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Abstract

Octanol–air partition coefficients (KOA) for 14 polycyclic aromatic hydrocarbons (PAHs) were determined as a function

of temperature using the gas chromatographic retention time method. log KOA values at 251 ranged over six orders of

magnitude, between 6.34 (acenaphthylene) and 12.59 (dibenz[a,h]anthracene). The determined KOA values were within

factor of 0.7 (dibenz[a,h]anthracene) to 15.1 (benz[a]anthracene) of values calculated as the ratio of octanol–water partition

coefficient to dimensionless Henry’s law constant. Supercooled liquid vapor pressures (PL) of 13 PAHs were also

determined using the gas chromatographic retention time technique. Activity coefficients in octanol calculated using KOA

and PL ranged between 3.2 and 6.2 indicating near-ideal solution behavior.

Atmospheric concentrations measured in this study in Izmir, Turkey were used to investigate the partitioning of PAHs

between particle and gas-phases. Experimental gas–particle partition coefficients (Kp) were compared to the predictions of

KOA absorption and KSA (soot–air partition coefficient) models. Octanol-based absorptive partitioning model predicted

lower partition coefficients especially for relatively volatile PAHs. Ratios of measured/modeled partition coefficients

ranged between 1.1 and 15.5 (4.576.0, average7SD) for KOA model. KSA model predictions were relatively better and

measured to modeled ratios ranged between 0.6 and 5.6 (2.372.7, average7SD).

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) con-
tain two to eight fused aromatic rings and they are
e front matter r 2006 Elsevier Ltd. All rights reserved
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formed as a result of incomplete combustion of
fuels. There are hundreds of individual PAHs in the
environment, however, only 16 compounds are
included in the priority pollutants list of US EPA
that are commonly monitored in the environment
(EPA, 2003).

PAHs are found in the ambient air in gas phase
and as sorbed to aerosols. The fate, transport and
.
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removal of PAHs from the atmosphere by dry and
wet deposition processes are strongly influenced by
their gas–particle partitioning (Bidleman, 1988).
Considerable research has been conducted over the
past decades on gas–particle partitioning of semi-
volatile organic compounds (SOCs). Adsorption
onto particle surface and absorption into aerosol
organic matter (OM) are the two proposed mechan-
isms describing this process. For many years, the
partitioning has been described with an empirical
relationship based on the supercooled liquid vapor
pressure (PL) (Pankow, 1987). Recently, absorptive
partitioning of SOCs into the OM phase in atmo-
spheric aerosols based on the octanol–air partititon
coefficient (KOA) has received much attention
(Finizio et al., 1997; Harner and Bidleman,
1998a). The octanol–air partition coefficient is also
a key descriptor of chemical partitioning between
the atmosphere and other environmental organic
phases such as soil and vegetation (Harner et al.,
2000; Shoeib and Harner, 2002).

The gas chromatographic (GC) retention time
method for the determination of supercooled liquid
vapor pressure of SOCs has been commonly used
(Lei et al., 1999, 2002; Wong et al., 2001). Most
conventional methods used for vapor pressure
measurement (i.e., gas saturation and effusion) yield
the vapor pressure of the solid substance, whereas
the GC retention time method directly gives the
vapor pressure of supercooled liquid. The GC
retention time method is recommended as one of
the most suitable methods for the determination of
the vapor pressure of low volatility compounds
because it allows the relatively rapid determination
of temperature dependent vapor pressures of many
compounds (Lei et al., 2002). However, the meth-
od’s success depends on the availability of reliable
vapor pressure data for similar compounds to serve
as standard reference and calibration compounds.

The conventional method for determining KOA

values for SOCs is the generator column method.
The method has been used extensively to measure
the KOA of various SOCs (Harner and Mackay,
1995; Harner and Bidleman, 1996 1998b; Harner
et al., 2000; Harner and Shoheib, 2002). However,
the generator column method requires long experi-
mental periods, especially at low temperatures and
for compounds with low volatility, and requires
several analytical steps having the potential to
introduce error to the measured KOA value (Wania
et al., 2002). Therefore, an alternative method that
allows the reliable estimation of KOA values from
easily and reproducibly measured substance proper-
ties is desirable (Wania et al., 2002). Recent studies
have indicated that relative GC retention times or
GC capacity factors on a non-polar stationary
phase can be used to determine the KOA and the
energy of phase transfer between octanol and gas
phase (DUOA) for non-polar SOCs (Su et al., 2002;
Wania et al., 2002). The only requirements for this
method are knowledge of the temperature-depen-
dent KOA of a standard reference compound and
directly measured KOA values for a sufficient
number of calibration compounds (Wania et al.,
2002). The study by Wania et al. (2002) showed that
the GC retention time technique is capable of
predicting the KOA of polychlorinated benzenes,
biphenyls, and naphthalenes as well as polybromi-
nated diphenyl ethers (PBDEs) within the envir-
onmentally relevant temperature range with an
average deviation from directly measured values of
o0.2 log units.

