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During passive air sampling, the amount of a chemical taken up in a sorbent from the air without the help of
a pump is quantified and converted into an air concentration. In an equilibrium sampler, this conversion
requires a thermodynamic parameter, the equilibrium sorption coefficient between gas-phase and
sorbent. In a kinetic sampler, a time-averaged air concentration is obtained using a sampling rate, which
is a kinetic parameter. Design requirements for kinetic and equilibrium sampling conflict with each other.
The volatility of semi-volatile organic compounds (SVOCs) varies over five orders of magnitude, which
implies that passive air samplers are inevitably kinetic samplers for less volatile SVOCs and equilibrium
samplers for more volatile SVOCs. Therefore, most currently used passive sampler designs for SVOCs are
a compromise that requires the consideration of both a thermodynamic and a kinetic parameter. Their
quantitative interpretation depends on assumptions that are rarely fulfilled, and on input parameters, that
are often only known with high uncertainty. Kinetic passive air sampling for SVOCs is also challenging
because their typically very low atmospheric concentrations necessitate relatively high sampling rates
that can only be achieved without the use of diffusive barriers. This in turn renders sampling rates
dependent on wind conditions and therefore highly variable. Despite the overall high uncertainty arising
from these challenges, passive air samplers for SVOCs have valuable roles to play in recording (i) spatial
concentration variability at scales ranging from a few centimeters to tens of thousands of kilometers, (ii)
long-term trends, (iii) air contamination in remote and inaccessible locations and (iv) indoor inhalation
exposure. Going forward, thermal desorption of sorbents may lower the detection limits for some
SVOCs to an extent that the use of diffusive barriers in the kinetic sampling of SVOCs becomes feasible,
which is a prerequisite to decreasing the uncertainty of sampling rates. If the thermally stable sorbent
additionally has a high sorptive capacity, it may be possible to design true kinetic samplers for most
SVOCs. In the meantime, the passive air sampling community would benefit from being more
transparent by rigorously quantifying and explicitly reporting uncertainty.

Over the past 25 years, numerous passive air samplers (PASs) for SVOCs have been introduced, characterised, and tested. More recently, the applications of PASs,

initially focused on recording the variability in atmospheric contamination on a wide range of spatial scales, has expanded to include measuring indoor
inhalation exposure to SVOCs, probing the exchange of SVOCs between the atmosphere and soil and water, mapping the toxicity of airborne contamination, and
monitoring interannual trends in SVOC air concentrations. The simplicity of passive air sampling is deceptive and many users of PASs do not fully appreciate
their strength and limitations and may have misconceptions as to their applicability and reliability. This comprehensive and critical review assembles and
curates the current knowledge on this topic in order to equip anyone to use PAS appropriately and with confidence and to guide further development of PASs in
a direction that will overcome their largest shortcomings.

A. Introduction

A.1 Definition of passive air sampling and semi-volatile
organic compounds

Passive air sampling involves the diffusive uptake of a chemical
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kinetic and thermodynamic factors and can be interpreted in
terms of volumetric air concentrations based on a quantitative
understanding of these factors. In contrast to active air
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samplers that rely on a pump to pass a volume of air through or
past a sorbent, passive air samplers (PASs) have the advantage
of low price, simple operation, and independence of power
sources. On the other hand, they typically allow only for coarse
temporal resolution. PASs have been developed for a variety of
gaseous chemicals, including volatile organic chemicals (VOCs)
such as benzene, toluene, ethylbenzene, and xylene, classical air
pollutants such as sulfur dioxide, various nitrogen oxides,
hydrochloric acid, ozone and ammonia, as well as mercury.*”

A distinct set of PASs has been developed for semi-volatile
organic chemicals (SVOCs). The term SVOCs comprises
organic molecules that can occur to a significant extent in both
the gas-phase and condensed phases, which corresponds to the
vapour pressure range of approx. 10" to 10~° Pa. The group of
SVOCs comprises a large number of commercially produced
substances, including industrial chemicals, pesticides, and
additives to consumer products. Prominent examples are the
polychlorinated biphenyls (PCBs), polybrominated diphenyl
ethers (PBDEs), and organochlorine pesticides (OCPs).
Combustion products such as the polycyclic aromatic hydro-
carbons (PAHSs) also count among the SVOCs. Many SVOCs are
a concern for human and environmental health. The atmo-
sphere often plays an important role in the dispersal of SVOCs
and in facilitating organism exposure to SVOCs. PASs for SVOCs
thus address a need for information on the concentrations of
SVOCs in indoor and outdoor air.

A.2 Motivation for, and scope of, review

Over the past 20 years, there has been explosive growth in the
development, characterization, testing and application of
passive air sampling techniques of SVOCs. A literature search
suggests that more than 40 papers are published in this area
every year, garnering ca. 1500 citations annually (Fig. 1).

There have been a number of reviews on the passive
sampling of atmospheric SVOCs, but they are either somewhat
out-of-date and/or have a wider scope by focusing on passive
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Fig.1 Number of publications and citations on the topic of passive air
sampling for semivolatile organic compounds, based on an analysis
using Web of Science using the search string TOPIC: ("passive air
sampl*”) and TOPIC: (POPs or SVOCs or PCBs or PAHs or semivolatile
or semi-volatile) on April 11, 2020.

(air) sampling in general.*** In other cases, the scope is limited
to only one type of PAS.*>** Recently, Salim and Gorecki'
thoroughly reviewed the theory and modelling of passive
sampling, which complements our current effort well, as we do
not delve as thoroughly into this aspect in this review.

