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Abstract The gas-phase concentration at the material surface
(y0) is pointed out in the literature as a key parameter to describe
semivolatile organic compound (SVOC) emissions from materials. This is an important input data in predictive models of
SVOC behavior indoors and risk exposure assessment.
However, most of the existing measurement methods consist
of determining emission rates and not y0 and none allow on-site
sampling. Hence, a new passive sampler was developed. It
consists of a glass cell that is simply placed on the material
surface until reaching equilibrium between material and air; y0
is then determined by solid-phase microextraction (SPME)
sampling and GC-MS analysis. The limits of detection are at
the μg/m3 level and relative standard deviations (RSD) below
10%. A variation of 11% between two sets of experiments
involving different cell volumes confirmed the y0 measurement.
In addition, due to the ability of SVOCs to be sorbed on surfaces, the cell wall/air partition was assessed by determining the
inner cell surface concentration of SVOCs, which is the concentration of SVOCs adsorbed on the glass, and the cell surface/
air partition coefficient (Kglass). The recovery yields of the
SVOCs sorbed on the cell walls are strongly compound-dependent and comprise between 2 and 93%. The Kglass coefficients
are found to be lower than the stainless steel/air partition coefficient (Kss), showing that glass is suitable for the SVOC sampling. This innovative tool opens up promising perspectives in
terms of identification of SVOC sources and quantification of
their emissions indoors, and would significantly contribute to
human exposure assessment.
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Introduction
Semivolatile organic compounds (SVOCs), such as flame retardants, plasticizers, or preservatives, are present in many
building materials and household products. Their incorporation rates in these products are significant: SVOCs typically
constitute 1–30% of the material composition [1, 2].
According to their physicochemical properties and incorporation modes, they are subject to diffusion and migration within
the material and then can be emitted to the surrounding air.
Owing to their wide use, the growing occurrence of SVOCs in
indoor environments, including air [1, 3–5] and dust [6–10],
have been reported. The indoor concentrations were found to
be much higher than outdoor ones [11], showing the contribution of indoor emitting sources such as materials. Because
of their properties, emitted SVOCs are divided between gas
phase, suspended particles, settled dust, and surfaces (including furniture, human skin, or clothing) [2, 12–14], leading to
numerous exposure pathways: inhalation, ingestion, especially for young children with hands–mouth contact, and skin
contact. Some of SVOCs are suspected to be carcinogenic
[15–17], neurotoxic [18], or endocrine disruptors [19, 20].
Because of these suspected adverse health effects and their
ubiquitous presence indoors, it is necessary to understand,
even more to predict, the SVOCs partitioning between the
different compartments of indoor environments. In this aim,
the identification and characterization of the material sources
are challenging issues.
In literature, few methods describe the measurement of
SVOCs emissions from materials. Different parameters can

be determined to characterize emissions: the emission rate or
the gas-phase concentration at the material surface (y0). This
concentration is a key parameter for material emission characterization, indoor air quality modeling [21], and risk exposure assessment [22]. However, conventional methods generally determine emission rates under laboratory conditions
[23–28]. The compounds emitted by the material in the gas
volume of a chamber (or cell) are recovered by pumping
through a filter or an adsorbent tube (Tenax) connected to
the outlet of the chamber. However, a commonly reported
issue for these methods is the loss of SVOCs due to sink
effects (adsorption on the sampler walls) which tends to underestimate emissions [2, 14, 29]. Because of their low vapor
pressure, SVOCs are partially sorbed on the large inner surfaces of these chambers at ambient temperature (23 °C), affecting the results [23]. This is why the ISO 16000-25 standard relative to the determination of the emission of SVOCs
by building products in micro-chamber includes a high temperature (220 °C) desorption step for a total recovery of the
emitted compounds [30]. On the same principle, Katsumata
et al. [29] conducted sampling in two steps: after removal of
the test material, the chamber is heated to 250 °C to collect the
fraction of SVOCs adsorbed on the inner walls. Another efficient way is to reduce the sink effects by minimizing the ratio
of the internal chamber surfaces over the emission surface area
[23]. For that, a sandwich-like chamber was especially designed, thus limiting sorption of SVOCs onto inner sampler
walls [31–33]. Recently, this sandwich-like chamber was
adapted by Cao et al. [34] to determine the gas-phase concentration at the material surface (y0) instead of the emission rate.
In the new configuration, the chamber is fully closed, without
airflow. Under these conditions, the mass transfer is governed
by the diffusion of compounds from the tested material to the
chamber air. The compounds are emitted by the material until
reaching equilibrium between the material and chamber air.
From first Fick law under steady state conditions [35], the
concentration in the chamber can be assimilated to the concentration y0, which is measured by introducing a solid-phase
microextraction (SPME) fiber into the chamber via a septum
(this approach is similar to that we developed for VOCs,
which is described in the following [36]). However, these
different methods of emission measurement are performed in
the laboratory and thus are not representative of real indoor
environments: they neither consider the conditions of implementation of materials nor the possible effects of assemblies
on emission (e.g., for furniture, the layering of cushioning
foam, interlining materials, and coatings). In the aim of onsite determining y0, a simple method using standard stainless
steel thermal desorption tube as passive sampler has been
recently developed [37]. The compactness and the low cost
of this tube allow multiplying easily the sampling points. After
sampling, the total SVOCs amount inside the tube is thermally
desorbed and analyzed. The sorbed part on inner surface of