KOA values for only selected PAHs (fluorene,
phenanthrene, pyrene, and fluoranthene) were pre-
viously measured by Harner and Bidleman (1998b).
In this study, temperature-dependent KOA values
for 11 additional PAHs and supercooled liquid
vapor pressures of 13 PAHs were determined using
the GC retention time method. Atmospheric PAH
concentrations were also measured in Izmir, Turkey
to investigate their phase partitioning.

2. Experimental

2.1. Octanol– air partition coefficients and

supercooled liquid vapor pressure

A GC (Agilent 6890N) equipped with a mass
selective detector (Agilent 5973N MSD) and a
capillary column with a non-polar stationary phase
(HP5-ms, 30m, 0.25mm, 0.25mm) was used to
determine the isothermal retention times of PAHs.
The injector, quadropole, and ion source tempera-
tures were 250, 150, and 230 1C, respectively. High
purity helium was used as the carrier gas at constant
flow mode with a linear velocity of 35 cms�1. Two
PAH solutions (at 4mgmL�1) were used. The first
solution contained seven PAHs (acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene) and the second solution
contained nine PAHs (pyrene, benz[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluor-
anthene, benzo[a] pyrene, indeno[1,2,3-cd]pyrene,
dibenz[a,h]anthracene, and benzo[g,h,i]perylene).
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The first group was run at nine different tempera-
tures (150–210 1C) while the second group was run at
seven temperatures (220–250 1C) in triplicate. The
MSD was run in full scan mode and PAHs were
identified using spectral library search.

Isothermal retention times of several additional
nonpolar compounds having directly measured KOA

values (i.e., organochlorine pesticides, OCPs and
PBDEs) were also determined using a GC-MS
system (Agilent 6890N GC and Agilent 5973 inert
MSD) and a capillary column (HP5-ms, 30m,
0.25mm, 0.25 mm). The OCP solution (10 mgmL�1)
contained 10 compounds (a-hexachlorocyclohex-
ane, endosulfan I, aldrin, dieldrin, a-chlordane, g-
chlordane, trans-nonachlor, cis-nonachlor, hepta-
chlor, and p,p0-dichlorodiphenyltrichloroethane
(p,p0-DDT)) and the PBDE solution (100 ngmL�1)
contained five compounds (2,4,40-tribromodiphenyl
ether, 2,20,4,40-tetrabromodiphenyl ether, 2,20,4,40,5-
pentabromodiphenyl ether, 2,20,4,40,6-pentabromo-
diphenyl ether, 2,20,4,405,60-hexabromodiphenyl
ether) and p,p0-DDT as the reference compound.
Isothermal retention times were determined at eight
different temperatures (between 180–250 1C for
OCPs and 220–255 1C for PBDEs) in triplicate.
The MSD was run in full scan mode for OCPs and
in selected ion monitoring mode for PBDEs. OCPs
and PBDEs were used along with fluorene, phenan-
threne, and fluoranthene for the calibration of the
method.

2.2. Ambient air samples

2.2.1. Sample collection

Fourteen ambient air samples were collected
between March 17–24 and July 15–22, 2004 on the
roof of a 4m high building located at a residential/
commercial urban area close to the center of Izmir,
Turkey. There are nearby densely populated resi-
dential areas and a busy highway 50m away from
the sampling site. Meteorological data were ob-
tained from a 10m high tower in the Kaynaklar
campus of the Dokuz Eylul University, Izmir,
Turkey that is located a few kilometers away from
the urban sampling site.

Air samples were collected using a modified high-
volume sampler, Model GPS-11 (Thermo-Andersen
Inc.). Particles were collected on 10.5-cm diameter
quartz filters while the gas phase compounds were
collected using a cartridge containing XAD-2 resin
placed between layers of polyurethane foam (PUF).
Concurrently, samples were collected on 11-cm
diameter glass fiber filters using another high
volume sampler to determine total suspended
particulate matter (TSP) concentration and its
organic matter (OM) content. Average sampling
time was 22 h. Average sampling volumes were
277762 and 94713m3 for PAH and TSP samples,
respectively.
2.2.2. Sample preparation and analysis

Prior to sampling, quartz filters were wrapped
loosely with aluminum foil and they were baked
overnight at 450 1C to remove any organic residues.
PUF cartridges were cleaned by Soxhlet extraction
using 1:1 acetone:hexane mixture for 12 h. Then, the
cartridges were wrapped loosely with aluminum foil,
dried in an oven at 70 1C, and they were stored in
glass jars capped with Teflon-lined lids.

