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The occurrence of linear- and cyclic-volatile methyl siloxanes (lVMSs and cVMSs, respectively) in various in-
door environments, occupational and domestic, in Italy and in the United Kingdom was studied. The results
show that the cVMSs are the most abundant, detected in average concentrations that in some cases were as
high as 170 μg m−3. Our study highlights the differences that can be observed between various indoor envi-
ronments (e.g. domestic like bathrooms, bedrooms, or occupational) and between two countries. In most
cases, the concentrations found in the UK are higher than in the respective indoor environments in Italy.
The assessment of exposure to these two countries for adults and children revealed significant differences
both not only in the levels of exposure, but also in the patterns. In Italy, the biggest part of the exposure to
VMSs takes place domestically, whereas in the UK, it is observed for occupational environments.
Additionally, the compound specific isotopic analysis was employed as a source identification technique. The
results are promising mainly for D5 that occurs in higher concentrations, but not for the less abundant lVMSs
and cVMSs.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Linear and cyclic volatile methyl siloxanes (lVMSs and cVMSs, re-
spectively) are widely used chemicals in many personal care products,
cosmetics and industrial applications (such as electronics, silicon poly-
mers, and medical devices). These compounds are of environmental
concern and are currently under consideration for regulation because
of their volatility, persistence, toxicity and tendency to bioaccumulate
(Hanssen et al., 2013).

The daily exposure rate to total organosiloxanes (cyclic and linear
ones) from the use of different personal care products depends on a
large number of parameters (i.e. environmental conditions, personal
habits, etc.) and it was estimated to be 307 mg day−1 for women in
the United States (Lu et al., 2011). Siloxanes were generally regarded
as “safe” in consumer products however studies on reproductive toxicity
and possible endocrine disrupting effects have suggested that exposure
to cyclic siloxanes could cause direct or indirect toxic effects, such as
estrogen mimicry, connective tissue disorders, adverse immunologic
responses, and fatal liver and lung damage (Granchi et al., 1995;
Hayden and Barlow, 1972; He et al., 2003; Lieberman et al., 1999;
Quinn et al., 2007). Risk assessment studies in Canada concluded that
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octamethylcyclotetrasiloxane (D4) and decamethylcyclopentasiloxane
(D5) have the potential to cause ecological harmand other damaging ef-
fects on the environment and its biological diversity (Genualdi et al.,
2011; Krogseth et al., 2013a, 2013b). In addition, inhalation and oral ex-
posure studies reported histopathological changes in rat lungs for D4
and D5 (Burns-Naas et al., 1998), fertility reduction on rats for D4
(McKim et al., 2001), and potential carcinogenicity and immunosup-
pressant effects for D5 (McKone et al., 2009). A risk assessment of D4,
D5 and D6 of the UK Environment Agency has been conducted and the
current recommendations are that D4 should be classified as very
persistent and very bioaccumulative (VPvB) and as persistent,
bioaccumulative and toxic (PBT), and D5 should be classified as VPvB
under REACH (Brooke et al., 2009a, 2009b, 2009c).

To date, studies on siloxanes have focused on thedistribution and fate
in various environmental compartments and levels of siloxanes have
been reported in suspended solids and activated sludge fromwastewater
treatment plants (Cheng et al., 2011; Fendinger et al., 1997; Kaj et al.,
2005a), in sludge-amended soils and sediments (Wang et al., 2012), in
dust (Lu et al., 2010), in passive air samples (Genualdi et al., 2011;
Kierkegaard and McLachlan, 2010; Wania and Dugani, 2003) in landfill
biogases (Schweigkofler and Niessner, 1999), and in human blood, fat,
and breast milk (Flassbeck et al., 2001).

Little however is known about the levels and distribution of cVMS
and lVMS in indoor environments; Lu et al. (2010) reported concen-
trations of total siloxanes in 100 indoor dust samples from China
ranging from 21.5 to 21,000 ng g−1 and a daily exposure to total
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siloxanes for adults of 15.9 ng day−1. Zhou et al. (2012) reported si-
loxane concentrations in non-occupational environments in Canada,
where D5 and D4 were the two most frequently detected VMSs.