tube is included in the quantified amount. Therefore, the gasphase SVOCs concentration at the material surface cannot be
directly measured but is deduced from modeling of the sorbed
part. Another approach is to assume that y0 could be considered equal to the vapor pressure of the pure SVOCs [26, 31].
As this assumption is only valid for high weight percentages
of SVOCs in consumer products, it cannot be generalized [38,
39] and y 0 is not directly available for many SVOCs.
Therefore, the development of an on-site method to determine
the gas-phase SVOCs concentration at the material surface is
relevant and constitutes the main objective of this work. The
considered device is inspired by a system previously developed in our laboratory for on-site measurement of y0 for
VOCs [36]. It consists of coupling a home-made glass cell
(DOSEC) with SPME. The DOSEC is placed directly on the
material surface. First, compounds diffuse from the material
surface to the headspace of the cell until reaching equilibrium
[35, 38], and secondly, y0 is determined by passive SPME
sampling and gas chromatography analysis (contrary to
SVOCs, the sorbed part on inner surface of cell is negligible
for VOCs).
The aim of this study was to determine experimentally the
SVOCs gas-phase concentration (y0) at the emitting material
surface. For this, the DOSEC geometry was adapted to limit
SVOCs losses by sink effects and to shorten the time to reach
material/air equilibrium. The feasibility of this method was
studied on organophosphate esters (OPs), which are widely
used [40], mainly as polybrominated diphenyl ethers (PBDE)
flame retardant substitutes [8, 41–44]. After the validation of
the principle of y0 measurement, the performance of the method as limits of detection and reproducibility were determined.
The cell was also designed to recover the fraction sorbed on its
inner surface (qs) during a sampling step involving vacuum/
heating cycles. The cell surface/air partition coefficient
(Kglass) was thus assessed and compared with data available
in the literature for other SVOCs and sampler materials (e.g.,
stainless steel).

Materials and methods
Material samples and target SVOCs
This study was conducted on materials synthetized in the laboratory: two soft polyurethane foams (PU) containing seven
organophosphate esters (Table 1) with individual concentrations of 5 and 7.6 wt% , respectively, were implemented [46]:
TBP, TCEP, and TCP (isomers mixture) standards were supplied by Sigma-Aldrich (St. Louis, MO, USA), TEP by Merck
(Darmstadt, Germany), TPP, TCPP (isomers mixture), and
TDCPP by ICL-products (Amsterdam, The Netherlands).
These compounds were selected to evaluate the method over
a wide range of physicochemical properties (volatility,

Table 1

Physicochemical properties of target SVOCs (estimated values [45]) and ions for SIM acquisition (m/z)

TEP

Triethyl phosphate

TBP
TCEP
TCPP

Tributyl phosphate
Tris(2-chloroethyl)-phosphate
Tris-(chloropropyl)-phosphate

TCP

Tricresyl phosphate

Formula

CAS

Boiling
point (°C)

Vapor pressure (Pa) Log Koa at
25 °C
at 25 °C

Ion for SIM
acquisition (m/z)

(C2H5O)3PO
(CH3(CH2)3O)3PO
(ClCH2CH2O)3P(O)
C9H18Cl3O4P

78-40-0
126-73-8
115-96-8
13674-84-5

233
327
352
365

2.20 × 101
4.65 × 10–1
5.21 × 10–2
7.52 × 10–3

6.632
8.239
5.311
8.203

99
99
63
99

1330-78-5 476
115-86-6
441
13674-87-8 459

8.00 × 10–5
6.29 × 10–5
3.81 × 10–5

9.591
8.459
10.622

99
326
368

(CH3C6H4O)3PO
TPP
Triphenyl phosphate
(C6H5O)3PO
TDCPP Tris-(dichloropropyl)-phosphate C9H15Cl6O4P
Koa: octanol/air partition coefficient.

