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Abstract
Passive samplers were deployed across Cleveland, OH and Chicago, IL to evaluate the spatial
variability of airborne PCBs in urban areas. We measured ∑PCB concentrations, the sum of 151
congeners or congener groups quantified using tandem mass spectrometry, spatial distributions, and
congener profiles in two urban areas in the Great Lakes region. Mean ∑PCB concentrations were
significantly different between Cleveland (1.73±1.16 ng m−3) and Chicago (1.13 ± 0.58 ng m−3)
during the August 2008 sampling period. Mean congener profiles were compared with commercial
Aroclor mixtures and found to be similar to Aroclor 1242 in Cleveland and similar to a mixture of
1242 and 1254 in Chicago. We observed large spatial variation in concentrations and weak or no
significant autocorrelation between sites in both cities. ‘Hot spots’ of high ∑PCB concentrations
were identified in both urban areas and the congener profile at these locations were most strongly
correlated to that of PCB Aroclor mixtures. Congener profiles showed important differences
including the enrichment of dioxin-like congeners in Chicago.

Keywords
PCBs; spatial distribution; urban; congener profiles; passive sampling

Introduction
Urban areas are known sources of polychlorinated biphenyls (PCBs) to the regional atmosphere
(1-13). Although a number of studies have examined city specific PCBs concentration, little
is known about inter- and intra-city variability of PCB concentrations and their emission
sources. Only a few studies have examined the spatial distribution of airborne PCBs within
large urban areas. Basu et.al (14) measured airborne PCBs at two locations in Chicago, Du
et.al (15) measured airborne PCBs at 32 sites across Philadelphia, and Hu et.al (16) measured
airborne PCBs at 37 sites across Chicago although they reported only the concentration of one

*Corresponding contact information: 4105 SC, Iowa City, IA 52242; keri-hornbuckle@uiowa.edu; Phone: (319) 384-0789 FAX: (319)
335-5660. .
Brief: Airborne PCBs spatially vary in the urban areas of Cleveland and Chicago and exhibit significantly different inter and intra-city
∑PCB concentrations and congener profiles.
Supporting Information Supporting information contains tables for both Cleveland and Chicago with site name, latitude and longitude,
∑PCB concentration, deployment and collection dates, average temperate, and calculated R-values. Maps of land cover with
concentrations are included for both Chicago and Cleveland. Variograms and statistical analysis used to determine autocorrelation
between sites in both Chicago and Cleveland are also found in supporting information.
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congener (3,3′dichlorobiphenyl). Historically, PCB measurements of urban air have been made
using single-site high-volume (Hi-Vols) samplers (1,3-7,9,17). Long-term monitoring studies
of temporal trends and regional variations in airborne PCBs have also traditionally used Hi-
Vols (18-22) they do not represent spatial trends of PCBs across an urban area.

Recently, researchers have turned to passive sampling to measure the spatial distribution of
PCBs. Baek et al.(23) and Yeo et.al (24) report such measurements in South Korea, Jaward
et.al (25) in Europe, and Pozo et.al.(26) globally with the GAPS study. Passive sampling can
generate important information on the spatial distribution of PCBs across an urban area. First,
‘hot spots’, areas of high concentrations of PCBs can be identified (27-29) and these ‘hot spots’
can form the basis for further studies that pin-point the sources of PCBs and remediation efforts.
Second, a more accurate representation of mean PCB concentration for urban areas may be
estimated from many passive sampling results rather than single-point measurements. Better
understanding of airborne PCBs in cities near the Great Lakes is particularly important because
urban areas have been identified as a major source of PCBs now entering the lakes and
accumulating in the fish. All the Great Lakes have fish consumption advisories, established
primarily because of continued elevated concentrations of PCBs.

This is the first study, to our knowledge, to compare PCB concentrations spatially distributed
across two major urban areas with data collected during the same time period. We hypothesized
that the two urban areas, Cleveland and Chicago, would exhibit different PCB concentrations
and congener profiles. Our specific objectives in this study were to compare the spatial variation
of PCBs in Cleveland and Chicago in terms of ∑PCB concentrations, congener profiles, and
toxicologically-relevant congener concentrations.