In view of their potential toxicity, determination of siloxanes in in-
door air and evaluation of human exposure are imperative to enable
risk assessment, and the development of strategies for reducing expo-
sure. Indoor air quality is a very important factor affecting the humans'
wellbeing. Individuals spend N90% of their time in indoor environments
(de Bruin et al., 2008; Sarigiannis et al., 2011) and it is known that the
indoor air can be contaminated by numerous inorganic and organic
contaminants (Katsoyiannis and Bogdal, 2012; Katsoyiannis et al.,
2012a; Kurt-Karakus, 2012).

In order to better understand the occurrence and distribution of si-
loxanes in indoor environments, four cVMSs (D3, D4, D5, D6) and four
lVMSs (L2, L3, L4, L5) were determined in air samples collected be-
tween May and August 2011, in Italy and the UK. In addition, the pos-
sibility to use compound specific isotope analysis (CSIA) for tracing
siloxane sources was for the first time explored, by measuring the var-
ious C isotopic compositions (δ13C) of siloxanes from products from
various manufacturers and by comparing these results to the δ13C of si-
loxanes found in some indoor air samples. (Cincinelli et al., 2012)

2. Materials and methods

2.1. Sample collection

Indoor air samples (n = 91) were collected using sorbent tubes
containing Tenax GR (35/60 mesh) and a Graphitized Carbon Black
(Markes International). Following the EPA method TO-17 (USEPA,
1997) before sampling, the sampling tubes were conditioned at
320 °C for 120 min, then at 335 °C for 30 min with a 100 mL min−1

reverse flow of high purity (99.999%) helium, and plugged on both
ends with brass caps with PTFE ferrules before they were used for
sample collection.

Indoor air sampling campaigns were conducted from May to Au-
gust 2011 in Italy and the UK.

Air sampleswere collected from eight types of indoor environments.
In private residences, air was collected in bathrooms (n = 18), living
rooms (n = 13), adult- (n = 10), boy- (n = 11) and girl- (n = 12)
rooms. In settings with expected different diurnal occupancy patterns
such as school (n = 5), supermarket (n = 10) and office (n = 12)
buildings, samples were collected during hours that represent typical
exposure. The sampling protocol followed the German guideline
VDI-Richtlinie 4300-6, according to which, windows and doors should
be closed at least 8 h prior to the air sampling event (Hippelein, 2004).

Sampling was performed by drawing 5 L of air through the sam-
pling tubes at a flow rate of about 120 mL min−1, using a GilAir3 op-
erated air-pump (Gilian — Sensydine), placed in the center of the
room, at a height of about 1.5 m, at the breathing zone of building oc-
cupants. Air was sucked through two sorbent tubes in series. Addi-
tional non-sampled sorbent tubes were used as field blanks. After
collection, the sample tubes were stored at +4 °C.

In order to determine the δ13C of each siloxane by means of
GC-IRMS, air samples (n = 10) were collected on coconut charcoal
cartridges, contemporary to the air sampling performed on Tenax
GR (35/60 mesh) plus a Graphitized Carbon Black (Markes Interna-
tional) sorbent tube.

2.2. Reagents and chemical analysis

Individual cVMS and lVMS standards, with purity N98%, were pur-
chased fromSigma-Aldrich (St. Louis,MO, USA). In particular, it contained
the hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4),
decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasilox-
ane (D6) cVMS; and the hexamethyldisiloxane (L2), octamethyltrisilox-
ane (L3), decamethyltetrasiloxane (L4) and dodecamethylpentasiloxane
(L5) lVMS. A 30 mg L−1 stock solution of each component was prepared
in methanol, and further diluted to obtain standards ranging from 0.3 to
30 ng μL−1. A six-point linear calibration curve was drawn by analyzing
sorbent tubes pre-loaded with known amounts of the target analytes.

Sorbent tubes were analyzed on an Automatic Thermal Desorption
UNITY2 (Markes International) coupled to a GC/MS-system (Agilent, GC
6890N—MS 5973i). Tubes were desorbed at 320 °C for 60 min, and sep-
arated on Agilent DB 624 capillary column (60 m × 250 μm × 1.40 μm).
The column temperature was 40 °C for 4 min, programmed to 90 °C at
6 °C min−1, to 120 °C at 8 °C min−1 and to 210 °C at 10 °C min−1. The
carrier gas was helium and the mass spectrometric detector was used
in electron impact single ion recording mode (SIM). The run time for
sample analysis, including desorption (60 min), and GC analysis
(46 min) was 106 min. The ions were monitored at m/z 75 for TMS, m/
z 147 for L2, m/z 207 for D3, m/z 221 for L3, m/z 281 for D4, m/z 207
and 356 for L4, m/z 355 and 267 for D5, m/z 281 and 147 for L5, and
m/z 341 and 444 for D6. The quantificationwas performedwith external
standards on pre-cleaned tubes. A six level daily calibration curve was
used for quantification.

