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Abstract

Airborne polychlorinated biphenyl (PCB) concentrations are higher indoors than outdoors due 

to their historical use in building materials and their presence in modern paints and surface 

treatments. For some populations, including school children, PCB levels indoors result in 

inhalation exposures that may be greater than or equivalent to exposure through diet. In a 

school, PCB exposure may come from multiple sources. We hypothesized that there are both 

Aroclor and non-Aroclor sources within a single school, and that PCB concentration and congener 

profiles differ among rooms within a single building. To evaluate this hypothesis and to identify 

potential localized sources, we measured airborne PCBs in nine rooms in a school. We found 

that schoolroom concentrations exceed outdoor air concentrations. Schoolroom concentrations and 

congener profiles also varied from one room to another. The concentrations were highest in the 

math room (35.75 ng m−3 ± 8.08) and lowest in the practice gym (1.54 ng m−3 ± 0.35). Rooms 

in the oldest wing of the building, originally constructed between 1920 and 1970, had the highest 

concentrations. The congener distribution patterns indicate historic use of Aroclor 1254 as well 

as modern sources of non-Aroclor congeners associated with paint pigments and surface coatings. 

Our findings suggest this non-invasive source identification method presents an opportunity for 

targeted source testing for more cost-effective prioritization of materials remediation in schools.
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Introduction

Polychlorinated biphenyls (PCBs) have been a persistent organic pollutant of our 

atmosphere, sediment, water, and infrastructure for decades. Mass production of Aroclors 

began in the 1930s and persisted in the United States until the late 1970s.1, 2 Aroclors were 

used in many applications such as pesticides, transformers, capacitors, caulk, adhesives, 

printing inks, and paints.1 Their stability and widespread use resulted in significant 

environmental contamination and risk to human health. For these reasons, PCB production 

was banned in the Toxic Substance Control Act enacted in 1977.3 However, within the last 

decade non-Aroclor, or modern, sources of PCBs have been identified as byproducts of 

chemical manufacturing of colored pigments, cabinet sealants, and other industrial activities 

and are found in the environment around the world.4–8

The period when Aroclors were produced (1930 – 1977) overlaps with that of rapid 

public-school construction (1950–1980). Of all the public and private schools in the US, 

55,000 (46%) were constructed during this period. An estimated 12,960 to 25,920 US 

schools contain Aroclor PCBs in caulk alone.9, 10 The US EPA does not require schools 

to test for airborne PCBs. Even if schools choose to test, the EPA has no enforceable 

threshold concentration of airborne PCBs for which schools must remediate. The EPA does 

recommend schools should further evaluate PCBs if their levels in air exceed 100–500 

ng m−3, depending on the age of the students.11 However, states may require schools 

to evaluate airborne PCBs at lower levels using different criteria than the EPA’s, and 

parent organizations and teachers’ unions may pressure school districts or municipalities to 

remediate PCBs in their schools.12, 13 Additionally, there is evidence that this EPA advisory 

should not be considered the standard remediation threshold. Weitekamp et al found the 

rate of exposure to background PCBs through indoor air (i.e. in building built after 1979) 

for children 2 – 12 years old is two to four times that of adults due to the time children 

spend in school buildings; this is likely an underestimate for many children given the higher 

levels of contamination in some schools.14–16 Ultimately exposure depends on the amount 

of time spent inside and an individual’s age and body weight, in addition to indoor air 

concentration.14

Besides Aroclors, modern PCB sources may exist in overlooked classroom materials such 

as books, construction paper, and printers due to the pigments that are used in their 

production.4, 17, 18 These Aroclor and non-Aroclor sources contribute to airborne PCBs 

in schools.15, 19 More than one-sixth of the U.S. population (55.4 million) inhabits K-12 

buildings during a typical school day and the quality of school facilities have an impact 

on human health.20, 21 PCBs are human carcinogens and exposure is also associated with 

a variety of neurodevelopmental disorders.22 Such disorders include hyperactivity, attention 

disorders, and abnormal scores for conduct as well as deficits in executive function, such 
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as working memory and cognitive flexibility.23–27 Mice exposed via inhalation to a mixture 

similar to school air showed modest effects on spatial learning and memory. Furthermore, 

