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Abstract
Vacuum cleaning can be a household source of phatec matter (PM) both from the vacuum

motor and from settled dust resuspension. Despdeevidence of this contribution to PM levels
indoors, the effect of this source on PM composii® still unknown. In this study, four vacuum
cleaners (washable filter bag-less, wet, bagged-tieA filter equipped robot) were tested for the
emission rate of particulate mass and number. Elteldd PM chemical characterisation included
organic and elemental carbon, metals and orgargciaon. PM, emission rates from bagged
vacuum operation were much higher (207 + 99.0 pg'jriompared with the ones obtained from
wet (86.1 + 16.9 pg mih) andwashable filter bag less vacuums (75.4 + 7.89 pg')nParticle (8

to 322 nm) number emission rates ranged from 5.29"%(washable filter bag less vacuum) to
21.2 x 16" (wet vacuum) particles min Ratios of peak to background levels indicate that
vacuuming can elevate the ultrafine particle nundmrcentrations by a factor ranging from 4 to
61. No increase in PM mass or number concentratioas observed during the HEPA filter
equipped vacuum operation. The increase in copperetemental carbon Plylcontents during
vacuuming suggested motor emissions. Organic congmun PM, included alkanes, PAHS,
saccharides, phenolics, alcohols, acids, amongthiwever, it was not possible to establish a
relationship between these compounds and vacuuduiago the vast array of possible household

sources. The cancer risks associated with metdl®aR inhalation were negligible.

Keywords: Vacuum cleaners, Indoor air quality, Particleseri#ntal composition, OC/EC,

Organic compounds.

1. Introduction

People spend more than 90% of their daily lifendoor environments [1-3] and, for this reason,

personal exposure to pollutants in these microenments is of great concern. Due to the
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susceptibility of children and elderly to air pditin, numerous studies have been conducted to
assess indoor air quality in schools [4-7], chid[8-11] and elderly day care centres [12-14].
Despite the importance of the above-mentioned remmrimonments, most of people’s time is spent
at home [1-3,15].

Indoors, particulate matter (PM) is one of the bijghealth hazards [16]. Particulate matter is a
heterogeneous mixture of different chemical compthand physical characteristics, which are
responsible for diverse health effects [17].

Household activities, such as cooking, smokingr Bpraying/drying, candle/incense burning or
vacuuming, have been reported to generate conbideaenounts of particulate matter indoors [18—
20], which may have a strong influence on shomtexposure [21]lsaxon et al. [18] evaluated
the influence of household activities in 22 home$weden on indoor airborne particles (number
concentration and black carbon). The authors redatttat despite the transient nature of indoor
sources, they rapidly generate particulate peakerttrations. He et al. [20] quantified the effefct o
20 different household activities on indoor padiohass and number concentrations. The authors
reported that depending on the type of source amasihg characteristics, indoor particles
increased distinctively. The influence of nine sfiesources on particulate matter number size
distribution and mass concentration was evaluatdividually in an empty laboratory by Glytsos
et al. [19].High particle number concentrations during actimatdf the distinct sources and a great
influence of the source type on particle numbee siistributions were observed. Studies carried
out to assess household sources of PM reportegdbatiming can significantly elevate indoor PM
concentrations [22—24] with a very high total ludeposition fraction by number [25].

According to a survey on time use patterns in Eefopwoman and men aged 20 to 74, and across
the whole year, cleaning and upkeep activities @mong the most time consuming tasks,
representing 13 to 28 % of the total time spentiomestic work [26]. An online survey (covering
23 countries), aiming at assessing household’'sicigehabits and preferences, revealed that 33 %
of respondents vacuum 2-5 times per week, whilé4pend 12 hours vacuuming [27].

Some studies reported in the literature were fatwsethe operation of vacuum cleaners and their
impacts on particle mass and number levels, boldbioratory chambers [21,28-31] and under real
life conditions [18,20,32]. Additionally, a numbef studies also included bioaerosol levels
associated with vacuuming [28,30,31]. Although matydies have investigated particulate mass
and number emissions during vacuum cleaning opastian important gap in knowledge still
exists with respect to the chemical characterisifche released particles. The characterisation of
the chemical composition of particles arising frepecific indoor sources is of great interest due to
the risk associated with specific PM componentsthadgoossibility of using certain compounds as
tracers for source apportionment in indoor envirenta [33,34]. Regarding PM characterisation,
Szymczak et al. [35] reported ultrafine particlesr a commercial professional vacuum motor

consisting almost entirely of copper. Vu et al.][2biggested that particles released from the
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vacuum cleaner motor were possibly carbon interoml aggregates. The authors’ hypothesis was
based on the finding that particles generated fx@ouum cleaning were found to be nearly
hydrophobic with an average growth factor aroura801.10 for particle sizes of 50 and 100 nm.
Isaxon et al. [18] reported an increase in blackaalevels during vacuum cleaning.

Despite the significant data provided by these atieer studies, the impact of this source on
household air quality is still uncertain due to #agiability and complexity of vacuum cleaning and
limited on-site experiments. Studies conducted afofatory allow obtaining reproducible
measurements with greater control of relevant factbat might influence the results and, thus,
they can serve as a reference. However, particatatesion rates measured in laboratory chambers
may substantially differ from those obtained in &wholds since settled dust resuspension is not
considered [36] and neither are the differencedust loads in residential settings [20]. On the
other hand, measurements conducted under reatdifiéitions, in which concentration data is
crossed with daily activity logs, can introduce gomacall bias and misreporting.

The aim of the present study was to evaluate tigadétnof commercial vacuums on short-term
particulate matter mass and number concentratiomsdioor air. Since particle inhalation during
vacuuming may adversely affect households, a @etathemical characterisation of particulate
matter was performed, which was the basis for aimagenic and noncarcinogenic risk
assessment. The tests were carried out in a hddsehder controlled conditions with respect to

ventilation patterns and concurrent source events.

2. Materials and methods
2.1. Sampling sites and strategy

Three cylinder vacuum cleaners (washable filter lesg vacuum, wet vacuum, bagged vacuum)
and a HEPA filter equipped robot were temporarityrbwed from Spanish homeowners for
testing (Table 1). These devices were selecteduseceylinder vacuum cleaners are the prevalent
type in the EU with a market share of 68% in 20dBjlst robotic cleaners have shown an
increasing sales trend [37]. Measurements weremeeld in the living room (volume = 91.9°m

of a suburban Spanish house in Ledn from Octob&aeember 2017Similarly to the approach
described by Vu et al. [25], Wu et al. [36] and i@t al [32], during the monitoring campaign
there were no other activities in the house andibasurements were carried out in a closed room
(all the doors and windows were closed) to achmigmum ventilation conditions. Ventilation
rates, estimated by the @C@oncentration decay method as described by Alved. §38], ranged
between 0.24 and 0.62'hThe average estimates of ventilation rates a@sgmted in Table Dn
average, 45 min measurements were conducted dwdegum cleaning. Only the person
responsible for carrying out the activity was pri#se the room during the experiments. The living

room tiled floor and rugs (two cut pile carpet/raigd one long threads shag rug) were vacuumed
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twice with each vacuum cleaner at least one weektapfter the household activity ceased, the
room was kept completely empty and closed untilréstoration of particle concentration to the
original level. Background indoor air measuremewvse also performed in the living room during
which no activities were conducted in the housee Témperature (accuracy +0.5°C), relative
humidity (accuracy +3.0% with probe at 25°C) and,C&xcuracy +3.0% of reading with probe at
25°C) were continuously monitored with an indoor guality probe (TSI, model 7545).
Temperature and relative humidity ranged between 48d 26.8C and between 30.6 and 45.7 %,
respectively, for the whole set of measurementbléra).