octanol/air partition coefficient). The amounts of organophosphate esters incorporated and the manufacturing process are
typical for foams used in the furniture sector. Polyurethane
foams were cut into 41 × 24 cm panels with a thickness of
1 cm and a density of 200 kg/m3. Samples were stored in
aluminum foil at room temperature [47] and conditioned in
an environmental chamber under a humid airflow (50% RH)
for 24 h before sampling.

of 120 mL was manufactured. The design of this cell is identical to the previous one, with the same sampling surface, but
its volume is twice as high.
Sampling cells were cleaned before and after each use with
methanol rinsing (≥99%, Sigma-Aldrich, St Louis, MO,
USA). After drying, some vacuum/clean air filling cycles
complemented the procedure.
y0 Measurement

Sampling device
The developed sampler was a 60 mL glass emission cell with a
cylindrical shape and a sampling area of 17 cm2 (Fig. 1). Glass
(borosilicate 3.3) was chosen because it is an inert material
easy to implement and inexpensive. The top of the cell has a
cap with a septum for SPME fiber introduction. The bottom is
fitted with a thread for hermetically sealing the cell with a
silonite-coated stainless steel screw cap equipped with a
high-vacuum valve. The sealed cell supports a vacuum of
50 mmHg at high temperature (typically 100 °C). For the
needs related to the development of the method, another cell

During the first sampling step, the cell was placed directly on
the material for a defined time during which OPs was emitted
inside the gas volume of the cell. When material/air equilibrium was reached, a SPME fiber was introduced in the cell for
passive sampling of SVOCs in the gas phase (Fig. 1). A
100 μm polydimethylsiloxane (PDMS) fiber was selected
(Supelco, Bellefonte, PA, USA) according to the studies
showing that this coating is suitable for organophosphate esters extraction [48–51]. After preliminary tests, an extraction
time of 15 min was selected, corresponding to a good compromise between sensitivity and analysis time. The

Fig. 1 Sampling of gas-phase SVOCs concentration at emitting material surface. y: gas-phase concentration in the cell headspace. y0: gas-phase
concentration at the material surface. qs: cell surface concentration. Kglass: cell surface/air partition coefficient

temperature was controlled and maintained at 23 °C during
these tests. Preliminary tests demonstrated that the SPME fiber did not disturb the equilibrium within the cell: the analysis
of seven successive extractions in the same cell headspace
showed a variation less than 5%.
After sampling, the SPME fiber was directly desorbed in
the injector port of a gas chromatograph for analysis. AVarian
CP-3800 gas chromatograph coupled to a 1200Q quadrupole
mass spectrometer (MS) (Varian, Les Ulis, France) was used.
The PTV 1079 injection port was equipped with a 0.75 mm
i.d. liner and operated at 250 °C in splitless mode. The carrier
gas was helium with a flow rate of 2 mL/min. A 5% phenyl
capillary column of 60 m, 0.25 mm i.d., and a 1 μm film
thickness was used. The oven temperature was maintained at
60 °C for 2 min, then ramped at 30 °C/min to 200 °C, held for
2 min, then ramped at 15 °C/min to 310 °C, held for 22 min.
The transfer line to the MS and the ion source were maintained
at 250 °C. Single ion monitoring (SIM) acquisition was carried out at 0.4 scan/s in electron impact mode (70 eV): the
selected ions are presented in Table 1. The identification was
confirmed by retention times of commercial standards.
An external calibration method was specifically developed
and applied for the quantification of target analytes by SPME
method: test atmospheres were generated by vaporization of
OPs methanolic solutions in the cell at reduced pressure
(50 mmHg). The cell was then filled with clean air (Zero air
generator AZ2020R; Claind, Lenno, CO, Italy). Calibration
was based on the relationship found between the quantification by the active sampling method using Tenax tubes and the
SPME method. The SPME procedure was identical to the
sample ones. The sampling with Tenax tubes was intended
to quantify the gaseous fraction of OPs in the cell previously
loaded with standard solutions. The cell was flushed at room
temperature and atmospheric pressure with clean air with a
low flow rate of 60 mL/min for 5 min to collect only the
gaseous fraction of OPs on Tenax tubes at the cell output.

Fig. 2 Recovery of sorbed
SVOCs

Tenax cartridges were then thermodesorbed and analyzed under the same conditions as those used for the sorbed fraction
analysis (described in the following section). Calibration
curves were established with a minimum of five concentration
levels in the range as those obtained for the samples (0.05–
500 mg/m3).