2.3. Method evaluation

Blank emissions and artifact formation, which can affect the meth-
od sensitivity and overall performance, were determined using a total
of 10 freshly conditioned Tenax GR (35/60 mesh) plus a Graphitized
Carbon Black (Markes International) sorbent tube. Field blanks were
also collected each sampling day and treated like the sampled tubes.
A number of preventive measures were also taken to reduce possible
contamination, such as team members avoided to use personal care
products during sampling and sample analysis and cleaned sorbent
tubes were stored in a clean laboratory. Moreover, to assure inertness
performance, Merlin Microseal System (Supelco) replacement septa
were used in the gas-chromatograph injector, and an Agilent ultra
inert GC capillary column was used in chromatography separations.
In addition, to reduce the background levels of siloxanes, siloxane
free septa were used in the injection system and vials.

The limit of detection (LOD) was determined by applying a signal
to noise ratio of 3, and defined as the average of all blank concentra-
tions plus three times the standard deviation of the blanks and was
found to range from 0.007 to 0.04 μg m−3.

The retention of VMSs on the sorbent tubes was tested by using a
back-up tube in series with the primary tube, using inert metal con-
nectors. A siloxane standard mixture was loaded on the primary
tube and then air was drawn through the sampling train at various
flow rates. By the amounts of VMSs on the second tube, the break-
through was evaluated.

The reproducibility was determined by spiking sorbent tubes in
quadruplicate with a siloxane standard mixture containing about
5 ng μL−1 of each compound, in order to simulate the concentration
range found in the air samples and the reproducibility was expressed
as the relative standard deviation (RSD) for each concentration level.
Recoveries for investigated VMSs were evaluated as the fraction of
the mass recovered from the sorbent compared to that injected into
the sorbent tube. Analyses were performed within 24 h after spiking
the tube.

2.4. Compound specific isotope analysis (CSIA)

Indoor air samples for compound specific isotope analysis (CSIA)were
collected according to a standard method developed by NIOSH using ac-
tivated coconut charcoal tubes (ORBO™-32, Supelco, Inc., Bellefonte, PA).
These cartridges are glass tubes with both ends flame sealed (110 cm
long × 8 mm o.d.) and contain two sections of 20/40 mesh coconut acti-
vated charcoal separated by a 2-mm portion of polyurethane foam. The
adsorbing section,which is the longest, contained400 mgof activated co-
conut charcoal and the back-up section 200 mg. Air was drawn through



Table 1
Concentrations of linear and cyclic methylsiloxanes in Italian indoor environments
(μg m−3).

Italy L2 L3 L4 L5 D3 D4 D5 D6 Total

Bathroom
n = 15

Average 2.8 0.36 1.4 1.1 69 42 98 16 230
Max 13 5.4 8.5 9.8 350 27 300 79 820
Min ND ND ND ND 1.3 1.9 3.8 ND 17

Boy bedroom
n = 6

Average 0.7 ND ND 0.24 26 8.0 110 1.0 150
Max 4.4 ND ND 1.4 140 35 350 6.2 360
Min ND ND ND ND 0.23 0.74 2.5 ND 13

Girl bedroom
n = 6

Average 2.4 ND 0.77 0.46 27 19 137 5.4 190
Max 9.6 ND 3.7 1.2 140 73 510 18 690
Min ND ND ND ND 0.39 0.72 ND ND 2.1

Living room
n = 5

Average 3.3 ND 0.15 0.32 3.5 8.2 38 45 100
Max 11 ND 0.76 1.6 8.2 22 79 180 300
Min ND ND ND ND 0.51 2.1 8.4 ND 26

Adult room
n = 9

Average 0.86 ND 0.64 ND 36 11 170 19 240
Max 3.9 ND 4.8 ND 250 60 730 120 940
Min ND ND ND ND ND ND 1.7 ND 7.6