Real time size segregated particulate concentst{®vy, PM,s, PMyy) were recorded using a
DustTrak monitor (TSI, DRX 8533)Real time particle size distributions and number
concentrations in the range from 8 to 322 nm weeasured using a Scanning Mobility Particle
Spectrometer (SMPS, TSI Incorporated). The SMPSistsof an electrostatic classifier (TSI,
Model 3071) and a condensation particle counted,(W®del 3022). The aerosol was sampled
through polyethylene tubing. All reported data Hmeen corrected for diffusion losses using
equations described in Kulkarni et al. [39]for shpalrticles and impaction/settling losses for large
particles as a function of size [40Q].

Simultaneous sampling with a Ryhigh volume air (MCV, model CAV-A/mb) instrumentas
carried out. The equipment was operated at a fio80aT h™*. Particulate samples were collected
on pre-weighed 150 mm quartz fibre filters (Pak@#d. PM;o samples were also collected into 47
mm Teflon filters using a low volume sampler (ECRGR, Tecora) working at 2.3 %™ To
ensure the reliability of the measurements, thepiagidevices were calibrated prior to sampling
and maintenance was performed in a regular bakes.gfavimetric quantification was performed
following the specifications described in EN 12320114 [41], with a microbalance (XPE105
DeltaRange®, Mettler Toledo, readability of 0.01)mbhe particulate mass was obtained from the
average of six consecutive measurements (relatarelard deviation < 0.02%), after conditioning
the filters for 24 h in the weighing room. The highd low volume samplers and the real time

monitoring instruments were placed in the middi¢hefroom at a height of about 1.5 m [42].

2.2. Analytical techniques

The carbonaceous content in the ;pBamples (quartz filters) was analysed by a thewopttal
transmission technique. The method includes cdattoheating steps under inert JNand
oxidising (N> with 4% of Q) atmospheres. The carbonaceous content of thelsaaup be divided
into organic carbon (OC), pyrolysed carbon (PC) ateimental carbon (EC). PC, which is
produced from organic carbon during heating undertiatmosphere, was determined measuring
the filter light transmittance through a laser besard a photodetector. The OC/EC determination is
based on the quantification of the £@leased by a non-dispersive infrared (NDIR) aseyThe
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latter was daily calibrated with standard £&linders and the recovery was periodically vedfi

by analysing filters impregnated with known amouwftpotassium phthalate.

After weighing, Teflon filters were analysed by fmo-induced Xray emission (PIXE) to detect
elements with atomic number above 10. Measuremeeais performed at the PIXE set-up fully
dedicated to aerosol samples [43] at the 3 MV Taodeaccelerator of the INFN-LABEC
laboratory, exploiting a 3 MeV proton beam. Furtlesight in the methods may be found in
Lucarelli et al. [44].

Two 47 mm diameter punches of each quartz filterevextracted first with dichloromethane and
then with methanol. The total organic extracts wieaetionated by flash chromatography using
eluents of increasing polarity through an activasiica-gel column. Four different fractions
resulted from this process: (i) aliphatics, (ii)lymyclic aromatic hydrocarbons, (iii) n-alkanols,
phenoals, sterols and other hydroxyl compounds @rdagids and sugars. The different organic
fractions were concentrated and dried by a gerittegen stream before analysis. Extracts (i) and
(i) were analysed in a gas chromatograph-masstrgpeeter (GEGMS) from Shimadzu. Extracts
with oxygenated compounds were analysed in a GCHd® Thermo Scientific. These latter
fractions (iii and iv) include polar compounds, walnirequire derivatisation before analysis. N,O-
bis(trimethylsilyhtrifluoroacetamide (BSTFA): triathylchlorosilane (TMCS) 99:1 (Supelco
33149-U) was used as silylation reagent. The GCelllibrations were performed with injection of
about 150 authentic standards (Sigma-Aldriah)least at four different concentration levels.
Standards and samples were both co-injected wigrnal standards: tetracosane-d50 and 1-
chlorohexadecan&dditionally, for PAHs determination, a mixture six deuterated compounds
(1, 4-dichlorobenzene-d4, naphthalene- d8, acehapbtd10, phenanthreme-d10, chrysene-d12,
perylene-d12), was used. The organic extracts wggeted in the single ion monitoring and total
ion chromatogram modes and the compound ideniidicavas based on comparison of the mass
spectra with the Wiley and NIST mass spectral tibsa comparison with authentic standards and
analysis of fragmentation patterns[45]. A desaoiptiof recovery efficiency tests for several
compounds can be found in Oliveira et al. [46].IFilelanks were used to account for artefacts
associated with transport, handling, and storadétefs, as described in the EN 12341:2014 [41].
These filters were analysed in the same way aslsarapd the data obtained was subtracted from

the samples in order to obtain corrected results.

3. Resaults
3.1. Particulate matter
3.1.1. Mass concentrations

Figure 1 depicts the time resolved BMnass concentrations during the operation of the fo

vacuum cleaner#\n increase in Pl mass concentrations was observed close aftercthation
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of the source. On average, increases ovef,Mhitial concentrations (before the activation bét

source) of 1.61 + 0.636, 1.48 + 0.323, 1.22 + 0.085m° were observed during the operation of

the bagged, wet and washable filter bag less vasuuvespectively. No increase in RMnass

concentrations was experienced during the operatitin the HEPA filter vacuum cleaner. The

increase in PM concentrations during vacuumingetemiined by the dust collection efficiency,

filtration elements employed and degree of reemtnant of already collected particles [47]. The

reentrainment of collected dust particles was fobgdTrakumas et al. [47] to be higher for

cyclonic and wet collectors. However, the authoighlighted that filter bag collectors also

reemitted particles after being loaded, dependingh® particulate load and the type of filter

material used in the bag.