PCB exposure to the mice stressed the liver and lungs, hematopoietic stem cells, bone 

marrow cells, and gut microbiota.28 Although diet is commonly assumed to be the largest 

route of PCB exposure, in the community where this study takes place, inhalation provides 

a comparable magnitude of exposure due to the levels of PCBs in older schools and the low 

level of PCBs in their diet.15, 29 For this reason and because young populations are more at 

risk of adverse health effects, schools have been examined as routes of PCB exposure.20, 21

We hypothesized that PCB concentration and congener profiles differ among rooms within 

a single building and include both Aroclor and non-Aroclor sources. To our knowledge 

such variability has not been published before in peer-reviewed literature but has important 

implications for the students and adults working in different schoolrooms.12 Identifying 

variability would suggest different sources in different rooms and would also present 

opportunities for targeted and cost-effective remediation. To test our hypothesis, we 

measured airborne PCBs in multiple rooms of the same school building. Here we evaluate 

concentrations and congener profiles to link them to known source congener profiles. 

Possible sources include emissions from legacy use of Aroclors in building materials and 

from modern materials such as paints and sealants.

Materials and Methods

Site Description:

We collected samples at Columbus Secondary School (CSS), which is in the town of 

Columbus Junction, Iowa and serves the surrounding rural community. The major employer 

in the community is a large meat-packing plant that has attracted recent immigrants of 

Hispanic descent, 36% of the population as of 2018.30 We sampled for airborne PCBs in 

nine schoolrooms and one location outside (OS) directly above the building’s main entrance. 

The nine schoolrooms include the practice gym (PG), library (L), science room (SR), family 

consumer science room (FCS), high school gym (HG), math room (MR), art room (AR), 

art storage room (AS), and social studies room (SS) (Table 1). This community and school 

system has engaged with our team since 2006 as part of the Iowa Superfund Research 

Program.15, 19, 31–35 This school has hosted passive air samplers at two indoor locations 

since 2008. Our laboratory previously measured PCBs in these samples and illuminated the 

importance of inhalation as a major route of exposure for children in this community.15, 19 

The concentration of PCBs measured in this school was higher than those measured in 

community homes and in ambient air. PCB congener profiles from air samples collected in 

two CSS hallways have been published previously and are evaluated more extensively here 

for Aroclor and non-Aroclor sources.15, 36

Sampler Deployment:

We used Harner-style double dome polyurethane foam passive air samplers (PUF-PAS).37–39 

Before deployment, we cleaned PUF in sets of 3 disks per cell with 1:1 hexane acetone 

solution. After drying under N2, we wrapped each PUF individually in aluminum foil and 

stored at −4 ⁰C. We placed PUF-PAS in each location in triplicate. The results from three 
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samples were not reported because of low surrogate recoveries. We deployed each sampler 

for 6 weeks (July 1 to August 12, 2019), except for the practice gym samplers which were 

collected after 3 weeks (July 1 to July 23, 2019) because waxing and renovations were 

scheduled.

PUF Extraction, Instrument Analysis, and Quality Control:

We used accelerated solvent extraction, turbulent evaporation under nitrogen, and acidified 

silica gel columns to extract and clean the samples and is detailed in the Supporting 

Information (SI). Gas chromatography tandem mass spectrometry (Agilent 7000 Triple 

Quad with Agilent 7890A GC and Agilent 7693 autosampler) in multiple reaction 

monitoring mode (MRM) was used for identification and quantification of 209 PCBs as 

174 chromatographic peaks. Information about the GC and MS instrument parameters are 

in the SI. We quantified PCBs using a calibration standard (AccuStandard, New Haven, 

CT) containing all 209 PCBs (25 ng mL−1 of mono- through trichlorinated congeners, 

50 ng mL−1 tetra- through heptachlorinated congeners, and 75 ng mL−1 octa- through 

decachlorinated congeners) and the surrogate (d-PCB 65) and internal (d-PCB 30) standard. 