Methods and Materials
Selection of Sampling Sites

Different methods were used to select sampling sites in the two cities. Both methods required
a prior knowledge about the pollutant in question to optimize site selection (30-31). Since
spatially detailed intra-city PCB data does not exist in either of the selected cities we relied on
two different criteria for identifying sample sites. In Cleveland, we used a novel hybrid-
regression approach to capture the spatial variability in air pollution while minimizing the
number of sites required (30-31). Specifically, we estimated the spatial distribution of mass
concentrations of airborne particles smaller than 10 μm (PM10) as a proxy for PCB
concentrations. Following Kumar et al. (31), we used land-use and land-cover data, proximity
of the site to potential emission sources for PM10, primarily industrial facilities, and aerosol
optical depth data taken from satellites and corrected for meteorological conditions. Next, we
defined the maximum variance of concentrations within the 21 sample sites (n) that our budget
allowed. We calculated the maximum variance using equation [1] as the locations where spatial
autocorrelation is near 0 (ρz ~ 0) between a sampling site (Zi) and its neighboring sites (Zj). In
the case of PM10, Z has units of μg m−3. K is defined as Zi Zj (36).

(1)

In Chicago, site selection was based on opportunity rather than optimization (16). The 17 sites
sampled in August were chosen based on existing arrangements with local schools and
businesses, all in residential areas, and although the sites provide an extensive spatial
distribution in the urban area of Chicago, there was no design to capture maximum variability.
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The Chicago sample site distribution was designed to identify mean concentrations and ‘hot
spots’ within residential areas and to characterize congener profiles in Chicago.

PCB Passive Air Sampling
We used passive air samplers coupled with polyurethane foam (PAS-PUF ) to quantitatively
measure airborne PCBs at locations where it is difficult or impractical to install and maintain
Hi-Vol vacuum pump samplers. Passive samplers also have the advantage of accumulating
high masses of PCBs, resulting in fewer non-detects than Hi-Vols. The collection of higher
PCB mass, as well as uptake of particle bound congeners, only at a slower uptake rate (32),
with passive samplers can result in a more accurate comparison of congener profiles between
sites (33). We have applied the passive sampler design of Harner and coworker (12) and have
tested it to determine the sampling flow rates for PCB congeners (34).

PAS-PUF samplers were deployed at both urban locations in the beginning of August 2008,
with total deployment periods for Cleveland samples from 20-22 days (Table S1), and Chicago
from 13-47 days (Table S2). Concentrations for both Cleveland and Chicago were calculated
using sampling rates (m3d−1), called R-values (12,26-27,32,35), derived from the loss of the
depuration compounds spiked onto the PUF disks prior to deployment. R-values derived for
each individual site in Cleveland ranged from 4.1-6.6 m3d−1 (Table S1), and site specific R-
values were applied in order to calculated PCB concentrations. R-values for Chicago were
derived from three sites and ranged from 4.8-6.7 m3d−1 (Table S2), with a mean R-value of
5.8 m3d−1 applied to all samples collected from Chicago. Applied R-values are similar to
previously reported mean values for PCBs in outdoor air using this passive sampling design
(34).

Sampling Media Preparation
PUF disks were cleaned (Soxhlet extraction 24 h in hexane followed by 24 h in acetone), dried
in a desiccator, and a subset of the samples was spiked with depuration compounds: 50 ng per
congener of PCBs 13C-labeled 28, 13C-labeled 111, 13C-labeled 178 (Cambridge Isotope
Laboratories). The method used to spike depuration compounds onto PUF is described
previously (34), where depuration compounds are added to hexane and poured onto PUF disks
and dried under nitrogen blow-down. PAS-PUF sampling chambers were solvent-rinsed with
hexane and acetone just prior to deployment. Exposed PUF disks were placed in sealed zip
lock bags and immediately transferred to a freezer.

