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ABSTRACT: We sampled ammonium sulfate particles and
indoor particles of outdoor origin through a small chamber
covered with polyvinyl chloride flooring. We measured the
uptake of semivolatile organic compounds (SVOCs) by the
airborne particles in real time. The particles acquired SVOC
mass fractions up to 10%. The phthalate ester (di(2-ethylhexyl)-
phthalate) (DEHP), a known endocrine disruptor, contributed
by approximately half of the sorbed SVOC mass. The indoor
particles acquired a higher DEHP fraction than laboratory-
generated ammonium sulfate aerosol. We attribute this increased
uptake to absorption by organic matter present in the indoor
particles. Using a thermodenuder to remove volatile compo-
nents, predominantly organics, reduced the SVOC uptake.
Positive matrix factorization applied to the organic mass spectra suggests that hydrocarbon-like organic aerosol (typically fresh
traffic exhaust) sorbs DEHP more efficiently than aged organic aerosol. The SVOC uptake is one of the processes that modify
outdoor pollution particles after they penetrate buildings, where the majority of exposure occurs. Particles from indoor sources,
typically dominated by organic matter, will undergo such processes as well. Aerosol mass spectrometry improves the time
resolution of experimental investigations into these processes and enables experiments with lower, relevant particle
concentrations. Additionally, particle size-resolved results are readily obtained.

1. INTRODUCTION

Indoor air chemistry and physicochemical transformations of
pollutants in indoor environments have recently gained
increasing attention. The processes involved are not fully
understood; indeed, even the scale of effects on human health
remains unknown, despite the fact that many spend the
majority of their time indoors.1−3 Semivolatile organic
compounds (SVOCs) are omnipresent in indoor air both in
the gas phase and particle phase. In order to understand SVOC
exposures in the indoor environment, we need to take into
account both the gas phase and particle phase and interactions
between them. Many SVOCs in indoor air impact human
health, including phthalate esters, flame retardants, and
pesticides. Phthalates are used in a variety of consumer
products and in building materials.4 Because of their
widespread use, the general population is ubiquitously exposed
to phthalates, which has been revealed by a number of
biomonitoring studies.5−7 Phthalates have been identified as
endocrine disruptors in animals and in humans8−13 associated

with asthma and allergy,14−16 obesity,13 and neurocognitive
effects.17,18 Recently, a correlation between prenatal exposure
to phthalates and a lower score in language development was
reported for Danish toddler boys.18

The phthalate ester di-(2-ethylhexyl)phthalate (DEHP) has
commonly been applied as a plasticizer in polyvinyl chloride
(PVC) products. Since 2015, the use of DEHP has been
restricted in the EU under REACH Annex XIV. However,
PVC floorings produced and installed in buildings, before the
regulation was implemented, will continue to emit DEHP for
decades ahead. Furthermore, other regions have less stringent
regulations.
Modeling the uptake of SVOCs by airborne particles is a

complex task that includes nonequilibrium conditions and a
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large set of variables that affect the results.19 Thus, there is a
need for more experimental data that can be used to evaluate
models of emissions and exposures to indoor SVOCs.
Experiments have shown that DEHP emitted in the gas

phase from vinyl flooring is readily taken up on fine particles
(<2.5 μm in diameter) in indoor air.20 Additionally, the
presence of particles in indoor air can increase the emission
rate of DEHP from vinyl flooring.20 When the particles sorb
DEHP from the gas phase, the gas-phase concentration may be
depleted, leading to an increased concentration gradient near
the floor surface, increasing the flux of DEHP from the
material. Wu et al. recently showed that particles consisting of
selected organic compounds (squalene and oleic acid) are
much more efficient than ammonium sulfate (a model of
inorganic atmospheric particles) in taking up DEHP.21 They
hypothesized that the increased uptake was caused by a shift
from adsorption to solid ammonium sulfate particles toward
absorption into liquid organic particles. Lazarov et al. showed
increased emission rates of organophosphate flame retardants
in the presence of soot particles and cooking emissions using a
field and laboratory emission test cell.22 All the above-
mentioned studies have been carried out using traditional
collection of SVOCs onto particle filters and adsorbent tubes,
followed by gas chromatography−mass spectrometry (GC−
MS).
The offline measurements discussed above are time