Surface sorption measurement
A fraction of the emitted compounds is sorbed to the inner cell
surface [2, 14, 29, 37]. It is assumed that the partition between
air and the inner cell surface follows a linear sorption isotherm
[37, 38]. This assumption is only true for initial period (i.e.,
low y0 values) but likely not so as system approaches saturation. Thus,
qs ¼ K glass :y0

ð1Þ

where qs (μg/m2) is the concentration of SVOCs sorbed at the
cell surface, y0 (µg/m3) is the gas-phase concentration at the
emitting material surface, and Kglass (m) is the cell surface/air
partition coefficient.
To recover the SVOCs sorbed onto the inner walls of the
sampler, a second sampling step, which did not involve the
emitting surface, was performed. Knowing the total inner surface area of the cell, the sorbed surface concentration (qs) can
be determined. After closing with the screwcap, the cell was
placed in an oven. Since different elements of the cell (seals,
septum…) did not allow a high temperature heating, several
heating cycles at 100 °C combined with vacuum pumping (up
to 50 mmHg) were carried out (Fig. 2). This combination of
temperature/pressure was chosen to achieve the vaporization
conditions of TCPP (vapor pressure = 40 mmHg at 110 °C).
The sorbed fraction was collected in a stainless tube containing 250 mg of Tenax TA supplied by PerkinElmer (Waltham,
MA, USA) and analyzed by automated thermal desorption

(ATD) coupled to GC-MS. Sampling tubes were cleaned before and after each use with pure helium gas at a flow rate of
100 mL/min at 320 °C for 15 min. Quantification of OPs was
made with an external calibration. For this, Tenax tubes were
loaded with 1 μL of standard mixtures with a conventional
GC syringe and purged for 5 min with pure helium at flow rate
of 50 mL/min to evaporate the solvent.
To determine the recovery yields, known amounts
(16–100 ng) of standard mixtures were introduced in
the closed cell with a syringe. The recovery procedure
was then applied and OPs were collected into Tenax
tubes. In parallel, the same amounts of OPs were directly
loaded into Tenax tubes to serve as references. The ratio
between the result obtained with the addition of standard
solutions into the cell and that obtained with the direct
loading of these same standard solutions in the tube corresponds to the recovery rate.
Analysis was carried out with a PerkinElmer
TurboMatrix 650 ATD thermal desorption system
(Waltham, MA, USA). The Tenax tubes were heated at
320 °C for 15 min, using a helium flow rate of 100 mL/
min without inlet split to desorb the analytes and focus them
into an air monitoring cold trap kept at 0 °C. Desorption
trap was ramped at 99 °C/min to 350 °C, held for 10 min,
with an outlet split of 5 mL/min. The transfer line to the GC
and the valve were maintained at 250 °C. Separation and
detection were performed with a PerkinElmer Clarus 680
gas chromatograph. The carrier gas was helium with a flow
rate of 1.3 mL/min. A 5% phenyl capillary column of 60 m,
0.25 mm i.d. and a 0.25 μm film thickness was used. The
oven temperature was maintained 2 min at 50 °C, then
ramped at 15 °C/min to 200 °C, held for 2 min, then ramped
at 15 °C/min to 300 °C, held for 14 min. The gas chromatograph was equipped with a PerkinElmer Clarus SQ 8 T
mass spectrometer (MS). The transfer line to the MS and
the ion source were maintained at 180 °C. Acquisition was
carried out in single ion monitoring (SIM) in electron impact mode (70 eV): the selected ions are presented in
Table 1. Analytical conditions (inlet and outlet split, flow
rates, temperatures, etc.) were chosen on the basis of previous works [52].

Analytical system blanks
To check the contamination level and memory effect due to
the analytical systems, analytical blanks and sampling blanks
(analysis of empty closed cells) were performed. No contamination due to cells, SPME fibers, Tenax tubes, analytical systems, laboratory air, and clean air was observed in the selected
analytical conditions. Furthermore, blanks during the ATD
sequences proved that there was no memory effect between
two consecutive analyzed samples.