We used hexane blanks before and after the calibration run and after sample runs to ensure 

no carryover. We identified PCBs by comparing samples with the same MRM transition 

according to retention time (+/− 0.07 min) except where peak shape or surrogate standard 

shift dictated otherwise.

We assessed the quality of the data by considering measures of 1) accuracy; 2) 

representativeness of the intended environment; 3) precision; 4) reproducibility; and 5) 

comparability to other reports. Accuracy of our methods was previously assessed using 

standard reference material analysis of certified PCB concentrations in house dust sprinkled 

on PUF (NIST SRM 2585, Gaithersburg, MD, USA).15 Reproducibility and precision was 

assessed by placing triplicates of samplers at each location, side-by-side. Representativeness 

and precision of our sampling techniques and mass results were assessed with surrogate 

standards and method blanks. We calculated the limit of quantification (LOQ) as the average 

congener mass in field blanks (n=3) plus three times the standard deviation. Method blank 

PUF (n=3) were used to monitor the laboratory background levels. Congener masses below 

LOQ are reported as 0. LOQ values (Table S2) range between 0 and 0.24 ng per congener 

except for PCB 126 (2.73 ng). The average sum of the method blanks is 1.58 ng. We 

corrected samples masses for surrogate recoveries that were less than 100%. Average ± 

standard deviation of surrogate recoveries for PCB 14, d-PCB 65 and PCB 166 were 85.66% 

± 20.03%, 81.54% ± 19%, and 94.2% ± 6.76%, respectively. Data generated in this research 

are available at https://doi.org/10.25820/data.006136.40

Sample Volume:

Effective sampling volume is the volume of air passing through the PUF during the time of 

deployment. Congener-specific effective sampling volumes (Veff, m3) were calculated as a 

function of the partitioning coefficient (KPUF, unitless), the volume of the PUF (VPUF, m3), 

the deployment time (t, d), and the sampling rate (Rs, m3 d−1).5
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V eff = V PUFKPUF 1 − e− RsV PUFKPUF t
(eq. 1)

RS = fon W Son + foff W Soff
1

MW3 10 0.0012T + c
(eq. 2)

The indoor Rs is a function of the molecular weight of the compound (MW, g mol−1), the 

air temperature (T, °C), the fraction of the day when ventilation is on or off (fon/foff), the 

windspeed when the ventilation is on or off (WSon/WSoff), and the empirical constant of 

double-dome Harner style samplers (c). According to weather reports from July of 2019, 

we chose a temperature range of 23–27⁰ C.5, 39 We assumed a fon = 0.36 and a c = 

1.326.5 Mean wind speed, WSon (0.11 m s−1) and WSoff (0.07 m s−1), and variance were 

estimated from previously reported anemometer measurements from the CSS library, and 

measurements conducted in the practice gym.5, 41 The deployment time was t = 21 days 

for the PG and 42 days for all other rooms. KPUF was averaged for coeluting congeners 

and temperature corrected according to Shoeib 2002, and Herkert 2016 (See Supplemental 

Information).5, 41 Airborne PCBs are almost completely in the gas phase. However, the 

PUF-PAS method captures both gas phase and fine particles. The Veff applies to both 

phases.39, 42

Air samples were collected from a hallway of the high school wing (n=13) and a hallway 

of middle school wing (n=13) from 2012–2015 and analyzed for PCB congeners using 

the same methods described here, except for the determination of the effective sampling 

volumes.15, 36 To create a complete and consistent data set, we recalculated the congener­

specific effective sampling volumes for each of the 26 earlier measurements using the 

method here. The recalculation resulted in small decreases in PCB concentrations for that 

set of samples, especially for the lower molecular weight congeners. The recalculation 

also provided us uncertainties in the concentration that are crucial for the positive matrix 

factorization analysis described later.