consuming to carry out and relatively high particle
concentrations are required. Thus, there is a need to explore
methods with high time-resolution and high sensitivity to learn
more about the interactions of SVOCs and particles. Aerosol
mass spectrometry (AMS) is a technique that has been
developed and extensively applied in the atmospheric research
community. It has largely expanded the understanding of
atmospheric processing of organic compounds and in general
the chemical composition of atmospheric particles in various
environments.23 AMS has also been applied to investigate the
uptake of VOC and SVOC components in ambient urban air
onto ammonium sulfate and sulfuric acid particles in situ in the
aerosol phase.24 These experiments were carried out down to
atmospherically relevant concentrations (5 μg/m3) on a time
scale of minutes. Furthermore, a recent study demonstrates the
use of AMS to investigate third-hand cigarette smoke uptake
by indoor particles of outdoor origin.25 AMS has also been
used to study third-hand cigarette smoke uptake by laboratory-
generated model particles in a recent environmental chamber
study26 and transformations of indoor particles caused by
kitchen degreaser use.27

This work aims to elucidate SVOC uptake, focusing on
DEHP uptake, by airborne particles of varying chemical
compositions. We show that AMS can be used for in situ (e.g.,
without collection of particles) measurements of the uptake of
DEHP from PVC flooring by model particles (ammonium
sulfate) and by indoor particles at PM1 concentrations in the
range 1−10 μg/m3. The technique produces highly time- and
size-resolved data that can advance the understanding of
aerosol processes in indoor air.

2. MATERIALS AND METHODS
The main parts of the experimental setup are shown in Figure
S1. Indoor particles of outdoor origin or ammonium sulfate
particles were passed through a small chamber designed for
studies of SVOC emissions from PVC flooring described in
Section 2.2. In some experiments, we preconditioned the

particles by passing them through a thermodenuder to remove
semivolatile materials such as most organic components and
ammonium nitrate. Highly time- and size-resolved chemical
analysis was carried out for the particles exiting the chamber
using AMS. For comparison, particles were also measured by
AMS in their original composition without passing through the
chamber, that is, they were led through a bypass sampling line.

2.1. Aerosol Mass Spectrometry. We used the AMS
technique described in detail by DeCarlo et al.28 and
summarized here. Submicron aerosol particles are sampled
from air, collimated, and transferred into a vacuum system by
means of an aerodynamic lens, and the resulting beam is
modulated by means of a spinning slitted “chopper” wheel
used for size-resolved measurements and subtraction of the
instrumental background. The beam impacts on a heated
tungsten surface (600 °C), where nonrefractory components
vaporize and are analyzed using 70 eV electron ionization
followed by time-of-flight mass spectrometry. The salient
feature of AMS is that it allows for real-time measurement of
the particle chemical composition. The gas-phase concen-
tration of the sampled aerosol is reduced by a factor of 107,
thus strongly enhancing the particle phase signal fraction in the
mass spectra. We sampled ambient particles of mixed
composition infiltrating the Lund University aerosol laboratory
from October 10 to 18, 2017 and January 9 to March 14, 2018.

2.2. PVC Chamber. We used a 1.2 L aluminum chamber
with the dimensions 0.45 m × 0.25 m × 0.019 m, with the
internal volume shaped as a half circle, as visible in Figure S1.
The chamber was equipped with two sheets of vinyl flooring
that contain a DEHP mass fraction of 13%, between which the
aerosol was drawn.29 The PVC flooring surface area was 13
dm2. The chamber is described in detail by Wu et al.30 The
chamber has two inlets (on the side of the arc) and three
outlets (on the opposite site of the arc). Aerosols entered the
chamber via the two inlets, while only the middle outlet was
used to sample the aerosol. The chamber was periodically
bypassed via a 1/4″ stainless steel line. All the tubing was in
stainless steel.
For the laboratory-generated ammonium sulfate particle