The ratios of peak to background values for;Pbncentrations indicate that vacuum cleaning

operations can elevate the indoor levels by a faetoging from over 1.5 to over 2.Baaschou-

Nielson et al. [48] reported an increase in ind®d, s by a factor of 1.3 in Danish infants’

bedrooms during vacuum cleaning. Fine particles idate the PMy mass as indicated by

PM, ¢PM;o and PM/PMy, ratios ranging from 0.74 to 0.81 and from 0.72{@9 (except for the

HEPA filter equipped robot), respectively (Table Despite the predominance of finer particles,

coarser particles were also recorded during thawaing tests. These coarser particles may result

from resuspension caused by direct contact of vactieaner components with flooring and also

by the action of walking during vacuuming [32]. €oet al. [32] reported significant Ryimass

resuspension during vacuuming with a mean timeamest PM, increase over 1jg mi° above

background levels. Fine particle emissions duriaguaum cleaning have been associated with

mechanical abrasion of the vacuum motor and spadhdrging between the graphite brushes and

the commutator [19,21,29,35]. Vacuum motor emissicen be partly or totally removed with the

installation of a HEPA filter [47,49].
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Figure 1. PM, mass concentrations during vacuum cleaning.

The average particle emission rafe)(was calculated as follows [20,50]:

Cin=Cino | (o ¥ 0V C
Qs =V X [TO + (@ + k) Gy — aCinO] (1)
where V is the room volume,Cand G, are the peak and initial indoor particle conceitre,
respectivelyp is the average air exchange rate; « is the average removal rate asids the time
difference between the initial and peak particleaemtration. The particle removal rate is the slope
obtained by plotting In((Cing) versus time [22,51,52].

Table 1. Characteristics of the vacuums testedplagnconditions and PM mass and particle

number concentrations and emission rates duringgkeation of distinct vacuum cleaners.

Washable filter bag Wet vacuum  Bagged vacuum HEPA filter equipped

less vacuum robot
Vacuum characteristics
Year of purchase 2010 2014 2016 2016
Motor power (W) 2200 750 1000 Battery powered model
Dust collection Plastic chamber Water tank  Disptesphper bag  Plastic chamber
Vacuum tests
N 2 2 2 2
Air exchange rateo( h%) 0.29 £ 0.06 0.42 £ 0.05 0.50+0.16 0.47 £0.07
T (°C) 24.6 £2.40 20.6 £1.30 21.7+0.31 20.4.@10
HR (%) 38.2+10.7 39.8 + 3.66 37.8+1.05 35.7.221
PMo initial mass concentration 5 5, g 19 18.0 + 9.90 42.0+41.0 23.5+0.707

(ug nt)
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PM,opeak mass concentration

3 51.0+8.49 37.5+4.95 65.0+424 26.0+1.41
(ng )
PM,./PMyq (%) 74.2+10.1 81.2+4.45 81.1+16.4 43.3 13.6
PMy/PMy, (%) 72.1+10.6 79.4£4.92 79.4+17.7 39.2 4.0
Particle number initial
concentration (particles x 10 6.59 +4.16 3.57+0.38 19.7+16.9 4.88+1.34
cnt)
Particle peak number
concentration (particles x 10 0.548 + 0.014 2.10+£0.136 1.39 £ 0.102 0.05040.0
cnr)
Emission rate PM (1g $%) 1.26 + 0.131 1.44 +0.282 3.46 + 1.65 -
Emission rate particle number 5 5q , 1 4g 21.2+2.10 12.6 + 4.54 .

(particles x 18" min™)

The estimated PN emission rates from bagged vacuum operation veereggverage, 2.4 and 2.8
times higher (207 + 99.0 pg mipthan those from wet (86.1 + 16.9 ug Mimndwashable filter
bag less vacuum operation (75.4 + 7.89 pg’n{ffable 1). The emission rates derived from this
study are in line with those presented in theditere. He et al. [20] reported a PA&mission rate

of 70 + 40 pg mift for vacuuming. Higher vacuum emission rates (6980+pg mift) were
reported by Nasir and Colbeck [50] in a shared instittrey single room. The large variability in
vacuum emissions was highlighted in the study oibks et al. [28]. The authors reported RM
emission rates from 21 vacuum cleaners during warchcold start tests in the ranges from 0.41 to
1962 and from 0.24 to 2870 pg mjmespectively.

3.1.2. Number concentrations

Figure 2 illustrates the time evolution of the tgtarticle number concentration during vacuuming.
The maximum particle number concentration was re@chkithin a few minutes. The average
particle number concentration in the room was higheing the operation of the wet vacuum (1.69
x 10 + 7.54 x 16 particles crif) and the bagged vacuum (1.09 X £04.95 x 168 particles crif).
The HEPA filter equipped vacuum cleaner did noteéase the number of particles in the room.
During its operation, the particle number concditrawas 4.53 x 10+ 8.16 x 16 particles cr,
which was similar to the one recorded before tlmiven operation (5.86 x i)0and after the robot
was turned off (4.38 x £
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Figure 2 Particle number concentrations during vacuum ctegni

These results are in accordance with previous esudiporting very high (> 99%) fine particle
collection efficiency of vacuums equipped with a R filter [29,53]. Manigrasso et al. [54]
documented a decrease in particle number conciemtrabmpared to background levels when
using a HEPA filter equipped vacuum cleaner, sutjygshat the filter removes particles from the
ambient air to some extent. The ratios of peakakfround levels for ultrafine particle number
concentrations presented in Table 1 indicate thativming can elevate concentrations by a factor
ranging from 4 (bagged vacuum) to 61 (wet vacuuiaple 1 also provides estimates of particle
number emission rates for the different vacuumsclvivere calculated as described above for
particulate mass emissions (Equation 1). A prevsiudy conducted by He et al. [20] in suburban
Brisbane households reported submicrometer pasitission rates of 0.97 + 1.57 x'1particles
min® (particles from 0.007 to 0.808m). Knibbs et al. [28] measured particle number emissio
rates from 21 vacuum cleaners in the range frod40t6 108 x 1dparticles mift (particles from
0.54 to 20um). The assessment of vacuum cleaning in a full-sdadenber carried out by Afshari
et al. [21] resulted in an emission rate of 0.350%" particles mift (particles from 0.02 and about

1.0 um). Wu et al. [36] tested 3 different scenariosratuum cleaning in a closed living room,
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including normal condition, filter removed, anddil and dust bag removed. The ultrafine particle
number emission rates (from 0.0146 to 0.6@h® for the operation with no filter and without
filter and dust bag was 2.2 and 2.5 times highen that of the normal scenario (1.32 + 0.58 ¥ 10
particles miff). In the present study, the average emission (ptsicles from 0.008 to 0.33am)
were estimated to range from 5.29 *'1t6 21.2 x 18 particles mift.