Results and discussions
Measurement of the gas-phase concentration
at the material surface (y0)
For determining the material/air equilibrium time required for
y0 measurement, OPs emission kinetics were studied at 23 °C
using the PU + 7.6% OPs foam. The cell was placed on the
material surface for increasing periods. After each period, a
15 min SPME sampling was performed to determine the concentration of OPs in the gas phase. The results are shown in
Fig. 3a. After SPME extraction, the cell was hermetically
closed with the screw cap and the OPs fraction sorbed on
the inner walls of the cell was recovered on a Tenax tube by
applying the heating/pumping procedure described above.
Only TEP, TBP, and TCPP could be quantified in the gas
phase. TCEP was detected but its quantification was limited
because of the too low standard concentration generated in the
cell for calibration. TDCPP, TPP, and TCP were not detected
either in the gas-phase or on sampler surface. Figure 3a shows
that emission kinetic depends on volatility: equilibrium is
reached very quickly for TEP (after 30 min), whereas 2 h is
needed for TBP. Globally, for the OPs detected in the gas
phase, equilibrium is reached after 3.5 h.
The sorbed surface concentrations of organophosphate esters increase progressively until reaching equilibrium with air
in the cell. Sorption kinetic depends on the compounds and
their volatility: as emission kinetic, the most volatile compound has the faster sorption kinetic. The time to reach equilibrium is from 3 to 5 h (Fig. 3b). Thus, sorption kinetic is
slower than kinetic relative to gas-phase concentration. This
result was expected since the sorption kinetics depend on intake of SVOCs by emission. Indeed, whereas the initial emission rate (deduced from the initial slope of gas-phase concentration increasing) for TEP is about 8000 ng/h, the sorption
rate is only 70 ng/h. This difference is lower for the less volatile compounds: for TCPP, the initial emission rate is about
14 ng/h and the initial sorption rate is 4.5 ng/h. These results
provide first information about the behavior of the compounds
in the cell and their partition between the two phases; this
information will be complemented with y0 and surface sorption measurements.
As the sorption on the inner walls of the cell is the limiting
parameter, all measurements of y0 and qs were performed after
an equilibrium time of 5 h. In these conditions, both material/
air and air/surface equilibria are reached. This sampling time
is quite acceptable for on-site measurements.
Validation of y0 measurement
To be sure of really measuring y0, the 60 mL cell was compared with a 120 mL one. Obviously, the increase in volume
for the same sampled surface induces an increase in the ratio
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Fig. 3 Time variation in gas-phase cell concentration of organophosphate esters emitted from soft polyurethane foam (a). Time variation in sorbed
amounts of organophosphate esters on cell inner surface (b). TCEP, TCP, TPP, and TDCPP: not quantifiable

sorption surface/emission surface, with a sorption surface 1.75
times larger for the 120 mL cell.
According to the Student t-test, there is no significant
difference in the gas-phase concentration at equilibrium
between the 60 mL and the 120 mL cells, at a confidence
level of 95% (Table 2). Increasing the sorption surface (i.e.,
increasing the cell volume) leads to increase equilibrium
time between material (PU foam) and air (up to six times
longer than for the 60 mL sampler) but does not change the
gas-phase concentration at equilibrium. It shows that the
sampler geometry itself does not influence the measurement and that the gas-phase concentration y in the cell

headspace at equilibrium corresponds to the gas-phase concentration at the material surface y0, thereby validating the
principle of y0 measurement.
The standard deviations determined from five replicates
show a low variability (<15%) of the y0 measurement in the
60 mL cell; therefore, a homogeneous gas-phase concentration can be stated in the whole cell gas volume. Because of the
height of the cells, the SPME fiber could not be placed at the
same distance from the surface of the material in the two
different cells. However, the measured concentrations are
not significantly different, thus assuming that there is no concentration gradient within the cells.

Table 2 Measured values of y0,
at 23 °C (mg/m3) and comparison
of the two cells (PU + 7.6% OPs
material). Standard deviations are
calculated from five replicates

60 mL cell

Comparison of the two cells
% Difference

p-value (t-test)

PU + 5% OPs

PU + 7.6% OPs

PU + 7.6% OPs

TEP

198 ± 4

380 ± 12

336 ± 64

11.6

0.17

TBP

1.46 ± 0.05

5.7 ± 0.3

5.1 ± 1.2

10.5

0.28

TCPP

0.27 ± 0.04

0.63 ± 0.03

0.58 ± 0.17

7.9

0.51

For a same initial amount of OPs incorporated into the
foam, y0 values are very different depending on the volatility
of compounds (Table 2): the more volatile the compound, the
higher the gas-phase concentration. This concentration tends
to increase with the content of organophosphate esters in polyurethane foams, but not proportionally. Despite the realistic
incorporation rates and mode (additive process) [8], the emitted amounts are very high (y0 in the mg/m3 order level), showing a strong ability of the polyurethane foams to release OPs.
This confirms the results of a previous study [46], where OPs
were detected at high levels in commercial cushioning foams
manufactured by additive process. This shows the important
impact that upholstered furniture may have as flame retardant
sources indoors.
Recovery of SVOCs sorbed on the inner cell walls
Three amounts of the target compounds were spiked in the cell
(16, 50, and 100 ng) and for each, several heating/pumping
cycles were applied (6, 7, and 8 cycles). Results summarized
in Table 3 show that the amount spiked in the cell has no
influence on the recovery efficiency. Combining heating with
a controlled vacuum seems also to be effective for desorption
of OPs of different volatilities: the most volatile (TEP) and the
least volatile (TDCPP) are quantitatively recovered after six
heating/pumping cycles (83 and 103%, respectively).
However, the recovery rates tend to decrease when the number
of cycles increases. TBP, TCEP, and TCPP recoveries are