experiments, we connected a pump to add a variable carrier
flow, controlling the residence time of the particles in the
chamber. The nominal residence time of the particles was 12
min (no carrier flow, just the sampling flow of 0.1 L per
minute). Our experimental investigations showed a spread in
residence times in the range 5−15 min, (see the Supporting
Information Figure S2). Notably, chamber residence times
were short in relation to common time scales for air exchange
in buildings.
For indoor particles, we did not employ any carrier flow to

achieve varied residence time. Instead, a high-efficiency
particulate air filter was first placed upstream the chamber
(eliminating the particle flow through the chamber) and then
removed, causing the supply of particles to the chamber to
begin at a given time. The time delay between removing the
filter and the particles exiting the chamber is the chamber
residence time. In this manner, we achieved residence times in
the range 5−15 min (see Figure S2). Longer residence times
were obtained by “trapping” the particles in the chamber (i.e.,
no airflow through the chamber). In this way, we probed
residence times up to 30 min. Notably, the sampling flow of
0.1 L per minute is unlikely to resuspend deposited particles
from the 1.2 L chamber, which would perturb our results (see
Figure S2).
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2.3. Particle Generation and Processing. Results for
indoor particles of outdoor origin were obtained by sampling
ambient aerosol that had infiltrated the laboratory. There were
no active sources of particles in the laboratory during the
experiments; hence, the particles sampled were mainly of
outdoor origin. We also generated inorganic salt particles by
nebulizing a 1 g/L solution of ammonium sulfate and dried the
resulting aerosol to approximately 30% relative humidity. Our
purpose was to compare the uptake of the indoor mixed
composition particles with laboratory-generated model salt
particles. The laboratory-generated particles were heated to
150 °C by means of a thermodenuder (residence time: 1 min)
to reduce organic impurities. We periodically denuded the
indoor particles in the same fashion.
2.4. Data Analysis. We used the AMS analysis toolkits

SQUIRREL v 1.60S, PIKA v1.20S, and PET v 3.04A. A
collection efficiency of 0.5 was applied for all the particles. We
performed positive matrix factorization (PMF) on the organic
aerosol mass spectra from the indoor particles, in order to
determine subcategories of organic aerosol. The error matrices
used in PMF were prepared in accordance with the
recommendations by Ulbrich et al.31 We chose a four-factor
solution as including more factors gave unrealistic results,
specifically apportioning effectively all the signal at m/z 44 into
one factor. We investigated rotational ambiguity by varying the
FPEAK parameter in the range −1 to 1. We chose FPEAK = 0
as positive values gave less clear separation of PVC SVOCs
(marker peaks were shared with more factors), and the
residuals increased sharply with negative FPEAK. We
performed PMF on unit mass resolution data. For a subset,
we also performed PMF on high-resolution data as described
in the Supporting Information. As the resulting high-resolution
factors were very similar to those obtained from unit mass
resolution data (see Figure S5), we have used the former which
yield more information.
We calibrated AMS using 300 nm particles consisting of

ammonium nitrate (from nebulization) and with pure DEHP
particles generated by evaporation of liquid DEHP followed by
condensation (see Andersen et al.32). We sampled pure DEHP
particles and measured a relative ionization efficiency (RIE)
with respect to nitrate of 4.3. The high RIE is consistent with
the recent study by Xu et al.,33 which shows high sensitivity
toward chemically reduced organic compounds. The marker
ion C8H5O3

+ (at m/z 149) accounted for 5.9% of the DEHP
signal. This ratio and the measured RIE were used to quantify
the DEHP content of the particles. In other words, we used the
DEHP sensitivity and fragmentation pattern deduced from
pure DEHP calibration particles to quantify DEHP in the
mixed particles exiting the PVC chamber (see “Calculation of
DEHP concentration, Supporting Information”). This ap-
proach is valid because DEHP dominates the phthalate content
of the PVC flooring according to GC−MS results (data not
shown), for other scenarios C8H5O3

+ (at m/z 149), could have
contributions from other molecules, for example, dioctylph-
thalate.

