.6% and 80.8% for total PAHs and

HDM allergens, respectively, (both p < 0.0001). The HEPA–
Table 2 Percent reduction in toxicant and dust loadings after each cleaning p
protocols

Carpet contaminants

Reduction with HEPA–HEPA Reduc

Na % reductionb p valued Na

Naphthalene 42 48.3 (31.9, 60.8) <0.000** 41
Acenaphthylene 11 77.0 (45.9, 90.2) 0.003** 12
Acenaphthene 23 45.0 (17.0, 63.6) 0.006** 19
Fluorene 29 62.8 (33.0, 79.3) 0.002** 29
Phenanthrene 46 53.9 (34.4, 67.6) <0.000** 42
Anthracene 28 45.2 (19.9, 62.5) 0.003** 30
Fluoroanthene 47 53.1 (34.8, 66.3) <0.000** 42
Pyrene 47 48.2 (27.6, 63.0) 0.000** 43
Benzo[a]anthracene 43 55.4 (35.7, 69.1) <0.000** 36
Chrysene 44 57.4 (41.0, 69.2) <0.000** 37
Benzo[b]fluoranthene 37 63.0 (39.2, 77.4) 0.000** 31
Benzo[k]fluoranthene 35 60.9 (37.9, 75.5) 0.000** 29
Benzo[a]pyrene 28 52.9 (19.5, 72.5) 0.008** 28
Indeno[1,2,3-cd]pyrene 24 61.8 (33.6, 78.1) 0.002** 19
Benzo[g,h,i]perylene 13 20.8 (�68.3, 62.8) 0.514 11
Dibenzo[a,h]anthracene 24 49.9 (18.7, 69.1) 0.007** 23
Total PAHse 49 58.6 (43.8, 69.5) <0.000** 47
Dust 50 55.5 (44.5, 64.4) <0.000** 50
HDM allergens 15 80.8 (64.1, 89.7) <0.000** 15
Dustf 15 54.5. (34.8, 68.2) 0.000** 15

a N is the number of paired carpets analysed. b % reduction is the percentage
intervals in parentheses. c % difference is the further reduction percentage
cleaning by HEPA–HEPA protocol, as a mean value and 95% confidence int
all sixteen PAHs analysed in the study. f Limited to carpets with detectable p
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steam–HEPA protocol removed 69.1% and 85.5% of total PAH

and HDM allergen loadings from the carpets (p < 0.0001).

Compared to HEPA–HEPA, HEPA–steam–HEPA achieved

further 31.7% and 24.7% reductions in total PAH and HDM

allergen loadings, respectively. However, the addition of the dry
rotocol and percent difference between the final results of the two cleaning

tion with HEPA–steam–HEPA
Post-HEPA–HEPA � post-HEPA–
steam–HEPA

% reductionb p valued Na % differencec p valued

49.8 (31.8, 63.1) <0.000** 40 7.6 (�14.6, 25.4) 0.463
78.2 (58.1, 88.7) 0.000** 7 35.7 (�50.0, 68.9) 0.249
48.8 (�4.2, 74.8) 0.063 19 26.9 (�46.2, 63.4) 0.355
62.0 (37.3, 77.0) 0.001** 30 16.7 (�19.7, 42.0) 0.311
66.0 (46.4, 78.5) <0.000** 42 31.6 (1.1, 52.7) 0.044*
55.3 (30.8, 71.1) 0.001** 24 25.7 (�13.2, 51.3) 0.159
62.1 (42.5, 75.0) <0.000** 43 31.7 (�1.9, 54.2) 0.061
62.3 (40.3, 76.2) <0.000** 44 32.7 (5.8, 51.9) 0.022*
65.0 (49.7, 75.6) <0.000** 36 27.3 (0.8, 46.7) 0.045*
64.0 (46.0, 76.0) <0.000** 37 9.7 (�28.5, 36.6) 0.562
61.2 (34.6, 76.9) 0.001** 30 22.1 (�18.3, 48.8) 0.232
60.9 (33.6, 77.0) 0.001** 27 16.7 (�35.5, 48.8) 0.446
63.1 (33.8, 79.4) 0.002** 24 39.9 (1.6, 63.3) 0.043*
54.1 (18.4, 74.2) 0.011* 17 31.7 (�26.8, 63.7) 0.210
42.4 (�38.4, 76.0) 0.191 12 28.0 (�72.6, 70.0) 0.425
35.4 (�25.9, 66.8) 0.188 20 18.6 (�49.6, 55.7) 0.489
69.1 (54.1, 79.1) <0.000** 48 31.7 (4.8, 51.0) 0.025*
64.4 (56.2, 71.5) <0.000** 50 20.5 (9.1, 30.5) 0.001**
85.5 (72.3, 92.4) <0.000** 15 24.7 (�24.2, 54.4) 0.244
62.0 (46.1, 73.2) <0.000** 15 16.5 (�2.6, 32.0) 0.081

decrease achieved on each carpet, as a mean value and 95% confidence
achieved by HEPA–steam–HEPA protocol compared with the carpet
ervals in parenthesis. d p value<0.05* and p value<0.01.** e The sum of
re-cleaning HDM allergens. See footnotes to Table 1.
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Table 3 PAH and dust loadings in a subset of 20 carpets from which
supplementary samples were collected immediately after dry steam
cleaning

