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a b s t r a c t

A simple and cost effective permeation passive sampler equipped with a polydimethylsiloxane (PDMS)
membrane was designed for the determination of time-weighted average (TWA) concentrations of
volatile organic compounds (VOCs) in air. Permeation passive samplers have significant advantages over
diffusive passive samplers, including insensitivity to moisture and high face velocities of air across the
surface of the sampler. Calibration constants of the sampler towards 41 analytes belonging to alkane,
aromatic hydrocarbon, chlorinated hydrocarbon, ester and alcohol groups were determined. The calibra-
tion constants allowed for the determination of the permeability of PDMS towards the selected analytes.
They ranged from 0.026 cm2 min−1 for 1,1-dichloroethylene to 0.605 cm2 min−1 for n-octanol. Further,
the mechanism of analyte transport across PDMS membranes allowed for the calibration constants of the
alibration
ptake rate
inear temperature programmed retention
ndex

sampler to be estimated from the linear temperature programmed retention indices (LTPRI) of the ana-
lytes, determined using GC columns coated with pure PDMS stationary phases. Statistical analysis using
Student’s t test indicated that there was no significant difference at the 95% probability level between the
experimentally obtained calibration constants and those estimated using LTPRI for most analyte groups
studied. This correlation allows the estimation of the calibration constants of compounds not known to
be present at the time of sampler deployment, which makes it possible to determine parameters like
total petroleum hydrocarbons in the vapor phase.
. Introduction

Passive sampling is an analytical chemistry tool used to achieve
ost of the basic sample preparation goals. These include, among

thers, isolation of the analytes from the matrix and their pre-
oncentration to increase the selectivity and sensitivity of the
easurements, chemically changing the analyte to a form suitable

or the analytical measurement, and/or reduction of, or com-
lete elimination of solvent use (green chemistry). Górecki and
amieśnik defined passive sampling as “any sampling technique
ased on free flow of analyte molecules from the sampled medium
o a collecting medium, as a result of a difference in chemical poten-
ial of the analyte between the two media” [1]. When the difference
n chemical potential is solely due to the difference in the analyte
oncentrations between the two media, the analyte transfer can

e conveniently explained based on Fick’s laws of diffusion under
concentration gradient and the sampling does not require any

xternal power like active sampling methods do.

∗ Corresponding author. Tel.: +1 519 888 4567x35374; fax: +1 519 746 0435.
E-mail address: tgorecki@uwaterloo.ca (T. Górecki).
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© 2010 Elsevier B.V. All rights reserved.

Analyte transfer from the sampled medium to the collecting
medium in a diffusive passive sampler takes place through a well-
defined air volume (e.g. pores in a diffusive barrier), while in
permeation-type samplers analytes pass through a polymer mem-
brane driven by the concentration gradient between the two media.
The sorbent is typically chosen to have high sorption capacity
for the VOCs being sampled (a zero sink), which helps maintain
the concentration gradient between the sampled medium and the
collecting medium throughout the deployment duration. Factors
such as high analyte/background matrix concentration and/or high
humidity might lead to premature sorbent saturation, and conse-
quently non-ideal functioning of the sampler. Since the diffusion
coefficient of water molecules in air is considerably higher when
compared to many VOCs, their uptake rate into diffusive-type sam-
plers is also higher. This makes it difficult for such diffusive-type
samplers to be used for soil gas measurements (with wide appli-
cability in vapor intrusion and soil remediation studies), where
humidity could often be close to 100%. Consequently, such samplers

can be deployed in the field only for relatively short durations under
high humidity conditions. The use of permeation-type passive sam-
plers employing hydrophobic PDMS membranes can offset this
problem (at least partially), as the permeability of water molecules
through PDMS (and hence their uptake rate) is one to several orders

dx.doi.org/10.1016/j.chroma.2010.11.003
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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f magnitude lower than those for most VOCs. An added advan-
age of using such membranes is that high face velocities of air
o not alter the uptake rates of the sampler. This is not the case
ith certain types of diffusive-type passive samplers, where strong

ir currents might effectively reduce the diffusive path length, and
onsequently increase the uptake rates. On the other hand, low air
ow velocities across the sampler affect both types of samplers in
similar manner (so-called “starvation effect”) [2].

Zabiegała and co-workers took advantage of the favorable prop-
rties of PDMS membranes when designing badge type passive
amplers used for various purposes [3–6]. The main disadvantage
f these samplers was the requirement that the calibration con-
tant be known prior to sampler deployment. This necessitated
he analytes’ identity to be known prior to the sampler deploy-

ent, which was not always possible. In such cases, it becomes
mportant to be able to estimate the calibration constant for an
nalyte after analyzing the sorbent in the laboratory. For diffusive-
ype samplers, such estimation boils down to using either available
r estimated diffusion coefficients of the analytes in air to calcu-
ate the calibration constants. Zabiegała and co-workers reported
arious estimation methods based on physicochemical proper-
ies of the analytes for permeation-type passive samplers using
DMS membranes [3]. One such estimation was based on the linear
emperature-programmed retention index (LTPRI) of the analyte
n a GC column coated with pure PDMS. The estimation of the cal-
bration constant was possible in this case due to the similarities
etween the analyte transfer mechanism into the sampler and the
eparation mechanism in a capillary GC column using PDMS as the
tationary phase.

Based on the work of Zabiegała and co-workers, a simplified
nd cost-effective permeation-type passive sampler was designed
or this study based on a 2 mL crimp-cap gas chromatography
utosampler vial equipped with a polydimethylsiloxane (PDMS)
embrane and filled with a carbon-based adsorbent. Apart from

he low material costs of the sampler and ease of fabrication,
he design allows for potential automation of the extraction and
hromatographic analysis for high-throughput analysis. The rela-
ionship between the calibration constant of the sampler and LTPRI
as further studied theoretically and experimentally and is pre-

ented in this paper. The advantages of this design with respect to
ariations in humidity and temperature will be presented in the
econd part of this paper.

. Theory

The idealized, steady state concentration profile of the
ermeating vapor in and around permeation-type samplers dur-

ng deployment is shown in Fig. 1. According to Graham’s
olution–diffusion model for permeation of organic compounds,
he transfer of gas or vapor across a polymer takes place in three
teps: dissolution of the vapor molecule in the polymer, diffusion
f the molecule under a concentration gradient through the poly-
er, and the release of the vapor from the polymer at the opposite

ide of the membrane [7,8]. Applying Fick’s law to permeation-type
assive samplers, the amount of analyte M (kg) collected in time t
min) by the sampler is given by

M

t

)
= D

A

Lm
(Cma − Cms) (1)

here D is the diffusion coefficient of the analyte in the membrane

cm2 min−1), A is the surface area of the membrane (cm2), Lm is the

embrane thickness (cm), Cma is the concentration of the analyte
n the surface of the membrane exposed to air (kg/cm3), and Cms

s the concentration of the analyte on the membrane surface in
ontact with the sorbent (kg/cm3).
atogr. A 1218 (2011) 143–155

The concentration of the analyte at the membrane–sorbent
interface is practically zero due to removal of the analyte from the
gas phase by the sorbent, hence Cms is approximately zero. At a
given temperature, the concentration of the analyte on the mem-
brane surface that is exposed to the air and the concentration of the
analyte in air are related to one another as follows:

Cma = KC0 (2)

where K (dimensionless) is the partition coefficient of the analyte
between the air and the membrane. Under the conditions of con-
stant temperature, the diffusion coefficient, partition coefficient, as
well as membrane area and thickness are all constant and can be
replaced by a new constant, k.

k = Lm

DKA
(3)

where k is the calibration constant of the passive sampler. The prod-
uct of the analyte’s diffusion coefficient D in the membrane and its
partition coefficient K is defined as the permeability of the polymer
(P, cm2 min−1) towards that particular analyte, and defines the rel-
ative calibration constants of the passive sampler towards various
analytes [9]. From Eqs. (1)–(3), one can calculate the concentration
of the analyte (C0) in the sample when the amount collected by the
sampler is experimentally determined and the exposure duration
(t) is known.

C0 = kM

t
(4)

Zabiegała et al. determined the calibration constants of various
groups of analytes and concluded that they were linearly related to
LTPRI [3]. However, experiments performed in this research indi-
cated that the relationship between the calibration constants and
LTPRI did not match that published by Zabiegała et al. in a broader
range of calibration constant values. In order to explain the discrep-
ancy, the theoretical relationship between LTPRI and the calibration
constants was examined and the hypothesis formulated was tested
in this project.