Statistical Methods:

To assess the uncertainty from parameters used in calculating our concentrations, we 

implemented a Monte Carlo simulation (Table 2). Windspeed standard deviations were 

determined from measurements of room air flow when ventilation was turned on or off and 

was similar to what was found in a CFD model for indoor air.5 Furthermore, subsequent 

windspeed measurements in the practice gym confirmed the appropriateness of the Monte 

Carlo simulation range. The means of both the physical measurements and the simulations 

were 0.11 m s−1 (Figure S1). The windspeed variability is the major contributor to overall 

uncertainty in the calculated concentrations. The fraction the ventilation was on is the 

time the school was occupied with a standard deviation of 1 hour. We used a standard 

deviation of 2°C for the unoccupied summertime school rooms during our deployment 

period. The standard deviation of the PCB mass was the relative standard deviation (RSD) 

calculated using the triplicate measurements from the 2019 data. All variables used were 

found to approximate normal distributions. In the Monte Carlo simulation, a value for each 
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variable was randomly selected from its distribution, and the corresponding concentration 

was calculated using equations 1 and 2 above and S1–S3 in the SI. This was repeated 10,000 

times to get a distribution of 10,000 values of PCB concentration for each congener in each 

sample. These distributions were averaged to give a mean concentration, standard deviation, 

and RSD for each congener in each sample. The total concentration in each room is found 

by adding the concentrations of each congener in the sample. This is done within the Monte 

Carlo simulation to give a distribution of total concentrations from which we can find the 

most probable value and its standard deviation.

We evaluated the differences in the congener profiles using positive matrix factorization 

(PMF), cosine theta (cos θ), and principal component analysis (PCA).43, 44 PMF is an 

analysis tool that decomposes a matrix of data (consisting of samples and PCB congeners) 

into factor profiles and contributions.45 The factor profiles can be combined with each other 

at different contributions to recreate every sample profile in the dataset. PMF has previously 

been used to identify PCB profiles in sediment, biota, and outdoor air by comparing the 

factor profiles to known source profiles.45–47 Congener and factor profiles are compared 

using cos θ. Cos θ varies from 0 (no correlation) to 1 (complete correlation). PCA creates a 

smaller number of components that capture most of the variation in the data.48, 49 The data 

can be described by these components and plotted. Data points that are closer to each other 

in the plots have more similarities than data points further away.

For all three methods, we normalized the congener concentrations to the sum of the PCB 

congeners in each sample to evaluate the composition of the profiles.46 The master data 

set contained 66 samples and 205 congeners measured in 171 peaks and did not include 

standards. To allow for a more stable solution to the PMF and an improvement of resolved 

factors, we removed congeners that had an RSD of greater than 0.50 from the Monte 

Carlo simulation. An RSD of greater than or equal to 0.50 implies that the concentration 

could potentially be zero when considering a 95% confidence interval about the mean. 

Additionally, the matrix was reduced by removing congeners below LOQ in at least 50% 

of the samples, reducing the number to 133 individual or coeluting congeners.50–52 PMF 

requires no zeros in the analyzed dataset so they are replaced with a small number. 

Remaining zero values in the data matrix were replaced with 10−6 ng m−3, a number smaller 

than any value in the data matrix.44

The uncertainty for each congener in each sample was calculated as the RSD for the 

congener multiplied by the concentration (Concs,c). Outdoor samples also had an additional 

uncertainty due to variations in outdoor windspeed. The final PMF uncertainty (PMF Uncs,c) 

for each sample, s, and congener, c, was calculated using the following equation:

PMF  Uncs, c = Concs, c × RSDc
2 + LOQs, c

2 (eq. 3)

The final data and uncertainty matrices were entered into the EPA’s PMF 5.0 Software with 

relaxed criteria.43 An additional 5% modelling uncertainty was added within the software. 

Cos θ and PCA were conducted using MATLAB R2019a.
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Results and Discussion

Room-to-Room Variation of PCBs:

The concentrations of ∑PCB (sum of 171 chromatographic peaks representing the 205 

single congeners and coeluting congeners and omitting those used as surrogate and 

internal standards) in indoor air averaged from 1.54 to 35.75 ng m−3 (Figure 1). These 

concentrations are much higher than those found in outdoor air, even in urban industrial 

areas such as New Bedford Harbor, a Superfund site heavily contaminated with PCBs and 

one of the largest PCB emission sites in North America.53 However, the levels we measured 

in this school are below the U.S. EPA guidance levels and lower than those reported for 

indoor air in some homes and schools in different communities.54, 55 The highest individual 

concentration of airborne PCBs was found in the math room (39.2 ng m−3) and the lowest 

indoor concentration was found in the practice gym (1.24 ng m−3). The math room was 

built before 1920, whereas the practice gym was completed in 2012. We hypothesize the 

concentration is highest in rooms built before 1920 because renovations were later made 

with PCB-containing building materials.