Carpet cleaning status Total PAHs GMa Dust GMa

Baselineb 1.01 0.77
HEPA followed by repeat HEPAc 0.48 0.37
HEPA followed by dry steam

without second HEPA
vacuuming

0.40 0.33

HEPA followed by dry steam
followed by second HEPA
vacuumingd

0.33 0.28e

a The unit of loading is mg ft�2 for total PAHs and g ft�2 for dust.
b Loadings of total PAHs and dust before carpet cleaning. c HEPA–
HEPA protocol. d HEPA–steam–HEPA protocol. e Differs
significantly from HEPA vacuuming only (p ¼ 0.0437) by paired t-test.
steam cleaner did not make a statistically significant difference

for many PAHs (except phenanthrene, pyrene, beozo[a]an-

thracene and benzo[a]pyrene) or for HDM allergens. The mean

reductions for dust loading were 55.5% and 64.4% by HEPA–

HEPA and HEPA–steam–HEPA protocols, respectively. The

additional use of dry steam cleaning reduced total dust loading

by 20.5% compared to the HEPA–HEPA protocol alone (p ¼
0.0012).

In twenty homes, additional dust samples were collected after

dry steam cleaning and before the final HEPA vacuum cleaning

to assess the importance of the follow-up vacuuming after dry

steam cleaning. Descriptive statistics and paired t-tests for total

PAH and dust loadings are provided in Table 3. The HDM

allergens were excluded from the analysis due to the very low

number of available data sets (N ¼ 3). The top row in three

cleaning protocols shows data for the portion of the rug that was

cleaned twice with the HEPA–HEPA protocol vacuum and had

no dry steam cleaning. Calculating from the geometric means in

Table 3, HEPA followed by dry steam cleaning (without repeat

HEPA) yielded PAH loadings that were 16.6% lower than the

levels produced by HEPA–HEPA. The best results (bottom row

in three cleaning protocols) were achieved by the full sequence of

HEPA–steam–HEPA, which reduced PAH loading by 31.9%

compared to repeated HEPA vacuum cleaning alone. However,

neither of these PAH differences was statistically significant.

With respect to total dust loadings, HEPA followed by dry

steam cleaning (without second HEPA vacuuming) yielded

a geometric mean loading that was 9.2% lower than HEPA–

HEPA, while HEPA–steam–HEPA yielded a loading that was

23.6% lower. Only the latter reduction was statistically significant

(p ¼ 0.04).

The cleaning results were analysed by carpet type to determine

whether this affected cleaning efficacy. Among the 50 home

carpets cleaned, 32 were identified as level-loop and 18 as cut-

pile. The mean percent reductions by two carpet cleaning inter-

ventions for total PAH, HDM allergen and lead loadings were

calculated and their reduction percentages were compared by

carpet type (Wilcoxon two-sample test; two-sided). As shown in

Table 4, the effect of carpet type did not approach significance (p

> 0.10) for any of the carpet contaminants and cleaning methods

tested in this study.
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Discussion

The comparison of vacuum samples between the pre-cleaning

and post-cleaning indicated that both cleaning sequences tested

in this study reduced the levels of PAHs and HDM allergens

significantly (p < 0.0001) in the carpets of these urban homes.

This appeared to be mainly the result of the substantial (56% and

64%) reductions in geometric mean dust loadings, as shown in

Table 2. Roberts et al.13 reported the reduction of dust loading

for carpets in 11 homes ranged from 15 to 98% (GM ¼ 72.7%),

after intensive carpet cleaning with a vacuum cleaner equipped

with HEPA filter bag, supporting the idea that substantial

reduction in accessible carpet toxicants can be achieved by

removing dust itself. Previous studies, evaluating the effective-

ness of cleaning interventions to reduce lead burdens in children,

confirmed the relationship of dust loading to lead loading and to

blood lead levels.20

In this study we detected HDM allergens before cleaning in

only 15 (30%) of the homes. Despite this limited number, the

decrease in loading of HDM allergens in home carpets was

highly statistically significant for both cleaning protocols. HDM

allergen loading is probably of more concern than HDM

allergen concentration in carpet dusts, because it is more likely

related to exposure. The percentage decrease in HDM allergens

(81%–86%) was larger than the reduction in total dust (55%–

62%), suggesting that the allergens are more superficial on the

carpets or are associated for other reasons with particles that

are relatively easily removed. While it must be noted that our

analysis only included the 30% of homes with the highest levels

of HDM allergens, the effectiveness of these vacuuming

protocols in lowering these high levels was impressive. Our

results are consistent with those of Vojta et al.4 who tested the

effectiveness of a dry steam cleaner in reducing the HDM

allergen levels in carpets for screened low-income, urban homes

(N ¼ 11; HDM allergen concentration > 10 mg g�1) and found

that both intensive vacuuming and vacuuming plus dry steam

cleaning could reduce high levels of HDM allergens. They

reported greater and longer lasting reductions of allergens with

dry steam cleaning than with vacuuming alone. We also ach-

ieved lower levels with the addition of dry steam cleaning

although the difference from repeat vacuuming alone was not

statistically significant.