It has long been known that vapor molecules permeate faster
through rubbery polymers (such as PDMS) than through glassy
polymers (such as Teflon®) [8]. PDMS, of all the rubbery poly-
mers, has one of the lowest diffusivity selectivities for permeation
because of the flexible (–Si–O–Si–) backbone of the polymer chains,
as well as the relatively weak binding forces between the individual
segments [10]. In fact, PDMS has one of the lowest glass-transition
temperatures (146 K), with long-range segmental motions even at
very low temperatures [8]. As a result, the relative differences in
permeability of vapor molecules are mostly governed by their sol-
ubility (or, in other words, the partition coefficient) in the polymer
rather than the diffusivity in the polymer [8]. Results of various
studies reported in the literature support the assumption that dif-
fusivity of molecules in PDMS is of the same order of magnitude
for the majority of volatile organic compounds. This can be con-
firmed using data on diffusion and partition coefficients reported by
Kong and Hawkes at 321 K [11]. Within the homologous series, the
diffusion coefficients of the compounds decrease with increasing
molecular size, but the relative decrease is marginal when com-
pared to the exponential increase in the partition coefficients of the
compounds. A mathematical relationship between the calibration
constant and the partition coefficient can then be derived under the

approximate assumption that D is constant for all volatile organic
compounds. Under these conditions, taking the natural logarithms
of both sides of Eq. (3), one gets,

ln k = Z − ln K (5)
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Fig. 1. Ideal, steady state concentration profile

here Z is a constant defined by:

= ln
[

Lm

AD

]
(6)

n a homologous series of compounds, even though the diffusion
oefficients are of the same order of magnitude, they typically
ecrease with increasing molecular weight of the compound. Under
uch conditions, constancy of the D × MW product can also be con-
idered, and the correlations explored. The assumption that the
roduct of the diffusion coefficient and the molecular weight can
e considered a constant was studied for the diffusion coefficients
vailable from literature sources [11,12]. With this assumption, the
athematical relationship takes the form

n
[

k

MW

]
= Q − ln K (7)

here Q is a constant defined as

= ln
[

Lm

AD × MW

]
(8)

qs. (5) and (7) show the relationships between the calibration con-
tant and the partition coefficient. Calibration constant can then
e related to LTPRI based on the relationship between LTPRI and
he partition coefficient. Partition gas chromatography involves the
artitioning of the solute between a liquid stationary phase and a
aseous mobile phase. Therefore, the retention properties of a com-
ound in such a chromatographic separation are a function of the
nalyte partition coefficient between the carrier gas and the sta-
ionary phase (PDMS in this case). Under isothermal conditions, the
artition coefficient of a solute at a given temperature is related to
he retention time of the solute in the following manner [13]:

t′
r

tm
= tr − tm

tm
= K

Vs

Vm
(9)

here t′
r is the adjusted retention time, tm is the retention time

f a non-retained compound, tr is the retention time of the solute,
is the partition coefficient of the solute, Vs is the volume of the

tationary phase, and Vm is the volume of the mobile phase. Van
en Dool and Kratz [14] introduced the concept of LTPRI (dimen-

ionless), which involves calculation of the retention index while

chieving chromatographic separation under the conditions of lin-
ar temperature programming. LTPRI is defined as:

TPRI = 100
[

tr − tn

tn+1 − tn

]
+ 100n (10)
e

rmeation passive samplers during deployment.

where tr is the retention time of the analyte, tn is the retention time
of the n-alkane eluting directly before the analyte, tn+1 is the reten-
tion time of the n-alkane eluting directly after the analyte, and n is
the number of carbon atoms in the n-alkane eluting directly before
the analyte. The exact correlation between LTPRI and the parti-
tion coefficient is complicated, and involves fluid dynamics inside
the capillary column [15]. However, various researchers work-
ing on determining empirical relationships and/or mathematical
approximations have found that LTPRI for a homologous series of
compounds is related to the partition coefficient of the analytes at
a particular temperature as follows [16]:

LTPRI = N ln K + B (11)

where N and B are constants. The relationship for a homolo-
gous series of n-alkanes can be verified using data obtained by
Kłoskowski et al. at 298 K using a capillary column with PDMS sta-
tionary phase [17]. Further validity of this concept can be drawn
from data presented by Martos et al., who used solid phase microex-
traction techniques for compounds including benzene, toluene,
ethyl benzene, n-propyl benzene, n-pentyl benzene and n-hexyl
benzene among others. The above relationship was successfully
used to estimate the calibration constants of various analytes in
solid-phase microextraction with PDMS-coated fibers. From Eqs.
(5), (7) and (11), the relationship between the calibration constant
k and LTPRI can theoretically be obtained and can be studied under
two scenarios:

Case 1: When D is assumed to be constant, Eqs. (5) and (11) sug-
gest that ln(k) is directly proportional to LTPRI. If this is true, then
the major advantage would be the ability to estimate the calibra-
tion constants for analytes without knowing their identity (because
it is not required to know the identity of a compound to determine
its LTPRI).

Case 2: When ln(D × MW) is considered constant, Eqs. (7) and
(11) suggest that ln(k/MW) is directly proportional to LTPRI. In this
case, the calibration constant could be estimated using LTPRI, but
the identity of the compound would have to be known in order to
determine its molecular weight. The identities of unknown analytes
(thus their molecular weights) can often be established when using

mass spectrometry for analyte detection.

It should be noted that the physical form of PDMS within the
capillary column may differ from that which forms the mem-
brane. Nevertheless, Cramers et al. noted that the LTPRI was
nearly the same on PDMS stationary phases with and without
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Fig. 2. Crimp cap vial-based permeation passive sampler (WMS sampler).

ross-linking [18]. Furthermore, Zabiegała et al. showed that LTPRIs
etermined using different gas chromatographs and different cap-

llary columns (with PDMS stationary phase) were nearly the same
19]. Therefore, the hypothesis that the calibration constant should
e related to LTPRI should still be valid.

. Experimental

.1. Chemicals

High purity CS2 required for the preparation of standard
olutions of the analytes for gas chromatographic quantifi-
ation and for analyte desorption from sorption tubes and
assive samplers was purchased from VWR CANLAB (Missis-
auga, ON). Chromatography grade compressed air, helium,
itrogen and hydrogen were purchased from Praxair (Kitch-
ner, ON). All high purity, analytical grade chemicals were
urchased from Sigma–Aldrich (Bellefonte, PA). The analytes
ere n-alkanes (n-hexane to n-decane), aromatic hydrocar-

ons (benzene, toluene, ethylbenzene, o-xylene, propylbenzene
nd butylbenzene), chlorinated compounds (chloromethanes,
,1-dichloroethylene, cis-1,2-dichloroethene, 1,2-dichloroethane,
,1,1-trichloroethane, and trichloroethene), alcohols (n-butanol
o n-octanol, 2-methyl-1-propanol, 2,3-dimethyl-3pentanol, 2,4-
imethyl-3-pentanol, 2-ethyl-1-hexanol, 2-methyl-1-butanol, 6-
ethyl-2-heptanol, 2-hexanol, 2-octanol and 3 octanol), and

sters (ethyl acetate, propyl acetate, butyl acetate, sec-butyl
cetate, methyl butyrate, ethyl butyrate, propyl butyrate and butyl
utyrate).

.2. Passive sampler design

The passive sampler was designed and fabricated using a 2 mL,
tandard mouth, crimp cap, chromatography auto-sampler vial, a
DMS membrane and a sorbent, as illustrated in Fig. 2 (the sam-
ler has been recently made commercially available under the
ame Waterloo Membrane Samplers (WMS) by SiREM, Guelph,
N). The PDMS membrane (Product code: SSP-M823) used in the

amplers was procured from Specialty Silicone Products Inc. (Ball-
ton Spa, NY). The membrane had a nominal thickness of 75 �m.
he translucent PDMS membrane was supplied with a brown, fiber
lass support sheet. The membrane along with the support sheet
as first cut to the shape of the top surface of the 2 mL glass vial
outh using a cutting tool. The membrane was then separated from

he support and weighed using a microbalance, model MXA 21,
rom Radwag USA L.L.C. (North Miami Beach, FL). Since the specific

ravity of the commercially available PDMS membrane (1.17 ± 0.2)
20] and the area cut by the cutting tool were constant, the weight
f the membrane served as a control for the membrane thickness.
he thicknesses of the membranes procured were measured at
he Department of Mechanical Engineering, University of Water-
Fig. 3. Schematic of the experimental setup used for the determination of the cali-
bration constants..

loo, using an Olympus U-PMTVC optical microscope (Tokyo, Japan)
coupled to a digital image capture system.