Emissions should be compared with caution since difierences between vacuum cleaners
(model, age, state of preservation, etc.), samptmgditions (real life monitoring campaigns vs
laboratory chambers) and particle diameters mag teanon-generalisable results. In real life/on
site monitoring campaigns, several factors, suchuglsing characteristics, ventilation conditions,
concurrent activities, cleaning routines, etc.,utt@lso be taken into account. In fact, He et al.
[20] obtained variable results in different housdgen vacuumed. In one of the houses, a doubling
in PM, 5 concentrations was observed during vacuuming cosdpe background levels, while no
increase was noticed in particle number concentratiHowever, in a different house, the opposite
behaviour was registered, with no increase in thk £Pmass concentrations, while the particle
number concentration increased. The authors poiotddthe differences in vacuums and in
cleaning routines as possible reasons behind tBeredd results. House cleaning routines can
affect both the dust resuspension and the duss laggilable to vacuum, which, in turn, may affect
the particle reemission. The effect of the vacudearmer or vacuum cleaner components on
emissions can also be significant. Afshari et al][investigated fine particle emissions when
running a vacuum cleaner in a full-scale chambero €xperiments were carried out: (i) vacuum
cleaner operated with a dust bag and (ii) vacuwwarer operated without dust bag, filters and hose
in order to study the emissions from the motor oniye results revealed that the particle
concentrations originating from the motor were lkigthan those from the vacuum cleaner with a
bag.

Figure 3 displays the typical evolution of the disition of the aerosol during the operation of the
vacuum cleaners. While using the wet and baggeduwnacleaners, more than 90 % (985 %) of

the total particle number concentrations was fauarttie nucleation mode (N < 30 nm). This value
dropped to 74 78 % when using the washable filter bag less vaccleaner. The high number of
ultrafine particles emitted from vacuuming is caetesnt with previous studies [25,28,36,55]. The
geometric mean diameter (GMD) of the particle sistribution ranged between 13.5 and 17.8 nm,

while the source was active (excluding the HEPA tefil equipped robot).
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3.2. Metals

Trace and major elements were analysed inogPBdmples (Table 2). Among them, Cu and Si
strongly dominated when the wet and bagged vacuaaners were run, while the washable filter
bag less vacuum and the HEPA filter equipped rgeoerated particles mainly containing Si and
Ca. Elements accounted for RMMmass fractions of 31.2, 20.1, 22.4 and 8.41 %which

represented increases over background of 6.6,4483and 1.8 times for the washable bag less

filter, wet, bagged and HEPA filter equipped vacutleaners, respectively.

Table 2. PMy mass fractions (wt.%) of major and trace elements.

Element Washable filter bag Wet vacuum Bagged vacuum HEPA filter equippeBackground
less vacuum robot
Na 0.100 bdl bdl 0.331 1.05
Mg 0.751 0.762 0.416 0.152 0.152
Al 3.87 3.16 2.18 1.45 0.314
Si 9.74 4.675 4.39 2.73 0.678
P 0.106 0.167 0.060 0.041 0.013
S 1.30 0.419 0.801 0.370 0.648
Cl 1.27 0.515 0.599 0.319 0.749
K 1.71 0.435 0.585 0.359 0.336
Ca 5.94 2.68 2.41 1.77 0.396
Ti 0.884 0.418 0.248 0.133 0.006
Y 0.002 bdl bdl bdl bdl
Cr 0.005 bdl bdl bdl 0.005
Mn 0.049 bdl 0.019 0.021 0.007
Fe 1.88 0.867 0.843 0.635 0.263
Ni 0.004 0.013 0.007 0.001 0.001
Cu 2.92 5.78 8.89 0.012 0.012
Zn 0.246 0.130 0.116 0.062 0.049
As bdl 0.010 0.004 bdl 0.004
Se 0.003 0.001 0.002 0.001 0.003
Br 0.009 bdl 0.003 bdl 0.002
Rb 0.017 bdl 0.015 0.001 bdl
Sr 0.040 0.021 0.037 0.011 bdl
Y 0.014 0.014 0.012 bdl 0.003
Zr 0.011 bdl 0.045 bdl bdl
Mo 0.283 bdl 0.755 0.008 bdl
Pb 0.015 bdl bdl 0.004 bdl
¥ Elements 31.2 20.1 22.4 8.41 4.69
¥ Element oxides 53.4 32.9 35.2 14.8 7.56

bdl — below the detection limit. The measured elenmncentrations were converted into the respectiv
mass concentrations of the most common oxides,(3iQ0;, MgO, MnO, FgO;, TiO,, K,0, etc.)
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The contribution of Cu to the Pl¥imass ranged from 0.01 %wt. (HEPA equipped rolwyg.86
%wt. (bagged vacuum), which represent an increase lmackground concentrations ranging from
1.6 to 848 times. Metals contribute to 20 — 30%haf total weight of a vacuum cleaner. The
metallic components are made of aluminum (motor ser@ws), stainless and galvanized steel
(motor), brass (plug) and copper (plug, power caiice cables and motor) [56]. Cu concentrations
up to 55 pg M were previously reported in particulate matter ssioins from a professional
vacuum cleaner in a test room [35].

For each element, enrichment factors (EFs) werulzdkd according to equation 2, where E and R

represent the concentrations of the element unddysis and the reference element, respectively:

EF = (E/R)/(E/R)ust (2)

In the present study, Si was used as referencesatetne to its high abundance in the earth’s crust.
The average element concentrations in the uppdineotal crust were taken from Wedepohl [57].
During vacuuming, minimal enrichments were obtaifdsome elements, such as Al, Mg, K, Fe,
V, and Mn (EF < 5), indicating that these elemewtse mostly derived from soil dust. Rasmussen
et al. [58] found significant relationships betweammcentrations in household settled dust and
airborne particulate matter for several elemerasealy Ag, Al, As, B, Cu, Fe, Mn, Pb, U, V and
Zn. In the present study, other elements like RNCaS and Cl were enriched (Figure 4) during the
operation of every vacuum cleaner tested and alsba background sample suggesting that the
origin of the enrichment was not vacuuming. Zin83dXk EF < 163) and selenium (743 < EF <
1285) were also highly enriched elements in aluumging tests and background sample (EF = 419
and EF = 16721 Zn and Se, respectively). Molybdewas highly enriched (675 < EF < 37240) in
all the vacuuming samples except in the one celteduring the wet vacuum operation, whereas it
was not enriched in the background sample. Copper\iere very high when operating all the
vacuum cleaners (over 6000, 25,000 and 41,000htomiashable filter bag less, wet and bagged
vacuum cleaners, respectively), except for the HEf@ipped robot (EF < 100) (Figure 4).
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A health risk assessment of exposure to majorti@eg elements by inhalation was carried out as
described by the United States Environmental Ptioreé\gency (USEPA)[59], as follows:

EC = (CA x ET x EF x ED) / AT
(3)

where EC is the exposure concentration (i), rEA is the element concentration (NG)mET is

the exposure time (0.75 h'q EF is the exposure frequency (144 8,yED is the exposure
duration (70 y) and AT is the averaging time (78 $65 d y* x 24 h d"). The exposure time used
in the calculations was based on the results afrdine survey among 28,000 consumers from 23
countries on their vacuum cleaning habits [27]. &kding to the survey, 33% of the respondents
vacuum 2 to 5 times per week and 46% vacuum fdrtbabne hour. Taking into account these
results, the exposure concentration was calcukdedming a vacuum frequency of three times per
week for 45 minutes.