Table 3 Average ± standard
deviation of recovery rates (%) of
OPs sorbed onto the inner cell
surface for different spiked
amounts (n = number of
replicates). In bold: recovery
yields above 60%

120 mL cell

improved for seven heating/pumping cycles: 53, 18, and
93%, respectively, whereas TPP and TCP are poorly recovered regardless the number of cycles. The breakthrough of the
Tenax tube may explain losses when the number of cycles
increases due to the high temperature and low pressure conditions applied. Using two Tenax tubes in series was tested but
did not improve the recovery: under these conditions, the
pressure drop is too important to reach an adequate vacuum
in the cell. Furthermore, since adsorption is an exothermic
phenomenon, the temperature and pressure conditions selected to desorb OPs from the cell walls are obviously unfavorable for adsorption on Tenax.
Finally, the best compromise for the largest number of
compounds is seven cycles, regardless of the amount spiked
in the cell. This method allows the quantitative recovery of
TCPP and TDCPP sorbed onto the inner cell surfaces with
upper recovery rates to 80%: 93 ± 17 and 89 ± 17%, respectively. With upper recovery rates to 60%, TEP (70 ± 18%) and
TBP (63 ± 20%) can also be quantified by taking the recovery
yields into account in the calculation.
Measurement of the sorbed surface concentration (qs)
As for the gas phase, only TEP, TBP, and TCPP were detected
on inner sampler walls, and the sorbed surface concentration
(qs) was also shown to be compound-dependent (Table 4). For
the most volatile SVOCs (e.g., TEP), qs values are higher than
for the least volatile compounds due to a higher initial

Amount spiked in the
cell
Heating/pumping
cycles number

16 ng (n = 1)

50 ng (n = 5)

100 ng (n = 7)

6

7

8

6

7

8

6

7

8

TEP
TBP
TCEP
TCPP
TCP
TPP
TDCPP

89
31
12
45
2
2
99

74
60
16
98
8
3
91

20
9
6
25
3
0
20

78 ± 31
40 ± 8
18 ± 8
24 ± 4
1±1
4±2
102 ± 13

68 ± 16
72 ± 21
18 ± 18
89 ± 11
9±9
2±2
88 ± 13

15 ± 11
12 ± 3
8±4
8±1
5±5
0
14 ± 13

81 ± 33
32 ± 8
16 ± 8
20 ± 4
3±3
3±1
107 ± 19

68 ± 19
56 ± 19
20 ± 23
93 ± 22
11 ± 10
3±3
89 ± 20

12 ± 8
8±1
10 ± 4
10 ± 1
6±7
1±3
40 ± 32

Table 4 Measured values qs, at
23 °C (μg/m2) and comparison of
the two cells (PU + 7.6% OPs
material). Standard deviations are
calculated from five replicates

60 mL cell

120 mL cell

Comparison of the two cells

PU + 5% OPs

PU + 7.6% OPs

PU + 7.6% OPs

% Difference

TEP

39 ± 8

62 ± 15

62 ± 12

0

TBP

5.7 ± 0.5

21 ± 4

19 ± 4

9.5

TCPP

6.0 ± 0.3

9.4 ± 1.0

8.5 ± 1.9

9.6

emission rate. However, the sorbed fraction is negligible compared with the total emitted amount (around 2% for the two
studied materials). However, although qs is lower for TBP and
TCPP than for TEP, the sorbed phase represents a significant
part (about 29 and 65%, respectively) of the total emitted mass
(Table 5). Thus, at 23 °C, TEP remains in gas phase whereas
TCPP is mainly sorbed on the cell surface. As y0, qs is the
same in the 60 and 120 mL cells (Table 4) and also contributes
to validate its principle of measurement. Thus, the total material emission concentration including both the fractions in the
gas phase and on cell surfaces can be determined thanks to the
y0 and qs values.

Reproducibility was evaluated from seven replicates measured with five different glass cells for different days. SPME
fiber was the same for all the replicates but Tenax tubes used
for qs measurement were different. A higher variability in
replicate measurements is obtained with the 120 mL cell
(Tables 2 and 4). Average relative standard deviation (RSD)
for y0 is 24% against only 5% for the 60 mL cell. For qs it is
15% in 60 mL cell against 20% in 120 mL cell. Another
drawback of the high volume sampler is the increase of the
equilibrium time which may limit on-site application.
These results should be taken into account for future method improvement to tend towards the best compromise between sensitivity, reproducibility, and sampling time.