Among the 16 PAHs analysed in this study, loadings for most

were reduced significantly from pre-cleaning values by both

cleaning protocols (Table 2). Some PAHs, such as acenaph-

thene, benzo[g,h,i]perylene and dibenzo[a,h]anthracene, were

not significantly reduced after cleaning the carpets by either of

the two methods. This may have been due to a smaller number

of available pairs (pre–post cleaning samples; N # 23).

However, both cleaning methods reduced overall PAH carpet

loadings significantly in these low-income, urban homes.

We found that adding dry steam cleaning to the HEPA–

HEPA protocol led to further reductions of loading with PAHs

(7.6% to 39.9%), HDM allergens (24.7%), and dust (20.5%)

(Table 2). Significant differences between the protocols were

obtained for total PAHs (p ¼ 0.025) and four individual PAHs

(phenanthrene, pyrene, beozo[a]anthracene and benzo[a]py-

rene); for the remaining twelve PAHs, further reductions were

obtained after dry steam cleaning, but the differences were not
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Table 4 Percent reductions in total PAHs, HDM allergens and dust loadings for different carpet types by cleaning interventions

Carpet contaminants Cleaning interventions

Percent reduction

Level-loop vs.
Cut-pile (p value)b

Level-loop Cut-pile

N Mean (95% CI)a N Mean (95% CI)a

Total PAHs HEPA–HEPA 31 58.8 (40.6, 71.4) 18 58.3 (23.9, 77.2) 0.267
HEPA–steam–HEPA 31 69.2 (50.4, 80.9) 16 68.8 (31.9, 85.7) 0.647

HDM allergens HEPA–HEPA 8 84.1 (63.8, 93.0) 7 76.0 (19.7, 92.8) 0.400
HEPA–steam–HEPA 8 84.9 (58.3, 94.6) 7 86.1 (57.5, 95.5) 1.000

Dust HEPA–HEPA 32 59.4 (45.3, 69.9) 18 47.7 (26.3, 63.0) 0.125
HEPA–steam–HEPA 32 65.0 (53.6, 73.6) 18 64.0 (48.4, 74.8) 0.284

a The percentage decrease after carpet cleanings, as a mean value and 95% confidence intervals in parentheses. b Wilcoxon two-sample tests were
conducted between reduction percentages by carpet type. See footnotes to Table 1.
significant. Yiin et al.18 demonstrated further reduction of lead

dust loadings (wipe samples; N ¼ 50; p ¼ 0.038) on carpet

surfaces when dry steam cleaning was added to repetitive

HEPA vacuuming (mean reduction ¼ 40.4%) under this

protocol.

An extra dust sample was collected in 20 homes to determine

whether the second HEPA vacuuming after dry steam cleaning

confers a substantial advantage (Table 3). The results showed

that initial HEPA vacuuming followed by dry steam cleaning

(without second HEPA vacuuming) reduced the loadings of dust

and total PAHs compared to two consecutive HEPA vacuum-

ings. However, with the smaller sample size, the differences were

not significant. The addition of the second HEPA vacuuming

after dry steam cleaning further reduced the loadings of total

PAH (18.4%) and dust (15.9%), respectively, in carpets cleaned

by initial HEPA vacuuming plus dry steaming only; however,

these differences were not significant, either.

We found that carpet type (level-loop vs. cut-pile) didn’t make

a significant difference in cleaning efficacy, either by HEPA

vacuum cleaning alone or HEPA plus dry steam cleaning. Causer

et al.5 showed that carpet cleaning was more complete with low

height, low density, and lightly worn carpets. However in the

carpets studied here, level-loop carpets were usually low-height

but densely piled, whereas cut-pile ones were high-height but

loosely piled. These competing physical characteristics may limit

any differences in the effects of the cleaning protocols on toxicant

loadings.
Conclusion

A physical intervention study was conducted in 50 low-income,

urban households to evaluate the efficacy of two cleaning

protocols (HEPA followed by repeat HEPA vs. HEPA, dry

steam, HEPA) proposed for reducing levels of PAHs and HDM

allergens in wall-to-wall carpets.

The results showed that both HEPA–HEPA and HEPA–

steam–HEPA can result in significant reductions in loadings of

PAHs and HDM allergens in carpets (p < 0.0001). We observed

greater percentage reductions in PAHs and HDM allergens when

dry steam cleaning was added to the repetitive HEPA vacuuming

protocol, which was statistically significant for total PAHs and

for dust (p < 0.05). There was no evidence that the efficacy of
210 | J. Environ. Monit., 2009, 11, 205–211
these cleaning protocols varied between level loop and cut pile

carpets.

The cleaning methods tested in this study are effective and

practical alternatives when compared to expensive physical

abatement (e.g., removal or replacement of contaminated

carpets) and are potentially feasible for families of modest

means.
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