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Simultaneous air samples were taken in Chicago and over
southern Lake Michigan as part of the AEOLOS Project
(Atmospheric Exchange Over Lakes and Oceans). Gas and
particle phase concentrations of polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and
total suspended particles (TSP) were measured over 12 h
periods during July, 1994, and January, 1995. Partitioning
of PCBs and PAHs between gas and particle phases was
well correlated with the subcooled liquid vapor pressure
(p°L) for individual samples, but the relationship differed among
samples. For all but a few of the samples the slopes of
the log Kp vs log p°L lines were statistically greater than
-1. Other investigators who have found similar results have
concluded that the PCBs/PAHs were not at equilibrium;
however, other factors indicate that the PCBs and PAHs in
the Chicago/Lake Michigan atmosphere are at equilibrium.
Slopes of the regressions of log Kp vs log p°L from samples
of continental background origin, and therefore assumed
to have had sufficient atmospheric residence times to
reach equilibrium, are among the shallowest measured
(-0.70 to -0.53 and -0.16 to -0.56 for PAHs and PCBs,
respectively). One pair of samples where the air mass
is believed to have been sampled twice, once in the urban
area and again ∼3.4 h downwind, shows no difference
in partitioning. PCBs and PAHs measured in Chicago and
over Lake Michigan were apparently at equilibrium between
the gas and particle phases. A slope of -1 in the regression
of log Kp vs log p°L is not necessary to describe equilibrium
partitioning. Differences in particulate matter may be
responsible for the shallow slopes observed.

Introduction
The partitioning of semivolatile organic compounds (SOCs)
in the atmosphere is an important factor in their fate,
transport, and transformation in urban and adjacent coastal
atmospheres. The partitioning of SOCs between the gas and
particulate phases is described as either surface adsorption
(1) or absorption into organic matter (2). Both paradigms
relate the total suspended particulate matter (TSP in mi-
crograms per cubic meter), normalized partition coefficient,
Kp, to the subcooled liquid vapor pressure, p°L. Kp is defined
as (F/TSP)/A, where F and A are the filter and adsorbent

retained SOC concentrations (ng/m3), respectively. The
relationship for physical adsorption is (1):

where Kp (m3/µg) is the partition coefficient, Ns is the surface
area concentration of adsorption sites (mol/cm2), aTSP is the
surface area of the TSP (cm2/µg), T is the temperature (K),
R is the molar gas constant (8.314 × 10-3 kJ K-1 mol-1), Q1

and Qv are the enthalpies of desorption (kJ/mol) and
volatilization, respectively, and p°L is the subcooled liquid
vapor pressure (Pa). The constant in eq 1 differs from that
of eq 44 of Pankow (1) because of the use pascals for the
subcooled liquid vapor pressure instead of Torr. The
relationship describing Kp for absorptive partitioning is as
follows (2):

where fom is the fraction of organic matter on the TSP, MWom

is the molecular weight of the organic matter, and z is the
activity coefficient of the absorbate in the organic matter.
Both eqs 1 and 2 lead to a linear relationship between log
Kp and log p°L:

At equilibrium, the slope for either adsorption or absorption
should be near -1 given the following assumptions: for
adsorption, the difference between the enthalpies of des-
orption and volatilization and the number of available
adsorption sites must remain constant over a compound
class (1); for absorption the activity coefficients must remain
constant over a compound class (2). The difference between
the enthalpies of desorption and volatilization is expected
to remain constant over a compound class (3), but it is not
necessarily true for all types of atmospheric particles even
under similar atmospheric conditions (4). Testing the validity
of the assumption made for absorption is accomplished using
the relationship between octanol-air partition coefficients
(KOA) and p°L. Octanol-air partition coefficients may reflect
the equilibrium partitioning between air and an organic
matrix at a specific temperature, and are defined as the
concentration of SOC in octanol (mass SOC/volume octanol)
over the concentration of SOC in air (mass SOC/volume air)
(5). Harner and Bidleman (6) reported KOA values for
multiortho and non/monoortho PCBs and found that plots
of log KOA vs log p°L yielded slopes of -1.015 and -1.268 for
multi- and non/monoortho PCBs, respectively at 20 °C.
Therefore, the assumption of constant activity coefficient in
octanol seems to hold true for multiortho PCBs, but not for
non/monoortho PCBs. Plots of log KOA vs log p°L for PAHs
also yielded slopes very near -1 (7). Therefore, if octanol is
an appropriate surrogate for atmospheric organic matter,
equilibrium absorptive partitioning for multiortho PCBs and
PAHs should yield slopes near -1 for the relationship of log
Kp vs log p°L. Despite the theoretical basis for this relationship
and some field and lab results (1, 8-12), many field
measurements yield slopes shallower than -1 (11, 13-16).
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This study is part of the larger AEOLOS Project (Atmo-
spheric Exchange Over Lakes and Oceans), whose hypothesis
is that emissions of PCBs and PAHs into the coastal urban
atmosphere enhance atmospheric depositional fluxes to
adjacent great waters such as Lake Michigan off Chicago,
IL/Gary, IN, and Chesapeake Bay off Baltimore, MD. The
urban air emissions in Chicago increase the adjacent coastal
atmospheric PCB and PAH concentrations by factors of 4
and 12, respectively (17). Gas-particle partitioning is an
important factor in determining the mode of deposition (i.e.,
air-water exchange, dry and wet deposition). This study
represents the largest data set of gas and particulate phase
SOCs, temperature, relative humidity, and TSP assessed
simultaneously in an urban and coastal environment. The
data set offers a unique perspective into the question of
equilibrium partitioning of PCBs and PAHs in the urban and
adjacent coastal atmospheres. In particular we question the
necessity for log Kp vs log p°L plots to produce slopes of -1
when PCBs and PAHs are at equilibrium between the gas
and particle phases.

Experimental Methods
The sampling scheme and experimental methods for PCBs
and PAHs are described elsewhere (17). In general, air
samples were taken simultaneously at an urban location in
south Chicago, IL, and over Lake Michigan aboard the RV
Lake Guardian during May and July, 1994, and January, 1995.
The high volume air samplers were equipped with glass fiber
filters (GFFs) to collect particulate phase compounds and
polyurethane foam plugs (PUF) to collect the gas phase
compounds. As reported in Simcik et al. (17), all of the PAHs
and PCBs were corrected for field blanks. Of the 27 PAHs
analyzed by gas chromatography/mass spectrometry, only
the eleven for which vapor pressure vs temperature relation-
ships are available were used in this study. All of the 80 PCB
congener peaks, analyzed by gas chromatography with
electron capture detection, were used in this study. Two 12
h samples were collected each day (8:00 am-8:00 pm and
8:00 pm-8:00 am) to minimize effects of changing temper-
ature and atmospheric concentrations of the PCBs, PAHs,
and TSP. Total suspended particulate matter was determined
during July and January using an Anderson Dichotomous
sampler dividing the TSP into two size ranges (>2.5 and <2.5
µm), collected on Teflon filters and analyzed gravimetrically.
Temperature, wind direction, speed, and relative humidity
were collected with meteorological towers at both sites and
the data stored on computer.

Suitability of Data Set. Before an investigation into the
states of equilibria can be attempted, the relationship of the
measured PCB and PAH concentrations on GFF and PUF to
the true gaseous and particulate concentrations must be
assessed. Sampling artifacts associated with the GFF and
PUF can affect the apparent gas-particle distributions of
SOCs. The GFF may exhibit two such artifacts with coun-
teracting effects on the distribution. Gaseous PCBs or PAHs
may sorb to the filter surface and particles collected on the
filter (18-20). Second, the more volatile compounds may
be stripped from the filter by continuing gas flow if the gas
phase concentration decreases or the temperature increases
over the sampling period (10, 21-24). Gas adsorption
increases the apparent particle phase concentrations and
decreases the apparent gas phase concentration. The extent
of gas adsorption is often assessed using a second filter, but
interpreting results from this secondary filter is problematic
(10). Backup filters were used in 10 samples collected in
Chicago and over Lake Michigan. The percent mass on
secondary filters (avg ( sd) for PAHs are as follows: fluorene,
3 ( 5%; phenanthrene, 5 ( 6%; anthracene, 3 ( 4%;
fluoranthene, 5 ( 6%; pyrene, 4 ( 5%; benz[a]anthracene,
3 ( 5%; chrysene, 3 ( 4%; benzo[b+k]fluoranthene, 2 ( 3%;