Room-to-Room Variation of PCB Congeners:

We observed similarities and differences in the congener distributions present in the school 

rooms (Figure 2 and Figure S2). Some rooms showed similar profiles (cos θ > 0.9) while 

some were not similar to any other room. The math room, social studies room, art room, art 

storage room, family consumer science room, and the high school gym formed one group 

with similar profiles and the library and science room formed another. The practice gym and 

the outside samples did not closely resemble other profiles.

The signals we observe are quite complex and have many peaks in common. No single 

congener makes up more than 13% of total sample mass except PCB 11 in the practice 

gym. The practice gym samples are dominated by lower chlorinated congeners PCBs 11, 

18+30, 44+47+65, and 52. The practice gym was constructed in 2012 while all other rooms 

were constructed before 1970. PCB 11 is a non-Aroclor congener found in pigments and 

materials containing pigments, PCB 18 is an Aroclor congener and PCB 47 is a non-Aroclor 

measured in cabinet sealant.17, 56–58 PCB 52 is among the top four highest congeners in all 

the rooms and is known to exist in both Aroclor and non-Aroclor sources. The math room, 

art room, and art storage room are all dominated by PCBs 61+70+74+76, 90+101+113, 

and 95. PCBs 70, 74, 95, and 101 were reported in Aroclor 1242, 1248 and 1254. In the 

library, PCBs 20+28 and 31 are dominant. PCB 28 and 31 are Aroclor congeners. The room­

to-room differences in concentrations and congener profiles suggests that different sources 

are contributing to the airborne PCB emissions from room-to-room. We hypothesized that 

these differences are significant and due to the variety of historic and modern materials and 

items present in each room.

To probe the congener profiles and link them to known congener signals of Aroclor mixtures 

and modern consumer products and building materials, we evaluated the data set (indoor 

school air collected at MSH and HSH in 2012–2015 and in 2019) using PMF and cos 

θ. Three PMF factors reached a stable solution for this dataset (Figure 3) and resulted 
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in satisfactory coefficients of determination (R2) between the modeled and measured 

concentrations. Only the practice gym was completely described by a single factor. Every 

other room was described by two or three factors, suggesting that there are a few source 

types contributing to the PCBs in the different rooms. These three factors were able to 

reflect the variance found within the rooms.

Cos θ analysis and PCA were used to compare the factors to individual Aroclors and 

mixtures of Aroclors. We used Aroclor data reported by Frame et al and measured in 

our laboratory.33, 41 However, PCB profiles of Aroclor emissions differ from the pure 

mixture due to congener difference in volatility. We hypothesized that PCB emissions were 

a function of the vapor pressure of each congener, even though we do not expect the PCBs 

in our school air to be at equilibrium with the sources in each room. To predict what 

a vaporized Aroclor profile would look like, we multiplied each congener concentration 

with its subcooled liquid vapor pressure and divided by the sum of the congeners in each 

sample.46, 59 We tested our hypothesis by comparing the congener emissions profiles from 

a previously reported laboratory study to the vapor pressure normalized profiles of PCBs in 

paint colorant.4 The cos θ values ranged from 0.99 for maroon paint to 0.93 for green paint 

and exceeded the cos θ values between emissions and concentrations without vapor pressure 

normalization (Table S3). We concluded that normalization of the congener concentrations 

by the subcooled liquid vapor pressure was the most appropriate dataset to evaluate the 

importance of distinct PCB emission sources in each room.

Two factors were identified as having a signature resembling mixtures of Aroclor 1254. 