While the operation of PASs for SVOCs can be deceptively
simple, the kinetic and thermodynamic factors controlling the
uptake of SVOCs in PASs can be surprisingly complex and are
not always fully understood, even by the community using
them. Reasons include the diversity of sampler designs, the
large and diverse group of SVOCs being sampled, and the wide
range of environments in which PASs are finding use. Here we
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aim to summarise comprehensively the current state-of-
knowledge on passive sampling of SVOCs and to provide guid-
ance on the use of PASs for SVOCs to existing and prospective
users.

Section B provides an introduction into the basic principles
of passive air sampling and in doing so identifies the two
central characteristics of a PAS. These are the PAS's uptake
capacity at equilibrium, i.e. the maximum amount of a target
chemical that the sorbent will take up given a certain concen-
tration in the gas-phase, and the PAS's inherent sampling rate,
i.e. the maximum rate at which a target chemical is taken up in
the sorbent. Section C then highlights the specific challenges
faced when developing a PAS for SVOCs, namely the balancing
of conflicting needs (i) for high vs. tightly controlled sampling
rates and (ii) of SVOCs of variable volatility. Section D intro-
duces, contrasts and critically assesses the approximately 50
PAS designs for SVOCs that have been presented in the peer-
reviewed literature over the past 25 years. Section E discusses
the empirical and theoretical means by which the uptake
capacity of different PAS sorbents has been determined. Section
F presents information on how the kinetics of uptake in PASs is
approached experimentally and theoretically. Section G reviews
the various ways in which PASs for SVOCs have been applied.
Finally, Section H will conclude with an overall assessment of
the state-of-the-art in passive air sampling of SVOCs and
provide an outlook for future activities in this area. Section I
provides a glossary for acronyms, abbreviations and variables
used in this review.

Not covered in this review are substances other than SVOCs,
namely VOCs and inorganic gases or passive samplers for media
other than air. We also do not consider biological matrices,
such as plants (moss, needles, tree bark, wood, etc.), that are
often used in a similar way as PASs for SVOCs." Furthermore,
we do not count organic “films” forming on glass surfaces
among the passive air samplers in this review.'***

B. Principles of passive air sampling
B.1 The equation describing diffusive uptake in a PAS

The amount of a target analyte in the passive sampling sorbent,
mg in mol, changes over time, ¢ in days, as a chemical is taken
up from the atmosphere at a rate proportional to the concen-
tration in the gas-phase, Cg in mol m >, and is lost from the
sorbent at a rate proportional to the concentration in the
sorbent, Cs in mol m~? (or mol m ™2 if it is an adsorbent):>®

d
% = Vs(koCg — kiCs) 1)

where k, and k; are rate constants for uptake and loss in per day
and Vs is the volume of the PAS sorbent in m>. If chemical
uptake and loss in a PAS is controlled by the air-side resistance,
i.e. transport within the sorbent is not rate-limiting, the rate
constants for uptake can be derived by applying Fick's first law
to the molecular diffusion of the target analyte through a stag-
nant air boundary layer surrounding the sorbent of thickness Az
in m:*

This journal is © The Royal Society of Chemistry 2020
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DA
key =
Az VS

(2)

where D is the molecular diffusivity of the target analyte in the
gas-phase D in m” per day and 4 is the geometric surface area of
the PAS sorbent in m®. The rate constant for loss is additionally
proportional to the reciprocal of the equilibrium sorption
coefficients between the gas-phase and the PAS sorbent Kgg in
units of m® gas per m* absorbent (or m® gas per m> adsorbent):

DA 3)

k= —
: AZVsKSG

The amount of analyte in the PAS sorbent, Amg in mol, taken
up during its deployment time, A¢ in days, then becomes:*

AI’)’ZS DA Cs CS
ams _ PAM e — 5 ) —sR(Cg— =% 4
At Az (CG KSG) S <C Ks(;) ( )

In eqn (4), the ratio Cs/Ksg designates the gas-phase concen-
tration in equilibrium with the concentration in the PAS
sorbent. The term (Cg — Cs/Ksg) is the concentration difference
that provides the driving force for the diffusive transport from
bulk air to PAS sorbent. The term DA/Az designates how fast this
diffusive transport can take place and is often called a sampling
rate SR in m® per day. The ratio D/Az is sometimes termed
a diffusive mass transfer coefficient in units of m per day. A
PAS's foremost characteristics are thus described in one kinetic
parameter (SR) and one thermodynamic parameter (Ksg)
describing the rate of uptake and the maximum uptake capacity
of the PAS, respectively.

B.2 The uptake curve: kinetic vs. equilibrium sampling

A plot of the change in the amount of a chemical sorbed to a PAS
with increasing length of deployment is called an uptake curve. A
generic example of such a curve is shown in Fig. 2. In this curve,
the sorbed amount is divided by Cg in order to eliminate the
variability caused by changing analyte concentrations in the
atmosphere. The ratio mg/Cg, which has units of m?, is some-
times referred to as the equivalent sampling volume. The
uptake curve goes through three distinct phases. The so-called
linear uptake phase, when the rate of uptake is kinetically
controlled, a transitional curvi-linear uptake phase, and the
equilibrium phase when the gas-phase and the PAS sorbent have
reached a state of chemical equilibrium and therefore the sor-
bed amount is thermodynamically controlled. The initial slope
of the uptake curve in Fig. 2 corresponds to the sampling rate
SR, whereas the maximum amount taken up depends on the
uptake capacity, which is the product of the equilibrium sorp-
tion coefficient between sorbent and gas-phase Ksg and the size
of the passive sampling sorbent (Vs or Ag).