benzo[e]pyrene, 3 ( 3%; benzo[a]pyrene, 2 ( 3%; benzo-
[ghi]perylene, 2 ( 3%. PCBs were not detected on any
secondary filter. While adsorption to the secondary filter
would cause the greatest change in Kp for the PAHs with
fraction on particulate values nearest 0.5 (i.e., PAHs distrib-
uted evenly between the two phases), this effect is <0.5 log
units. Therefore, the backup filters were neither subtracted
from the particle phase concentration nor added to the gas
phase concentration. Volatilization from the filter has the
opposite affect, and was undeterminable. Breakthrough of
volatile PCBs and PAHs from the PUF can also adversely
affect Kp (9, 19, 25-27). A split PUF was used on six samples
and contaminant mass on the back PUF was compared to
the total mass. During July when the ambient temperature
was highest, appreciable amounts of only the most volatile
PAHs (fluorene through pyrene) were found on the back half
of the PUF. The mass on the back half averaged 52 ( 4% (n
) 6) of the total mass on PUF for fluorene, but only 7 ( 7%
(n ) 6) for phenanthrene, and much less for the other PAHs.
Individual PCBs on the back PUFs were all less than 15% of
their total PUF masses. Because of the evidence against
significant sampling artifacts and studies comparing Hi-Vol
samplers to a diffusion separator (28), denuder (29), and
impactors (28, 30), which showed little difference in the gas-
particle partitioning, we conclude that the GFF and PUF
associated concentrations of PCBs and PAHs are a good
estimate of the true gas and particle phase concentrations
in these samples.

Results and Discussion
All meteorological data, TSP, atmospheric PCB and PAH
concentrations, and regression statistics are available in the
Supporting Information. A summary of the number of
samples, analytes used, and average atmospheric concentra-
tions is provided in Table 1. Due to the large number of
PCBs analyzed, 55 peaks corresponding to 80 congeners, only
the 40 most prominant have been reported in Table 1. TSP
concentrations ranged from 11 to 71 µg/m3 in Chicago and
1.5 to 29 µg/m3 over Lake Michigan. Twelve hour average
temperature and relative humidity values ranged from 277
to 302 K and 56 to 96%, respectively. The temperature-
dependent vapor pressures were calculated for all PCB
congeners based on Falconer et al. (31), and for 11 PAHs
from a compilation of literature data by Liu (28) at the average
ambient temperature of the sampling period. Only those
PAHs and PCBs that had concentrations above the detection
limit for a given sample were used in the log Kp vs log p°L
regressions. Vapor pressures of coeluting PCBs were cal-
culated for the dominant PCB in each peak, the first congener
listed. This is justified by the fact that coeluting PCBs have
very similar vapor pressures (31).

Regressions of log Kp vs log p°L for both Chicago and Lake
Michigan samples gave high correlations for individual
samples for both PAHs (r2 ) 0.85-0.98) and for most PCBs
(r2 ) 0.10-0.71), but the slopes and intercepts amongst
samples varied greatly (Figures 1-4). Five of the PCB samples
over Lake Michigan exhibited no relationship with vapor
pressure (i.e., Figure 4c). These samples were omitted from
Figure 4d. Theses samples were ones in which the wind
direction was from the north bringing very low concentrations
of PCBs. In addition, the particle phase accounted for less
than 1% of the total PCB. Because of this, it is impossible
to draw conclusions from such samples. For all PCBs at the
Chicago and Lake Michigan sites and all but seven of the
PAH comparisons for Chicago and three for Lake Michigan,
the 95% confidence intervals about the regressed slopes
exclude the value of -1. When all of the data for PAH
partitioning in Chicago are regressed, the slope (-0.64) and
intercept (-3.47; r2 ) 0.78) compare well with results by
Cotham and Bidleman (16) for similar PAHs from Chicago
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TABLE 1. Summary of Average Concentrations, Analytes, and Number of Samplesa

