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This paper presents a methodology based on multivariate data analysis for identifying

input sources of perfluoroalkyl substances (PFASs) detected in 37 wastewater treatment

plants (WWTPs) across more than 40 cities in the state of Minnesota (USA). Exploratory

analysis of data points has been carried out by unsupervised pattern recognition (cluster

analysis), correlation analysis, ANOVA and per capita discharges in an attempt to

discriminate sources of PFASs in WWTPs. Robust cluster solutions grouped the database

according to the different PFAS profiles in WWTP influent. Significantly elevated levels of

perfluorohexanoic acid (PFHxA), perfluorooctanoic acid (PFOA) and/or perfluorooctane

sulfonate (PFOS) in influent have been found in 18 out of 37 WWTPs (49%). A substantial

increase in the concentrations of PFHxA and/or PFOA from influent to effluent was

observed in 59% of the WWTPs surveyed, suggestive of high concentration inputs of

precursors. The fate of one precursor (8:2 fluorotelomer alcohol) in WWTP was modeled

based on fugacity analysis to understand the increasing effluent concentration. Further-

more, population-related emissions cannot wholly explain the occurrence and levels of

PFASs in WWTPs. Unusually high influent levels of PFASs were observed in WWTPs located

in specific industrial areas or where known contamination had taken place. Despite the

restriction on the production/use of PFOA and PFOS, this paper demonstrates that

wastewater from industrial activities is still a principal determinant of PFAS pollution in

urban watersheds.

ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction mg/L (Kato et al., 2011; Olsen et al., 2003). The presence of PFAS
The pollution of long-chain perfluoroalkyl substances (PFASs)

is a worldwide problem due to their persistency, toxicity and

tendency to bioaccumulate (Jahnke and Berger, 2009). They

have been detected in many components of the biosphere,

including human blood at concentrations of several to tens of
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in human blood has been linked to attention deficit/hyperac-

tivity disorders in children (Hoffman et al., 2010), hyperuri-

cemia (Steenland et al., 2010) and thyroid disease (Melzer

et al., 2010).

PFASs inwastewater treatmentplants (WWTPs) are of great

concern because wastewater treatment processes show no
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significant removal of PFASs (Loganathan et al., 2007; Schröder

andMeesters, 2005; Schultz et al., 2006a; Yu et al., 2009).WWTP

effluent has been confirmed to be an important route of dis-

charging PFASs into the receiving water bodies (Ahrens et al.,

2011; Boulanger et al., 2005; Clara et al., 2009, 2008; Guo et al.,

2010; Huset et al., 2008; Murakami et al., 2008; Schultz et al.,

2006a,b; Sinclair and Kannan, 2006; Weinberg et al., 2011; Yu

et al., 2009), which can bioaccumulate in aquatic food webs

and ultimately end up being consumed by humans. Clara et al.

(2009) found that more than 50% of the PFAS mass flows in

Danube River can be attributed to wastewater discharges.

Probable sources of PFASs in WWTPs include domestic and

industrialwastewater inputs, due to theuseoffluorochemicals

in household cleaners and industrial/commercial products

(Huset et al., 2008; Jin et al., 2009).

The state of Minnesota may be in a unique position in the

study of PFASs: it is home to the 3M Company (3M), which

produced and disposed ofmany of PFASs in three of its facilities

(Cottage Grove, Oakdale and Woodbury) and one landfill

(Washington County) around the MinneapoliseSt. Paul metro-

politan area, which is the sixteenth largest metropolitan area in

the United State and home to approximately 60% of the state’s

population. Minnesota is also the place where the Mississippi

River, the largest river system in North America, rises. The

effluent of many MinnesotaWWTPs is discharged into the Mis-

sissippi River or its tributaries, including theMinnesota River.

Previous studies have documented that PFASs are widely

present in the Minnesota environment (Delinsky et al., 2010;

Nakayama et al., 2010; Xiao et al., 2011). However, the sour-

ces of PFASs remain largely unknown, especially the relative

importance of domestic and industrial influences after the

2000e2002 phaseout of the production of perfluorooctane

sulfonate (PFOS) and perfluorooctanoate (PFOA) by 3M. Once

the geographical distribution of sources is identified and

confirmed, reducing the inputs of PFASs to the Upper Mis-

sissippi River Basin can be addressed. This study develops

a methodology for a source assessment of PFASs in the

influent and effluent from 37 WWTPs serving more than 40

cities across Minnesota (USA). The methodology is built upon

a comprehensive and exploratory multivariate data analysis

including the hierarchical clustering method and the scatter

matrix. This methodology makes it possible to (a) obtain more

information about the structure of the data; and (b) separate

and track down the sources of PFASs. Despite 3M’s phaseout,

there is a potential substantial reservoir of PFAS-containing

substances/products still in use in metal plating, carpets,

paper and packaging, leather/apparel, textiles and household

cleaning products (Paul et al., 2011). By this methodology, we

demonstrate that ongoing emissions from industrial sources

continue discharging significant mass flows of certain PFASs

into the aquatic environment.
2. Methods

2.1. Study area

The state of Minnesota (44e47�N; 91e97�W) has a total area of

2 � 105 km2 and a population of more than five million. The

WWTPs in a statewide survey (MPCA, 2009) were selected to
represent a wide geographic distribution, receipt of a variety