Collected samples were spiked with deuterated
surrogate standards (phenanthrene-d10, chrysene-
d10, and perylene-d12) and Soxhlet extracted with a
mixture of dichloromethane (DCM): petroleum
ether (PE) (20:80) for 12 h. All sample extracts were
concentrated and transferred into hexane using a
rotary evaporator and a high purity stream of
nitrogen. After volume reduction to 2mL and
transfer into hexane, sample extracts were cleaned
up on alumina-silicic acid columns containing 3 g
silicic acid (3% water) and 2 g alumina (6% water).
The column was prewashed with 20mL DCM
followed by 20mL PE. The sample in 2mL hexane
was added to the top of column, polychlorinated
naphthalenes, and polychlorinated biphenyls were
eluted with 25mL PE (fraction 1). PAHs were
eluted with 20mL DCM (fraction 2). For both
fractions the solvent was exchanged into hexane,
and the final sample volume was adjusted to 1mL
by nitrogen blow-down.

The samples were analyzed with a GC (Agilent
6890N) equipped with a mass selective detector
(Agilent 5973 inert MSD). A capillary column
(HP5-ms, 30m, 0.25mm, 0.25 mm) was used. The
initial oven temperature was held at 50 1C for 1min
and raised to 200 1C at 25 1Cmin�1, 200–300 1C at
8 1Cmin�1, held for 5.5min. The injector, ion
source, and quadrupole temperatures were 295,
300, and 180 1C, respectively. High purity helium
was used as the carrier gas at constant flow
mode (1.5mLmin�1, 45 cm s�1 linear velocity)
(Szelewski, 2003). The MSD was run in selected
ion-monitoring mode. Compounds were identified
based on their retention times, target and qualifier
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ions. Quantification was based on internal standard
calibration procedure.

Surrogate recoveries of PAHs ranged from
60718% (phenanthrene-d10) to 88724% (pery-
lene-d12). Instrumental detection limits were deter-
mined from linear extrapolation from the lowest
standard in calibration curve using the area of a
peak having a signal/noise ratio of 3. The quantifi-
able PAH amount was approximately 0.15 pg for
1 mL injection. Blank PUF cartridges and filters
were routinely placed in the field to determine if
there was any contamination during sample hand-
ling and preparation. For the compounds detected
in blanks the limit of detection of the method
(LOD) was defined as the mean blank mass plus
three standard deviations. Instrumental detection
limit was used for the compounds that were not
detected in blanks. LODs for PAHs ranged from
0.15 pg (indeno [1,2,3-cd]pyrene) to 252 ng (phenan-
threne) for PUFs and from 2 pg (benz[a]anthracene)
to 143 ng (phenanthrene) for filters. In general, PAH
amounts in the samples were substantially higher
than LODs. Sample quantities exceeding the LOD
were quantified and blank-corrected by subtracting
the mean blank amount from the sample amount.

Prior to sampling for TSP, glass fiber filters were
wrapped loosely with aluminum foil and they were
baked overnight at 450 1C to remove any organic
residues. They were then allowed to cool to room
temperature in a desiccator and were weighed using
a microbalance capable of weighing 0.1mg. After
sample collection filters were kept in a desiccator
overnight and they were reweighed. TSP was
determined by subtracting the initial weight from
the final weight. To determine the OM content of
the particles, filters were then baked for 1 h at
450 1C, allowed to cool to room temperature in a
desiccator, and weighed. OM was determined by
subtracting the final weight (after baking) from the
initial weight (before baking). Concurrent blank
filters were run for each sample to account for
probable interferences (i.e., weight loss of filters at
high temperatures) in OM determination.