Anasorb 747®, an activated carbon-based sorbent available
commercially in bulk quantities of 100 g from SKC Inc. (Philadel-
phia, PA), was used as the sorbent for the samplers. Approximately
250 mg of Anasorb 747® was weighed into the glass vial and the
PDMS membrane was placed on top of the vial. An aluminum cap
was then placed on top of the membrane and crimped using a
crimper. The rubbery nature of the PDMS membrane provided an
air-tight seal between the aluminum cap and the glass vial, which
could be verified by warming the vial (either by holding it in the
palm of a hand or by blowing hot air on the vial) and watch-
ing the membrane bulge. The PDMS membrane is thinner than
the PTFE-backed septum accompanying the commercially available
aluminum crimp caps. Since this septum was removed before fab-
rication of the samplers, it required a section of about 1 mm of the
rim of the cap to be trimmed before use, in order to crimp with a
competent seal. During exposure, the vial was turned upside down
so that the sorbent was in contact with the PDMS membrane.

3.3. Experimental setup

The function of the experimental setup was to generate test
gas atmospheres with measurable, constant concentrations of the
analytes, where the passive samplers could be exposed for specific
periods to determine their calibration constants towards the ana-
lytes. Schematic diagram of the experimental setup is illustrated
in Fig. 3. Nitrogen was passed through an air purifier (contain-
ing activated carbon) to remove traces of VOC impurities at a flow
rate controlled by a mass flow controller (model MDF-52000L0N-
0L) purchased from Pneucleus Technologies Inc. (Hollis, NH). The
mass flow controller had an operating range of 0–1000 mL/min
and was connected to an MKS Instruments (Andover, MA) Type
247 4-channel readout system for setting and monitoring the flow.
The purified gas was then passed through a standard gas mixture
generator.

The standard gas mixture generator used permeation tubes as
the source for analyte vapors. Neat liquid enclosed in these tubes
permeated through their walls at a constant rate, and the vapors
were swept by purified gas which entered the calibration cham-
ber. The permeation tubes were made from virgin PTFE tubing cut
into segments of the desired lengths. The tubes prepared in this
way were filled with neat liquids of the test compounds and sealed

®
by means of PTFE plugs and Swagelok ferrules compressed using
a custom-made, removable fitting [21]. The PTFE tubes used for
the fabrication of the permeation tubes had an outer diameter of
1/4′′ and a wall thickness of 250 �m. The PTFE plugs were standard,
1/4′′ diameter rods, which were machined on a lathe to reduce the
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iameter by approximately 250 �m to tightly fit the tubing. The
rass Swagelok® ferrules were those used for standard 1/4′′ outer
iameter metal tubing. The permeation tube lengths ranged from
cm to 10 cm, depending on the volatility of a compound (longer

ubes for less volatile compounds so as to have larger surface area
f permeation, and hence increased analyte delivery rate). Depend-
ng on the composition of the standard gas mixture required, the
espective permeation tubes (each tube containing one neat liquid)
ere enclosed in a flow-through vessel maintained at a constant

emperature by placing it inside a GC oven. Different sets of com-
ounds were thermostated at different temperatures based on the
ermeation rates of the compounds through PTFE. The outlet of the
tandard gas mixture generator was connected to the inlet of the
alibration chamber, which is detailed next.

The calibration chamber was constructed using a 10-liter cylin-
rical glass jar (Fig. 4). A PTFE plate of 1/4′′ thickness was used as the
op lid for the glass jar, with an O-ring (made of PTFE-encapsulated
iton, procured from Budlar Inc., Cambridge, ON) between the
late and the jar for sealing. The PTFE plate was held in place with
wo aluminum plates, one placed on top of the Teflon® plate and
nother below the glass jar and the thermostating jacket. These
lates were held together by means of stainless steel rods, threaded
n both ends, which were fixed to the bottom and top aluminum
lates with the help of nuts. A motor (model Number JB2PO21N,
niversal Electric Company, MI) was fixed on top of the aluminum
late, and a hole was drilled in the centre of the PTFE and aluminum
lates to allow the shaft from the motor to run through this hole. A
an blade made of high-density polyethylene was attached to the
ottom of the shaft. The motor itself was connected to a Powerstat®
ariable autotransformer (model 3PN116B, Superior Electric Com-
any, CT) to enable control of the speed of the circulation fan. A
egment of 1/4′′ diameter copper tubing, through which the stan-
ard gas mixture entered the chamber, was also passed through
he top plates. Holes were drilled in the segment of the inlet tubing
togr. A 1218 (2011) 143–155 147

positioned parallel to the bottom of the chamber to allow uniform
introduction of the analyte gas mixture. Eight holes were drilled
through the top plates (aluminum and PTFE) with diameters small
enough to hold the vial-based passive samplers snugly, and the
vials were inserted membrane-down during exposure. The whole
chamber was placed in a thermostated jacket, the outside of which
was insulated by wrapping it with polyester batting. The calibration
chamber was maintained at the required temperature through-
out the period of sampling by circulating radiator fluid through
the jacket with the aid of a circulation thermostat (model number
000-5744, HAAKE, Germany). The1/2′′ inner diameter rubber tub-
ing connecting the thermostat and the chamber was also wrapped
with the polyester batting insulation. A piece of 1/8′′ stainless steel
tubing inserted into the chamber through the vent was used to
draw samples of the chamber atmosphere through sorption tubes
for concentration determination.

3.4. Determination of LTPRI

An Agilent 6890 GC (Santa Clara, CA) equipped with a
split–splitless injector, an FID and an ECD was used for the anal-
ysis. The FID was set at 300 ◦C; the injector was operated at 1:10
split ratio and maintained at 275 ◦C with a flow of 1.2 mL/min of
helium. The oven was programmed to start at 35 ◦C, then increased
at a rate of 7 ◦C till it reached 220 ◦C and was held at 220 ◦C for 2 min.
To correlate the calibration constants to LTPRI, it was necessary to
use a capillary column with 100% PDMS stationary phase. The col-
umn (RTX-1) was procured from Restek (Bellefonte, PA). For the
determination of the LTPRI of aromatic hydrocarbons, a mixture of
n-alkanes in CS2 (from pentane to undecane) was prepared at con-
centrations of approximately 100 �g/mL each in CS2. This solution
was used for the determination of the retention times of the n-
alkanes. Individual solutions of all the aromatic hydrocarbons were
also prepared at approximately 100 �g/mL in CS2 and were used for
the determination of the respective analyte’s retention times for
peak identification. Finally, another solution containing approxi-
mately 100 �g/mL of all the n-alkanes and aromatic hydrocarbons
in CS2 was prepared. This solution (1 �L) was injected 6 times, and
the averages of the retention times of each compound from the 6
injections were used for the calculation of LTPRI. The same method
as described above for aromatic hydrocarbons was used for the
determination of LTPRI of chlorinated compounds. For the determi-
nation of the LTPRI of alcohols and esters, the same methods were
used but with a Thermo Electron Corporation Focus GC (Waltham,
MA) equipped with a split–splitless injector and an FID and with
the same chromatographic conditions as described earlier.