The excess cancer risk posed by the individual Isvetasociated with P} inhalation were

calculated following equation (4), where IUR is thkalation unit risk ((ng ™).

Risk = IUR x EC
(4)

The IUR values were retrieved from the databaseiged by USEPA [60] for three elements (As,
Cr (VI1), and Pb). In the present study, one seveifittotal Cr concentration was used to estimate
the risk considering that the tabulated IUR is @r(VI), which is based on a Cr (lll): Cr (VI)
proportion of 1/6. USEPA considers that a®1@sk is below the level of apprehension, whildsis
above 1.0 x 10 are of concern. In the present study, the cunweatancer risk for all potential
carcinogenic elements was negligible (always < 5%10

Noncarcinogenic risks associated with inhalatioposxire to trace elements in indoor here
estimated by the noncancer hazard quotient (HQYviahg the methodology proposed by USEPA
[59,61]:

HQ =EC/RC (5)

RC is the USEPA reference concentration (mg).mConsidering that, for some elements,
reference doses (B mg kg* day’) are available instead of® values [60,62], these latter were
calculated taking into consideration the inhalatiate and body weight of an adult following the
methodology described by USEPA [63]. The referevadees were retrieved from the Integration
Risk Information System (IRIS) [62] and USEPA [60atabases. The HQ associated with
inhalation exposure to particulate trace elememtthé indoor air during vacuuming were much

lower than the unity, indicating negligible risks.
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3.3. OC/EC
Total carbon (TC) represented from 32.7 + 2.68 hahe filter bag less vacuum) to 51.6 + 2.08

(wet vacuum) wt.% of the P} mass during vacuuming, corresponding to TC in@gasver
background levels ranging from 1.2 to 1.8. EC Isweére distinctively higher during the operation
of the wet (19.0 wt.% PM mass) and bagged (15.4 wt.% Bhass) vacuum cleaners. For the
HEPA filter equipped vacuum cleaner, as well alsaokground air samples, EC was not present at
detectable levels (Figure 5). OC and EC concentratin samples collected when the vacuum
cleaners were run were not correlated with eacérpthdicating distinct sources. Contrarily, good
correlations were found between particulate EC entrations and both Cu®(r 0.87) and Ni
concentrations {r= 0.79). Good correlations*(r> 0.75) between OC and several elements,
including Si, S, CI, K, Ca, Fe, Zn and Se, wereo alscorded. Given that one of the main
contributors to indoor particles is probably remmped dust, some of which associated with soil,
these correlations are not surprising. HouseholdyRMst has been reported to contain appreciable
amounts of carbonaceous particles, mainly OC, vasere many samples EC was too low or
undetectable [64]. Black carbon, on the other hhad,been associated with motor emissions from
vacuum cleaners [18]. OC to EC ratios showed hagiability, ranging from 1.7 (bagged vacuum)
to 106 (washable filter bag less vacuum). Habia.g65] found that household BMIOC fractions
were mainly related to human activities, includiaguum cleaning, which leads to resuspension of
dust and PMsgeneration. Alves et al. [38] reported average @2V&lues ranging from 4.2 to 9.7

in school classrooms. The researchers argued hhae tratios were expected, since resuspended
dust, some of which associated with soil, was foimtde one of the main primary contributors to

indoor particles.
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Figure 5.Chemical mass closure of R

In the present study, in order to convert the mesisass of OC to total organic matter (OM)
mass, the OC concentration was multiplied by aofaot 1.4 [66,67], which is an estimate of the
average molecular weight per carbon weight for dhganic aerosol. The mass closure between
chemical and gravimetric measurements was neafl9olfdr most samples, except for background
air and the sample collected during cleaning wiid HEPA filter equipped robot (Figure 5). The
fraction of unidentified mass might be attributatieghe selection of the multiplier factor to deriv
the OM, particle-bound water, sampling artefactsp@ag others [67]. The presence of unanalysed

constituents might also be responsible for the coaated mass.

3.4. Organics

The PM samples collected during vacuuming, as agthe background air samples, encompassed
several aliphatics, polycyclic aromatic hydrocabqi®PAHS), alcohols, acids, sterols, glycerol
derivatives, phenolic compounds, saccharides, arotregs.

The aliphatic fraction of particulate matter comnspd n-alkanes fromCto Gs. The maximum
concentrations were observed for the homologudhdrrange from gto G, which have been
described as characteristic of petrogenic soufdes.carbon preference indices of n-alkanes were
in the range from 0.7 to 0.9 during the vacuumipgration and 1.1 for the background, suggesting

the contribution of petroleum derivatives [68]. Tipresence of these compounds may be related to
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416  oil-based or petrochemical textiles such as nypmtyester, acrylic and spandex, which are made
417  from natural gas or oil. Outgassing of lubricantpleed to parts of the vacuum cleaners is another
418 likely source. The&,s n-alkane concentrations ranged from 22.4 to 38.&if during vacuuming
419  and 17.3 ng Min the background air.

420 Discontinuous series of n-alkanols fromy @ G;, were detected in the Pysamples, maximising
421  at Gg, during the operation of the tested vacuums, dsasen the background sample (Table 3).
422  Cetyl alcohol (GgH34O) is widely used in skin lotions and creams dueitsowater-binding
423  properties [69]. Other long-chain alcohols, such mayristyl (G4H3O) and stearyl alcohol
424  (CygH350), were also found in all samples. Besides beseglun a variety of cosmetic produets
425 emulsifier, emollient, antifoaming agent, and scidiat, stearyl alcohol has also been isolated from
426  human sebaceous lipids [69]. The; n-alkanol concentrations ranged from 362 to 858ntiy
427  during vacuuming and 172 ng*in the background air.