B.2.1 Kinetically controlled uptake. Initially, the sorbent is
clean, i.e. Cs is very small. If the sorbent has a high uptake
capacity, Ky is large. Then, Cs/Ksg < Cg and (Cg — Cs/Ksg) ~ Cg
and eqn (4) simplifies to:

AWIS

DA
Tt: ECG:SRXCG (5)
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Fig. 2 Generic illustration of the uptake of an SVOC in a passive air
sampler, showing the increase in the sorbed amount ms divided by the
atmospheric concentration Cg as a function of deployment time t. The
time period of linear uptake tiinear and the time to equilibrium tequitivrium
are important characteristics of a passive sampler. The displayed curve
was calculated with PAS-SIM2* for a compound with log Ksg of 6 in
a PUF-PAS and an SR of 3.2 m® per day. A tequilibrium Of 246 days is
based on Cs/Ksg > 0.90Cg and a tjjnear Of 24 days is based on Cs/Ksg <
0.25C. See Section F.5 for more information on the PAS-SIM model.

The amount taken up in the sampler Amg is then simply the
product of the sampling rate SR, the gas-phase concentration
Cg and the deployment length At¢.

B.2.2 Thermodynamically controlled uptake. Once equi-
librium is established between sorbent and gas-phase, Cs/Ksg =
Cg and (Cg — Cs/Ksg) = 0. If that is the case, eqn (4) yields Am/At
= 0, ie. there is no more net uptake of chemical on the PAS
sorbent. The amount of chemical in the sorbent then is:

mg = KsgVsCq (64)
if the sorbent is an absorbent, i.e. Cg = Am/Vg, or
ms = KsgAsCq (6B)

if the sorbent is an adsorbent, i.e. Cs = Am/Ag. It is important to
stress that Ag here refers to the total surface area of the adsor-
bent and not the geometric surface area of the sorbent or of the
container holding the sorbent, i.e. one should not confuse A
with Ag. The terms KsgVs and KsgAs are expressions of the
maximum uptake capacity of a PAS, both with units of m® of air.
The use of an air volume to describe the capacity of a sorbent for
a chemical can be understood if we imagine this to be the
volume of air that contains the same amount of a chemical at
equilibrium as the sorbent within the PAS.

After Cs/Ksg is no longer negligibly small relative to Cg and
equilibrium is not yet reached, uptake in the PAS is in the curvi-
linear transition region when both kinetic and thermodynamic
factors govern the rate of uptake.

Two characteristic times can be used to describe a particular
sampler-analyte combination, namely the length of linear
uptake (fjinear) and the time to equilibrium (tequilibrium). The

1928 | Environ. Sci.: Processes Impacts, 2020, 22, 1925-2002
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precise value of these times depends on the acceptable devia-
tions from linearity and equilibrium. For example, uptake may
be considered linear as long as Cs/Ksg is smaller than 25% of Cg
and equilibrium may be considered reached when Cs/Ksg
exceeds 90% of Cg (Fig. 2 and 3).

There are two types of PASs. A kinetic sampler seeks to
remain in the kinetically controlled uptake phase during the
entire length of deployment, ie. tjnear iS the maximum
deployment length of a kinetic sampler. A kinetic sampler yields
a gas-phase concentration averaged over the time of deploy-
ment by using a rearrangement of eqn (5):

AWZS

Co= -
7 SR x At

(7)

An equilibrium sampler, on the other hand, seeks to reach
equilibrium, whereupon the gas-phase concentration at the
time of retrieval is obtained using a version of eqn (6):

ms

Cs = 8A
7 VsKso (84)
ms
Cg = 8B
7 UsKso (88)

The fequilibrium 1S the minimum deployment length of an
equilibrium sampler.

Samplers that are neither kinetic nor equilibrium samplers,
need to derive Cg from eqn (4), which is challenging as Cg and
Ky generally vary with time (see Section F.3).

B.3 Design considerations for an equilibrium sampler

Because the establishment of equilibrium is essential to the
functioning of an equilibrium PAS, optimizing the design of
such a PAS involves minimizing the time to equilibrium. There
are two means to shorten fquilibrium, Namely maximizing the
sampling rate SR and minimizing the uptake capacity KsVs (or
KscAs) (Fig. 3).

Alarge SR can be achieved by a large A and a small Az, whereas
a small sorption coefficient Ksg and a small size of the sorbent Vg
(or Ag) contribute to a small uptake capacity. A small Az is achieved
by not sheltering the sorbent from wind or other air turbulence. If
an absorbent is used, it should have a large A and a small Vs, i.e.
one should seek to maximise its surface area to volume ratio, e.g.
by using very thin sheets or films of the absorbent. If an adsorbent
is used, it should have a large geometric surface area 4, but a small
total surface area available for adsorption As.

There are, however, important limitations to how small the
uptake capacity of an equilibrium sampler could be. The first is
that the sorbent needs to take up an amount of the target
analyte that is sufficient for reliable quantification. If the KsgVs
is too small, the amount ms may be below the limit of detection
(LOD) of the chosen quantification technique. The second is
that the target chemical may be lost too easily by volatilization
from a PAS with too small an uptake capacity, because then the
chemicals can be lost during retrieval, transport, storage and
the processing of the sorbent prior to analysis.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The length of the linear uptake phase, tinear, and the time to equilibrium, tequiibrium. depend both on kinetic and thermodynamic factors.
Uptake curves for two PASs with equal sampling rate (SR of 3.2 m® per day), but divergent uptake capacity (log Ksg of 5.85 (blue) vs. 6.15 (yellow))
(A) and two PASs with equal uptake capacity (log Ksg of 6), yet different uptake kinetics (SR of 2.0 (green) vs. 7.6 m® per day (red)) (B). tinear and
tequilibrium iNCrease with increasing uptake capacity (17 to 34 days, 175 to 347 days) and decreasing uptake rate (13 to 36 days, 150 to 345 days). The
displayed curves were calculated with PAS-SIM? using the parameterization for the PUF-PAS. See Section F.5 for more information on the PAS-

SIM model.