Supermarket
n = 2

Average ND ND ND ND 3.9 5.2 54 2.2 66
Max ND ND ND ND 4.5 5.2 62 3.1 75
Min ND ND ND ND 3.3 5.2 45 1.3 58

Office
n = 5

Average 3.3 0.08 0.12 0.17 3.3 2.2 7.5 ND 18
Max 4.3 0.42 0.58 0.83 5.5 5.2 11 ND 21
Min ND ND ND ND 0.85 0.94 4.4 ND 14
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the charcoal tubes, using an air-pump (Gilian — Sensydine) calibrated to
draw 0.2 L min−1, and the sampling duration was about 60 min. The
caps of the sampling tubes were removed immediately before sampling.
The sampler was attached to the sampling pump by PTFE tubing. After
sampling, the charcoal tube was removed from the sampler and the
two open sides were tightly closed using special PTFE caps to prevent
any contamination and desorption. To detect possible contamination,
field blanks were performed by putting a charcoal tube with broken
ends in the channel of the sampler at the sampling site but without pass-
ing any air sample through it. The samples and blank tubes were put into
air-tight plastic bags and kept at −10 °C in a freezer until they were
processed, not later than two days after collection. Before analysis, each
charcoal tube was scored with a quartz blade (ORBO™ tube cutter,
Supelco) in the front of the first section (i.e. the adsorbing section) of
charcoal and broken open. The glass wool was removed and discarded.
The charcoal in the adsorbing section was transferred to a 2-mL capped
vial. The separating foamwas removed and discarded; the second section
(back-up section) was transferred to another capped vial. These two sec-
tionswere analyzed separately. To desorb the samples, 1 mL of desorbing
solution was pipetted into each sample vial. The desorption solution
consisted of 5 μg m−3 of internal standard solution in carbon disulfide.
The sample vials were capped with PTFE as soon as the solution was
added. Desorption was done for 30 min in an ice bath in a sonicator
with occasional shaking. The extracts, exchanged in hexane, were ana-
lyzed with a 6890 gas chromatograph coupled with a 5973 mass spec-
trometry using electron ionization (EI) and with an isotope ratio mass
spectrometer (Isoprime Ltd., Manchester, UK) via a combustion interface
maintained at 850 °C. The GC was equipped with a split/splitless injector
with aMerlinMicroseal septum. 2 μL of the extract was injected at an in-
jector temperature of 200 °C. Separation of VMSswas accomplishedwith
an Inert 30-m DB5-MS (0.25 mm i.d., 0.25 μm film thickness, J&W Scien-
tific) and a 1 m retention gap of deactivated fused silica was used
(0.32 mm i.d., Agilent Technologies). The operating conditions were as
follows: injector temperature 200 °C; transfer line temperature 250 °C;
and oven temperature program 70 °C (2 min), 10 °C min−1 to 90 °C,
hold 5 min, 15 °C min−1 to 150 °C, and 30 °C min−1 to 280 °C, hold
10 min. The detector was operated in selected ion mode (SIM) to maxi-
mize sensitivity.

The IRMS was routinely tested for resolution, system and signal
stabilities, relative and absolute sensitivity, peak flatness and ratio
linearity as per the operational manual. Standard reference material
(hydrocarbon mixtures from Indiana) of known isotope ratio was in-
cluded in each analytical sequence to check the bias of isotope ratio
measurement. For all measured individual compounds, the standard
deviation for multiple analyses ranged between 0.07 and 0.32‰. An
internal standard, n-dodecane with δ13C −31.99 (measured value),
was used to monitor the performance of the instrument during each
sample run. All sample isotope values were calculated based on a
standard gas injected at the beginning of each sample run. The δ13C
values for VMS standards showed a precision of ±0.15‰.

Blank emissions were also evaluated for 10 coconut charcoal
tubes. CSIA analysis showed values below the instrumental detection
limit.

3. Results and discussion

3.1. Method validation

The breakthrough of the standard VMSmixturewas b0.4% (n = 10)
at the flow rate applied. Therefore, the sampling protocol was consid-
ered as efficient. Nevertheless, in a number of samples, for control pur-
poses, a second tubewas placed to control the breakthrough also during
proper sampling (air flowwas separately controlledwhen 2 tubes were
used).