3.5. Determination of the calibration constants

The calibration constants were determined using Eq. (4). The
knowledge of the extraction efficiency of the analytes from Anasorb
747® was required to determine both the analyte mass trapped in
the sampler (M) and its concentration (C0). Recoveries of all 41 com-
pounds of interest from the Anasorb 747® sorbent were determined
prior to the exposure experiments. This involved preparation of a
stock solution of the respective analytes in CS2, followed by the
addition of 10 �L aliquots of this stock solution to six 4 mL vials
containing 250 mg of Anasorb 747® each. The vials were capped
and allowed to remain at room temperature for 24 h for equili-
bration. Even though the extraction efficiency from Anasorb 747®

was reported to be high for many VOCs using CS2 as the desorp-

tion solvent, the extraction efficiency could be marginally increased
according to the manufacturers specifications by using a polar sol-
vent along with CS2 for the extraction. Consequently, isopropyl
alcohol (IPA) was used as a cosolvent in proportions depending
on the polarity of the analytes studied. For alkanes and aromatic
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ydrocarbons, desorption of the analytes from the sorbent was per-
ormed by adding 1 mL of CS2 to each of the six 4 mL vials, followed
y shaking intermittently for 30 min. For alcohols, a 50:50 mixture
f IPA and CS2 was used for the extraction. For esters and chlori-
ated compounds, a 1% solution of IPA in CS2 was employed. Some
f the alcohols had similar retention times under the temperature
rogramming conditions employed. To avoid difficulties imposed
y co-elution, the recoveries were determined by analyzing 3-
ctanol, 2-methyl-1-butanol and 6-methyl-2-heptanol separately
rom the remaining alcohols listed earlier. The resulting extracts
ere transferred to 100 �L inserts placed inside 2 mL crimp-top

ials, and the analyte amounts were quantified by GC. For the
etermination of the extraction efficiency of n-alkanes and aro-
atic hydrocarbons, the Agilent 6890 GC was used with the method

escribed earlier. A Thermo Focus GC with Chromquest data acqui-
ition software was used instead of the Agilent GC for quantifiying
lcohols and esters by gas chromatography using the method
escribed earlier. In the case of chlorinated compounds, desorption
as performed using a 1% solution of IPA in CS2. Since the reten-

ion times of 1,1-dichloroethylene (1,1-DCE) and dichloromethane
DCM) were close with 100% PDMS-based stationary phase cap-
llary columns, a slightly more polar HP-5 stationary phase (95%

ethyl and 5% phenyl) was used for their separation and quantifi-
ation. The chromatographic separation and quantification were
erformed using the method detailed earlier except that the RTX-1
olumn was replaced with an HP-5 column.

Different sets of standard gas mixtures required for the exposure
f the samplers were generated using different sets of permeation
ubes. These permeation tubes were placed in a flow-through ves-
el inside the oven of an HP 5890 GC (with nitrogen flow) one
eek prior to the exposure experiments to stabilize the permeation

ates of the analytes. The permeation tubes with n-alkanes, aro-
atic compounds and alcohols were maintained at 40 ◦C (±1 ◦C);

he tubes with chlorinated compounds were maintained at 30 ◦C
±1 ◦C), and the permeation tubes for esters were maintained at
0 ◦C (±1 ◦C) to account for differences in the permeability of PTFE
owards each of these classes of compounds. Nitrogen flow rate
as set at 800 mL/min (controlled by a mass flow controller). The

alibration chamber was maintained at 25 ◦C ± 1 ◦C throughout the
eriod of sampling.

The concentration of the analytes in the calibration chamber
as measured using sorption tubes by active sampling method.
ustom-made sorption tubes (fabricated by the glass blowing shop,
niversity of Waterloo) were loaded with 300 mg of Anasorb 747®

n the sample section and 100 mg in the back-up section. The sam-
le was drawn from the calibration chamber at a constant rate of
pproximately 100 mL/min using a suction pump (Model MB-21)
rocured from Metal Bellows Corp. (Shanon, MA). Flow through
he tubes was determined using a soap bubble flow meter, and
enerally ranged from 80 to 120 mL/min. Analyte concentrations
n the calibration chamber were then determined based on the
nalyte mass trapped by the sorbent tube (determined by gas chro-
atography) in a given time, and the sample flow rate. The same

xtraction and chromatographic procedure was followed for the
uantification of the analytes trapped by the sorption tubes. The
reakthrough layers in the sorption tubes were extracted and ana-

yzed separately. Initial experiments were performed in order to
ake sure that the sorption capacity of the sorbent was sufficient

so as to not have breakthrough) for the analyte concentrations and
tandard gas mixture flow rates used in the chamber, yet it was still
onsidered prudent to test the breakthrough layer for confirmation.
The concentration in the chamber was first monitored without
he samplers, and the exposure experiments were started when
onsecutive measurements showed concentrations within ±10%
or each analyte. The samplers were then inserted through the
ample ports in the calibration chamber, and the start time of the
atogr. A 1218 (2011) 143–155

exposure was recorded. The concentrations of the analytes in the
chamber were determined using sorption tubes that were changed
every 24–48 h. The concentrations thus obtained were used to
calculate the calibration constants of the samplers towards the
analytes. After exposure, the samplers were removed from their
respective sample ports and the stop time was recorded. Typical
exposure durations ranged from 3 to 16 days. After the exposure
was completed, the passive samplers were removed and their con-
tents were immediately transferred to separate 4 mL glass vials
(along with the PDMS membranes) for extraction and analysis.

To determine the masses of the analytes trapped in the adsor-
bent medium, the aluminum cap was removed from the sampler
with the help of a de-crimper (Chromatographic Specialties Inc.,
Brockville, ON), and the sorbent along with the PDMS membrane
was transferred to a 4 mL vial for desorption (the sorbent tended
to stick to the surface of the membrane and it was cumbersome to
try to separate it, hence it was decided to extract the membrane
along with the sorbent). 1 mL aliquot of the desorption solvent was
introduced into the vial, which was then shaken intermittently over
30 min for desorption. After desorption, the vials were centrifuged
if necessary, and aliquots of the extract were transferred to 2 mL
crimp cap vials with 100 �L inserts for chromatographic analysis.
Whenever the approximate analyte masses trapped in the sam-
plers were unknown, the extracts were transferred to two 2 mL
vials with 100 �L inserts in them. One of the two vials was used for
GC analysis, while the other was reserved for dilution in cases when
the concentrations of the analytes exceeded the calibration range
of the GC method used. The chromatographic parameters used in
the quantification of the compounds trapped by the sorbent in the
passive samplers were the same as described in the method for the
determination of analyte recoveries.

It should be pointed out that the sampler vial itself can be
used for solvent extraction as well as for introduction into the
GC autosampler for chromatographic analysis. In this method, the
aluminum crimp cap is first be de-crimped and the membrane
transferred into the same 2 mL vial. 1 mL of CS2 is then added
to the vial and a new aluminum cap with Teflon® lined septum
crimped onto it. The advantage of this method is that the vial can
be placed directly in the autosampler tray for injection without the
need to transfer the sorbent to another vial. Because of the granu-
lar nature of the sorbent, no syringe clogging was observed during
injection by the chromatographic autosampling/injection systems.
In this method, the number of sample preparation steps as well as
vials required for extraction was reduced, thereby increasing the
throughput. However, no extract could be put aside for dilution in
this case.

Experiments reported here were conducted under ideal condi-
tions of good air circulation in the calibration chamber, and hence
the calibration constants were dependent only on the permeabil-
ity of the polymer towards the analytes and the geometry of the
membrane, and were independent of the starvation effects. The
permeability of PDMS towards various analytes could therefore be
determined based on Eq. (3).

4. Results and discussion

4.1. Analyte recoveries from Anasorb 747®

Analyte recoveries from the sorbent were used in the determi-
nation of the analyte masses trapped in the sampler, as well as
analyte concentrations in the calibration chamber as determined

by the active sampling method. The recoveries exceeded 95% in
each case for the n-alkanes; the lowest recovery among the aro-
matic hydrocarbons was 93% for propyl benzene. The maximum
RSD for both groups of compounds was observed for butyl benzene
(2.2%).
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Quantitative recovery of polar compounds from Anasorb 747®

as always been a problem in the field of air sampling. The recov-
ries obtained for alcohols were all very high (97–108%), but the
eproducibility was not as good as for other groups of analytes,
ith a maximum RSD of 8.6% for n-butanol and a minimum RSD of

.7% for 2-octanol.
The uncertainty in the recoveries of esters was comparatively

ow, with a maximum of only 3.3% RSD for butyl acetate. Recov-
ries of polar alcohols and moderately polar esters were slightly
igher than 100% in most cases. This was likely due to complete
nalyte desorption aided by isopropyl alcohol as a co-solvent and
ossible slight concentration of the extract, e.g. through sorption
f the co-solvent by the sorbent. The recoveries of the chlorinated
ompounds were all considered to be very good.

.2. LTPRI of the different groups of model compounds

Table 1 lists the LTPRIs of all compounds used in the study.
he retention indices obtained in the laboratory were in close
greement with those reported in the literature [22]. The injection-
o-injection retention time precision was less than 0.1% RSD (n = 6)
or all the compounds. LTPRIs can often be determined within ±5
nits for most chemical species [23,24]. For the purpose of the
evelopment of the model reported in this paper, the LTPRI vari-
bility of ±5 units was considered insignificant.