428

429  Table 3. Concentrations (ng¥nof oxygenated organic compounds in gM

Wet vacuum Bagged HEPA filter Washable filter Background
vacuum equipped robot bag less vacuum
Saccharides
Galactosan 2.41 bdl bdl bdl bdl
Mannosan 1.15 2.57 2.74 bdl 1.27
Levoglucosan 8.27 9.69 23.6 5.93 22.1
Unidentified saccharides 45.2 47.4 46.5 278 4.50
Phenolics and alteration products

Benzyl alcohol 1.96 bdl 6.77 badl badl
Benzoic acid 0.643 0.683 0.858 1.26 0.187
4-Hydroxybenzoic acid 0.049 0.194 0.153 0.279 0.074
Trans-cinnamic acid bdl 0.102 0.116 0.212 0.027
Pthalic acid 0.358 0.385 bdl 0.544 bdl
Vanillic acid bdl 0.031 0.046 0.091 0.031
Syringic acid bdl bdl bdl bdl 0.054
Resorcinol 0.018 0.013 0.049 0.011 0.013
4-Methyl catechol 0.003 0.002 0.004 0.004 0.001
2,6-Dimethoxyphenol 0.005 0.003 0.021 0.005 0.001
Eugenol 0.006 0.006 0.016 0.005 0.001
Isoeugenol bdl 2.42 3.92 1.78 bdl
4-Allyl-2,6-dimethoxyphenol (methoxy
eugenol) 0.018 0.082 0.166 0.038 0.010
2,4-Di-tert-buthylphenol 106 123 180 118 20.6
Pyrogallol 0.002 bdl 0.017 0.002 0.001
4-Phenylphenol 0.084 0.052 0.079 0.055 0.005
4-tert-butylphenol 11.9 3.03 24.8 13.3 1.71
4-Octylphenol 0.013 0.015 0.020 0.047 0.006
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Thymol
Coniferyl alcohol
Sinapyl alcohol
Bisphenol F
Bisphenol A
Aliphatic alcohols
1-Decanol
Dodecanol
Tetradecanol
1-Pentadecanol
Hexadecanol
Heptadecanol
1-Octadecanol
1-Eicosanol
1-Docosanol
1-Tricosanol
1-Pentacosanol
Hexacosanol
1-Heptacosanol
1-Octacosanol
1-Tricontanol
Seroid compounds
Cholesterol
5-Cholesten-3-ol (epicholesterol)
[-Sitosterol
Lupeol
Aliphatic acids
Octanoic acid
Nonanoic acid
Decanoic acid
Undecanoic acid
Dodecanoic acid
Tridecanoic acid
Tetradecanoic acid
Pentadecanoic acid
Hexadecanoic acid
Heptadecanoic acid
Octadecanoic acid
Nonadecanoic acid
Eicosanoic acid
Docosanoic acid
Diacids
Butanedioic (succinic)

Hydroxybutanedioic (malic)

2.236
bdl
0.006
bdl
57.8

0.01
26.2
79.9
29.8
137
5.50
74.6
1.82
1.70
0.17

0.20
3.09
0.05
0.82
0.39

7.34
bdl
0.985
2.29

0.820
0.246
27.9
0.746
13.0
135
33.7
4.78

bdl
0.367

15.8
0.089
0.229
0.053

0.205
bdl

0.063
bdl

0.003
bdl

8.902

bdl
53.0
139
57.7
201
5.27
93.8
1.23
0.40
0.03

0.06
3.49
0.02
0.41
0.18

7.57

0.099
0.253
0.186

0.245
0.453
4.15
1.78
65.3
3.04
71.5
4.87

49.5

0.394
14.00
0.097
0.124
0.045

2.38
bdl

4.74
0.016
0.025
bdl
bdl

0.52
243
204
87.2
220
9.87
81.2
2.98
3.72
0.18

2.09
3.23
0.04
0.57
0.17

9.01
bdl

0.556

0.763

1.73
3.79
6.26
1.08
147

11.3
144

24.7

504
0.478
107
0.096
bdl
0.334

2.01
2.09

1.634
0.009
bdl
3.99
46.9

0.02
38.3
122
68.2
189
4.48
119
2.58

bdl

0.20

0.45
18.7
0.16
5.23
0.43

10.3
bdl
0.597
0.396

0.754
1.18
4.01
1.74
59.8
3.32
92.3
9.66

332
1.46

85.43
0.20
0.84
0.54

4.77
bdl

19

0.199
bdl
0.001
bdl
0.543

0.01
7.02
8.78
329
82.7
5.90
32.6
1.05
bdl
0.05

0.03
0.82
0.01
0.09
0.03

0.429
bdl
0.120
0.323

0.163
0.194
0.323
0.249
87.8
231
165
9.52

141
1.73
61.3
0.109
0.443
1.76

1.05
bdl



1,5-Pentanedioic (glutaric)
Hexanedioic (adipic)
Heptanedioic (pimelic)
Octanedioic (suberic)
Nonanedioic (azelaic)
Other acids
Boric acid
2-Hydroxyethanoic (glycolic)
2,3-Dihydroxypropanoic (glyceric)
3-Hydroxybutanoic (3-hydroxybutyric)
9-Cis-Hexadecenoic (palmitoleic)
Cis,cis-9-12-octadecadienoic (linoleic)
Cis-9-Octadecenoic (oleic)
Cis-Pinonic
Citric acid
Adipic acid dioctyl ester
Abietic
Dehydroabietic
Isopimaric
Podocarpic acid
Glycerol derivatives
Glycerol
Diethylene glycol
1-Monolauroyl-rac-glycerol
1-Monolinoleoylglycerol
Glycerol monostearate (monostearin)
1-Monopalmitate glycerol (1-monopalmitin)
Other compounds
2,6-Di-tert-butyl-1,4-benzoquinone
(-)-1sopulegol
5-Isopropyl-3-Methylphenol
(1S, 2S, 3R, 5S5)-2,3-Pinanediol
Diethyltoluamide (DEET)
Tributyl phosphate (TBP)
Tetraacetylethylenediamine (TAED)
Parsol MCX
Fyrol FR-2 (tris(1,3-
dichloroisopropyl)phosphate)
Acetyl tributyl citrate