3. Data analysis

3.1. Octanol– air partition coefficient

The retention time of a substance on a GC
column (tR) is proportional to partition coefficient
between stationary phase and gas phase (KSG). For
a compound i and a reference compound eluted on
the same GC column the following can be written
(Wania et al., 2002) as

KSGi=KSGref ¼ tRi=tRref . (1)

For an appropriate stationary phase, the partition-
ing equilibrium between stationary phase and gas
phase may be similar to the partitioning equilibrium
between octanol and air. This assumes that the ratio
of the activity coefficients of compound i and of the
reference compound in octanol (zOCTi/zOCTref) is
equal to the ratio of activity coefficients of these two
compounds in the stationary phase (zSi/zSref). In
terms of equilibrium partition coefficients:

KOAi=KOAref ¼ KSGi=KSGref . (2)

Using Eqs. (1) and (2), KOA of a compound i and
of a reference compound can be related to their
retention times (tRi and tRref) on the same GC
column as

KOAi=KOAref ¼ tRi=tRref . (3)

Using Eq. (3) and the Van’t Hoff equation that
expresses the temperature dependence of KOA,
Wania et al. (2002) derived the following:

lnKOAi ¼ ðDUOAi=DUOAref ÞlnKOAref þ C, (4)

lnðtRi=tRref Þ ¼ ½ðDUOAi=DUOAref Þ � 1�lnKOAref þ C

¼ S lnKOAref þ C, ð5Þ

where DUOA (kJmol�1) is the internal energy of
phase transfer between octanol and air and C is the
integration constant. It is assumed that the energies
of phase transfer are independent of temperature in
the temperature range extending from environmen-
tally relevant range to the temperatures of GC runs.

A plot of ln(tRi/tRref) versus lnKOAref gives a
straight line with slope S ¼ [(DUOAi/DUOAref)�1]
and intercept C (Eq. (5)). (tRi/tRref) is the relative
retention time at the temperature where the
reference compound has the octanol–air partition
coefficient (KOAref). The KOAi of compound i at a
reference temperature was obtained using Eq. (4)
where KOAref is the KOA of the reference compound
at that temperature. (DUOAi/DUOAref) ¼ S+1
and C were obtained from the slope and intercept
of Eq. (5).

In this study, pyrene was used as the standard
reference compound to determine the KOAi for other
PAHs. Using the generator column technique,
Harner and Bidleman (1998b) measured KOA values
for selected PAHs (fluorene, phenanthrene, pyrene,
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and fluoranthene) as a function of temperature
(T,K). The following equation was obtained for
pyrene:

log KOA ¼ �4:56þ 3985ðT ;KÞ�1; r2 ¼ 0:990.

(6)

Eq. (6) was used to calculate KOAref values in
Eqs. (4) and (5) at the temperatures that isothermal
GC retention times were determined.
3.2. Supercooled liquid vapor pressures

PL values were determined from the GC retention
times following the procedure used by Lei et al.
(2002) and Wong et al. (2001). For each compound,
a vapor pressure (PL-GC) at 25 1C was calculated
using:

ln PL�GC ¼ ðDHvap=DHvap�ref Þ ln PLref þ C, (7)

where PLref (Pa) and DHvap-ref (kJmol�1) are the
liquid phase vapor pressure at 25 1C and the
enthalpy of vaporization of a standard reference
compound. The enthalpies of vaporization are
assumed to be constant over the studied tempera-
ture range (25 1C to temperatures of GC retention
time measurements). The ratio of enthalpies (DHvap/
DHvap-ref) and the constant C in Eq. (7) were
obtained by linearly regressing the logarithm of the
ratios of the measured isothermal GC retention
times (tR/tRref) at each temperature against the
logarithm of the vapor pressure of a reference
compound at that temperature using the following
r2 = 0.981

r2 = 0.999

r2 = 0.995
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Fig. 1. Relationships between the logarithm of the ratio of the retenti

reference compound (pyrene) at five to nine temperatures and the lnKO
relation (Wong et al., 2001; Lei et al., 2002):

lnðtR=tRref Þ ¼ ½1� ðDHvap=DHvap�ref Þ� ln PLref � C.

(8)

Eq. (8) assumes that the infinite dilution activity
coefficients in the stationary phase of the GC
column are the same for the analyte and the
compound used as reference. Since this is an
approximation, PGC may not be always identical
to supercooeled liquid vapor pressure (PL). There-
fore, calibration of the method with closely related
compounds is recommended (Wong et al., 2001; Lei
et al., 2002).