3. RESULTS AND DISCUSSION
Passing the ambient aerosol near the PVC flooring in the
chamber strongly increased the amount of DEHP in the
particles, clearly showing uptake of DEHP by the particles, as
illustrated in Figure 1. For total organic aerosol, the
concentration was close to unchanged (<5% change) after
passing the chamber, reflecting the combined effects of particle

mass losses and SVOC uptake. The evolution of organic mass
spectra with the residence time is shown in Supporting
Information, Figure S3. Sedimentation and diffusion particle
losses in the chamber amounted to approximately 20% by
mass, as illustrated by the sulfate time trace (Figure 1, middle
panel). In addition, nitrate was further depleted in the
chamber, likely because of loss of nitric acid (g) to chamber
surfaces with subsequent particle-to-gas partitioning. A low
DEHP concentration was calculated when the chamber was
bypassed (Figure 1, lower panel), which we attribute to the
omnipresence of phthalates in the indoor environment. The
apparent “step change” of DEHP concentration after ending
the bypass measurement at 09.23 is coincidental; increased
uptake and higher particle losses for the trapped particles are
approximately equal.
In order to investigate the dynamics of DEHP uptake by

particles, we generated ammonium sulfate aerosol and sampled
it through the chamber at varying residence times (see Figure
2). The residence time was varied using a carrier flow as
described in Section 2.2. For indoor particles, we exploit
variations in residence times without carrier flow as explained
in Section 2.2. We observed a clear trend of increasing DEHP
fraction for higher residence times for both generated
ammonium sulfate particles and indoor particles of outdoor
origin. Removing volatile (mainly organic) particle compo-
nents with a thermodenuder (see Section 2.3) resulted in less
efficient uptake for both indoor and sulfate particles (see
Figure 2). This suggests absorption by the particle-phase
organic material as a contributing process in the SVOC uptake.
It is interesting that the indoor particles exhibit a clear trend
with residence time despite the variable composition of the
ambient particles (data from eight different days are included).

Figure 1. Chemical composition of indoor particles sampled after
passing the chamber. Top panel: mean chamber residence time,
starting at 0 min (bypass) followed by sampling of aerosol “trapped”
during the bypass period, followed by sampling through the chamber
in which the residence time is constant (blue field). Sampling through
the chamber resulted in a strong increase in DEHP concentration,
compared to bypass (bottom panel).
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We chose not to do fits of DEHP fraction versus residence
time for indoor particles because the particle characteristics
change between experiments.
Our experiments were carried out at ammonium sulfate

particle concentrations between 100 and 1000 μg/m3. This
corresponds to as high concentrations as 10 μg/m3 of DEHP
in the particle phase, given a maximum uptake of 1% of particle
mass (see Figure 2). The saturation vapor concentration of
DEHP is lower, 1−3 μg/m3 at 20 °C. Thus, the presence of
particles increases the emission rate of DEHP from the PVC
flooring as shown previously by Benning et al.20

In contrast to the findings of Benning et al., we observed
increasing DEHP uptake with increasing chamber residence
times (see Figure 2) over a time scale of minutes. The varied
sulfate concentration (100−1000 μg/m3) gave no detectable
difference on the DEHP fraction in the particles, which shows
that the variations with residence time was not an artifact of
depleting the gas phase at short residence times (correspond-
ing to high flow rates). Weschler and Nazaroff34 described the
dependency of gas−particle equilibrium times on the particle
size and octanol−air partitioning coefficient (KOA) of the
SVOC. According to their model, DEHP will have
equilibration in the range of minutes to hours for 100 nm
particles, with the equilibrium time increasing with increasing
particle size. This is consistent with our observation. We fitted
power law functions to the DEHP mass fraction versus
residence time (tres). The results were tres

0.52 ± 0.14 (95% CI) for
the case with removed organics (with use of thermodenuder)
and tres