Chicago July southwest winds Chicago July north winds Chicago January Lake Michigan July southwest winds Lake Michigan July north winds

analyte
avg

conc
std
dev

avg %
particle

std
dev N

avg
conc

std
dev

avg %
particle

std
dev N

avg
conc

std
dev

avg %
particle

std
dev N

avg
conc

std
dev

avg %
particle

std
dev N avg

std
dev

avg %
particle

std
dev N

fluorene 18.1 11.5 1.5% 2.6% 10 17.4 10.1 2% 2% 8 7.8 2.8 10% 6% 4 8.2 4.9 0.4% 0.3% 10 2.10 1.68 0.4% 0.4% 5
phenanthrene 98.4 55.7 1.5% 1.9% 10 65.8 32.1 4% 3% 8 21.2 10.8 24% 10% 4 18.2 9.8 1.1% 0.8% 10 4.01 3.96 2.3% 2.0% 5
anthracene 10.6 9.3 2.3% 2.3% 10 5.7 3.0 7% 5% 8 3.2 2.4 28% 9% 4 0.7 0.6 4.9% 4.0% 10 0.14 0.13 8.9% 11.8% 4
fluoranthene 28.1 17.0 11% 11% 10 14.7 8.2 22% 12% 8 12.9 9.6 55% 8% 4 5.1 2.9 6.4% 3.9% 10 1.06 0.99 13% 10% 5
pyrene 16.2 12.4 14% 14% 10 10.1 6.8 26% 12% 8 10.9 8.1 54% 8% 4 3.1 2.2 10% 7% 10 0.47 0.42 18% 13% 5
benz[a]anthracene 3.1 5.6 73% 19% 10 1.8 1.9 89% 7% 7 5.2 5.0 95% 4% 2 0.5 0.4 44% 14% 7 0.05 0.03 53% 10% 3
chrysene 3.8 5.7 66% 17% 10 2.0 1.8 77% 12% 7 6.0 6.1 92% 6% 2 1.4 0.8 26% 8% 7 0.05 0.03 53% 10% 3
benzo[b+k]fluoranthene 12.1 17.7 89% 11% 3 2.9 NA 96% NA 1 2.8 NA 94% NA 1 1.2 1.1 79% 12% 10 0.09 0.10 75% 13% 5
benzo[e]pyrene 7.4 9.4 91% 10% 2 NA NA NA NA 0 1.2 NA 95% NA 1 0.5 0.5 86% 8% 10 0.07 0.09 81% 12% 5
benzo[a]pyrene 0.5 NA 89% NA 1 NA NA NA NA 0 1.5 NA 94% NA 1 0.3 0.2 94% 7% 8 0.07 0.10 91% 8% 4
benzo[ghi]perylene 0.7 0.3 91% 8% 3 2.7 1.1 99% 0% 2 1.4 NA 96% NA 1 1.2 NA 88% NA 1 0.24 NA 96% NA 1
PCB-4+10 59.2 33.2 1.7% 2.8% 9 63.9 31.9 5.0% 10.3% 6 NA NA NA NA 0 117.4 29.3 0.3% 0.2% 6 54.2 NA 0.9% NA 1
PCB-6 66.3 47.4 0.65 0.6% 9 62.1 87.1 1.0% 1.1% 6 10.9 4.4 5.6% 1.9% 2 8.3 3.3 2.9% 4.8% 9 3.8 5.0 2.2% 1.2% 5
PCB-18 288.6 236.2 0.8% 0.8% 9 127.4 93.1 0.4% 0.4% 6 NA NA NA NA 0 52.2. 8.7 0.9% 1.0% 9 25.3 14.4 0.9% 0.9% 6
PCB-24+27 54.4 34.4 0.7% 0.5% 9 21.7 18.0 1.4% 0.8% 6 8.9 5.3 4.3% 1.0% 2 11.8 3.3 1.4% 1.1% 8 6.3 0.6 0.6% 0.9% 2