Sample Extraction and Analysis
All sample media were extracted with pressurized fluid extraction (Dionex ASE-200), using
pesticide grade hexane as described previously (34). Extracts were concentrated to 0.5 mL
(Caliper TurboVap II). Surrogate standards (50 ng each of PCB 14, 65, 166 from Accustandard)
were added just prior to extraction. Internal standards (50 ng of PCB 204 from Accustandard)
were added just prior to analysis. All samples were analyzed using a modified EPA Method
1668A on Tandem Mass Spectrometry GC/MS/MS (Quattro Micro™ GC, Micromass MS
Technologies) using a Supelco SPB-Octyl (30m × 0.25mm × .25μm) with GC inlet parameters
previously reported (34). Using this method we were able to identify 156 unique congeners,
with an additional 53 congeners coeluting. Identification of three 13C-labeled congeners (28,
111, and 178 from Accustandard) used as depuration compounds was also achieved using this
method. After removal of compounds used as standards, this study quantified 151 PCB peaks.

Quality Assurance and Quality Control
Masses were corrected using surrogate recoveries of PCB 14 and 166. PCB 65 was not used
for correction as it occasionally coeluted with PCB congeners 44 and 47, which were
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subsequently eliminated from our analysis. Surrogate recoveries for Cleveland ranged from
60-80% and for Chicago from 70-99%. Instrument detection limits (IDL) were 0.01ng for
mono-trichlorinated congeners, 0.02 ng for tetra-heptachlorinated congeners, and 0.03 ng for
octa-decachlorinated. Limit of quantification (LOQ) was calculated as three times the standard
deviation of peaks from the method blank plus the background level from instrumental blanks,
and was calculated as 0.07 ng per congener. Field, trip, and method blanks were all less than
LOQ. The mean field duplicate for Cleveland was 13% relative difference for three sites,
Chicago field duplicates were a mean of 9% relative difference for three sites. Instrument
duplicates show a 7% relative difference for all samples run.

Results and Discussion
Differences in ∑PCB Concentrations for Cleveland and Chicago Air

Measured ∑PCB concentrations are summarized in Table 1. The mean concentrations were
higher in Cleveland (1.73±1.16 ng m−3) than in Chicago (1.13±0.58 ng m−3) at the 95%
confidence level. A Wilcoxon signed rank test was applied to determine significant difference;
a t-test could not be applied since ∑PCB concentrations from Chicago do not follow a log
normal distribution (Figure 1). Results of the Wilcoxon test conclude that the samples from
Cleveland and Chicago are significantly different (p = 0.005781 for α = 0.01).

Cleveland exhibited a wider range of concentrations than Chicago, from 0.52-3.92 ng m−3 and
0.60-2.25 ng m−3 for 5th and 95th percentiles, respectively (Table 1). As shown in Figure 1,
the concentration distribution for Chicago is skewed to the left of the distribution plot, toward
lower concentrations. To test if the difference between Cleveland and Chicago was due to
different applications of R-values to calculate concentrations, average for Chicago and site
specific for Cleveland, we used a the average R-value for Cleveland applied to all samples.
Results still showed greater variation in Cleveland and significantly different concentrations
(p<0.01). Since the samples were collected during the same time, R-value application did not
affect the difference in variation, and have similar mean temperatures during the deployment
(Table S1 and Table S2), the higher variation in concentrations may be due to the sampling
sites and land use around the sampler.

The difference in ∑PCB concentrations is probably due to the different distribution of samplers
within each city: the Cleveland samplers covered more area and a larger variety of land uses
(Figure S1). The area sampled in Cleveland is four times the area of sampler placement in
Chicago. Furthermore, the land uses in the area sampled in Cleveland include industrial sites,
residential sites, and rural sites. In Chicago, most of the sampling sites were urban residential
(Figure S1).