The standard VMSs showed very good reproducibility with high to
low relative standard deviation, ranging between 6.1% (L5) and 13.7%
(D3). The mean recoveries of standards spiked into the sorbent tubes
ranged from 82 ± 5.6% to 92 ± 8%.
3.2. Occurrence of siloxanes

Detailed concentrations of all studied compounds are presented in
Tables 1–2, for Italy and the UK, respectively. Most abundant chemical
was D5, in almost all samples, with average concentrations ranging
from 7.5 to 170 μg m−3 in samples from Italy and 45 to 270 μg m−3,
in indoor environments in the UK. D5 accounted routinely for more
than 50% of the total VMSs, although there have been cases where D5
accounted for as low as 26%. Other compounds that occurred in high
concentrations were D3 that was the most abundant in living rooms
in Italy (180 μg m−3) and D6, which dominated the respective samples
in the UK (160 μg m−3). The predominance of D5 is in accordance with
the results from previous studies which determined the content of
cVMSs in a variety of cosmetic products. Fig. S1 presents the profiles
of cVMSs as reported by Wang et al. (2009) for 36 cVMSs-containing
products, where, it can be seen that D5 is the chemical that dominates
almost all analyzed products. Only two products belonging to the cate-
gory of body lotions have been found to contain almost exclusively D4.
Higher emission rates for D3 and D6 than for D5 have been observed in
emissions from computers and printers, respectively (McKone et al.,
2009). Emissions from these types of products may be the reason for
the dominance of D3 and D6 in living room samples in both countries.

Linear VMSs were in substantially lower levels and only in few
cases, average concentrations exceeded 10 μg m−3. The highest con-
centrations of lVMSs were observed in the supermarket samples,
followed by the kindergarten and the living room ones, all of them
in the UK. There are only few studies reporting indoor air concentra-
tions of VMSs. A study in indoor environments in Sweden reported
average values below 10 μg m−3 for all individual VMSs and, inter-
estingly, average concentrations almost at the same levels for D5,
D4 and D6 (9.7, 9.0 and 7.9 μg m−3, respectively, Kaj et al., 2005b).
Wu et al. (2011) measured D5 in a number of commercial buildings
in the US and found that D5 ranged between 1.30 and 120 μg m−3,
Hodgson et al. (2003) reported a range of 16.7–112 μg m−3 for a
call center office building and Katsoyiannis et al. (2012b) reported
levels of few to 30 μg m−3 in various university indoor environments.

Important differenceswere observed both between the studied coun-
tries and between the different indoor environments. The occurrence



Table 2
Concentrations of linear and cyclic methylsiloxanes in UK indoor environments (μg m−3).

UK L2 L3 L4 L5 D3 D4 D5 D6 Total

Bathroom
n = 9

Average 3.3 ND 2.1 0.75 110 68 120 26 340
Max 13 ND 8.5 3.4 350 270 300 79 820
Min ND ND ND ND 1.3 2.3 3.8 1.4 17

Boy bedroom
n = 5

Average ND 9.3 ND ND 13 8.4 150 24 210
Max ND 46 ND ND 28 15 290 65 310
Min ND ND ND ND 2.9 3.8 90 5.3 120

Girl bedroom
n = 5

Average 4.2 9.0 ND 0.46 58 15 97 8.1 190
Max 15 40 ND 2.3 267 62 170 31 430
Min ND ND ND ND 0.22 ND 3.2 0.47 6.2

Living room
n = 5

Average 18 1.2 0.63 1.3 160 43 84 12 320
Max 93 7.1 2.5 2.2 270 80 160 32 520
Min ND ND ND ND 3.1 2.3 31 5.1 78

Adult room
n = 1

Average ND ND ND ND 1.2 1.9 45 5.4 56
Max
Min

Kindergarten
n = 1

Average 18 16 7.5 ND 14 17 270 4.3 350
Max
Min

Office
n = 4

Average 1.0 0.35 1.5 0.36 6.6 9.8 54 4.6 78
Max 4.2 0.71 5.9 1.4 16 20 170 15 220
Min ND ND ND ND 2.7 3.5 2.4 0.04 16

Supermarket
n = 3

Average 21 31 7.8 0.77 15 6.9 230 8.4 330
Max 63 52 23 2.3 34 12 440 13 630
Min ND ND ND ND 4.7 3.5 110 4.2 130
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367F. Pieri et al. / Environment International 59 (2013) 363–371
of VMSs in the indoor environment is reflecting the use of specific prod-
ucts and the existence of other typical sources. Therefore, evenwithin the
same room types, big differences are to be expected. To investigate
intra-day differences within the same room, sets of three samples (day,
afternoon and evening) were collected randomly from two bedrooms
Fig. 3. Comparison of total volatile methy
and two bathrooms. As seen in Fig. 1, two of the studied rooms exhibited
very high differences within the same day. In particular, in a male bed-
room, D3, D4 and D5 were particularly high in the morning and then
showed a 10-fold decrease during the afternoon and evening. Similarly,
in one of the studied bathrooms, the concentrations of VMSs were low
lsiloxanes between Italy and the UK.