PCB-16+32 312.2 257.0 0.8% 0.8% 9 127.2 100.2 1.4% 0.4% 6 8.9 5.3 4.3% 1.0% 2 55.0 10.8 0.6% 0.5% 10 23.6 16.4 2.5% 2.1% 6
PCB-26 71.8 72.5 1.4% 0.7% 8 32.2 19.8 2.1% 0.9% 5 NA NA NA NA 0 11.8 2.5 0.8% 0.6% 7 6.1 0.0 1.2% 0.4% 2
PCB-25 30.7 27.7 1.7% 1.6% 9 16.5 10.5 3.1% 2.2% 5 5.6 NA 1.4% NA 1 6.7 1.3 4.5% 3.9% 8 1.5 1.9 9.4% 6.9% 4
PCB-31+28 649.9 572.9 1.1% 1.0% 9 258.3 170.4 1.4% 0.7% 6 72.8 31.8 2.9% 0.6% 2 101.2 20.4 0.2% 0.2% 10 71.3 10.6 0.7% 0.7% 3
PCB-21+33+53 347.4 422.1 1.0% 0.8% 9 108.7 81.6 1.4% 0.6% 6 233.1 88.3 0.8% 0.4% 2 34.8 8.4 0.5% 0.3% 10 16.7 12.5 0.8% 0.6% 6
PCB-45 38.2 33.5 1.5% 2.4% 8 32.0 19.0 1.4% 0.2% 2 NA NA NA NA 0 13.8 3.9 0.7% 0.8% 6 4.5 NA 0.4% NA 1
PCB-52+43 132.0 95.9 1.4% 1.1% 9 68.5 27.9 1.4% 0.8% 6 20.3 1.8 8.2% 2.6% 2 37.7 7.4 0.5% 0.4% 9 14.8 7.9 0.5% 0.6% 6
PCB-49 110.4 85.7 1.0% 0.8% 9 52.0 20.7 2.0% 1.0% 6 11.0 NA 15.1% NA 1 29.3 5.5 0.5% 0.4% 9 9.6 8.2 0.5% 0.9% 2
PCB-47+48 78.9 76.6 3.7% 3.2% 9 41.2 21.3 13.9% 11.3% 6 46.9 55.6 51.4% 60.5% 2 12.5 5.0 19% 14% 7 24.6 7.6 9.1% 3.0% 2
PCB-44 180.4 126.8 1.4% 1.1% 9 82.8 37.9 1.4% 0.9% 6 15.7 4.1 10.9% 3.1% 2 40.5 9.9 0.7% 2.0% 9 12.8 8.5 1.0% 1.0% 7
PCB-37+42 152.1 103.6 1.0% 1.1% 9 54.7 37.0 1.5% 0.9% 6 12.3 1.2 2.6% 0.3% 2 28.7 6.8 0.5% 0.4% 7 7.5 5.3 3.5% 3.6% 6
PCB-41+71+64 161.1 162.2 1.2% 1.2% 9 67.3 37.5 1.3% 1.3% 6 15.8 2.4 5.6% 1.1% 2 33.1 7.8 0.7% 0.6% 8 10.4 6.9 2.1% 2.6% 6
PCB-74 58.7 61.0 2.6% 2.2% 9 50.0 4.1 2.2% 1.1% 2 6.4 16.0% NA 1 30.9 17.4 2.3% 3.0% 4 NA NA NA NA NA 0
PCB-70+76 151.6 112.3 2.6% 1.8% 9 83.0 29.5 3.6% 1.7% 6 22.6 1.1 20.5% 3.9% 2 33.5 6.5 1.3% 0.8% 10 15.3 10.2 1.3% 0.9% 7
PCB-66+95 452.9 776.9 1.3% 0.7% 9 111.2 41.8 2.8% 3.7% 6 14.9 0.7 31.3% 13.5% 2 29.3 18.4 1.3% 14.% 9 29.1 16.5 0.3% 0.4% 5
PCB-56+60 103.8 123.3 2.3% 1.4% 9 49.9 20.5 2.6% 2.2% 6 7.4 0.8 21.9% 6.6% 2 22.4 5.0 0.6% 0.3% 9 6.5 5.6 5.9% 8.6% 3
PCB-101 69.6 36.6 2.3% 1.5% 9 36.9 9.6 3.1% 1.4% 6 11.2 2.8 27.7% 14.3% 2 17.7 3.3 1.1% 0.5% 10 8.3 4.7 2.2% 1.8% 6
PCB-97 28.6 17.3 2.8% 1.5% 9 14.9 4.2 4.8% 2.9% 6 4.1 0.6 42.4% 8.7% 2 7.7 1.4 1.9% 2.7% 8 3.9 1.8 1.0 0.6% 4