In this study, pyrene and benz[a]anthracene were
used as standard reference compounds. Lei et al.
(2002) recently compiled several determinations of
temperature dependent solid vapor pressures (PS)
for these compounds. PS was converted to PL using
the values for the entropy of fusion and melting
point temperature and regressed against reciprocal
absolute temperature. Following equations were
obtained (Lei et al., 2002):

log PLðPaÞ ¼ 11:70� 4164ðT ;KÞ�1;

r2 ¼ 0:999 ðpyreneÞ, ð9Þ

log PLðPaÞ ¼ 10:87� 4269ðT ;KÞ�1;

r2 ¼ 0:991 ðbenz½a�anthraceneÞ, ð10Þ

PLref values in Eqs. (7) and (8) were calculated using
Eqs. (9) and (10).
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A value of pyrene at these temperatures calculated from Eq. (5).
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4. Results and discussion

4.1. Octanol– air partition coefficient

An example of the relationships between ln(tR/tRref)
and lnKOAref is presented in Fig. 1 (Eq. (5)).
These relationships were highly linear for all com-
pounds with very high coefficients of determination
(r2). Table 1 lists determined octanol–air partition
coefficients (KOA-GC and KOA) of PAHs at 25 1C as well
as the intercepts (A) and slopes (B) of the temperature
regressions:

log KOA ¼ Aþ B=ðT ;KÞ. (11)

The internal energies of phase transfer between
octanol and air (DUOA) are also presented. The
KOA-GC values were highly reproducible as indi-
cated by the small relative standard deviations
(0.3–4.7%) calculated from independent determina-
tions (n ¼ 3).

KOA-GC values for OCPs and PBDEs were also
determined using p,p0-DDT as the standard refer-
ence compound. Fig. 2 shows that there is a
strong correlation between the directly measured
Table 1

Uncalibrated (KOA-GC, average7SD, n ¼ 3) and calibrated (KOA, avera

at 25 1C determined from gas chromatographic retention times u

average7propagated error), regression parameters for Eq. (11), and cal

and octanol–water partition coefficient (KOW)

logKOA-GC logKOA B A DUO

Acenaphthylene 6.2470.017 6.3470.31 2476 �1.97 47.4

Acenaphthene 6.4270.005 6.5270.31 2597 �2.20 49.7

Fluorene 6.8070.007 6.9070.32 2833 �2.61 54.2

Phenanthrene 7.5970.001 7.6870.33 3293 �3.37 63.0

Anyhracene 7.6270.001 7.7170.33 3316 �3.41 63.5

Fluoranthene 8.6770.003 8.7670.35 3904 �4.34 74.8

Benz[a]anthracene 10.2070.005 10.2870.38 4746 �5.64 90.9

Chrysene 10.2270.004 10.3070.38 4754 �5.65 91.0

Benzo[b]fluoranthene 11.2670.003 11.3470.41 5285 �6.40 101.2

Benzo[k)fluoranthene 11.2970.004 11.3770.41 5301 �6.42 101.5

Benzo[a]pyrene 11.4870.005 11.5670.41 5382 �6.50 103.1

Indeno[1,2,3-cd]pyrene 12.3670.002 12.4370.43 5791 �7.00 110.9

Dibenz[a,h]anthracene 12.5270.002 12.5970.43 5887 �7.17 112.7

Benzo[g,h,i]perylene 12.4870.004 12.5570.43 5834 �7.03 111.7

aVCCL (2004).
bNLM (2004).
cFinizio et al. (1997).
dJonker and Koelmans (2002).
eBamford et al. (1999).
fTen Hulscher et al. (1992).
gEPA (1996).
log KOA values (at 25 1C) of PAHs (Harner and
Bidleman, 1998b), OCPs (Shoeib and Harner,
2002), and PBDEs (Harner and Shoheib, 2002)
ge7propagated error) octanol–air partition coefficients for PAHs

sing pyrene as reference, energies of phase transfer (DUOA,

culated KOA values from dimensionless Henry’s law constant (H0)

A (kJmol�1) logKOW H0 logKOA (calc.) Factor diff.

72.8 3.94a 5.11� 10�3e 6.23 1.3

73.0 4.15a 7.48� 10�3e 6.28 1.7

73.3 4.18a 3.97� 10�3e 6.58 2.1

73.8 4.57b 1.73� 10�3e 7.33 2.2

73.8 4.45b 2.28� 10�3e 7.09 4.2

74.4 5.22c 7.89� 10�4e 8.32 2.8

75.4 5.79b 4.91� 10�4e 9.10 15.1

75.4 5.73b 2.14� 10�4e 9.40 7.9

76.0 6.11a 2.69� 10�5f 10.68 4.6

76.0 6.11a 2.39� 10�5f 10.73 4.4

76.1 6.13a 1.87� 10�5f 10.86 3.5

76.6 6.72b 1.43� 10�5f 11.56 7.4

76.7 6.50b 6.03� 10�7g 13.67 0.7

76.6 6.90d 1.35� 10�5f 11.77 6.0

data points.
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versus KOA-GC:

log KOA ¼ ð0:996� 0:028Þ log KOA�GC

þ ð0:123� 0:256Þðr2 ¼ 0:988; n ¼ 17Þ.