0.37 ± 0.42 (95% CI) for the case with ammonium sulfate
seeds containing organic impurities (1%). Mass transfer theory
predicts that the DEHP mass fraction initially increases with
the square root of the residence time.35 Notably, both fitted
exponents are consistent with square root dependence and
inconsistent with linear dependence at 95% CI.
We used PMF to apportion the organic content of the

(nondenuded) indoor particles to different subcategories
(“factors”). The SVOCs sorbed by the particles in the chamber
were successfully isolated as a factor (“PVC-OA”), as
illustrated in Figures 3 and S4. PVC-OA includes other

SVOCs in addition to DEHP as detailed below. In addition to
the PVC-OA, which accounts for 24% of the signal (25, 50,
and 75 percentiles were 20, 30, and 38%, respectively), two
oxygenated organic aerosol [OOA, 40% (29, 38, and 48%),
and 20% (9, 13, and 20%) of the signal] factors and one factor
corresponding to hydrocarbon-like organic aerosol [HOA,
16%, (11, 16, and 22%)] were identified. The PVC-OA time
series is more correlated with HOA (R = 0.82) than the two
OOA factors (R = 0.66 and R = 0.44, respectively), indicative
of more efficient uptake by HOA. Furthermore, signal intensity
at m/z 149, which is a marker ion for PVC-OA, is more
correlated with the HOA marker m/z 95 (R = 0.72) than the
OOA marker m/z 44 (R = 0.39), which also suggests more
efficient uptake by HOA than aged oxidized organic aerosol.
Although the mass spectral features of the PVC-OA show

similarity to pure DEHP particles, there are distinct differences
as shown in Figure 3. The ion C8H5O3

+ (m/z 149) is a marker
for phthalate esters, in this case dominated by DEHP. The
fraction of the organic signal contributed by the ion,
fC8H5O3

+, is a measure of the DEHP fraction of the organic
aerosol. We measured an fC8H5O3

+ of 5.9% for pure DEHP
particles, 2.5% for the PVC-OA, and 1.1% (median value, 0.9
f.4% as 25, 75 percentiles) for total OA. The total OA
fC8H5O3

+ frequency distribution is shown in Figure S7. The
lower fC8H5O3

+ of PVC-OA compared with pure DEHP
shows that SVOCs other than DEHP contribute to
approximately 60% of the uptake by indoor particles. By
subtracting the DEHP signal recorded during calibration from
the PVC-OA mass spectrum, we retrieved the signal from the
other (non-DEHP) SVOCs sorbed by the indoor particles as

Figure 2. DEHP mass fraction of fine particles after the PVC
chamber, with and without heating (passing through a thermode-
nuder) to remove volatile organics (before the chamber). One
standard error of mean precision errors on indoor data. Laboratory-
generated sulfate particles have much smaller precision errors because
of higher mass loadings.

Figure 3. Organic mass spectra. Top: PVC-OA. Middle: pure DEHP
particles. Bottom: difference between PVC-OA and DEHP, calculated
based on the assumption that the other SVOCs do not contribute to
m/z 149.
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illustrated in Figure 3. Repeating the exercise for the
laboratory-generated sulfate particles yields similar results
(see Figure S8), but the non-DEHP SVOC fraction appears
to be higher (75%). It is expected that different particles sorb
different proportions from gas-phase pollutant cocktails
present in indoor air, as recently demonstrated by Collins et
al. for third-hand tobacco smoke.26 Air samples from the
chamber analyzed with GC/MS support showed that the PVC
floor emits a variety of other organic compounds in addition to
DEHP (data not shown); hence, it is expected to find uptake
of non-DEHP SVOCs by the particles as well. The fact that
PVC-OA identified through PMF (on the indoor particles’
organic mass spectra) resembles the OA sorbed by sulfate
particles, as illustrated by Figure S8, corroborates the
meaningfulness of the PMF result.
The size-resolved data measured after the chamber are