PCB-87+81 38.4 24.3 4.2% 2.0% 9 18.7 3.8 9.7% 4.2% 6 8.3 2.4 45.0% 12.2% 2 10.7 2.8 2.8% 2.0% 4 NA NA NA NA 0
PCB-110+77 127.2 75.9 3.4% 2.0% 9 57.9 14.8 5.1% 3.2% 6 16.1 3.5 41.9% 5.5% 2 25.7 5.4 1.2% 0.5% 10 14.0 9.0 1.0% 0.6% 6
PCB-151 14.5 5.5 3.7% 2.1% 9 7.4 2.0 5.1% 3.9% 5 1.8 0.3 31.2% 7.2% 2 7.8 3.3 1.8% 1.1% 9 3.0 1.2 1.7% 1.6% 6
PCB-149 39.6 20.4 5.3% 2.8% 9 19.9 3.9 6.7% 3.6% 6 5.5 1.6 35.2% 18.8% 2 10.4 2.4 2.0% 2.0% 10 5.0 1.8 1.5% 1.3% 5
PCB-118 50.4 33.5 6.3% 3.75% 9 21.8 4.1 9.9% 7.4% 6 6.8 1.6 50.6% 22.8% 2 10.1 2.0 1.9% 1.2% 9 5.3 2.0 1.9% 1.3% 5
PCB-153+132+105 99.7 59.7 7.1% 4.1% 9 47.0 9.3 10.8% 7.3% 6 16.0 7.4 54.2% 10.4% 2 24.4 5.5 2.2% 1.4% 10 11.9 5.7 1.8% 1.9% 4
PCB-141 9.4 5.8 3.8% 3.2% 9 5.6 2.1 14.8% 16.1% 6 16.0 7.4 54.2% 10.4% 2 24.4 5.5 2.2% 1.4% 10 1.4 2.8% 3.8% 2
PCB-163+138 61.6 42.9 9.5% 5.3% 9 25.3 5.0 13.9% 9.0% 6 3.8 0.7 20.1% 5.9% 2 13.5 3.4 3.3% 2.5% 10 5.5 3.1 2.6% 2.5% 6
PCB-187+182 10.7 3.0 9.6% 3.3% 9 6.2 1.5 12.2% 8.6% 6 NA NA NA NA 0 4.1 1.1 5.3% 2.5% 10 5.5 3.1 2.6% 2.5% 6
PCB-183 6.3 2.6 9.3% 7.2% 8 3.8 1.2 8.9% 9.4% 6 0.7 0.2 58.5% 2.9% 2 2.7 1.0 5.1% 4.7% 9 0.7 0.4 5.5% 6.0% 7
PCB-174 7.0 3.3 11.5% 7.2% 9 2.9 0.9 14.2% 18.0% 5 0.8 NA 51.3% NA 1 3.1 1.4 3.9% 3.2% 8 1.3 0.6 2.2% 1.4% 2
PCB-177 4.5 2.1 11.9% 7.6% 9 2.8 1.1 23.7% 15.3% 6 1.6 1.3 85.9% 11.3% 2 1.9 0.7 3.8% 3.1% 8 0.6 0.4 8.0% 5.6% 3
PCB-202+171+156 6.4 1.7 8.9% 5.9% 9 3.7 9.8 14.0% 11.9% 5 0.9 0.4 38.4% 14.7% 2 1.9 0.7 3.8% 3.1% 8 0.6 0.4 8.0% 5.6% 3
PCB-180 53.9 23.0 16.2% 8.2% 9 42.9 9.2 21.2% 12.7% 6 13.4 8.1 49.4% 14.5% 2 8.6 2.7 10% 6% 10 4.1 2.3 5.0% 4.1% 7
PCB-170+190 10.3 8.7 33.8% 19.3% 9 5.8 2.5 36.8% 21.8% 5 4.0 3.5 96.4% 3.6% 2 2.3 1.5 13% 7% 7 1.1 0.6 9.9% 3.1% 6
PCB-201 6.5 2.0 17.0% 7.4% 9 4.6 1.5 31.2% 14.4% 6 1.5 0.0 80.6% 5.9% 2 2.9 0.9 11% 5% 9 0.9 0.5 17.0% 11.2% 7
PCB-203+196 7.7 2.9 18.9% 12.2% 9 4.7 2.1 26.6% 19.5% 6 1.5 NA 83.9% NA 1 3.3 0.9 11% 10% 9 1.0 0.6 9.8% 5.1% 6
PCB-195+208 5.3 6.6 39.2% 21.2% 9 3.0 1.1 48.9% 16.7% 6 1.1 0.4 87.5% 1.2% 2 1.8 0.9 14% 16% 5 NA NA NA NA 0