The accuracy of the Cg derived from an equilibrium sampler
depends on the accuracy of the knowledge of the uptake
capacity, in particular the Ksg. The sampling rate SR does not
need to be known, except that it should be known to be large.
The strong dependence of Ks; on temperature is one of the
challenges of using equilibrium samplers for ambient applica-
tions, because the uptake capacity of the PAS is changing
substantively with changes in ambient temperature. It is
necessary to know the temperature dependence of Ksg quanti-
tatively and the temperature of equilibration in order to obtain
reliable Cg values from an equilibrium PAS.

Temperatures and SVOC air concentrations in the atmosphere
are highly variable on a number of time scales. As a consequence,
the amount of an SVOC on a sampler that is in equilibrium with
the atmosphere is changing rapidly. In other words, chemical
equilibrium is a constantly moving target, e.g. being different in
a cold night than during a warmer day. To illustrate this effect,
Fig. 4 shows simulated uptake curves in a PAS under the hypo-
thetical assumption that air concentrations alternate from high to
low every other week. It demonstrates that the more volatile
chemicals (low log Ksg), which are suited for equilibrium sampling
because of their short t.quiiibrium, are the ones that experience the
most pronounced fluctuations in the amount sequestered in the
PAS. For such chemicals, the amount sorbed in the PAS at any
moment in time is reflective of the conditions immediately prior to
a sampler's retrieval, but also influenced to some extent by the
exposure history. This suggests that equilibrium sampling for
SVOC:s is likely only suitable for situations when both T'and Cg are
reasonably constant, which may apply for certain compounds in
indoor environments.

B.4 Design considerations for a kinetic sampler

Because the condition Cg/Ksg < Cg is essential to the func-
tioning of a kinetic sampler, optimizing the design of a kinetic
PAS involves choosing a sorbent with a very high sorptive

This journal is © The Royal Society of Chemistry 2020

capacity, i.e. a large Ksg. The actual size of the Ksg does not need
to be known, as long as it is known to be large enough to assure
negligible loss of target analyte from the sorbent during
deployment.

The accuracy of the Cg derived from a kinetic sampler
depends on the accuracy of the knowledge of SR, which is DA/
Az. The molecular diffusion coefficient D of the target analytes
in the gas-phase is typically well established or can be easily
estimated through relationships between D and molecular size.
Also, the dependence of D on atmospheric pressure and
temperature can be estimated with good accuracy. The diffusive
area A can generally also be derived easily from the geometric
dimensions of the sampler.

The most challenging aspect of characterizing the SR of
a kinetic sampler is therefore the quantification of the diffusive
distance Az, because Az depends on the thickness of the stag-
nant boundary layer surrounding the PAS sorbent and this

2.0

log Ksc =7

15 log Ksg = 6
& log Ksg =5
s
(2]
E 1.0 4
1
g

0.5 4

0.0 T T T T T

0 10 20 30 40 50 60
tin days
Fig. 4 Illustrative simulations of uptake curves of three hypothetical

chemicals in response to fluctuating air concentrations Cg. Fluctua-
tions in the amount of a chemical sequestered in a PAS increase with
increasing volatility, i.e. decreasing log Ksg.
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thickness is (i) difficult to estimate theoretically and (ii) is
strongly influenced by atmospheric turbulence, i.e. is suscep-
tible to being dependent on wind speed. As will be discussed
next, there are strategies that seek to reduce this dependence of
Az on wind speed, but they tend to lower the SR. This needs to
be balanced with the need to sample an amount of chemical
during the deployment period that is sufficient for reliable
quantification.

B.4.1 Strategies to reduce the wind speed dependence of
the sampling rate. The SR of PASs is dependent on wind speed,
which can introduce considerable uncertainty in the derived air
concentrations. Mechanistically, we can conceptualise this
wind speed dependence as the effect of atmospheric turbulence
on the thickness of the stagnant boundary layer surrounding
the sampler sorbent (panel A in Fig. 5). Under low wind
conditions, this layer is thicker and therefore the diffusive
pathlength that the analyte has to travel to reach the sorbent is
longer than under high wind conditions. As shown above, in
PASs, where the SR is controlled by the air-side resistance, the
SR is inversely proportional to the diffusive pathlength Az. In
the design of PASs, two strategies are employed to reduce the
wind speed dependence of SR.

The first strategy is wind sheltering that is accomplished by
placing the sorbent in some sort of housing that prevents the
wind from directly blowing onto the sorbent (panel B in Fig. 5).
At low wind conditions this shelter will have little effect on the
diffusive pathlength, but at high wind speeds the calming effect
of the shelter will result in a thicker stagnant layer, a longer
diffusive distance and thus a lower SR. More importantly, the

A sorbent, no diffusive barrier, no wind shelter B
Aziigy
= AZow
AZ|OW . Azhigh =4:1=4.0
C sorbent, thin diffusive barrier, no wind shelter D
Azyigr,
= Aow
AZ|DW A Azhigh =8:5=1.60
E sorbent, thick diffusive barrier, no wind shelter F
Azpgn
= Mo

AZ|°W . Azhigh =4:2=2:1=2.0

sorbent, thin diffusive barrier, wind shelter
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difference in the diffusive pathlengths under different wind
conditions will be reduced, or - in other words - the wind speed
dependence of the SR will be smaller.