.3. Calibration constants and their correlation with LTPRIs

The exposure duration for each of the experiments, the average
ass of each analyte trapped in the samplers during exposure in

he calibration chamber, as well as the concentrations of the ana-
ytes in the calibration chamber are given in Table 1. The calibration
onstants determined using the samplers equipped with 75 �m
hick PDMS membranes and their %RSD values are also reported
n Table 1.

The analyte concentrations in the exposure chamber ranged
rom 0.031 mg/m3 to 34.3 mg/m3. Analyte concentrations in the
hamber determined in consecutive measurements using sorption
ubes over the period of the exposure were within ±14% of the
verage value reported in Table 1 for all exposure experiments.
ariations in analyte concentrations were generally higher for ana-

ytes with higher boiling points in each group. This was likely due
o increased sorption capacity of the inside walls and materials of
he calibration chamber to heavier analytes. The calibration con-
tants of the samplers towards the 41 model compounds reported
ere varied between 0.052 min/mL for n-octanol and 1.223 min/mL

or 1,1-dichloroethylene. Sampler-to-sampler reproducibility was
ery good and lower than 10% RSD for all the compounds studied
ith the exception of 6-methyl-2-heptanol, for which the repro-
ucibility was 12.2% RSD. The reproducibility was exceptionally
ood for esters, with %RSD values equal to or less than 2.5% for all
he analytes. For future field applications, these variations can be
onsidered minimal and errors arising from them negligible when
ompared to other factors involved in field studies.

The calibration constants of the TWA-PDMS samplers toward n-
lkanes decreased exponentially from 0.765 min/mL for n-hexane
o 0.074 min/mL for n-decane. Since the calibration constants were
nversely proportional to the permeability of PDMS towards the
nalytes, this trend indicated an exponential increase in the perme-
bility of PDMS from n-hexane to n-decane as indicated in Table 1.

his is in agreement with data on permeability of PDMS towards
-alkanes published in the literature and discussed in Section 2. A
lot of ln(k) vs. LTPRI for n-alkanes, depicted in Fig. 5(a), showed
straight line correlation with an excellent correlation coefficient
f 0.9976. This supported the hypothesis that the calibration con-
Fig. 5. (a) ln(k) vs. LTPRI correlation for aromatic hydrocarbons and (b) ln(k) vs.
LTPRI correlation for n-alkanes.

stants of the samplers were mainly determined by the analyte
partition coefficients between the PDMS membrane and air (hence
they were correlated to LTPRI), as discussed in Section 2 of this
paper.

The results confirmed the important reasons for the discrep-
ancy observed between the results presented here and by Zabiegała
et al. Firstly, the thickness of the membrane used earlier (50 �m)
was different from that used by the author (75 �m) and the degree
of polymer cross-linking could also be different. Further, in the
exposure chamber used by Zabiegała et al. there was no forced
air circulation. The absence of proper air circulation introduces
starvation effects and this would affect the uptake rates of the
samplers towards various analytes to a different extent. Finally,
discerning a logarithmic curve is easier when the data spans sev-
eral orders of magnitude. The calibration constants obtained by
Zabiegal et al. (e.g. for n-alkanes) were within 2 orders of magni-
tude (0.230 min/mL for n-hexane and 0.064 min/mL for n-decane)
and determining the relationship between k and LTPRI was further
challenging because of the uncertainties in the determination of
the calibration constants.

The calibration constants of the samplers towards aromatic
hydrocarbons indicated a similar trend of exponential decrease
from 0.414 min/mL for benzene to 0.061 min/mL for butyl benzene.
Boscani and co-workers determined the permeability of benzene,
toluene, ethyl benzene and propyl benzene using membrane inlet
mass spectrometry, and found the same exponential increase in
the permeability of PDMS from benzene through propyl benzene
[25]. Similarly to n-alkanes, the linear correlation between ln(k)
and LTPRI for aromatic hydrocarbons (as shown in Fig. 5(b)) sup-
ported the hypothesis that the calibration constants were mainly a
function of partition coefficients of the analytes.

The analytes in the alcohol group were either primary or sec-
ondary alcohols, and had either linear or branched alkyl chains
in them. The calibration constants of the samplers towards n-
alcohols from n-butanol to n-octanol showed a trend similar to
those observed for n-alkanes and aromatic hydrocarbons, i.e. an

exponential decrease in the calibration constants and consequently
a linear correlation between ln(k) and LTPRI, with a correlation
coefficient of 0.9903 (as shown in Fig. 6). This correlation was
again due to the dominant nature of partitioning in permeation
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Table 1
Calibration constants at 25 ◦C (±1 ◦C); k is the average calibration constant observed when n passive samplers were employed during the exposure to the indicated set of
compounds.

Analyte LTPRI Exposure
duration (min)

Average mass in n
samplers (�g)

Concentration in the
chamber (mg/m3)

k (min/mL) n % RSD Permeability
(cm2 min−1)

Hexane 600 5354 10.2 1.46 0.765 5 7.3 0.041
Heptane 700 5354 12.0 0.919 0.411 5 9.4 0.077
Octane 800 5354 11.5 0.473 0.220 5 9.4 0.144
Nonane 900 5354 9.9 0.219 0.119 5 7.8 0.265
Decane 1000 5354 8.5 0.117 0.074 5 8.7 0.428
Benzene 649 5354 17.4 1.35 0.414 5 7.3 0.076
Toluene 757 5354 33.7 1.33 0.213 5 7.9 0.149
Ethyl benzene 853 5354 21.4 0.538 0.135 5 7.8 0.234
o-Xylene 885 5354 11.3 0.238 0.113 5 6.8 0.280
Propyl benzene 947 5354 17.8 0.300 0.090 5 7.0 0.350
Butyl benzene 1050 5354 12.2 0.139 0.061 5 8.5 0.516
2-Methyl-1-propanol 609 16160 3.01 0.147 0.788 7 6.4 0.040
n-Butanol 643 16160 11.1 0.351 0.512 7 6.6 0.062
2,3-Dimethyl-2-butanol 719 16160 2.27 0.077 0.549 7 6.0 0.058
n-Pentanol 748 16160 14.6 0.232 0.258 7 5.3 0.123
2-Hexanol 782 16160 13.4 0.189 0.228 7 5.0 0.139
2,4-Dimethyl-3-pentanol 827 16160 5.51 0.086 0.253 7 6.1 0.125
n-Hexanol 850 16160 15.3 0.131 0.138 7 5.5 0.229
n-Heptanol 952 16160 16.5 0.077 0.075 7 4.8 0.419
2-Octanol 985 16160 19.3 0.082 0.069 7 5.0 0.461
2-Ethyl-1-hexanol 1016 16160 7.83 0.031 0.064 7 6.1 0.493
n-Octanol 1055 16160 13.3 0.043 0.052 7 6.7 0.605
2-Methyl-1-butanol 720 22950 5.77 0.101 0.404 5 7.6 0.078
3-Octanol 983 22950 9.46 0.049 0.120 5 9.7 0.264
6-Methyl-2-heptanol 952 22950 23.4 0.096 0.095 5 12.2 0.333
Ethyl acetate 594 11628 218.4 14.2 0.754 7 2.5 0.042
Propyl acetate 693 11628 168.1 5.75 0.398 7 2.5 0.080
Methyl butyrate 703 11628 218.1 6.84 0.365 7 2.5 0.087
Sec-butyl acetate 740 11628 34.1 1.15 0.392 7 2.4 0.081
Ethyl butyrate 780 11628 176.6 3.36 0.221 7 2.4 0.143
Butyl acetate 792 11628 169.6 2.95 0.202 7 2.0 0.156
Propyl butyrate 878 11628 151.1 1.66 0.128 7 2.0 0.248
Butyl butyrate 976 11628 134 0.927 0.081 7 2.4 0.392
1,1- Dichloroethylene 508 2925 82.3 34.3 1.223 5 5.1 0.026
Dichloromethane 510 2925 64.5 18.1 0.824 5 5.8 0.038
cis-1,2-Dichloroethylene 592 2925 32.6 5.82 0.524 5 5.6 0.060
Chloroform 603 2925 26.1 4.58 0.514 5 5.1 0.062
1,1,1-Trichloroethane 625 2925 2.98 0.800 0.787 5 6.0 0.040

t
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1,2-Dichloroethane 633 2925 24.3
Carbontetrachloride 655 2925 6.76
Trichloroethylene 696 2925 120.5

hrough PDMS. Even though there was also a linear correlation for
he ln(k) vs. LTPRI relationship for the alcohols with branched alkyl
roups and secondary alcohols, the spread in the data points was
uch higher than for n-alcohols. This indicated that branching of

he side chains and/or the nature of the alcohol (primary or sec-

ndary) played important roles in determining the permeability of
DMS towards these analytes, and consequently in determining the
alibration constants.