Oxidised Irgafos 168
Plasticisers

Benzyl butyl phthalate

Bis(2-ethylhexyl)adipate

Bis(2-ethylhexyl)phthalate

0.825
0.090
0.711
0.324
0.840

bdl
162
bal
0.491
0.772
0.821
4.40
0.002
bdl
32.9

bal
0.290

bal

bdl

0.917
1.16

0.001
4.86
13.4

15.3

0.933
0.087
0.098
0.091
19.6

bdl
bal
6.64

52.9
2.63
342

nd
0.109
bdl

1.08
261
0.608
1.18
3.10

bdl
bdl
bdl
0.497
0.616
bdl
0.928
1.52
0.221
75.2

bdl
0.363

bdl
0.016

136
0.575
0.005

bdl

19.9

194

1.33
0.127
0.168
0.300

51.8

118.42
6.60
4.08

5.79
144
bdl

nd
nd
0.419

2.78
3.54
0.530
0.853
2.72

8.00
133
13.8
0.335
1.11
bdl
1.70
0.315
0.723
135

0.378
0.706
bdl

0.055

237
0.425
0.036
86.0

26.3

16.2

0.52
0.100
0.520
0.628
66.6

bdl
bdl
6.72

bdl
3.98
71.2

nd
bdl
bdl

5.13
6.85
0.978
1.44
6.57

1.32
190
45.9
0.807
1.09
bdl
2.00
0.708
1.44
34.7

bdl
0.906
0.034
0.154

671
bdl
0.005
4.97
93.2

71.6

1.34
0.086
0.270
0.255
76.9

bdl
bdl
6.78

bdl
4.99
128

0.268
0.361
0.603

4.18
2.05
0.248
0.251
1.03

6.05
37.1
14.6
0.166
1.43
0.147
20.37
0.302
0.088
7.76

bdl

0.485
0.009

0.003

144
bdl
bdl
1.08
4.59

3.50

0.214
0.011
bdl
0.06

441

0.922
bdl
3.84

©.52
3.28
31.43

nd

bal
bdl
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Di-n-butyl phthalate 0.300 0.459 bdl 0.677 bdl
Diethyl phthalate 0.000 bdl bdl 0.155 bdl
Dimethyl phthalate 0.100 nd nd 0.100 0.010
430  bdl - below the detection limit; nd — not detected.
431
432 A series of n-alkanoic acids fromg @ G, maximising at & or G, were identified (Table 3).
433  Sources of alkanoic acids include cooking [70,&hpission from people’s skin oils [72], incense
434  burning [73] and biomass combustion [74,75]. Oswirces include biogenic contributors, such as
435  fungi, bacteria, spores, and pollen [76]. Lower esalar weight n-alkanoic acids (% were
436  found in emissions from fossil fuel combustion,dahust and tyre wear debris [e.g. ,76,77]. Zhao
437 et al. [71] pointed out tetradecanoic (myristicjdaas a possible organic marker to distinguish
438  emissions from Chinese cooking. Theg n-alkanoic acid concentrations ranged from 1195
439  ng m?® during vacuuming, while the background air sangussented a concentration of 472 rig m
440 3 indicating that these compounds are originatethfnousehold’s activities.
441  Among diacids, the compound with highest conceioinatwas adipic acid (ore¢@liacid) (Table 3).
442  Dicarboxylic acids from ¢to G were recorded in fine organic aerosols from chaldms and meat
443  cooking operations by Rogge et al. [78]. The awghdentified hexanedioic acid as one of the
444  dominant compounds. Malic acid was only preserthensample collected when the HEPA filter
445  equipped robot was operat&bhrl and Lammel [79] pointed out the influencébaigenic sources
446  on the occurrence of malic acid. Thgdicarboxylic acids concentrations ranged from 58.65.4
447  ng m® during vacuum cleaning, while the background aingle presented a concentration of 21.0
448  ng m°.
449  Several phenolic compounds were also detectedeirsdmples; 2,4-di-tert-butylphenol, bisphenol
450 A and 4-tert-butylphenol were the most abundantbi@a3). Alkylphenols, such as 4-tert-
451  butylphenol and 2,4-di-tert-butylphenol, have ayéavariety of usages such as emulsifying agents
452  in latex paints, glue, and pesticide ingrediemtshe preparation of antioxidants, curing agemsd, a
453  heat stabilisers for polymer resins, among oth@d$. [In the present study, concentrations ranging
454  from 106 to 180 ng mand from 3.03 to 24.8 ng iwere registered for 2,4-di-tert-butylphenol and
455  4-tert-butylphenol, respectively. These compounésevalso detected in background air samples.
456  Indoors, a source of alkylphenols is the biodediadaf alkylphenol ethoxylate, which is a widely
457  used surfactant in detergents. They can also bagetl from the surface of polymer resins, which
458  are used as antioxidant for wall or floor coverifi@8]. Bisphenol A can act both as a plasticiser
459 and as a fungicide and is used in the productiopatycarbonate and epoxy resins [8This
460 compound is ubiquitous in the atmosphere and z&s distributions showed peaks in both fine and
461  coarse fractions. Soil resuspension has been seggas a main source for bisphenol A in the
462  coarse fraction [82]Bisphenol A is a decomposition product of polycadte, an ubiquitous
463  material indoors (e.g. hard plastic bottles, CDgDB, etc.) [83]. Isoeugenol was another phenolic
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compound detected in three of the four samplesectatl in the living room during vacuuming
(1.78 — 2.42 ng i) and was absent from the background air. Eugensl detected in all samples
although in much lower concentrations. Phenylpregersuch as eugenol and isoeugenol, are
produced by plants as defense compounds and asdltnactants of pollinators [84]. Isoeugenol is
used in fragrance formulations which are incorpafainto household laundry and cleaning
products [85]. Eugenol is also common in consumeduyrcts, such as air fresheners [86]. This
compound was also reported in samples collectedams from a Spanish household that had been
treated with aerosols, electrical diffusion unigs well as with several cleaning products of
domestic use [87]. Thymol was present in all sampled was among the phenolic compounds
with the highest concentrations. Thyme essentlalarie used in a variety of products in the food
industry (preservatives and flavourings) and imuetics [88].

Levoglucosan and its stereocisomers, mannosan dact@san, were detected in samples (Table 3).
These saccharides are formed from the thermal datjoa of cellulose [89-91]. Although their
individual quantification was not possible, mankatsaccharides were detected in;P8amples.
Cholesterol an@-sitosterol were also found in PM samples. Chotettgas the most abundant. It
is likely associated with cooking activities [92]93

Other hydroxyl compounds and phthalates were deldaatthe particulate matter organic extracts
(Table 3). Among these, the most abundant were hyltetuamide (DEET), tri(1,3-
dichloroisopropyl)phosphate and Irgafos 168 (tré{@-tertbutylphenyl)phosphite). Tris(1,3-
dichloro-2-propyl) phosphate was not detected io dfvthe five samples, reaching a concentration
of 52.9 ng nf during the wet vacuum operation, which was up t0 fithes higher than the
background concentration. Flame retardants are imsathny consumer and industrial products
(e.g. electronics and electrical, building/condirg and textiles) to delay ignition and slow the
spread of fire. Organic phosphorous containitagne retardants are mainly used in cellulosic
materials, textiles, PVC-based products and potiparee foam [94]. Air concentrations of this
phosphate triester in European homes ranged frodetectable concentrations to 21 ng [85].
Diethyltoluamide was present in all samples. ltused as insect repellent [96]. Irgafos 168
(tris(2,4-di-tert-butylphenyl)phosphite) is a phbip antioxidant used in several plastic packaging
[97,98]. Parsol MCX (ethylhexyl methoxycinnamatepsvalso detected in all samples. It is
frequently contained in personal care products &sfiller to protect human skin from UV
radiation or as UV absorber to prevent light-indipeoduct degradation [99].

Several plasticisers were detected in PM samplesi-butylphthalate (DBP) was the most
abundant phthalate plasticiser present in the ssmwring vacuuming. In the background sample,
only dimethyl phthalate was detected at quantifidblels (Table 3). Plasticisers are widely used
in the production of polyvinyl chloride (PVC) plast, as well as in other applications such as
glues, paints and cosmetics [100,101]. The vacuody ifexternal structure, dust container, power

cord and wire cables) is made of several plastimpmnents, including polypropylene (PP),
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acrylonitrile butadiene styrene (ABS), high dengitylyethylene (HDPE) and PVC materials.
Other vacuum parts, such as the flexible hose, bokaer and handle, floor brush and extension
tube are made of ethylene vinyl acetate (EVA), Rt ADPE [56]. Plasticisers can leach out from
PVC with materials aging and contaminate the emvirent [102].