ð12Þ

Eq. (12) was used to correct the KOA-GC values for
the systematic deviations from directly measured
KOA values (Table 1). KOA values were slightly higher
than KOA-GC values (1.17–1.25 times). The standard
deviations given for log KOA values in Table 1 were
derived from the standard error of the slope and
intercept of the Eq. (12) and the standard deviations
of the log KOA-GC values by error propagation. The
error (3.5–5%) is dominated by the uncertainty of
the coefficients in the calibration equation rather
than by the uncertainty in KOA-GC determination.

KOA values for PAHs were also calculated as the
ratio of octanol/water partition coefficient (KOW) to
dimensionless Henry’s law constant (H0) (Table 1).
The KOA/KOA(calculated) ratio ranged between 0.7
and 15.1 and the ratios were generally higher for
nonvolatile PAHs (benz[a]anthracene through ben-
zo[g,h,i]perylene). Similar deviations between the
calculated and directly measured KOA values were
reported by previous studies (Harner and Mackay,
1995; Harner and Bidleman, 1998b; Shoeib and
Harner, 2002).

The internal energies of phase transfer between
octanol and air (DUOA) were calculated as (2.303
B R) using the slope of Eq. (11) (B) and ideal gas
constant (R) (Table 1). DUOA values ranged
between 47.4 and 112.7 kJmol�1. DUOA values
Table 2

Uncalibrated (PL-GC, average7SD, n ¼ 3) and calibrated (PL, average7
from gas chromatographic retention times, enthalpies of vaporization (

PAH Reference compounda logPL-GC (Pa)

Acenaphthylene 1 0.2970.002

Acenaphthene 1 0.1270.006

Fluorene 1 �0.2670.006

Phenanthrene 1 �1.0570.001

Anyhracene 1 �1.0870.001

Fluoranthene 1 �2.1370.001

Chrysene 1 �3.6870.004

Benzo[b]fluoranthene 2 �4.5370.005

Benzo[k]fluoranthene 2 �4.5570.004

Benzo[a]pyrene 2 �4.7570.005

Indeno[1,2,3-cd]pyrene 2 �5.6270.004

Dibenz[a,h]anthracene 2 �5.7870.003

Benzo[g,h,i]perylene 2 �5.7470.005

a1:Pyrene, 2: benz[a]anthracene.
calculated in this study for phenanthrene and
fluoranthene were 63.0 and 74.8 kJmol�1, respec-
tively, and they agreed well with the values reported
by Harner and Bidleman (1998b) (75.5 and
84.6 kJmol�1). However, DUOA for fluorene
(54.2 kJmol�1) was lower than the previously
reported value (82.9 kJmol�1).

4.2. Supercooled liquid vapor pressures

Table 2 lists determined vapor pressures (PL-GC

and PL) of PAHs at 25 1C as well as the intercepts
(bL) and slopes (mL) of the temperature regressions:

log PLðPaÞ ¼ mLðT ;KÞ
�1
þ bL. (13)

Enthalpies of vaporization (DHvap) are also listed.
The PGC values were highly reproducible as
indicated by the small relative standard deviations
(0.2–1.6%) calculated from three independent de-
terminations.

Six PAHs (acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, and chrysene) with well
established vapor pressures at 25 1C were used for
calibration. PL values of these compounds compiled
by Lei et al. (2002) from previous studies were used.
PL-GC values for calibration compounds determined
using Eqs. (7)–(8) were regressed against PL and the
following relationship was obtained (Fig. 3):

log PLðPaÞ ¼ ð1:069� 0:016Þ log PL�GCðPaÞ

þ ð0:041� 0:022Þðr2¼ 0:994; n ¼ 29Þ.