Method performance
Determination of Kglass
For GC/MS analysis, the limits of detection (LOD) and the
limits of quantification (LOQ) for y0 and qs were determined
in SIM mode for a signal to noise ratio of 3 and 10, respectively. Results given in Table 6 show that the LOD are comprised of between 1.1 and 2.5 μg/m3 for y0 measurement.
Obviously, an extraction time longer than 15 min would improve sensitivity but for a screening of OPs indoor sources,
these LOD values appear to be sufficient. Increasing the sampler volume improves LOD for qs. Indeed, for the same surface concentration, the total amount sorbed on the cell inner
walls is higher in the 120 mL cell due to higher sorption area
(about 1.75 times higher than in the 60 mL cell); the total mass
recovered on the Tenax tube is more important and thus better
quantified. The average LOD of qs thus decreases inversely to
the volume, from 4.4 to 2.5 μg/m2.
Table 5

The cell surface/air partition coefficients Kglass were determined according to Eq. 1. Results obtained are shown in
Table 7. For each compound studied in the 60 mL cell,
Kglass values are in the same order level for the two values
of y0 tested (two different materials), confirming the assumption of linear sorption isotherm described in Eq. 1. For a given
compound, the observed variation in Kglass values for a same
material could probably be caused by cumulative experimental errors in y0 and qs determination but could also be due to
the inhomogeneity of OPs distribution in polyurethane foams.
The cell surface/air partition coefficients of studied OPs
range from 1.72 × 10–4 for TEP to 1.68 × 10–2 m for TCPP
(average values); as could be expected, Kglass decreases with a
compound’s volatility. These results are consistent with the

Distribution of OPs between the gas phase and the sorbed phase. In brackets: percentage of the introduced amount

60 mL cell

TEP

120 mL cell

PU + 5% OPs

PU + 7.6% OPs

PU + 7.6% OPs

Amount in gas phase Amount in sorbed
(ng)
phase (ng)

Amount in gas phase Amount in sorbed
(ng)
phase (ng)

Amount in gas phase Amount in sorbed
(ng)
phase (ng)

23735
(98.2%)
356
(70.6%)
39
(37.1%)

41802
(98.2%)
634
(73.5%)
72
(40.7%)

12367
(97.8%)
TBP 91
(69.5%)
TCPP 17
(28.8%)

275
(2.2%)
40
(30.5%)
42
(71.2%)

437
(1.8%)
148
(29.4%)
66
(62.9%)

765
(1.8%)
228
(26.5%)
105
(60.3%)

Table 6 Limits of detection
(LOD), limits of quantification
(LOQ), and reproducibility
(RSD) obtained for GC-MS analysis, in a 60 mL cell, at 23 °C.
SPME time = 15 min

qs

y0
LOD (μg/m3)

LOQ (μg/m3)

LOQ (μg/m2)

RSD (%)

TEP

2.5

7.6

2.5

2.1

6.3

22.4

1.2

3.7

3.9

8.2

24.9

13.9

TCPP

1.1

3.5

9.8

2.8

8.5

7.8

Table 7 Calculated values of Kglass at 23 °C (m), based on Eq. 1.
Standard deviations are calculated from five replicates
60 mL cell

120 mL cell
PU + 7.6% OPs

PU + 7.6% OPs

(1.84 ± 0.45) × 10–4 (1.47 ± 0.38) × 10–4 (1.84 ± 0.42) × 10–4
TBP
(3.51 ± 0.51) × 10–3 (2.98 ± 0.80) × 10–3 (3.61 ± 0.76) × 10–3
TCPP (2.21 ± 0.15) × 10–2 (1.37 ± 0.22) × 10–2 (1.47 ± 0.23) × 10–2

TEP

LOD (μg/m2)

TBP

literature. A linear relationship between the logarithm of vapor
pressure (Vp) and the logarithm of the stainless steel/air partition coefficient (K ss ) was already shown for SVOCs
(phthalates) [38]. For the OPs studied, a linear relationship
was also found between log Kglass and log Vp (Fig. 4a). This
would permit determining Kglass for different SVOCs when Vp
is known, and thus predicting the partition between the gas
phase and the sorbed phase on glass.
In this study, Kglass could not be experimentally determined
for five OPs, as these compounds were neither detected in gas
phase nor in sorbed phase. Therefore, their Kglass were estimated from the linear relationship of Fig. 4a together with
those of 10 others SVOCs: di(2-ethylhexyl)phthalate
(DEHP), benzyl butyl phthalate (BBP), di-n-butyl phthalate
(DnBP), di-isobutyl phthalate (DiBP), di-isononyl phthalate
(DiNP), Phenol, N-methyl perfluorooctane
sulfonamidoethanol (NMeFOSE), 2,2′,4,4′tetrabromodiphenyl ether (BDE-47), 2,2′ ,4,4′ ,5pentabromodiphenyl ether (BDE-99), and Bisphenol A
(BPA). In the same way, the sorption stainless steel/air partition coefficient (Kss) was estimated for the studied OPs from
literature data (Table 8).
These Kglass values are the first data available for estimation
of SVOCs partition between glass surfaces indoors (e.g., windows) and air. These can be useful for estimation of sink
effects and indoor air quality modeling.
As Kglass and Kss depend on the vapor pressure, a linear
relationship between log Kglass and log Kss logically exists
(Fig. 4b).Thus, knowing one of the coefficients, the other
can be estimated. Kss being 30-8000 times higher than
Kglass, SVOCs sorption on stainless steel seems to be much
more favored than on glass. In the particular case of the presented studies, the choice of glass rather than stainless steel as
material of the emission cell was thus judicious: the gas phase