A decrease in the permeability was observed between pri-
ary alcohols and the corresponding secondary alcohols with the

y = -0.0056x + 2.8848
R² = 0.9903

y = -0.0061x + 3.5517
R² = 0.9529
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Fig. 6. ln(k) vs. LTPRI correlation for alcohols.
3.22 0.388 5 5.4 0.082
1.54 0.667 5 6.1 0.047

12.5 0.305 5 7.1 0.104

–OH group in the 2 position. For example, the calibration con-
stant of n-hexanol was 0.138 min/mL, while that for 2-hexanol
was 0.228 min/mL. Similarly, the calibration constant of n-octanol
was 0.052 min/mL, while that for 2-octanol was 0.069 min/mL. The
decrease in permeability can be explained based on the mecha-
nism of the partitioning process. When a molecule dissolves in the
liquid polymer matrix, energy is required to disrupt the intermolec-
ular attractions holding the individual PDMS chains together. Some
of this energy is regained as a result of interactions between the
analyte molecule and the PDMS matrix. The lower the energy cost
of dissolution, the higher the tendency for the analyte molecule
to partition into PDMS. One of the important factors affecting the
energy of dissolution of a molecule is its hydrophobic surface area.
The larger it is, the stronger the interaction between the analyte
molecule and the hydrophobic PDMS chains. With linear alcohols
such as n-hexanol, the long hydrophobic chains can align with the
PDMS chains for maximum interaction. In the case of secondary
alcohols, the hydrophobic surface area is reduced because of the
geometric positioning of the –OH groups, thereby reducing the
intermolecular attractions when compared to that for n-alcohols.

Consequently, the partition coefficients for n-alcohols are greater
than those for the corresponding 2-alkanols. Further, the diffusion
coefficients of n-alcohols are higher compared to those of the corre-
sponding 2-alkanols due to the smaller “minimum cross section” of
the former compared to the latter [26]. A similar observation was
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obtained by plotting LTPRI against ln(k/MW), as shown in Fig. 8(b).
The correlation coefficient for the relationship between ln(k)

and LTPRI for all 41 compounds studied was 0.9475 (Fig. 9). The
ln(k/MW) vs. LTPRI correlations were also examined for the indi-
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Fig. 7. ln(k) vs. LTPRI correlation for esters.

ade by Favre et al., who found that the diffusion coefficient of
-butanol in PDMS (3.11 × 10−10 m2 s−1) was higher than that for
-butanol (2.25 × 10−10 m2 s−1) and t-butanol (2.66 × 10−10 m2 s−1)
27].

Branching in the alkyl chain of alcohol molecules resulted in
decrease in the permeability through PDMS. For example, per-
eability of PDMS towards 2-methyl-1-butanol (k = 0.404 min/mL)
as lower than that for n-pentanol (k = 0.258 min/mL). Similarly,

he permeability of 2-methyl-1-propanol in PDMS (k = 0.788) was
ower than that for n-butanol (k = 0.512). This can be explained
ased on arguments similar to those presented for the difference in
ermeability between primary and secondary alcohols above. Since
ranching reduces the hydrophobic surface area of a molecule, the
artition coefficients of compounds with branched alkyl chains
re smaller than those with linear alkyl chains. Further, branch-
ng increases the minimum cross section of the molecules, thereby
ecreasing their diffusion coefficients. When considering all the
lcohols together, there was still a linear trend with a correlation
oefficient of 0.9437. In general, it could be concluded that the
rends for homologous groups of the highly polar alcohols were
imilar to those observed for the highly non-polar alkanes and aro-
atic hydrocarbons.
Esters have polarities ranging between those of n-alkanes and

lcohols. As anticipated, there was a very good linear correla-
ion between ln(k) and LTPRI (Fig. 7) for the two homologous
ster series, the acetates and the butyrates. Similarly to the trends
bserved for the alcohols, PDMS had lower permeability for sec-
utyl acetate (k = 0.392 min/mL) when compared to that for butyl
cetate (0.202 min/mL), which could be explained by the differ-
nces in the partition coefficients of the two compounds and the
ower diffusion coefficient of sec-butyl acetate in PDMS due to steric
indrance caused by branching.

The trend in the calibration constants of DCM, chloroform,
nd carbon tetrachloride seemed at first counter-intuitive. Since
he retention indices of these three compounds increase with the
ncrease in the number of chlorine atoms in the molecule, the cal-
bration constants were expected to decrease accordingly from
CM to carbon tetrachloride. However, the average calibration
onstant for carbon tetrachloride (0.667 min/mL) was significantly
reater than that for chloroform (0.514 min/mL). A subsequent lit-
rature search indicated that the diffusion coefficients of these
hree compounds in PDMS play an important role in determin-
ng the net permeability of the molecules through this polymer
28]. Even though the partition coefficients increase with the
ncrease in the number of chlorine atoms, it is evident from
he results that the decrease in the diffusion coefficients with
he increase in the number of chlorine atoms (and hence the
olecular weight) plays a much more important role for these
ompounds compared with the remaining analytes. The signifi-
ant role of the diffusion coefficients can be explained based on the
olecular weights of these analytes (84.93 for dichloromethane,
LTPRI

Fig. 8. (a) ln(k/MW) vs. LTPRI correlation for chlorinated compounds and (b) ln(k)
vs. LTPRI correlation for chlorinated compounds.

119.38 for chloroform, and 153.82 for carbon tetrachloride), which
change much more from one compound to another in the homol-
ogous series than for the n-alkanes and aromatic hydrocarbons.
Dotremont et al. also reported that the diffusion coefficients
decreased in the order CH2Cl2 > CHCl3 > CCl4, while partition coeffi-
cients decreased in the order CCl4 > CHCl3 > CH2Cl2, but because of
their relative magnitudes, the permeability decreased in the order
CHCl3 > CCl4 > CH2Cl2 [29]. A similar observation can also be made
for the calibration constant of 1,1,1-TCA, which has a higher LTPRI
than cis-DCE and chloroform, but has a larger calibration constant
than these two compounds.

As a consequence of the deviation from the general trend
observed for other groups of compounds, the ln(k) vs. LTPRI rela-
tionship for chlorinated compounds showed a significantly worse
correlation coefficient of 0.6080 (Fig. 8(a)). Further, the low value
of the correlation coefficient indicated that alternative correlations
should be considered (Case 2 described in Section 2). The diffusiv-
ity of a molecule in PDMS is inversely proportional to its molecular
weight, which spans a wide range for the chlorinated compounds.
Using this assumption a better correlation coefficient of 0.8938 was
-3.5

LTPRI

Fig. 9. ln(k) vs. LTPRI correlation for all 41 compounds studied.
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Table 2
Correlation coefficients and regression line equations for the calibration constants at 25 ◦C (±1 ◦C) for different classes of compounds.

Compound class Parameter LTPRI vs. ln(k) LTPRI vs. ln(k/MW)

n-Alkanes Correlation coefficient 0.9976 0.9936
Equation ln(k) = −0.0059 × LTPRI + 3.2489 ln(k/MW) = −0.007 × LTPRI − 0.6218

Aromatic hydrocarbons Correlation coefficient 0.9865 0.9903
Equation ln(k) = −0.0048 × LTPRI + 2.103 ln(k/MW) = −0.0061 × LTPRI − 1.3874

Alcohols Correlation coefficient 0.9437 0.9729
Equation ln(k) = −0.006 × LTPRI + 3.3192 ln(k/MW) = −0.0073 × LTPRI − 0.2132

Esters Correlation coefficient 0.9744 0.9865
Equation ln(k) = −0.006 × LTPRI + 3.2517 ln(k/MW) = −0.0073 × LTPRI − 0.4933

Chlorinated compounds Correlation coefficient 0.6080 0.8934
Equation ln(k) = −0.0052 × LTPRI + 2.6528 ln(k/MW) = −0.0076 × LTPRI − 0.6371

Overall correlation for LTPRI vs. ln(k/MW) Correlation coefficient/Equation 0.9502/ln(k/MW) = −0.0063 × LTPRI − 1.1979
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Overall correlation for LTPRI vs. ln(k) Correlation coefficient/Equatio

idual classes of compounds, as well as all compounds put together
nd the correlation equations and the respective correlation coef-
cients are presented in Table 2. The correlation equations and
orrelation coefficients alone cannot determine if one method of
stimation is better than the other, hence statistical analysis of the
esiduals was performed to determine if there were any significant
ifferences between the experimentally determined calibration
onstants and the various estimated calibration constants.