Table 3
Pearson correlation analysis of the siloxane concentrations.

L2 D3 L3 D4 L4 D5 L5 D6

Italy
L2 1.00
D3 0.14 1.00
L3 −0.08 −0.06 1.00
D4 0.33 0.67 −0.05 1.00
L4 0.18 0.28 0.16 0.75 1.00
D5 −0.13 0.42 0.04 0.35 0.21 1.00
L5 −0.13 0.11 −0.04 −0.01 −0.09 −0.11 1.00
D6 −0.02 0.11 −0.07 0.31 0.16 0.40 −0.05 1.00

UK
L2 1.00
D3 −0.09 1.00
L3 0.30 −0.20 1.00
D4 −0.03 0.67 −0.20 1.00
L4 0.46 0.05 0.44 0.28 1.00
D5 0.24 0.09 0.37 0.34 0.76 1.00
L5 −0.12 0.59 −0.06 0.18 −0.12 −0.13 1.00
D6 −0.07 −0.02 −0.06 0.38 0.04 0.14 −0.08 1.00

p = 0.05 in italics, p = 0.01 in bold and p = 0.005 in italics and bold.

Table 4
Recommendations about total volatile organic compound concentrations in indoor air.

Country TVOC concentration
(μg m−3)

Reference

Germany 300 (for long term exposure) Charles et al. (2005)
(and references therein)

Finland 200: very good IAQ
300: good IAQ
600: satisfactory IAQ

Sateri (2002)

Japan 400 Charles et al. (2005)
(and references therein)

Hong Kong 600 Charles et al. (2005)
(and references therein)

Mølhave
approach

b200: comfort range
200–3000: multifactorial exposure range
3000–25,000: discomfort range
N25,000: toxic range

Mølhave et al. (1990)
(as cited in ECA, 1997).
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in themorning, increased by 5 times in the afternoon and remained high
in the evening. It is interesting to note also the differences in the profiles
(Fig. S2), which underline the contribution of different products/sources
during the day.

Fig. 2 presents the average concentrations of all individual com-
pounds in both countries and per room type. Big differences can be ob-
served for TMS and L3; TMS was detected in all types of rooms in Italy
and only in three types of rooms in the UK, whereas L3 was detected
in considerable concentrations in four UK room types, but was always
non-detectable, or very low, in Italy. If we look at the sub-figures, we
note again the differences between the two countries; in particular in
most cases, theUK samples are characterized by higher average concen-
trations. Average total VMSs (Fig. 3) ranged between 18 and 240 μg m−3

in Italy and between 56 and 350 μg m−3 in the UK. In the Italian indoor
environments it can be seen that residential spaces are characterized
by higher concentrations, contrarily to the working environments
where the lowest concentrations were observed. In UK samples instead,
such a clear trend (domestic vs occupational) is not observed. The
highest concentrations were observed in the kindergarten (although it
was only one sample), followed by bathrooms and supermarkets with
almost similar VMS concentrations. The highest UK average concentra-
tions and the different trends can be attributed to different consumption
and usage behaviors between these two countries. A study of the Euro-
pean cosmetic industry, prepared for the European Commission in
2007 (Global-Insight, 2007), reported important facts about the use of
cosmetics in EU countries and worldwide. In that report it could be
seen that UK had a greater share than Italy in the EU market (15.7% vs
13.9%, respectively) and also a greater annual expenditure on cosmetics
and personal care products per capita (165 vs 149 €). Regarding finally
the differences in usage, the two population consume different products
and indifferent rates. As an example, sun care products in theUK account
for 21% of the total skin care consumption,whereas in Italy the respective
rate was only 13%. Fig. S3 shows the profiles of the five major categories
for cosmetics in the two countries, where also slight differences can be
observed. To study further the differences observed between the sam-
ples collected in the two countries, a correlation analysis was performed
(Table 3). It can be seen that, in general, poor correlations are observed
between the various individual VMSs, with only few exceptions, in
both cases. It can also be seen that the pairs of individual VMSs that
exhibit a correlation statistically significant at the 95% confidence level
(or higher) are different between the samples from the two countries.
The only “common” pairs observed are those of D4 with D3, D5 and
D6, and in both cases at the same levels of statistical significance,
which could be indicative of an important source of D4 in products
used in both countries. Due to the big number of products emitting
VMSs and the differences in their ingredients, strong correlations
would be rather improbable or, if observed, accidental.