ð14Þ
propagated error) vapor pressures for PAHs at 25 1C determined

DHvap), and regression parameters for Eq. (13)

LogPL (Pa) mL bL DHvap (kJmol�1)

0.3570.02 �2855 9.93 �54.7

0.1770.02 �2979 10.17 �57.0

�0.2470.02 �3233 10.61 �61.9

�1.0870.03 �3726 11.43 �71.3

�1.1170.03 �3750 11.47 �71.8

�2.2470.04 �4382 12.47 �83.9

�3.8970.06 �5294 13.87 �101.4

�4.8070.08 �5148 12.48 �98.6

�4.8270.08 �5165 12.50 �98.9

�5.0470.08 �5252 12.59 �100.6

�5.9770.09 �5691 13.13 �109.0

�6.1470.10 �5794 13.31 �110.9

�6.1070.10 �5737 13.15 �109.8
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log PL (Pa) = 1.069 log PL-GC (Pa) + 0.041
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The relationship between PGC and PL is highly
linear, the slope is close to 1 and the intercept is
close to 0. For relatively more volatile PAHs PL-GC

is slightly lower than PL while PL-GC is higher than
PL for non-volatile PAHs, indicating that calibra-
tion procedure is necessary. The standard deviations
given for log PL values in Table 2 were calculated by
error propagation using the standard error of the
slope and intercept of the Eq. (14) and the standard
deviations of the log PL-GC values. The error
(1.6–11.8%) is dominated by the uncertainty of
the coefficients in the calibration equation rather
than by the uncertainty in PL-GC determination.

The slope (1.339) and intercept (0.674) values of
the calibration equation obtained by Lei et al.
(2002) were different than those obtained in this
study. The different calibration equations resulted
from these two studies may be due to the different
GC columns used with different non-polar sta-
tionary phases. A DB-1 column (100% dimethyl-
polysiloxane) was used by Lei et al. (2002) while an
HP-5ms column (5% phenylpolysiloxane+95%
methylpolysiloxane) was used in this study. This
also emphasizes that the calibration equations
should be determined and used as study-specific.

PL values determined in this study were compared
to those recently reported by Lei et al. (2002). The
agreement between the 10 PAHs measured in both
studies was very good as indicated by high r2, slope
close to 1, and intercept close to 0:

log PLðPaÞðLei et al:Þ ¼ 1:056 log PLðPaÞðthis studyÞ

þ0:052 r2 ¼ 0:998 ðn ¼10Þ.

ð15Þ

Enthalpies of vaporization (DHvap) were calculated
as (2.303mL R) using the slope of Eq. (13) (mL) and
ideal gas constant (R) (Table 2). DHvap values
ranged between 54.7 and 110.9 kJmol�1 and they
were similar to those reported by Lei et al. (2002)
(63.9–99.4 kJmol�1).

The KOA and PL are related through the
following equation (Shoeib and Harner, 2002; Xiao
and Wania, 2003):

KOA ¼ CO=CA ¼ RT=zOCTV OCT PL, (16)

where CO and CA are the equilibrium concentra-
tions (molm�3) of the solute in octanol and air
respectively, R is the universal gas constant
(8.314 Pam3mol�1K�1), T is temperature (K), zOCT

the activity coefficient in octanol, VOCT the molar
volume of octanol (1.58� 10�4m3mol�1), and PL

the supercooled liquid vapor pressure (Pa). The
activity coefficient in octanol is a measure of non-
ideal behavior due to interactions between solute
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and octanol molecules and it approaches unity for
an ideal solution (Harner and Shoheib, 2002).

Eq. (16) was used to calculate zOCT for individual
PAHs. zOCT is similar for several classes of SOCs
within the range of 1–10 indicating near-ideal
behavior (Harner and Shoheib, 2002; Xiao and
Wania, 2003). A good and near 1:1 relationship
between log KOA and log PL was obtained (Fig. 4).
Calculated zOCT values for PAHs ranged between
3.2 and 6.2 indicating near-ideal solution behavior.

4.3. Ambient PAH concentrations and gas– particle

partitioning

S13PAHs refers to sum of the concentrations
(gas+particle-phases) of the 13 measured com-
pounds (fluorene through benzo[g,h,i]perylene).
Atmospheric concentrations of S13PAHs ranged
between 42 and 630 ngm�3 (1437163 ngm�3, aver-
age7SD). On the average S13PAH concentrations
measured in winter were approximately 5 times
higher than those measured in summer. The
increase in PAH emissions as a result of residential
heating during winter might be the main reason for
this observation.

The S13PAH concentrations measured in this
study were comparable to those measured pre-
viously in Chicago, IL by Odabasi et al. (1999)
(59–863 ngm�3) and Simcik et al. (1997)
(48–550 ngm�3). Average concentrations of indivi-
dual PAHs ranged between 41.7737.0 ngm�3

(phenanthrene) and 1.371.9 ngm�3 (dibenz[a,h]an-
thracene). PAH profiles obtained in this study were
similar to those observed in previous studies.