of wastewater (domestic, commercial, industrial) and

a variety of treatment processes (see Fig. 1 for the geographic

distribution of WWTPs surveyed). A total of 13 PFASs were

analyzed in influent, effluent and sludge from 37 WWTPs

serving more than 40 cities in Minnesota (City of Albert Lea

(ALL), City of Alexandria (ALX), City of Austin (AUS), City of Big

Lake (BIG), City of Brainerd (BRD), City of Cannon Falls (CNF),

City of Crookston (CRK), City of Dodge Center (DDC), City of

Eveleth (EVL), City of Faribault (FAR), Flint Hills Resources

(FHR), City of Grad Rapids (GRR), City of Hibbing (HIB), City of

Hutchinson (HUT), Cities of Le Sueur and Henderson (LES),

City of Mankato (MAN), City of Maple Lake (MPL), City of

Cottage Grove (EAP), Twin Cities (MWP), City of Rosemount

(RMT), City of Eagan (SEN), City of Montevideo (MON), City of

Moorhead (MOR), City of New Ulm (NUM), City of Owatonna

(OWA), City of Paynesville (PAY), City of Pine Island (PNI), City

of Princeton (PRN), City of Rochester (ROC), City of Silver Lake

(SIL), City of St. Cloud (STC), City of St. James (STJ), City of

Wabasha (WAB), City of Winona (WIN), Cities of Duluth,

Cloquet, Hermantown, Proctor, Carlton, Scanlon, Thomson,

and Wrenshall (WLS) and Xcel Energy (XCL)), with per-

fluorohexanoic acid (PFHxA), perfluoroheptanoic acid

(PFHpA), PFOA, perfluorononanoic acid (PFNA) and PFOS being

the most frequently detected medium- to long-chain PFASs.

Minnesota also conducted a similar but smaller-scale state-

wide survey in 2007, and the samples were analyzed by Axys

Analytical Services, British Columbia, Canada (Kelly and

Solem, 2008). PFAS concentrations were analyzed by Axys

Method MLA-060 by liquid chromatographyetandem mass

spectrometry (LCeMS/MS), following solid-phase extraction

and selective elution procedures. Target compounds were

quantified using the internal standardmethod, comparing the

area of the quantification ion to that of the labeled standard

and correcting for response factor. Samplers were collected by

pre-cleaned and proofed polypropylene bottles, and PFAS-free

blue ice was used for shipping. PFAS-containing materials

were avoided during sampling and analysis. QA/QC consid-

erations also include using nitrile gloves, wearing old clothing

(laundered at least six times), avoiding pre-wrapped food and

snacks, and avoiding wearing water resistant clothing and

insect repellant/sunscreen (Erickson, 2008). The reporting

limits can be found in the literature (MPCA, 2009).

2.2. Statistical analysis

Such large-scale surveys and water-quality monitoring

programs are adequate approaches to a better knowledge of

the status of PFAS pollution. However, they produce large sets

of data that are often difficult to interpret. The problemof data

reduction and the interpretation of the occurrence of PFASs

can be approached through the application of exploratory and

multivariate statistical methods.

Cluster analysis, as a multivariate statistical method, has

been largely used in source apportionment of organic pollut-

ants (Dreyer et al., 2009; Kavouras et al., 2001; Vega et al., 1998).

In the present work, cluster analysis serves to aggregate the

PFAS patterns ofWWTP influent samples into clusters in such

a way that the patterns in any one cluster are as similar to

each other as possible within one cluster, and as different

http://dx.doi.org/10.1016/j.watres.2012.03.027
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Fig. 1 e Distribution of wastewater treatment plants in the state of Minnesota (USA) and in the MinneapoliseSt. Paul

metropolitan area.
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from each other as possible in comparison to other clusters.

During cluster analysis, the closest pair of PFAS samples was

linked into a cluster according to a similarity measure. The

similarity measure generally used is the squared Euclidean

distance (Johnson and Wichern, 1998), which is given as

dij ¼
Xm

k¼1

�
Xik � Xjk

�2
; (1)

where dij is the distance between the ith and jth observations,

and Xik is the value of ith observation for the kth variable of m

variables.

For the cluster analysis, the raw data d the measured

concentrations of five PFASs d have to be suitably trans-

formed. Values below limits were assigned a value of one-half

of the limits. The concentration of each of the five PFASs was

normalized by the total concentration of PFASs in every

setting in order to avoid misclassifications arising from the

different order of magnitude of PFAS concentrations. As the

method of classification used makes no priori assumptions

about the underlying statistical distribution of the data (non-

parametric), no evaluation of normal distribution of the data

is necessary. SPSS offers several methods for linking clusters.