3.3. Comparison with existing limits

To our knowledge, VMSs in the indoor air are not regulated by any
environmental agency or other authority, nor are they considered as pri-
ority pollutants for indoor air (i.e. EU INDEX project report, Koistinen et
al., 2008). They are instead subject to regulation in Canada, because of
their potential POP-like behavior (Genualdi et al., 2011).

The only proposed/existing recommendations for indoor air which
could be applied in VMSs, are those regulating total volatile organic com-
pound (TVOC) concentrations. The latter are summarized in Table 4. By
comparing these recommendations to the concentrations of total VMSs
(Fig. 3), it can be seen that average siloxane concentrations are generally
below or just above the value of 300 μg m−3, however, as these recom-
mendations concern the sum of all volatile organic compounds
(benzene, toluene, xylene, terpenes etc. should also be added), it is sug-
gested that levels of VMSs higher than 150 μg m−3, should be consid-
ered as exceeding the TVOC recommendations for good indoor air
quality. Seifert (1990, as cited in ECA, 1997) suggested an approach for
TVOC regulation, which apart from the concentration of 300 μg m−3

for TVOCs, suggested also that no individual chemical should exceed
the 10% of TVOCs. In the case of D5, it is observed that in the vast major-
ity of samples, its concentrations are so high that the Seifert (1990, as
cited in ECA, 1997) recommendation would never be met.

3.4. Exposure assessment through breathing

It is known that dermal exposure is the most important pathway
for human exposure to VMSs (Wang et al., 2009). Nevertheless, it
was shown from the present study that exposure to VMSs through
breathing takes place to all indoor environments, in different extents.
Based on average values of total VMSs, and approximate everyday life
habits (Table S1), the average daily intake inhalation was estimated
for the UK and Italy.

To calculate the total amount of VMSs inhaled daily (working days)
through all activities, the following formula was used for every
individual activity:

Iact ¼ B� C � T

where, Iact is the inhalation rate during each activity (mass of VMSs in-
haled), B is the breathing rate (volume of air per time), C is the concen-
tration of total VMSs in each indoor environment and T is the duration
of the activity, in hours. The sum of all individual Iact gives the sum of
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Fig. 4. Daily exposure of adults and children to siloxanes daily (a) and exposure patterns (b) in Italy and the UK.
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VMSs inhaled daily. To simplify calculations, it is assumed that average
inhalation rate is 13 m3 d−1 (or 0.54 m3 h−1) both for adults and chil-
dren (details about breathing volumes taken from CEPA, 1994). By ap-
plying the aforementioned formula and the assumptions of Table S1,
the daily exposure to VMSs is calculated (Fig. 4a). As seen, the highest
Table 5
The δ13C values (‰) ± standard deviations of cVMSs supplied from different manufacturer

δ13C values (‰) D3 D4

Supplier/manufacturer
A −39.51 ± 0.08 −48.04 ±
B −37.45 ± 0.09 −42.78 ±
C −41.38 ± 0.10 −44.19 ±
D −42.82 ± 0.07 −47.9 ±
Average δ13C

Indoor air samples
Bathroom 1 −32.41 ± 0.21 −41.82 ±
Bathroom 2 −27.69 ± 0.19 −44.62 ±
Bathroom 3 −43.13 ±
Bathroom 4 −43.94 ±
Adult room −31.24 ± 0.18 −43.11 ±
Living room 1
Living room 2
Office 1
Office 2
exposure is observed for children in the UK (3188 μg d−1), followed
by adults in the UK (1875 μg d−1), adults in Italy (1563 μg d−1) and
finally by children in Italy (1261 μg d−1). Apart from the differences
in the total exposure, a big difference between the two countries is ob-
served at the exposure pattern (Fig. 4b). Thus, it can be seen that while
s and for some of the indoor air samples.