.4. Statistical analysis of the ln(k) vs. LTPRI and ln(k/MW) vs.
TPRI correlations

Statistical analysis was performed to determine if there were
ny significant differences between the various methods used
or estimating the calibration constants. Two-tailed, paired Stu-
ent’s t test was employed for this purpose. The significance of the
ifferences was determined at the 95% confidence level by com-
aring the calculated t value with that of the critical (two tail)
alue for the respective number of paired observations (n) [30].
he experimentally determined calibration constants and the esti-
ated calibration constants using different methods are listed in

able 3. The results from the statistical tests are summarized in
able 4.

When the experimentally determined calibration constants
kexp) were compared separately with each of the four sets of
stimated calibration constants (kest) for all 41 compounds stud-
ed (n = 41), no significant differences between the values obtained
sing the different estimation methods and the experimental val-
es were observed in any of the cases. The statistical tests also
ound no significant differences between the kest values obtained
rom the class-specific ln(k) vs. LTPRI correlations and class-specific
n(k/MW) vs. LTPRI correlation, as well as between overall ln(k) vs.
TPRI and overall ln(k/MW) vs. LTPRI correlations.

The maximum difference between the kexp and the kest obtained
sing the overall ln(k) vs. LTPRI correlation was 43.2% (1,2-
ichloroethane). Analysis of the residuals in this case showed that
ut of the 41 compounds studied, the calibration constants for 14 of
hem could be estimated within ±10%, 26 within ±20%, 37 within
30% and all the 41 compounds within ±50%. Considering that the

dentity of a compound does not have to be known at the time of
ampling and analysis when using the ln(k) vs. LTPRI correlation,
he error related to the estimation of the calibration constants could

e considered fairly low.

Using the overall ln(k/MW) vs. LTPRI correlations resulted in
aximum differences of 23.2% for alkanes, −12.4% for aromatic

ydrocarbons, 40.0% for alcohols, −20.5% for esters, and −60.0% for
he chlorinated hydrocarbons. Even though the correlation coef-
0.9475/ln(k) = −0.0055 × LTPRI + 2.9049

ficients for the ln(k/MW) vs. LTPRI relationship were higher, the
statistical analysis indicated that the estimated calibration con-
stants were not necessarily more accurate than those obtained with
the overall ln(k) vs. LTPRI correlation.

The maximum differences between the kexp and the kest

obtained using class specific ln(k) vs. LTPRI correlation were −6.8%
for alkanes, 13.5% for aromatic hydrocarbons, 36.7% for alcohols,
22.4% for esters, and −36.0% for chlorinated hydrocarbons. The
maximum differences between kexp and kest obtained using class-
specific ln(k/MW) vs. LTPRI correlations were 22.8% for n-alkanes,
10.3% for aromatic hydrocarbons, 36.9% for alcohols, 18.6% for
esters, and −26.1% for chlorinated hydrocarbons.

Statistical comparisons of kexp values with the four sets of kest

values (Table 4) were also performed separately by considering
the individual groups of analytes (n = 5, 6, 14, 8, and 8 for n-
alkanes, aromatic hydrocarbons, alcohols, esters and chlorinated
compounds, respectively). The tests indicated no significant differ-
ences between the respective pairs of methods for n-alkanes and
esters. In the case of chlorinated compounds, the tests indicated
that there were no significant differences between the experimen-
tal values and the estimates obtained using the different methods
with the exception of the kest values obtained using the ln(k) vs.
LTPRI correlation. On the other hand, for alcohols a significant dif-
ference was observed between the kexp values and the kest values
obtained from the overall ln(k/MW) vs. LTPRI correlation. In this
case, the structure of the individual linear and branched alcohols
played an important role in deciding both the partition coefficients
and the diffusion coefficients in PDMS, as discussed earlier. Conse-
quently, corrections for the molecular weight did not account for
the observed variations in permeability of alcohols through PDMS.

In the case of aromatic hydrocarbons, the calibration constants
for all the individual analytes obtained using class specific ln(k/MW)
vs. LTPRI correlation were consistently higher than those obtained
using the class specific ln(k) vs. LTPRI correlation. Consequently,
the test showed significant differences between the two meth-
ods used for estimating the calibration constants. For n-alkanes
and esters, there were no significant differences between kest val-
ues obtained from the class-specific ln(k) vs. LTPRI correlations
and the class-specific ln(k/MW) vs. LTPRI correlations, as well
as between kest values obtained from the overall ln(k) vs. LTPRI
correlation and the overall ln(k/MW) vs. LTPRI correlation. In gen-
eral, even though the correlation coefficients were consistently

higher for the correlations obtained for all classes of compounds
using the ln(k/MW) vs. LTPRI relationship, analysis of the resid-
uals showed no significant improvement in the accuracy of the
estimation of the calibration constants except for the chlorinated
compounds.
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Table 3
Analysis of the residuals (difference between actual and estimated calibration constants) for class-specific and non-class-specific correlations.

Class-specific
kest using LTPRI
vs. ln(k)
correlation

% Diff. from kexp Class-specific
kest using LTPRI
vs. ln(k/MW)
correlation

% Diff. from kexp kest using LTPRI
vs. ln(k)
correlation for
all compounds
studied

% Diff. from kexp kest using LTPRI
vs. ln(k/MW)
correlation for
all compounds
studied

% Diff. from kexp

n-Hexane 0.747 2.2 0.615 19.5 0.667 12.8 0.587 23.2
n-Heptane 0.414 −0.7 0.348 15.3 0.385 6.5 0.364 11.6
n-Octane 0.230 −4.6 0.193 12.0 0.222 −1.0 0.221 −0.5
n-Nonane 0.127 −6.8 0.106 11.4 0.128 −7.4 0.132 −10.8
n-Decane 0.071 4.5 0.057 22.8 0.074 0.0 0.078 −5.6
Benzene 0.363 12.4 0.372 10.3 0.508 −22.7 0.390 5.8
Toluene 0.216 −1.7 0.227 −6.8 0.281 −32.1 0.233 −9.8
Ethyl benzene 0.136 −0.9 0.146 −7.7 0.166 −22.5 0.147 −8.6
o-Xylene 0.117 −3.6 0.120 −6.1 0.139 −23.0 0.120 −6.3
Propyl benzene 0.087 4.0 0.093 −2.7 0.099 −9.1 0.092 −1.6
Butyl benzene 0.053 13.5 0.055 9.6 0.056 8.5 0.054 12.4
2-Methyl-1-propanol 0.717 9.0 0.712 9.7 0.635 19.4 0.478 39.3
n-Butanol 0.582 −13.7 0.551 −7.6 0.525 −2.6 0.385 24.9
2,3-dimethyl-2-butanol 0.370 32.6 0.434 20.9 0.347 36.9 0.329 40.0
n-Pentanol 0.311 −20.6 0.303 −17.3 0.296 −14.6 0.237 8.2
2-Hexanol 0.253 −10.9 0.271 −19.1 0.244 −7.3 0.221 3.1
2,4-Dimethyl-3-pentanol 0.193 23.6 0.222 12.4 0.191 24.5 0.189 25.2
n-Hexanol 0.169 −21.9 0.165 −19.1 0.169 −21.9 0.144 −4.3
n-Heptanol 0.091 −20.8 0.088 −16.3 0.096 −27.2 0.086 −14.0
2-Octanol 0.075 −9.0 0.077 −12.3 0.080 −16.6 0.078 −14.1
2-Ethyl-1-hexanol 0.062 3.2 0.061 4.5 0.068 −5.2 0.064 −0.4
n-Octanol 0.049 5.6 0.046 11.8 0.055 −4.6 0.051 3.2
2-Methyl-1-butanol 0.367 9.2 0.370 8.3 0.344 14.9 0.281 30.3
3-Octanol 0.076 36.7 0.078 34.6 0.081 32.4 0.079 33.7
6-Methyl-2-heptanol 0.092 3.7 0.099 −4.0 0.096 −1.3 0.097 −1.9
Ethyl acetate 0.732 2.9 0.704 6.6 0.689 8.6 0.624 17.3
Propyl acetate 0.405 −1.8 0.398 0.1 0.401 −0.7 0.389 2.3
Methyl butyrate 0.380 −4.1 0.367 −0.7 0.377 −3.5 0.363 0.5
Sec-butyl acetate 0.304 22.4 0.319 18.6 0.308 21.4 0.327 16.5
Ethyl butyrate 0.240 −8.5 0.239 −8.1 0.248 −12.0 0.255 −15.3
Butyl acetate 0.223 −10.4 0.219 −8.2 0.232 −14.7 0.236 −16.9
Propyl butyrate 0.133 −4.2 0.131 −2.4 0.145 −13.1 0.154 −20.5
Butyl butyrate 0.074 8.2 0.071 11.9 0.084 −4.6 0.092 −14.3
1,1- Dichloroethylene 1.009 17.5 1.076 12.0 1.103 9.8 1.176 3.8
Dichloromethane 1.001 −21.5 0.932 −13.1 1.094 −32.8 1.021 −23.9
cis-1,2-Dichloroethylene 0.655 −25.0 0.572 −9.1 0.698 −33.2 0.697 −33.0
Chloroform 0.619 −20.4 0.648 −26.1 0.657 −27.9 0.801 −55.9
1,1,1-Trichloroethane 0.551 29.9 0.612 22.2 0.582 26.0 0.778 1.1
1,2-Dichloroethane 0.528 −36.0 0.426 −9.7 0.556 −43.2 0.548 −41.1
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Carbontetrachloride 0.472 29.3 0.562
Trichloroethylene 0.380 −24.5 0.350