The second strategy involves the addition of a diffusive
barrier that forces the analyte to diffuse a longer distance to
reach the sorbent (panel C in Fig. 5). The stagnant boundary
layer now is no longer adjacent to the sorbent, but next to the
diffusive barrier. The thickness of that boundary layer
continues to be variable with wind speed, but the relative
difference in the total diffusion pathlength, which is the sum of
the thickness of the stagnant layer and the effective diffusion
distance through the barrier, become much less variable
between high and low wind speed conditions. Again, the effect
is a reduced wind speed dependence of the SR. Obviously, the
thicker the diffusive barrier, the smaller the difference in the
relative diffusion pathlengths and therefore the smaller the
wind speed dependence of the SR (compare panels C and E in
Fig. 5).

It is of course possible to deploy both strategies at the same
time, i.e. place a sampler with a diffusive barrier within a wind
shelter. However, depending on the thickness of the boundary
layer relative to the effective diffusion distance within the
barrier, the further reduction in the wind speed dependence
afforded by a wind shelter may be marginal and is generally
much smaller than the effect of sheltering a sampler without
a diffusive barrier (compare panels C and D and E and F in
Fig. 5).

Fig. 5 seeks to illustrate the effect of these two strategies by
depicting the diffusion distance of an analyte from the bulk

sorbent, no diffusive barrier, wind shelter

£

stagnant boundary layer
during low wind conditions
Azigy,
stagnant boundary layer
during high wind conditions

diffusive barrier

sorbent
Az,

Az,

AZ[OW : Azhigh =8:6=1.50

sorbent, thick diffusive barrier, wind shelter

Azygn

Az,

Azk,w . Azhigh =12:9=1.33

Fig. 5

AZ|OW . Azhigh =12:10=1.20

[lustration of the effect of different sampler configurations on the diffusion distance of an analyte from the ambient atmosphere to the

passive sampling sorbent under high (Az,4n) and low wind conditions (Az,,). In particular, the effect of a wind shelter (Avs. B, Cvs. D, E vs. F) and
the effect of a thin or a thick diffusive barrier (Aand Bvs. Cand D vs., E and F) is shown. The ratio Az, : Azngn indicates the extent to which the SR

is influenced by wind speed.
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atmosphere to the PAS sorbent both at high (Azpi,,) and low
wind speed (Az,) conditions. The quotient Azow/AZhigh
expresses by how much the diffusion distance and therefore the
SR is dependent on wind. The numbers for Az assigned to
different PAS configurations in Fig. 5 are hypothetical, but
plausible. The schematic of different sampler configuration is
based on a sampler design using a sorbent in cylindrical form,
a radial diffusion barrier (such as the Radiello), and a jar as
a wind shelter, and is inspired by two passive samplers for
gaseous mercury*>* (panels D and E, respectively).

Reducing the wind speed dependence of the SR of a PAS
comes at a price, namely the reduction of the SR. This is less
pronounced in the wind shelter strategy, as it mostly reduces
the SR at high wind speeds, but barely affects the SR under low
wind conditions. It is more notable with the application of
diffusive barriers, as they increase the diffusion distance under
any wind speed regime. Also, the thicker the barrier and
therefore the more effective the reduction in wind speed
dependence, the lower the SR becomes. Therefore, eliminating
the effect of wind speed always needs to be balanced with the
desire to sample sufficient amounts of an analyte for reliable
quantification.

C. The major challenges of passive air
sampling for SVOCs

There are a number of reasons why passive air sampling for
SVOCs is uniquely challenging.

C.1 Opposing demands for high vs. tightly controlled uptake
rates

Concentrations of individual SVOCs in the atmosphere tend to
be very low, often in the range of 10™"* g m ™~ (i.e. picograms per
m?®) or even less. Even though the detection limits of modern
analytical methods for SVOCs are extremely low, during active
air sampling for SVOCs, sampling volumes of several hundred
m? or even several thousand m?® are commonly used to allow for
reliable detection and quantification, especially in remote
regions with background concentrations. Such high sampling
volumes are not attainable with classical PASs with typical SRs
on the order of 0.1 m® per day or less. In most cases, SRs on the
order of 1 m® per day or higher are required to collect sufficient
chemical for quantification during reasonable deployment
periods (months).

Kinetic PASs for substances other than SVOCs, whether
batch, tube or radial diffusion samplers, have largely relied on
diffusive barriers to standardise diffusion distances, and thus
control SRs (see Section B.4). PASs for SVOCs, on the other
hand, tend not to include diffusion barriers in their design. The
main reason is that the uptake rates of PAS designs that
incorporate diffusion barriers are too low to be compatible with
the very low trace concentrations of SVOCs and the detection
limits that can be achieved. Another reason is that the diffusive
barrier itself may act as sorbents for SVOCs and thus interfere
with sampling.

This journal is © The Royal Society of Chemistry 2020
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A fundamental challenge of a PAS for SVOCs is therefore to
find the appropriate balance between an SR that is sufficiently
high to sample chemical amounts that can be reliably quanti-
fied, yet is also reasonably stable and well defined to allow for
a quantitative interpretation of the sampled amounts.

Whether a PAS should have a high, but variable SR or a low,
tightly controlled SR depends to some extent on the magnitude
and the spatial variability of the air concentrations of the target
chemical. A compound with low, but spatially highly variable air
concentrations is better sampled with a PAS that samples a lot
of air (has a high SR), even if the volume sampled is quite
uncertain. This makes sure that the sampled amounts are above
LOD, yet it is still possible to compare PAS-derived concentra-
tions at different locations. On the other hand, a compound
with spatially fairly uniform air concentrations demands a PAS
with a well-controlled SR, because only then can differences in
the sampled amounts be interpreted as differences in volu-
metric air concentrations.