D5 D6

0.10 −40.50 ± 0.08 −44.45 ± 0.015
0.12 −45.30 ± 0.07 −42.46 ± 0.012
0.09 −48.14 ± 0.09
0.08 −50.09 ± 0.13

−44.63 ± 0.12

0.17 −44.85 ± 0.23 −36.02 ± 0.28
0.18 −46.86 ± 0.22 −37.28 ± 0.31
0.18 −49.51 ± 0.25
0.16 −45.27 ± 0.21
0.20 −44.11 ± 0.19

−50.80 ± 0.16
−50.10 ± 0.15
−46.23 ± 0.21
−46.51 ± 0.32

image of Fig.�4
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in the UKmore than 50% of the exposure takes place in occupational en-
vironments, in Italy, around 60% of the exposure occurs in bedrooms.

3.5. Source identification based on CSIA analysis

The δ13C values of cVMSs supplied from different manufacturers are
reported in Table 5. It can be seen that their δ13C values vary substantial-
ly for all individual cVMSs. The differences were particularly high for D5
(up to 25% that is from −49.49‰ to −40.5‰, for brands A and D, re-
spectively) and slightly lower for the other cVMSs. The same analysis
was also performed for some of the indoor air samples collected during
the present study (Table 5). A first visual inspection suggests that al-
most all indoor environments had totally different profiles, although
this is biased by the fact that it was not possible to analyze the CSIA sig-
nature for all cVMSs in all samples. In general, it can be seen that D5, in
most rooms, presents a δ13C value that is very close to the average δ13C
value of the analyzed industrial products (−45.86‰). D5 is the most
abundant cVMS and from the present results it can be concluded that
its occurrence in the indoor air, is most likely a result of emissions
from products of all known manufacturers. In the living rooms, the
δ13C value for D5 was much lower (−50.8‰ to −50.1‰), similar to
the D5 δ13C value of the product D formulation (−49.49‰). In the
case of D3, D4 and D6, real samples exhibited in general much higher
δ13C values than the commercial products. The biggest differences
were observed for D3, forwhich the δ13C values in commercial products
ranged between −42.82‰ and −37.45‰, whereas in indoor air sam-
ples the range was from −32.4‰ to −27.68‰. Similar results were
seen for D6, while for D4, most indoor air samples were close to the
product B value and substantially higher than the average value of com-
mercial products. The results obtained for D3 and D6 suggest that after
these chemicals are emitted, they are degraded/transformed, and prob-
ably this mechanism is not occurring proportionally for all stable iso-
topes, but rather, it takes place in such a way that the δ13C values are
affected. It should be mentioned that for D3, D4, and D6, it was not
possible to quantify δ13C values in all samples, whereas for D5, this
was possible in all indoor samples and commercial products. Probably
the amounts of these cVMSs in the indoor environments were under
the sensitivity of the adopted method in this study.

Our dataset on compound specific isotope analysis suggests that
CSIA could be a reliable method for VMS source identification, howev-
er applicable mainly to D5. The number and variety of siloxane
sources in the indoor environment though, make the understanding
of sources through CSIA analysis a particularly challenging task.

This investigation will provide a baseline for future laboratory and
field studies on deciphering degradation processes for VMSs, and per-
centage contribution of different brands using VMSs in their products
to the siloxane release in the environment.

4. Conclusions

The present study characterized for the first time, in a comprehen-
sive way, the levels of linear and cyclic volatile methyl siloxanes in var-
ious indoor domestic and occupational environments and presented
exposure levels and patterns in indoor environments in Italy and the
UK. The cVMS D5 was the most abundant chemical, something that is
in accordance with its predominance in most personal care products.
The results of the present study highlight the different exposure pat-
terns that can exist between occupational and domestic environments,
between the various room types, within the same room types and final-
ly, evenwithin the same indoor environment, as the emissions of VMSs
are episodic and not constant throughout the whole emission period.
Additionally, we have presented evidence of the differences in the
exposure to VMSs that can result from different consumption patterns
observed between different regions.

Finally, the employment of compound specific stable isotopic analy-
sis in a limited number of samples suggests that this source identification
technique is a challenging task, likely applicable only for D5, however,
further studies are considered necessary.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.envint.2013.06.006.
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