exp is the experimentally obtained calibration constant, and kest is the calibration c

.5. Application of the calibration constant – LTPRI relations for
he analysis of unknown samples

Determining analyte concentration over a specific time period
y passive sampling requires the knowledge of two parameters:
he calibration constant and the chromatographic response factor
or the analyte. If the calibration constant is not known, it can be
stimated based on the class-specific correlation or the overall cor-
elation (depending on whether the identity of the analyte can be
etermined, e.g. using mass spectrometry). If the identity of the
nalyte is established after the analysis of the samplers, the chro-
atographic detector can be calibrated for that specific analyte; on

he other hand, if the analyte identity cannot be established, a flame
onization detector can be used based on the assumption that the
esponse factor for the unknown analyte is similar to that of a stan-
ard such as benzene or toluene. Using the estimated calibration
onstant based on the overall correlation between ln(k) and LTPRI
ith an FID as a detector for GC can then be a powerful technique to
stimate parameters such as Total Petroleum Hydrocarbons (TPH)
n vapor phase. Such an approach to the determination of TPH is
ot possible with diffusive-type passive samplers.

The detection limits of the sampler towards an analyte depend
n the uptake rate, deployment period and the detection limits
0.493 26.0 0.743 −11.4
0.393 −28.6 0.489 −60.0

t estimated using the correlations specified in the Table.

of the chromatographic method used. In this project, quantitative
analysis of analytes in the extracts (CS2 for some and CS2 + isopropyl
alcohol for others) was performed using GC-FID and GC-ECD,
depending on the application. Analyte concentrations in the stan-
dard test gas atmosphere were deliberately fixed at high levels in
order to meet the quantitation limits of the detectors. However, the
same analysis could be performed using a GC–MS system, which
could further improve the sensitivity for many of the compounds
presented in the manuscript. Nevertheless, even in the configura-
tion used in the study sensitivity was acceptable. For example, a
quantitation limit of 50 ng/mL (in carbon disulphide) was easily
achieved for most of the compounds listed under EPA method TO-
14 with splitless injection of 1 �L of the extract into the GC. For
benzene, this corresponded to a quantitaton limit of 17 �g/m3 for a
1 day deployment, and 2.4 �g/m3 for a one week deployment. The
quantitation limits could be further reduced by one order of mag-
nitude when using large volume injection of 10 �L of the extract,
and by two to three orders of magnitude by replacing the currently

used sorbent with a thermally desorbable one. The results of these
experiments will be described in an upcoming publication.

It is also important to note that as the volatility decreases, the
PDMS membrane might absorb large amounts of the analyte at
steady state. However, since the sorbent keeps the gas phase con-
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Table 4
Results of two-tailed, paired, Student’s t test employed to determine the significance of the difference between various methods used to estimate the calibration constant at
the 95% confidence level.

Analytes Variable 1 → kexp kexp kexp kexp kest using class
specific LTPRI vs.
ln(k) correlation

kest using overall
LTPRI vs. ln(k)
correlation

Variable 2 → kest using class
specific LTPRI
vs. ln(k)
correlation

kest using class
specific LTPRI
vs. ln(k/MW)
correlation

kest using
overall – LTPRI
vs. ln(k)
correlation

kest using
overall LTPRI
vs. ln(k/MW)
correlation

kest using class
specific LTPRI
vs. ln(k)
correlation

kest using
overall LTPRI
vs. ln(k/MW)
correlation

All compounds
(n = 41)

Significance NS NS NS NS NS NS
t Stat 0.59 1.39 0.67 −0.42 0.89 −1.39
t Critical two-tail 2.02 2.02 2.02 2.02 2.02 2.02

n-Alkanes (n = 5) Significance NS NS NS NS NS NS
t Stat −0.03 2.12 1.38 0.98 2.51 0.06
t Critical two-tail 2.78 2.78 2.78 2.78 2.78 2.78

Aromatic
hydrocarbons
(n = 6)

Significance NS NS NS NS S NS
t Stat 1.04 0.28 −2.31 −1.21 −4.68 1.66
t Critical two-tail 2.57 2.57 2.57 2.57 2.57 2.57

Alcohols (n = 14) Significance NS NS NS S NS NS
t Stat 0.85 0.74 1.71 2.25 −0.87 1.97
t Critical two-tail 2.16 2.16 2.16 2.16 2.16 2.16

Esters (n = 8) Significance NS NS NS NS NS NS
t Stat 0.48 1.00 1.00 0.14 1.28 −2.19
t Critical two-tail 2.36 2.36 2.36 2.36 2.36 2.36

Chlorinated
compounds

Significance NS NS S NS NS S
t Stat 0.03 0.16 −3.52 −0.35 0.18 −3.97
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(n = 8) t Critical two-tail 2.36 2.36

S” indicates a significant difference and “NS” indicates no significant difference bet
nd corresponding n values. “t Stat” indicates the calculated t value for the data and

entration of the analyte inside the vial at practically zero, the rate
f migration of the analyte through the membrane should never be
ero. This has been tested for naphthalene and found to be true. On
he other hand, for analytes with very large partition coefficients
he membrane might not act as the uptake rate-limiting barrier,
hich makes quantitative analysis difficult. This makes the sampler

uitable for quantitative analysis of volatile compounds only, and
hat is the application for which it is intended. Any results obtained
or semi-volatile compounds should be treated as estimates only,
specially that the samplers have not been properly characterized
or such applications.

. Conclusions

This paper introduced a new permeation passive sampler which
s inexpensive, easy to fabricate and use. It utilizes PDMS proper-
ies such as high permeability towards VOCs and low permeability
owards moisture. Reproducibilities of the extraction efficiencies
nd the calibration constants were generally very good for consid-
ration in field applications, and such applications will be presented
n upcoming papers.

The approach proposed in this paper allows easy and fast esti-
ation of the calibration constants of permeation passive samplers

quipped with PDMS membranes. Using LTPRI for the estimation of
he calibration constants comes with the advantage that the com-
ound’s identity does not need to be known at the time of sampling.
onsequently, total petroleum hydrocarbon concentrations can be
asily estimated using the correlation between LTPRI and the cal-
bration constants. The knowledge of PDMS permeability towards
arious analytes presented in this paper should be valuable for the
evelopment of related analytical techniques such as membrane

nlet mass spectrometry (MIMS) and membrane extraction with a
orbent interface (MESI) [31,32].
Owing to the hydrophobic nature of PDMS, application of the
amplers in soil gas environments with high humidity is possi-
le. Studies on the effect of humidity and temperature on the
ptake rate of the samplers are presented in the second part of
he paper, and that on the membrane geometry will be presented

[
[

[

[

2.36 2.36 2.36 2.36

the two sets of data (variable 1 and variable 2) for the respective group of analytes
tical two-tail” indicates the tabulated t value at 95% confidence interval.

in a future publication. The results presented in the paper should
help in the broader adoption of permeation passive sampling in
different application areas.
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