The concentrations of most SVOCs in the atmosphere are
low and declining. Also, concentration differences of most
SVOCs in the atmosphere are quite large, often ranging over
many orders of magnitude. As a result, most PASs for SVOCs
were designed to have high SRs, even if it meant that the SRs are
quite variable and therefore uncertain. For example, the widely
used PAS based on polyurethane foam (PUF) disks has an SR
around 4 m® per day (range: 0.5 to 15 m® per day),>*** whereas
the PAS using XAD-resin as a sorbent has an SR around 0.5 to 1
m? per day (range 0.4 to 5.5 m* per day).>*2*

On the other hand, some SVOCs, such as hexa-
chlorobenzene (HCB) and hexchlorobutadiene (HCBD), have
very long atmospheric residence times and therefore fairly
uniform concentrations in the atmosphere.”*>* Unless
a sampling site is in the immediate vicinity of a strong source,
concentrations in the global atmosphere may only vary within
less than an order of magnitude. A PAS would need a tightly
controlled SR to distinguish such small concentration differ-
ences with confidence. While a PAS for SVOCs with a suffi-
ciently precise SR may not presently exist, an existing PAS for
gaseous elemental mercury* demonstrates that it is feasible in
principle for a PAS to elucidate small concentration differ-
ences. Its SR is low relative to those of commonly used PAS for
SVOCs (0.135 m® per day), but this is of little concern as the
analytical technique for quantification is powerful enough to
detect the analyte even after sampling over as little as a week at
global background concentrations. One of the main reasons
for this is that the entire sampled amount is analyzed (by
combustion of the entire sorbent present in the PAS). In the
typical PAS for SVOCs, the sorbent is solvent extracted and
only a small amount of the sampled compound is injected
onto the chromatographic column. Interestingly, SVOCs such
as HCB and HCBD, also tend to have relatively high ambient
gas-phase concentrations, precisely because of their long
atmospheric residence time. If an analytical method were to be
used that delivers all of the sorbed amount onto the analytical
column (e.g. thermal desorption), even PASs with diffusive
barrier may be able to take up amounts of HCB and HCBD
above the LOD.
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C.2 Large diversity of SVOCs vs. limited applicability range
of PASs in terms of volatility

The term SVOCs comprises a wide variety of compounds whose
volatility spans several orders of magnitude. For example, the
vapour pressure of a 3-ring PAH is approx. 4 orders of magni-
tude higher than that of a 5-ring PAH.** PCB congeners of
different degree of chlorination cover a similar volatility range.*
Volatility is, of course, also strongly governed by the tempera-
ture of deployment. Because the uptake capacity of a sampler is
governed to a large extent by compound volatility, this means
that a sampler will have widely divergent uptake capacities for
different SVOCs and even the uptake capacity for the same
compound will be different at different deployment tempera-
tures. One consequence is that the characteristic times, #jnear
and fequilibrium, €an range over several orders of magnitude for
different SVOCs and for the same SVOC at different ambient
temperatures.

For example, for the PUF-PAS, the simulation model PAS-
SIM?! estimates tjinear to decrease from ~8 months to ~8 days,
when the log Kpyr_g is decreased from 7 to 5.5. Kpyr-g changes
by approximately 1.5 log units between a two-ring and a three-
ring PAHs or for one compound if temperature is changed by
30 K. It is obvious that (i) equilibrium sampling for less volatile
SVOCs is not feasible because of excessively long times to
equilibrium, and (ii) it would be difficult to find a deployment
period suitable for a range of SVOCs with divergent volatility,
because even within the group of relatively volatile SVOCs,
tequilibrium Will range over orders of magnitude.

However, also kinetic passive sampling is only applicable to
substances within a certain range of volatility. A chemical that is
too volatile will approach equilibrium too quickly and therefore
have a very short ¢jj,ear and thus maximum deployment time. A
chemical that is too involatile will be sorbed to particles in the
atmosphere and therefore not be available for uptake in the PAS
in gaseous form (Section F.6 will discuss the uptake of particle-
sorbed SVOCs in PAS.). The range of applicability is dependent
on the sampler design (uptake capacity and kinetics) and also
environmental conditions (e.g. atmospheric particle concen-
trations), but spans approx. 4 orders of magnitude in volatility.
Consequently, it will be impossible to design a kinetic PAS and
to use a common set of deployment characteristics (e.g
deployment length) that is applicable to all SVOCs all the time.
Unless one is willing to deploy a range of PASs tailored to
different volatility ranges, the ambition therefore should be to
design a sampler that is applicable to as many SVOCs as
possible and under as many different environmental conditions
as possible.

D. Description of different types of
passive air samplers for SVOCs

A number of different PASs have been proposed for SVOC
sampling (Tables 1, 2, 4, and 5). There have been principally two
commonly employed strategies for the development of PASs for
SVOCs. One involves the use of materials originally developed
for water passive sampling, the other the use of sorbents that
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had found common use in active air sampling for SVOCs. One
attractive feature of adopting a passive water sampler design for
passive air sampling is the possibility of sampling air and water
with the same device and the prospect of recording the air-
water equilibrium status. However, caution is necessary to
appreciate the different requirements for air and water
sampling; for example, while a water sampler can be expected to
be exposed to a relatively small range of temperatures during
a deployment period, PASs may be deployed at sites with hugely
different ambient temperatures that can change rapidly on the
time scale of deployment. Also, because the diffusivity of SVOCs
in water is so much slower than in the gas-phase and the
thickness of boundary layers in air and water varies consider-
ably, different factors may be controlling uptake from water
than from air. Most of the PASs that are adopting sorbents from
water sampling rely on non-porous materials such as polymeric
sheets and films, whereas PASs using sorbents adopted from
active sampling tend to rely on porous materials such as poly-
mer foam and resins.