The spatial distribution of ∑PCB concentrations were plotted for both Cleveland and Chicago
(Figure 2). The maps show multiple locations of high ∑PCB concentration (‘hot spots’) in both
Chicago and Cleveland, similar to results from other studies using passive sampling in urban
areas (12,15,27). Interestingly, spatial autocorrelation between sites was not significant in
either city as determined using Moran’s I in the R program (R Development Core Team 2006)
(Figure S2 and Table S3). For example, consider three sites in western Chicago (Figure 2).
Although the sites lie within 1.68 km of each other, PCB concentrations at once site were
recorded as 1.4 ng m−3 while its two closest neighbors record 0.4 ng m−3 and 0.6 ng m−3,
respectively. Similarly, in Cleveland, site proximity does not predict their similarity. The lack
of PCB concentration autocorrelation in the two cities suggests that results from each sampler
is representative of only the immediate area near where it is deployed. This suggests that
sources of airborne PCBs are distributed across the city and atmospheric dispersion is less
important than local emissions.
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Inter-city Variation in Congener Profiles
Mean PCB congener profiles measured in Cleveland and Chicago have significantly different
individual congeners between the two profiles (Figure 3). These results may be attributed to
different potential sources of PCBs, as the mean profiles from each city are well correlated to
different Aroclor mixtures. A Wilcoxon signed rank test (p < 0.01) was applied to determine
significantly different individual congeners between the two urban areas and fifteen congener/
congener pairs were shown to be significantly different (PCBs 1,2, 19, 20/28, 33, 45/51, 50/53,
52, 110/115, 112,121, 134/143, 184, 201).

Mean congener profiles of both Cleveland and Chicago correlate well to different Aroclor
mixtures. A linear regression was applied to a plot comparing the mean congener profile for
Cleveland sites against the normalized mass fraction of each congener in Aroclor 1242 (36).
The relationship is considered strong with an R2 = 0.789. We compared the Chicago congener
profile to a synthetic mixture of congeners (Aroclor 1242:1254 at 65:35 ratio) used in animal
studies to mimic the distribution of PCBs in Chicago (37). The 65:35 mixture of Aroclors
1242:1254 plotted against Chicago, also shows a good linear relationship with R2 = 0.672.
Other Aroclor mixtures were compared to both Cleveland and Chicago, but resulted in R2

values <0.320.

Intra-city Variation in Congener Profiles
Within both Cleveland and Chicago sites with the highest concentrations, ‘hot spots’ show a
congener pattern that is more similar to commercial Aroclor mixtures than the congener
patterns observed at locations with low airborne PCB concentrations. Congener profiles for
two sites from each urban area are shown in Figure 4, representing sites with lowest and highest
∑PCB concentration. Sites with high ∑PCB concentrations, such as site 15 in Cleveland and
site 18 in Chicago (Tables S1 and S2), have congener profiles that have strong linear
relationships to Aroclor mixes. Results for Cleveland site 15 against Aroclor 1242 was an R2

of 0.802. Linear regression for Chicago site 18 congener profiles against 65:35 Aroclor
1242:1254 resulted in an R2 value of 0.720. Sites from both Chicago and Cleveland that have
low ∑PCB concentrations, sites 45 and site 20 respectively, show enrichment in lower
chlorinated PCBs, similar to remote areas (12,15,38). Sites with low ∑PCB concentrations also
have a very weak correlation to Aroclors (R2=0.321 Cleveland/1242 and R2 = 0.213 Chicago/
1242:1254).

A plot of site specific ∑PCB concentrations against R2 values from linear regressions between
the site and 65:35 Aroclor 1242:1254 in Chicago and Aroclor 1242 for Cleveland show a good
relationship between ∑PCB concentration and similarity to Aroclors (Figure 5). Results show
that site specific congener profiles within urban areas vary spatially and correlations indicate
that sites with high ∑PCB concentrations are good indicators of potential sources of PCBs
from Aroclors.