TheX,s PAHs concentrations ranged from 3.68 to 11.8 fgioring vacuuming and 3.32 ng’rin

the background air (Table 4). The PAHs with highestcentrations were pyrene, chrysene and
benzo[b]fluoranthene. Delgado-Saborit et al. [103%asured sixteen PM-bound PAHs in 81
English households and reported concentrationsingrigpm undetectable levels to 25 ng’nin
Italy, Romagnoli et al. [104] documented concerdres of~ gPAHs in 10 private households in the
range from 0.4 to 8.4 ng'inHigher PAH concentrations were determined by Nawaret al. [105]

in 55 non-smoking urban residences in the USA. ifidleor concentrations &z, PAHs were 16-
220 ng it in Los Angeles, 21-310 ng#in Houston, and 22-350 nghin Elizabeth.
Benzo[a]pyrene equivalent concentrations (BaRvere calculated (Table 4) multiplying the
measured levels of each PAH by the respective tegidvalent factors (TEF), which were taken
from Bari et al. [106]. Dibenzo[a,h]anthracene whs compound that most contributed to the
carcinogenic potential of the PAH mixture for alrmal the samples with values ranging from 33.8
% (washable filter bag less vacuum) to 48.3 % (bdggacuum). During the wet vacuum operation
and in the background sample, the major contribwi@s benzo[a]pyrene accounting for 35.8 %

and 37.2 % to the carcinogenic potential, respelstiv

Table 4. Concentrations of PAHs (ng’)ncarcinogenic potency of total PAHs (Bakhg m°) and

cancer risk.
PAHs Wet vacuum Bagged vacuunmHEPA filter Washable filter bag Background
equipped robot  less vacuum
Naphthalene 0.354 0.079 nd nd bdl
Acenaphthene 0.081 0.089 0.001 0.021 0.001
Fluorene 0.183 0.026 bdl bdl bdl
Phenanthrene 0.436 0.883 0.088 0.346 0.170
Anthracene 0.300 0.405 0.065 0.210 0.119
Acenaphthylene nd nd nd nd nd
Retene 0.486 0.547 0.147 0.950 0.097
Fluoranthene 0.258 0.315 0.157 0.152 0.090
Pyrene 2.16 1.588 0.219 0.648 0.525
Chrysene 1.69 0.992 0.368 1.96 0.393
Benzo[a]anthracene 1.45 0.886 0.447 1.38 0.392
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Benzo[b]fluoranthene 1.36 0.705 0.675 1.36 0.392
Benzo[K]fluoranthene 1.08 0.755 0.500 1.22 0.333
Benzol[e]pyrene 0.259 0.311 0.390 0.322 0.162
Benzol[a]pyrene 0.426 bdl bdl 0.316 0.145
Perylene 0.080 nd 0.066 nd nd
Dibenzo[a,h]anthracene 0.304 0.259 0.106 0.413 50.10
Indeno[1,2,3-cd]pyrene 0.453 0.226 0.255 0.677 .19
Benzolg,h,i]perylene 0.493 0.261 0.193 0.591 0.199
> PAHs 11.8 8.33 3.68 10.6 3.32
BaPRq 1.19 0.54 0.30 1.22 0.39
Cancer Risk 1.6x 10° 7.4% 10° 4.1x 10° 1.7x 10° 5.3x 10°

bdl — below the detection limit; nd - not detected.

The inhalation exposure to PAHs was estimated iaig equation (3), where CA corresponds to
the BaR, concentration (ng ). The excess cancer risk posed by PM-bound PAHs wa
determined following equation (4) where IUR is cddéted multiplying the cancer potency for
B[a]P of 3.9 ((mg kg day) by the reference human inspiration rate per @dynf) and dividing

by the reference human body weight (70 kg). Taklesglays the total carcinogenic risk calculated
from the particle-phase PAH mixtur€he average carcinogenic risk was found to be giadgi
(4.1 x 10’ to 1.7 x 10).

Conclusions

Cleaning activities are an important part of theudehold’'s daily routine and can contribute
significantly to personal exposure. Vacuuming re@ognised source of indoor particle generation,
however, there is still limited information on timpact of this particular source on indoor air
quality, especially concerning the PM compositiamhich is key to refine indoor source
apportionment and to improve estimates of residehtiman exposure.

This study presents indoor particulate mass andoru@mission rates and a comprehensivg,PM
chemical characterisation during vacuuming cleaniitty different devices (washable filter bag
less vacuum, wet vacuum, bagged vacuum) withoutcdimgr active source. A sharp increase in
particle number concentrations was recorded whérgurost vacuum cleaners (4 to 61-fold in
relation to background air levels). The increasthinPM, mass concentrations due to vacuuming
was less pronounced, ranging from 1.2 to 1.6 ingammon with the initial concentrations (before
the activation of the source). While the baggeduuat cleaner presented the highest M

emission rates, the particle (7.64-310.6 nm) nun@eission rates were highest during the wet
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vacuum operation. No increase in BMnass concentrations or ultrafine particle humbas w
observed when using the HEPA filter equipped vaculaaner.

When the wet and bagged vacuum cleaners were @Qrg#els were substantially higher than
those measured in the background air and whilegusther types of vacuum cleaners. The
contribution of Cu to the PM mass ranged from 0.01 %wt. (HEPA equipped rom4.86 %wt.
(bag vacuum), which represented an increase owghb@und concentrations ranging from 1.6 to
848 times.

Wear of vacuum materials, grease and oils migh& Iseurce of particulate organic compounds.
However, in the present study the organic speciatwealed the contribution of multiple sources,
making it difficult to differentiate the possiblegut of vacuuming to the detected components.
Taking into account the numerous brands and madfel@cuums available on the market, each
possessing its own features (e.g. dust contairmg, materials, filtration systems etc), it is
necessary to borne in mind that the findings of 8tudy cannot be considered representative for
each vacuum category (bag less, bagged, wet amdigbhnd further investigations are necessary
to consolidate the conclusions. Despite the lingte, the present study highlights the great
variability in particle emission rates dependingtbe vacuum cleaner, suggesting that household
exposure can be enhanced or reduced by propertiselasf devices. Further investigation is

needed to fully evaluate the potential health aiskociated with this source.
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Highlights:

e Vacuum cleaner type had agreat effect on PM mass and number emissions

e HEPA filters can significantly reduce the PM emitted by the vacuum cleaner motor

« Elemental carbon increased markedly during the operation of wet and bagged vacuums
e Cooper enrichment factors were high when using vacuum cleaners without HEPA filter
e Theinhalation cancer risk for metals and PAHs was negligible
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