a PAH concentrations in nanograms per cubic meter, PCB concentrations in picograms per cubic meter.
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samples collected during February, 1988 (-0.69 and -4.61,
r2 ) 0.73). The slope (-0.51) and intercept (-4.28, r2 ) 0.57)
for PCBs in Chicago do not compare as well (16) (-0.73 and
-5.18, r2 ) 0.69). However, this study analyzed many more
congeners than the Cotham and Bidleman study (16) (80 for
this study vs 34 for Cotham and Bidleman).

Several factors can account for slopes > -1, including (1)
increasing atmospheric concentration during sampling (4);
(2) decreasing temperature during sampling episodes (4);
(3) nonequilibrium (4); (4) nonexchangeability (32), (5)
varying differences between enthalpies of desorption and
volatilization (4); (6) varying number of available adsorption
sites (4); and (7) varying activity coefficients in organic matter
within a compound class (2). The sampling protocol of two,
12 h samples per day, one during the day and one at night,
minimized the effect of changing temperature and atmo-

spheric concentration during sampling. The temperature
rarely varied by more than 4 °C over any given sampling
period. There were also periods of increasing and decreasing
temperature, indicating that decreasing temperature cannot
account for the shallow slopes. Successive samples oc-
casionally yielded significantly different concentrations (17).
While it is impossible to know definitively the change in
concentration during the sampling period, samples of low
concentration were followed by high concentration samples
just as often as the reverse, suggesting that there could have
been both increasing as well as decreasing concentrations
during individual sampling periods.

Nonexchangeablility can occur for PAHs because they
are formed in combustion processes. The more volatile
species may become trapped inside particles during forma-
tion resulting in elevated Kp values (32). This is not likely for

FIGURE 1. Log Kp (m3/µg) vs log p°L (Pa) for PAHs in Chicago (a) 7/19/94 (b) 7/27-28/94, (c) 1/17-18/95, (d) all samples (n ) 22).

FIGURE 2. Log Kp (m3/µg) vs log p°L (Pa) for PAHs over Lake Michigan (a) 7/21/94 (b) 7/24-25/94 (c) 7/27-28/94 (d) all samples (n ) 17).
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PCBs which are emitted into the atmosphere primarily as
gases volatilized from areas where they have been used,
stored, spilled, or atmospherically deposited. It is not possible
to determine what, if any, PAHs are nonexchangeable and,
therefore, may be a possible reason for the shallow slopes
observed for PAHs, but not PCBs.

The issue of nonequilibrium represents a kinetic problem
in which the lower molecular weight PCBs and PAHs have
higher diffusivities and, therefore, approach equilibrium
faster than the higher molecular weight species resulting in
data that have a steep slope for PCBs and PAHs with higher
vapor pressures and a decreasing slope as vapor pressure
decreases (4). In this case, the data are not truly linear. Our
data do not exhibit a decreasing slope with decreasing vapor
pressure, and a straight line best represents the correlation
between partitioning and subcooled liquid vapor pressure.

Another indication that kinetics are not affecting the slope
is found when comparing regressions of samples representing
air masses that originate in the urban/industrial complex,
and ones that represent continental background. Cotham
and Bidleman (16) suggested that PAHs from Green Bay, WI,
were much closer to equilibrium than Chicago because they
represented aged aerosols that traveled further from their
source(s), and hence had more time to reach equilibrium.
Several samples were taken over Lake Michigan when the
wind was from the north, bringing an aged aerosol repre-
sentative of the continental background signal (17). PAH
and PCB data from these samples provide slopes that are
among the shallowest observed (-0.53 to -0.70 and -0.56
to -0.16, respectively). The slopes for the PAH data compare
well with values from Lake Superior from McVeety and Hites
(-0.59) (14) and Baker and Eisenreich (-0.61) (15) as

FIGURE 3. Log Kp (m3/µg) vs log p°L (Pa) for PCBs in Chicago (a) 7/19/94 (b) 7/27/94 (c) 1/17/18/95 (d) all samples (n ) 17).