D.1 Samplers involving sorbents enclosed within low-
density polyethylene

D.1.1 Semipermeable membrane devices (SPMDs). The
first PAS for SVOCs that adopted a passive sampler for water
relied on semipermeable membrane devices (SPMDs), which
consist of thin-walled low-density polyethylene (LDPE) lay-flat
tubing containing a thin film of the neutral synthetic lipid tri-
olein.** Most of the early studies using SPMDs as PASs were
interested in sampling both air and water.>*>*” Ockenden et al.
calibrated SPMDs as PASs for PCBs***° and then applied them to
repeatedly record a latitudinal gradient in atmospheric
contamination in Western Europe.** Soderstrom et al.*®*
were other early adopters and explored the wind speed depen-
dence of uptake in SPMD-based PASs*** and were the first to
use SPMDs for indoor deployments.*

Cranor et al.>® used a laboratory set-up to determine both the
uptake kinetics and the uptake capacity of SPMDs for 48
compounds including several PAHs, PBDEs, OCPs, and current-
use pesticides (CUPs). Cicenaite et al.°* also used laboratory
experiments to determine these parameters for three
compounds (naphthalene, 2-chlorophenol, 1,4-dichloroben-
zene) as a function of temperature in the range from —16 to
+40 °C.

D.1.2 PASs with other sorbents enclosed in PE membranes.
Several modifications of SPMDs have been proposed for air
sampling, which substituted triolein with other sorbents (Table
1). The rationales for this substitution included a simplified
preparation and clean-up procedure in samplers not containing
triolein®*** and the high cost of triolein.>* Also, SPMDs are
a patented product which can impede its widespread adoption.
In principle, a different sorbent may also increase the uptake
capacity of a PAS relative to an SPMD.

Wennrich et al>®> and Paschke and Popp® proposed to
substitute triolein with polydimethyl siloxane (PDMS or “sili-
cone”) as a sorbent in different configurations (silicone tubing,
silicone spiral rods, PDMS-coated stir-bar), either enclosed in

This journal is © The Royal Society of Chemistry 2020
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Name Passive sampling material Housing Ref.
Semipermeable membrane devices Thin-walled LDPE lay flat tubing White wooden box with louvred 34
(SPMDs) containing a thin film of synthetic sides (Stevenson screen)
lipid triolein (1,2,3-tri[cis-9-
octadecenoyl]glycerol)
Poly(dimethylsiloxane) (PDMS) Thin-walled LDPE lay flat tubing Stainless steel box (20 cm diameter, 52
containing either PDMS-coated stir 20 cm high), open at the bottom
bar (Vs = 24 ml, A = 2.8 cm?) or with perforated sides
silicone tubing (Vs = 250 ml,
A =12 cm?)
Poly(dimethylsiloxane) (PDMS) LDPE cylinder containing either Cylindrical stainless-steel shelter 55
PDMS-coated stir bar (A = 1.67 cm?) with an opening at the bottom
or spiral silicone rod (A = 5 cm?)
Membrane-enclosed copolymer Thin-walled LDPE lay flat tubing Perforated steel box 53
(MECOP) samplers containing crystalline ethylvinyl-
benzene-divinyl-benzene
copolymer
Versatile, easy and rapid Various sorbent materials enclosed Unknown 54

atmospheric monitor (VERAM)

in thin-walled LDPE lay flat tubing

(a mixture of florisil and activated
carbon recommended for VOCs

sampling)

a PE membrane similar to an SPMD** or in a cylindrical PE
tube.? The fairly low SRs of these PAS designs (on the order of
0.01 m® per day) are at least partly overcome by an analytical
technique that relies on thermal desorption of the PDMS. This
not only delivers the entire sampled amount onto a gas chro-
matographic column, but the lack of sample extraction proce-
dures may allow for lower blank levels and thus detection limits.
Unfortunately, very large differences in uptake rates observed
between compounds, between indoor and outdoor deploy-
ments, and between different sampler configurations remained
unexplained®*** and no follow-up studies based on these
approaches appear to exist.

Choi et al> enclosed a crystalline ethylvinylbenzene-
divinylbenzene copolymer in a PE membrane, calling it
membrane-enclosed copolymer (MECOP) samplers. No SRs had
been determined, so rates for SPMDs were applied after
adjusting for the much smaller surface area of the PE
membrane in the MECOP relative to an SPMD. Esteve-Turrillas
et al.>* experimented with a number of different sorbents in
SPMD-type lay flat PE tubing, and recommended a mixture of
florisil and activated carbon.

D.1.3 Limitations of samplers involving sorbents enclosed
within LDPE. The justification for enclosing a sorbent within
a PE membrane is the desire to control the diffusion distance
through the use of a permeable barrier. As discussed in Section
B.4 above, a tightly controlled diffusion distance is a key
requirement for a PAS that is not susceptible to large variations
in the SR as a result of different wind exposure. A problem with
this approach is that a PE membrane itself is a sorbent for
SVOCs. Furthermore, capacity and permeability of PE are
functions of temperature.****” Collectively, this leads to highly
complex uptake characteristics of PASs using PE-enclosed
sorbents that make a reliable, quantitative interpretation of

This journal is © The Royal Society of Chemistry 2020

results highly challenging. Some studies essentially concluded
that an incomplete understanding of the effect of temperature
on the uptake characteristics of those types of samplers
precluded a quantitative interpretation.’®* Whereas SPMDs
continue to be used occasionally as PASs,*~* the PAS designs in
Table 1 can no longer be regarded as representing the state-of-
the-art in passive air sampling for SVOCs.