Toxicological Equivalence
Toxicological equivalency factors (TEQ) for PCBs in the air of Cleveland and Chicago were
calculated using toxicological equivalence factors (TEF) from the World Health Organization
for twelve dioxin-like PCB congeners (39). The presence of toxicologically relevant congeners
in air suggests a potential for human exposure to these compounds. Airborne PCBs are
deposited into the Great Lakes and accumulate in sport fish which may be consumed by
humans. Airborne PCBs in these cities may also indicate the presence of contaminated soils
or building materials that may pose direct hazards to humans. The TEQ concentration for
airborne PCBs in Chicago was is 9.22 × 10−7 ng m−3, while Cleveland TEQ is lower at 4.81
× 10−7 ng m−3; although both are significantly lower than pure Aroclor TEQs which range
from 0.14- 46.4 ug g−1 (40). Contributions of individual congeners (Figure S3) show that
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Chicago TEQ is dominated by PCB 118 at 78% of the total TEQ, followed by PCB 105 at
17%. Cleveland TEQ is dominated primarily by PCB 118 and PCB 123. The differences in
TEQs for the two urban areas stress the importance of reporting congener profiles and
individual PCB concentrations, because although Cleveland mean ∑PCB concentration is
higher than Chicago, the TEQ is lower.

Results from this study show that optimization of sampling, and spatial resolutions over an
urban area is important to capture representative ∑PCB concentrations of that urban area.
∑PCB concentration and site specific congener profiles also vary spatially within urban areas.
Both Cleveland and Chicago have no significant autocorrelation between sites, suggesting local
emissions are important. Sites with high ∑PCB concentrations (‘hot spots’) have a good
correlation to known Aroclor mixes, and sites with low ∑PCB concentrations have enrichment
in lower chlorinated PCBs and poor correlation to Aroclors within urban areas. Results from
this study also suggest that individual congener concentrations, as well as ∑PCB concentrations
are important to understanding the potential for deposition of toxicologically relevant PCBs
into the Great Lakes from urban areas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Log transformed concentration distribution for ∑PCBs for Cleveland air(a) and Chicago air
(b). Concentration distribution for Cleveland has a Gaussian 3-parameter fit applied.
Differences in distribution are probably due to differences in sample site land use; Chicago
samples represent primarily residential areas where Cleveland represents industrial, residential
and rural land uses.
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Figure 2.
Multiple ‘hot spots’ are observed in spatial distributions for ∑PCB airborne concentrations
measured in Chicago and Cleveland. The size of the symbol and the number next to the
sampling site indicate the concentration of ∑PCB (ng m−3) measured. The lack of significant
autocorrelation for the sites in each urban area suggests that atmospheric concentrations are a
reflection of highly localized emission sources.
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Figure 3.
Congener profiles of average normalized mass with relative standard deviation error bars
plotted for Chicago air(a), Cleveland air(b), and the mean difference, Chicago-Cleveland(c)
with congeners enriched in Chicago above the bar and those in Cleveland below the bar, where
* indicates a congener that is significantly different. Chicago’s mean profile was correlated to
Aroclor mixture of 1242:1254 (65:35) and Cleveland to Aroclor 1242.
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Figure 4.
Site specific congener profiles for Cleveland sites 15(a) and 20(b) and Chicago sites 18(c) and
45(d). Site 15 for Cleveland and site 18 for Chicago represent high ∑ PCB concentrations and
are well correlated to Aroclor mixture profiles. Site 20 for Cleveland and site 45 for Chicago
represent low ∑ PCB concentrations and are poorly correlated to Aroclors, exemplifying the
differences in congener profiles in intra-city environments.
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Figure 5.
Plot of site specific R2 values calculated from linear regression between site specific congener
distributions and Aroclor mixes (Aroclor 1242 for Cleveland samples and 65:35 Aroclor
1242:1254 for Chicago) and site specific ∑ PCB concentrations for Cleveland (a) and Chicago
(b), demonstrating the high amount of variability in intra-city congener profiles.
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Table 1

Statical analysis reporting mean, standard deviation, median, percentiles, and range for ∑PCB concentrations
(ng m−3) for Cleveland air and Chicago air. The two cities ∑PCB concentrations were significantly different (p<
0.01) using a Wilcoxon signed rank test.

Cleveland Chicago

Mean ( ng m−3) 1.73 1.37 (geometric) 1.13

Standard Deviation (ng m−3) 1.16 2.06 (geometric) 0.58

Median ( ng m−3) 1.54 1.07

95th percentile (ng m−3) 3.92 2.25

5th percentile (ng m−3) 0.52 0.60

Range ( ng m−3) 0.34-4.24 0.57-2.69
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