FIGURE 4. Log Kp (m3/µg) vs log p°L (Pa) for PCBs over Lake Michigan (a) 7/19/94 (b) 7/24-25/94 (c) 7/27-28/94 (d) all samples (n ) 11).
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calculated in Pankow and Bidleman (4) for the same PAHs.
If the aged aerosol of the continental background is in fact
at equilibrium, then the necessity of a slope of -1 does not
apply universally to all systems. Chicago also received wind
from the north during this same time period, but air samples
collected represent relatively clean particles entering a
contaminated area, and the assumption of long residence
time for both gas and particle phases is not valid.

Another approach to addressing the question of non-
equilibrium is to observe any changes in the slope of log Kp

vs log p°L as the air mass moves from the urban to adjacent
coastal atmosphere. For the overnight sample of July 22 in
particular, the wind direction as measured at the ship was
consistently from the urban sampling site. The wind speed
during this sample was 2.4 m/s, and the distance of 30 km
gives a transport time of approximately 3.4 h between sites.
Studies of relative times to equilibrium suggest that the
kinetics of gas-particle sorption are fast, and a few hours is
sufficient for the SOCs to approach equilibrium (33, 34).
However, the plot of log Kp vs log p°L shows no significant
change in partitioning between the Chicago and Lake
Michigan samples for either PCBs or PAHs (Figure 5), despite
the fact that the concentrations over Lake Michigan are about
one-third those measured in Chicago (17). The Lake
Michigan sample has a much lower concentration due to
dispersion and deposition to the lake surface en route.
Deposition will preferentially remove the particle phase from
the atmosphere. The data support the conlusion that PAHs
and PCBs are able to re-equilibrate to compensate for any
alteration of the particle composition. All slopes are sig-
nificantly different from -1 (Table 2). This suggests that
both samples are at equilibrium and that other factors exert
a dominant influence on the slopes of these plots. The values
of Kp for the PAHs are much higher than for PCBs of similar
vapor pressures. One explanation for this difference could
be the presence of nonexchangeable PAHs, compounds
“trapped” on the interior of particles.

If the PCBs and PAHs are at equilibrium and the shallow
slopes cannot be attributed to changing concentrations and

temperatures, then the deviation from -1 must result from
variations within each compound class for either one or a
combination of the final three factors mentioned above,
namely the variability in the number of adsorption sites,
differences between enthalpies of desorption and volatiliza-
tion and activity coefficients in organic matter.

Any change in the number of available adsorption sites
within a compound class would have to be a result of steric
hindrance. Many types of material exhibit surface ir-
regularities on the molecular scale, and it is suggested that
this may affect the surface chemistry of these materials (35).
If indeed atmospheric particles exhibit these irregularities,
the possibility that the number of available adsorption sites
are not constant over a compound class may exist. Some of
the larger molecules could perhaps be stearically excluded
from some sites. If this were the case, however, one would
expect the PAHs to be affected to a greater degree than PCBs
because of their broader range in molecular sizes. The slopes
for PCBs are in fact shallower than for PAHs, contradicting
this possibility.

Activity coefficients in organic matter are also expected
to remain constant for PAHs and PCBs based on studies of
octanol-air partitioning (6) and liquid-like organic matter
from cigarette smoke (36). Assuming that these materials
are appropriate surrogates for atmospheric organic matter,
the slope should be near -1 for absorption dominated
partitioning. A compound’s absorption into octanol and
liquid-like organic matter may not differ from the pure liquid
phase of that compound, unlike more solid organic matter
that may be present on atmospheric particles like plant waxes.
Until characterization of the organic matter associated with
atmospheric particulate matter can be accomplished, this
remains a question.

As mentioned earlier the energy difference in (Ql - Qv)
among PAHs and PCBs should remain constant (3), but this
conclusion was drawn from data that resulted in slopes near
-1. It is not clear that this difference must remain constant
for all atmospheric particles under all conditions (4). Whether
adsorption or absorption dominates the sorption process, it
is clear that the energy terms (enthalpies/activity coefficients)
are the major factors contributing to the shallow slopes of
log Kp vs log p°L for PAHs and PCBs in Chicago and over Lake
Michigan. The variability in the energy terms represent
sorbent properties, and differences in the chemical com-
position of atmospheric particles would affect these terms.
In order to investigate this further it will be necessary to
determine the chemical composition of the atmospheric
particles to determine if different types of particulate matter
result in different partitioning behavior. Knowledge of the
chemical compositions may also aid in determining the
dominant sorption mechanism.
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