Partitioning of atmospheric organic compounds
between the gas and particle phases is parameterized
using the gas–particle partition coefficient, Kp

(m3 mg�1) (Harner and Bidleman, 1998a):

Kp ¼ ðCp=CTSPÞ=Cg, (17)

where Cp and Cg are the organic compound
concentrations in the particulate and gas phases,
respectively (mgm�3), and CTSP is the concentration
of total suspended particles in the air (mgm�3).

The octanol–air partitioning coefficient (KOA) can
be used to predict Kp with the assumption of
predominant distribution process is absorption
(Harner and Bidleman, 1998a). The relationship
between KP and KOA is

KP ¼ f OMMWOCTzOCT

� �
KOA= rOCTMWOMzOM1012

� �
,

(18)
where fOM is the fraction of OM phase on TSP,
MWOCT and MWOM are the mean molecular
weights of octanol and the OM phase (gmol�1),
rOCT is the density of octanol (0.820 kgL�1), zOCT is
the activity coefficient of the absorbing compound
in octanol, zOM is the activity coefficient of the
compound in the OM phase. With the assumptions
that zOCT/zOM and MWOCT/MWOM ¼ 1, Eq. (18)
can be written as

log KP ¼ log KOA þ log f OM � 11:91. (19)

Strong association of PAHs with soot particles
in soot–water systems suggests that besides absorp-
tion, adsorption partitioning could also be an
important sorption mechanism in the atmos-
phere. Therefore, the following equation for the
overall gas–particle partition coefficient that ac-
counts for both OM absorption and soot carbon
adsorption was derived by Dasch and Eisenreich
(2000):

KP ¼ f OM MWOCT zOCT

� �
KOA= rOCTMWOM zOM 1012

� �
�

�

þ½ðf EC aECÞKSA=aAC 1012
�
, ð20Þ

where fEC is the fraction of elemental carbon in
the aerosol, aEC and aAC are the specific surface
areas of elemental carbon and activated car-
bon, respectively; KSA is the soot–air partition
coefficient. Elemental carbon and octanol are the
surrogates for the soot carbon in adsorptive
partitioning, and OM in absorptive partitioning,
respectively.

The PAH concentrations measured in this study
were used for gas–particle partitioning modeling.
The experimental and modeled Kp values for
individual PAHs were calculated using Eqs. (17),
(19), and (20). The influence of temperature on KOA

was taken into account using Eq. (11). Dachs et al.
(2004) have suggested that the thermodynamics-
based model recently reported by van Noort (2003)
can be used to estimate KSA values for PAHs
as a function of supercooled liquid vapor pressure
(PL, Pa) and elemental carbon specific surface area
(aEC, m

2 g�1):

log KSA ¼ �0:85 log PL þ 8:94� logð998=aECÞ,

(21)

PL values as function of temperature were
calculated using Eq. (13). The aEC value
(62.7m2 g�1) was taken from a recent study by
Jonker and Koelmans (2002). It was assumed that
aEC/aAC ¼ 1, fOM ¼ 1.6fTOC, and fOC/fEC ¼ 3 where
fTOC is the fraction of total organic carbon (Dasch
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Fig. 5. Comparison of the measured and predicted Kp values by

two partitioning models. The dashed line represents a 1:1

relationship.
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and Eisenreich, 2000; Ribes et al., 2003). Under
these assumptions, modeled Kp values were
calculated using Eq. (19) for absorptive partitioning
and Eq. (20) for both absorptive and adsorptive
partitioning. The modeled Kp values were compared
to the measured ones in Fig. 5.

Octanol-based absorptive partitioning model
predicted lower partition coefficients especially for
relatively volatile PAHs. However, overall there is a
relatively good agreement between the measured Kp

and soot-based model predictions. Ratios of
measured/modeled partition coefficients ranged
between 1.1 (chrysene) and 15.5 (fluorene)
(4.576.0, average7SD) for KOA model. Soot
model predictions were relatively better and mea-
sured to modeled ratios ranged between 0.6
(chrysene) and 5.6 (fluorene) (2.372.7, avera-
ge7SD). Recent studies reported that the soot
based model shows good predictability at an urban
site (Chicago, IL) but underestimates values at a
rural site (Eagle Harbor) by an order of magnitude
(Vardar et al., 2004; Galarneau et al., 2006). It was
suggested that characterizing atmospheric soot,
determining the temperature dependence of soot–air
partitioning, and quantifying the exchangeable
fraction of each PAH on aerosols will help to
explain the differences between predicted and
observed partition coefficients (Galarneau et al.,
2006).
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