An iterative method was used to calculate combinations of two Aroclors that are most 

similar to each factor and yielded the highest cos θ. Combinations of vaporized Aroclors 

1248 and 1254 fit Factor 1 and Factor 2 well. Aroclor 1254 is more likely to be found 

in school rooms because it was produced in a much larger amount than Aroclor 1248 and 

was used in construction applications.1, 60 Factor 1 and Factor 2 most likely represent the 

mixtures of Aroclors 1254 KC (Lot KC12–638 measured in our lab) and 1254 G4 (reported 

by Frame et at.) [39% and 61%, respectively, for Factor 1 (cos θ = 0.94) and 52% and 

48%, respectively, for Factor 2 (cos θ = 0.93)]. Mixtures of Aroclor 1254 are therefore 

able to explain most of the data. Factor 3 could not be reproduced with any combination of 

Aroclors (cos θ < 0.65). Factor 3 is dominated by the non-Aroclor congener PCB 11. It also 

contains higher contributions from higher chlorinated congeners that are not dominant in the 

other two factors, many of which are present in paint pigments. We identified Factor 3 as a 

non-Aroclor signature. All sample, factor, and normalized Aroclor profiles were used in the 

PCA (Figure S3). In the PCA, samples were not found to be grouped by construction date 

but instead grouped by similarity to factors and Aroclors. Rooms were found to be grouped 

in the PCA similarly to the groupings by cos θ in Figure 2. All Aroclors besides 1016, 1242, 

1248, 1254 and 1260 were separated from the samples and factors. Aroclor 1254 was always 

found to be grouped with most of the samples.

The differences between the factors and Aroclors are primarily due to sources other than 

Aroclor 1254.61 When the 1254 KC and 1254 G4 signal was subtracted from Factor 1, the 

residual is a signal that resembled Aroclor 1016 (cos θ = 0.82), consistent with historical use 

of Aroclor 1016 in fluorescent light fixtures. Factor 2 is also very similar to Aroclor 1254, 
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although when the 1254 KC/1254 G4 signal was removed, the residual resembles Aroclor 

1260 (cos θ = 0.85).

When Aroclor 1254 G4 was subtracted from Factor 3, left behind was the largest amount 

of residual congeners in terms of percentage of total and number of distinct congeners. 

Many of the residual congeners are found in Aroclors but removing the Aroclor signal shows 

these congeners may come from non-Aroclor sources. Almost all (92%) of the remaining, 

residual congeners have been reported in modern paints and/or sealants.4, 56, 62–64 The 

highest congener is the non-Aroclor PCB 11 found primarily in green and yellow colorants 

and pigments (Figure 4). All the higher chlorinated congeners found in Factor 3 are also 

found in green colorant, a colorant marked by its high concentrations of higher chlorinated 

congeners. The family consumer science room is the room with a high contribution of 

Factor 3. The family consumer science room is painted green. Other congeners are found in 

Aroclors but the Aroclor signal does not match Factor 3’s profile. Some congeners, PCBs 

19, 32, 46, and 51, are not found in colorants, pigments, or sealants. These congeners are 

in some Aroclors but at small percentages (<2.5% in any Aroclor) and their sources to the 

classroom air are unknown.

None of the rooms exhibited the exact same factor or source contributions. However, all 

the rooms have some contribution from each of the sources. We inspected the contribution 

of Aroclors and the modern sources to each room by summing the amount of each factor 

that is described by either the Aroclors or the enriched PCBs and the amount that the factor 

describes a room (Figure 5). Aroclor 1254 is on average the largest source of PCBs. These 

findings correspond with the results from the previous sampling of CSS; Aroclor 1254 was 

identified in the hallway samples collected between 2012 and 2015. Additionally, while 

many rooms (~70%) group together in a PCA, other rooms like the practice gym, library, 

and science room have distinctively different and diverse congener signals (Figure S4). Our 

analysis indicates that different rooms can have different primary sources of PCBs that 

may be considered when approaching remediation. In this school, modern sources make a 

significant contribution to the total PCBs found in air. These modern sources continue to be 

produced and used in schools, yet they may be the easiest to remediate or remove.