shown in Figure 4. Inorganic species are shifted toward larger

vacuum aerodynamic diameters36 compared with total organic
aerosol and DEHP. However, the ratio of DEHP to total
organic aerosol is variable across particle diameters; smaller
particles have a higher DEHP content; the ratio of DEHP to
total OA is around 4% at the mass mode around 500 nm and
rises to 10% for 70 nm particles, see Figure 4b. It is well-known
that smaller particles are commonly enriched in HOA (from
fresh diesel to exhaust aggregates etc.,). Absorption by HOA
may be a contributing mechanism to the higher DEHP fraction
in smaller particle sizes. Vice versa, the smaller size and a
consequently higher surface-to-mass ratio could potentially
result in more adsorption onto the surfaces of HOA-rich
particles. Hence, adsorption could also be a part of the reason
why HOA covaries with PVC-OA (see Figure 4b).
A caveat is that the role of soot is unexplored in this analysis,

and the HOA factor likely covaries with soot. Soot provides a

large surface area for adsorption (∼100 m2/g) which could
increase the covariance between the OA factors. Fresh soot
emissions peak around 100 nm, which is where the highest
DEHP-to-OA ratio was measured (see Figure 4). However, as
shown, the majority of DEHP was carried by larger (>200 nm)
particles. Therefore, adsorption onto soot surfaces is unlikely
to dominate the SVOC uptake in our experiment. It may be of
higher importance close to a busy street or in the presence of
indoor soot sources such as candles.

4. IMPLICATIONS

Indoor particles of outdoor origin, which are rich in organic
material, are more efficient in uptake of SVOCs than
laboratory-generated salt particles, especially when the salt
particles have been denuded to remove organic impurities
(Figure 2). Furthermore, analysis of organic mass spectra
suggests that DEHP contributes 40% of the SVOC mass
sorbed by the indoor particles and the fresh HOA gives more
efficient SVOC uptake than aged oxidized organic aerosol. The
size-resolved data also show a variable DEHP fraction across
particle diameters, with a larger fraction for smaller particles,
which have a higher organic mass fraction. This is consistent
with the recent finding by Wu et al.21 that DEHP uptake by
organic particles is more efficient than by inorganic particles
and differs between particle phase organic compounds.
Differences in DEHP solubility in the varying indoor OA
could affect the absorption and explain the varied DEHP
uptake of the indoor particles. Likewise, as SVOCs are typically
mixed in indoor air, different particle types will sorb different
SVOC proportions from the same environment. This high-
lights the complexity of interactions between particles and
gases in indoor air; it is necessary to distinguish between
different particle types to understand the interplay.
These results have implications for human health, suggesting

higher inhalation exposure to SVOCs including phthalate
esters in households/areas with higher particle concentrations.
Especially, children’s exposure is of concern because of the
impact of endocrine-disrupting compounds on their develop-
ment. It is thus important for correct risk assessments to
understand uptake of phthalate esters by airborne particles.
We show that DEHP emission rates can increase in the

presence of high indoor particle concentrations. Thus, our
results highlight the need to reduce the concentration of
airborne particles in indoor environments. Additionally, recent
studies illustrate that the contribution of indoor sources to
number concentrations of ultrafine particles in private homes is
substantial (about 60%)37−39 and the chemical composition of
particles generated by indoor sources can be dominated by
organics (Omelekhina et al.,40 in preparation), which raises
concerns about “cocktail effects” of active and passive sources
to PM in indoor air. Therefore, SVOC uptake by particles of
indoor origin, both model systems and real-world aerosol,
warrants further investigation. The effect of environmental
parameters indoors also warrants further investigations, for
example, relative humidity which governs the particles’ water
content and hence absorption of water-soluble SVOCs.
As we are inhaling a dynamic mixture of indoor and outdoor

pollutants, investigations of the mixing processes (e.g., sorption
of SVOCs by aerosol particles) are relevant to understand the
exposure. AMS is a promising tool for such investigations
because of its high time resolution and low detection limits.

Figure 4. Average size distributions after the PVC chamber. (a) Mass
concentrations, note the different scales on the y-axes. (b) DEHP-to-
OA ratio (top) and normalized distributions (bottom). See the
Supporting Information for surface distribution calculation. Pie chart
version in Figure S9.
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