D.2 Samplers based on non-porous sorbent materials

The samplers described in Section D.1 consist of two sorbing
phases, namely the enclosed sorbent and the polyethylene. This
appears redundant, because even with two sorbents present,
these PASs often do not have sufficient uptake capacity for more
volatile SVOCs to remain in the linear uptake phase during
typical lengths of deployment (e.g. ref. 41). Also, the presence of
two sorbents makes the understanding and quantification of
uptake kinetics and uptake capacity unnecessarily complicated.
Accordingly, most PASs rely on a single material able to act as
a sorbent. In particular, a fairly large number of PASs relies on
a non-porous sorbent material, such as a non-porous polymer
or a solid lipid as a sorbent (Table 2).

D.2.1 Samplers based on low-density polyethylene (LDPE).
Miiller et al.® realised that the sorbent enclosed in the PE of the
SPMDs may be redundant, as the PE itself can act as a sorbent.
Bartkow et al.®” showed that simple PE sheets of different size
and thickness suspended in air can constitute a PAS. In
particular, they showed that the simultaneous deployment of PE
sheets of different thickness can be used to determine whether
a chemical is in the linear uptake phase or approaches equi-
librium. The amount of substances with kinetically controlled
uptake is independent of the volume of the PE sheet Vs and
related to its surface area A, whereas the amount of substances
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Name Passive sampling material Housing Ref.
Solid phase micro-extraction SPME fibre made from PDMS Needle housing 104
(SPME)
“Synthetic leaf” Fibreglass cloth (250 mm x 500 Stainless-steel frames (0.5 m x 120
mm) coated with 0.3, 1.5 or 3 g of 0.5 m) in open-sided container
tristearin (2,3-di(octadecanoyloxy)
propyl octadecanoate)
Polymer-coated glass (POG) Hollow glass cylinder (68 mm o.d., Double bowls made of stainless 92
64 mm i.d. and 70 mm tall) coated steel
inside and outside surfaces with
thin film (0.5 um thickness) of
ethylene vinyl acetate
Low-density polyethylene (LDPE) Low-density polyethylene film Galvanised iron chambers with an 67
films (30 cm by 30 cm) open bottom and louvers on all
sides
Artificial leaf (AL)-PAS Paraffin oil on cellulose paper Petri dish 121
Ethylene vinyl acetate (EVA) Glass fibre filter (GFF) or thick None 98
aluminum foil coated with ethylene
vinyl acetate
PDMS-based PAS Silicone disk of 0.5 mm thickness in None 114
a 15 cm Petri dish or a baking paper
sheet (40 cm x 60 cm) coated on
both sides with a thin film (0.001
mm) of silicone (0.5 g Si per m?)
PDMS sheet PDMS sheets of 0.1 cm thickness None 111
(11 cm long x 9 cm wide x 0.1 cm
thick with total surface area 202
cm?)
PDMS brooch PDMS strip (9 cm long x 5.5 cm Personal sampler (aluminum plate 113
wide x 0.1 cm thick, surface area to prevent contact with clothing)
was 50 cm?)
PDMS-coated stir bar Stir bar, 2 cm long coated with Double stainless-steel domes 110

1 mm thick PDMS film

achieving equilibrium is proportional to Vs.®” Bartkow et al.®®
demonstrated the viability of using depuration compounds
(DCs) spiked into the PE prior to deployment to account for
differences in wind exposure of PASs based on PE-sheets (see
also Section F.4 below). PE-based PASs have since been used
extensively by US-based researchers.

Somewhat surprisingly, there appears little attempt to stan-
dardise the deployment of PE-based PAS. A variety of different
sizes of PE sheets, strips, and lay-flat tubing appear to be in use,
but dimensions and sheet thickness are not always provided.
Furthermore, different housings are being used to shelter the
PE sorbent. Some use a metal box with louvred sides and an
open bottom,*” whereas others use a metal cage that is not
further described, but appears to be long and upright.®"*
Lohmann et al.”>” either use the double bowl shelter of Shoeib
and Harner* or a version where the bottom bowl is eliminated.
It is also often not clear how the PE sheets are being placed in
these shelters and photographs suggest that little attention is
paid to the precise arrangement (see e.g. photograph in ESI in
ref. 76). Overall, this suggests that even during outdoor
deployments little effort is made to limit or standardise the
wind exposure of the PE and a lot of trust is therefore placed in
the capability of DCs to correct for variable wind exposure
(Section F.4).

67
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Because PE-based samplers are commonly employed in
water passive sampling, PE-based PASs offer, similar to SPMDs,
the possibility of using the same sampler material in air and
water and therefore the possibility to derive the equilibrium
status between them.”””® This is further discussed in Section
G.8.1.

D.2.2 Samplers based on ethylene vinyl acetate (EVA). A
thin film of ethylene vinyl acetate (EVA) coated on glass was
introduced as a means to sample SVOCs from the headspace of
a sample vial.”* Large surface area to volume ratios of the EVA
film were meant to assure quick equilibration with the gas-
phase. Harner et al.®* proposed to use EVA coated onto glass
and placed in a wind-shelter as PAS. Farrar et al.** determined
the uptake and loss kinetics of these so-called POlymer-coated
Glass samplers (POGs) and used them to measure concentra-
tion variability along a vertical gradient in the urban boundary
layer® and within a European-scale network.”> POGs have also
been used for sampling in water.”® Uptake in EVA-films was
observed to be somewhat faster than in PE sheets, but equili-
bration times were longer because the uptake capacity of EVA
was larger than that of PE.”” Instead of glass as a base onto
which the EVA is applied, it is also possible to use glass fibre
filters (GFFs) or aluminum foil.>® While explicitly designed to
equilibrate fast (within a number of days of deployment), for
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less volatile chemicals the time to equilibrium can be quite
long. As a result, the interpretation in terms of volumetric air
concentrations has to be different for different SVOCs.

D.2.3 Samplers based on polydimethyl siloxane (PDMS). A
possible drawback of PE-based samplers is the relatively low
diffusiv