PU + 5% OPs

RSD (%)

is favored in the partition and the sensitivity is thus greater for
y0 measurement. Of course, measurements or estimations performed on specifically treated surfaces (electropolished stainless steel, silanized glass…) could lead to a different material
rating.
Figure 4c shows that a relationship between log Kglass and
log Koa also exists but the octanol/air partition coefficient
seems to be a poorer indicator of the cell surface/air partition
than the vapor pressure. This suggests that the observed sink
effects are rather condensation phenomena than adsorption.
Kglass estimation for SVOCs allows the prediction of the
behavior of these compounds in the developed sampler.
According to the obtained results, the developed emission cell
would be adapted to y0 measurement of DnBP or NMeFOSE.
Kglass value of DnBP (2.26 × 10–2 m) is very close to that of
TCPP (1.68 × 10–2 m). Therefore, partition within the cell
would be quite close to that of TCPP, with a gas part of about
30% of the total emitted mass. In the same way, estimated
Kglass value of NMeFOSE (6.79 × 10–3 m) is between those
of TBP (3.37 × 10 –3 m) and TCPP (1.68 × 10 –2 m).
Furthermore, as for TCPP and TBP, its sorbed phase recovery
rate would be less than 60% with the implemented method.

Conclusion
A sampler and a method were developed for the determination
of the gas-phase concentration of SVOCs at the material surface (y0), which is often a missing data in the works dealing
with exposure assessment and indoor air quality modeling.
Compared with the existing methods, which mostly measure
emission rates, the approach of experimentally measuring y0 is
original and is the first allowing on-site sampling for realistic
emission source assessment. The geometry of the sampler was
studied and dimensions were optimized to reduce the sink
effects and the sampling time. The device also permits the
evaluation of the SVOCs fraction deposited on the glass walls
of the cell (qs), which can represent a significant part of the
total emitted amount. Measuring the deposited fraction allows
to understand the SVOCs sorption phenomena within the cell
and to document the cell surface/air partition coefficients
(Kglass), which are the first data available for estimation of
SVOCs partitions between glass surfaces indoors (e.g., windows) and air.
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Fig. 4 Relationships between: log Kglass and log Vp (a), log Kss and log Kglass (b), and log Kglass and log Koa (c)

Table 8 Values of the cell
surface/air partition coefficient
(Kglass) for SVOCs compared
with stainless steel surface/air
partition coefficient (Kss)

Kglass (m) (from this study)
Measured
(average
values)
TEP
TBP
TCEP
TCPP
TCP
TPP
TDCPP
DEHP
DEHP
DEHP
DEHP
DEHP
BBP
DnBP
DnBP
DnBP
DiBP
DiNP
Phenol
NMeFOSE
BDE-47
BPA
BDE-99

Estimated

Kss (m) (from literature)
Measured values
from Liang et al.
[38]

1.72 × 10–4
3.37 × 10

6.04 × 10–3
–2

1.68 × 10

2.62 × 10–1
1.54 × 10–1
2.26 × 10–2
2.26 × 10–2
2.26 × 10–2
6.65 × 10–2
9.32 × 10–1
1.07 × 10–4
6.79 × 10–3
6.07 × 10–1
7.87 × 10–1
4.63 × 100

Values reported
by Wu et al. [37]

5.23 × 10–1
1.16 × 101
2.01 × 101
5.65 × 101
6.33 × 102
7.19 × 102
9.38 × 102

–3

1.72 × 10–1
1.94 × 10–1
2.52 × 10–1
2.62 × 10–1
2.62 × 10–1
2.62 × 10–1
2.62 × 10–1

Estimated values
from Liang et al.
[38]

2.20 × 103
1.70 × 103
1.90 × 103
1.50 × 103
1.50 × 103
2

6.20 × 10
6.30 × 101
1.74 × 102
8.00 × 101
1.35 × 102
2.10 × 103
6.50 × 10–2
3.00 × 101
3.50 × 103
3.50 × 103
2.00 × 104
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