High PCB concentration in school air is very expensive to remediate and has led to school 

demolitions and closures across the United States.13 In New York City, over $800,000,000 

was spent to remove PCB-contaminated light ballasts.65 Understanding how PCBs in indoor 

school air vary from room-to-room can help improve methods of identifying sources and 

inform decisions to remediate, close, or demolish a school. Here we developed a rigorous 

approach to evaluate room-specific school air for prioritizing PCB source testing and 

remediation. Our method uses non-invasive sampling, quantification of all 209 congeners, 

and statistical analysis to understand room-to-room variation in PCB concentration and 

congener profiles. We found that school construction year alone does not explain PCB 

concentrations in air due to variation from room to room. Although the school we examined 

had PCB levels below EPA-suggested action levels, our analysis indicates both Aroclor and 

non-Aroclor materials are currently releasing PCBs within the school. Schools with low 

levels of PCBs still have reason to consider remediation due to the toxicity of PCBs and 
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the amount of time children spend in school. Our method represents a first step towards 

prioritizing rooms to remediate, effectively and efficiently reducing PCB sources in schools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

Measurements of airborne polychlorinated biphenyls in schoolrooms indicate localized 

emissions of Aroclor and non-Aroclor congeners
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Figure 1. 
PCB concentration distributions in each location. The dot is the most probable concentration 

value from the distribution and the error bars represent one standard deviation from that 

value. Samplers were placed in the math room (MR), art storage (AS), art room (AR), 

library (L), social studies (SS), family consumer science (FCS), high school gym (HG), 

science room (SR), practice gym (PG), and outside (OS).
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Figure 2. 
Average fraction of total PCB concentration in each location. Error bars are omitted for 

clarity. Rooms outlined in the same color share similar profiles (cos θ > 0.9): the math, 

social studies, art, art storage, and family consumer science rooms, and high school gym in 

yellow; and the library and science room in blue. The practice gym (green) and the outside 

air (pink) exhibited unique profiles.
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Figure 3. 
PCB profiles of the 3 factors that describe CSS indoor school air. Each congener is presented 

as the fraction of the total amount of all congeners in the factor. Factor 1 is most similar to a 

mixture of 61% Aroclor 1254 G4 and 39% Aroclor 1254 KC with a residual that resembles 

Aroclor 1016. Factor 2 is most similar to a mixture of 52% Aroclor 1254 KC and 48% 

Aroclor 1254 G4 with a residual that resembles Aroclor 1260. Factor 3 includes a stronger 

signal from PCB 11 and highly chlorinated congeners.
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Figure 4. 
PCBs found in Factor 3 after subtracting Aroclor 1254 G4 from the profile and their 

potential sources. Congeners associated with maroon, green, yellow, and red paint colorants 

and with adhesives are indicated by the filled bars.4, 64 Congeners found in Aroclors 1016, 

1242, 1254, and 1260 at more than 2.5% composition are labeled. Congeners without known 

sources are indicated by the open bars.
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Figure 5. 
Aroclor 1254 and non-Aroclors are the major contributors to airborne PCB congeners in the 

CSS school building. Numbers in parentheses are the total concentrations measured in each 

room in ng m−3.
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Table 1.

The ten locations sampled in this study and two hallway locations sampled in a previous study, their location 

codes used throughout this paper, and their construction dates.15

Sampling Location Location Code Construction Dates

Math Room MR Before 1920

Art Storage Room AS Before 1920

Art Room AR Before 1920

Library L 1920–1970

High School Gym HG 1920–1970

Social Studies Room SS 1920–1970

Family Consumer Science Room FCS 1920–1970

Science Room SR 1920–1970

Practice Gym PG 2010s

Outside OS N/A

High School Hallway HSH 1920–1970

Middle School Hallway MSH Before 1920
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Table 2:

Parameters used in the Monte Carlo simulation to calculate the concentration of PCBs in air.

Parameter Mean Value Standard Deviation

Windspeed (on) 0.11 (m s−1) 0.066

Fraction (on) 0.36 (unitless) 0.04

Windspeed (off) 0.07 (m s−1) 0.02

Fraction (off) 0.64 (unitless) 0.04

Temperature 25 (°C) 2

c 1.326 (unitless) NA

R 8.314 (J K−1 mol−1) NA

VPUF 2.295 × 10−4 (m3) NA
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