The Ward’s method results were considered the most
reasonable based on comparison of the results from different

classification methods with the background information. In

all clustering algorithms discussed in the present study,

Ward’s method was used as an agglomeration technique

while the squared Euclidean distance was used to measure

similarity among monitoring points. The clustering is carried

out by minimizing the sum of squared Euclidean distance, SS,

which is given as

SS ¼
XM

k¼1

XN

j¼1

XPk
i¼1

�
Xijk � Xjk

�2

; (2)

where M is the number of clusters, Xijk is the value of the jth

variable for the ith observation in the kth cluster, N is the

total number of variables (37 WWTPs), Pk is the number of

observations in the kth cluster, and is the kth cluster sample

mean of the jth variable. The value of M was determined

based on the stability of the results of different cluster

analyses and background information (Johnson and Wichern,

1998).

The cluster and correlation analysis, ANOVA test and

scattermatrix were performed using SPSS 17.0 (now known as

PASW, for Windows, SPSS Inc. IL, USA). The box plot was

created by Origin 8 (for Windows, OriginLab, MA, USA).

http://dx.doi.org/10.1016/j.watres.2012.03.027
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2.3. Fugacity analysis

Fugacity ( f, Pa) is a surrogate for chemical concentrations

for chemical fate modeling (Clark et al., 1995), which is

given as

f ¼ C=Z; (3)

where C is concentration (mol/m3) and Z is a fugacity

capacity (mol/m3ePa). A mass balance model based on

fugacity analysis (STP, Trent University) was used to eval-

uate the fate of a precursor of PFOA, 8:2 fluorotelomer

alcohol (8:2 FTOH), in a WWTP. The input parameters for

the model were given in Table S1 in the Supplementary

data.
3. Results and discussion

A comprehensive data analysis was carried out, covering

the entire geographical area of the Upper Mississippi River

Basin (Minnesota) and considering the following individual

molecular markers: PFHxA, PFHpA, PFOA, PFNA, and PFOS.

The dendrogram of sampling points obtained by the cluster

analysis is shown in Fig. 2 (or see Fig. S1 of Supplementary

data showing the raw dendrogram with lower resolution).

Three well-differentiated clusters were observed: (I)

a cluster containing WWTPs with low concentrations of

PFOS and PFOA in the influent; (II) a cluster characterized by

high concentrations of PFOS; and (III) a cluster formed by

two subclusters characterized by high concentrations of

PFOA.
Fig. 2 e Cluster analysis of MPCA (2009) influent PF
3.1. Domestic inputs

Cluster I is the largest, formed by three subclusters (1e3) (see

Table S2 or Fig. S1 in the Supplementary data). WWTPs in

Subclusters 1 and 2 have low inputs of all PFASs. Low specific

per discharges can be an indicator for domestic inputs, while

high specific per capita discharges can be an indicator for

potential industrial inputs (Clara et al., 2009; Huset et al.,

2008). Based on the treatment capacities provided by WWTP

operators, the calculated per capita discharges were: PFHxA,

0.67e5.1; PFHpA, 0.17e1.4; PFOA, 0.30e7.6; PFNA, 0.17e1.4;

PFOS, 0.35e7.8 mg/capita/d. These values are significantly

smaller than those determined for WWTPs strongly influ-

enced by industrial sources (Clara et al., 2009). Clara et al.

(2009) found that the per capita discharges of PFHxA, PFHpA,

PFOA, PFNA and PFOS were 40 (45), 12 (8), 73 (14), 8 (1) and 66

(10) mg/capita/d for two WWTPs receiving industrial waste-

water, respectively. In addition, a significant correlation (two-

sided p ¼ 0.017; R2 ¼ 0.52) between population and PFAS

concentrations in the influent was observed (see Fig. 3). These

results indicate that PFASs in WWTPs of Subclusters 1 and 2

were mainly derived from domestic sources.

The skewness of the PFAS concentrations in the influent of

Subclusters 1 and 2 WWTPs lies mostly between 0 and 1,

indicating that the data can be treated as normally distributed

and the means can be tested by the robust one-way ANOVA

and post-hoc tests. The Tamhane’s T2 post-hoc test was

chosen for unequal variance and the widely adopted signifi-

cance level, 0.05, was adjusted duringmultiple comparisons to

avoid increasing the risk of rejecting a true null hypothesis

(Pagano and Gauvreau, 2000). The results have been presented
AS influent concentrations in WWTPs (n [ 37).

http://dx.doi.org/10.1016/j.watres.2012.03.027
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Fig. 3 e Correlation between population and MPCA (2009)

influent PFAS concentrations in WWTPs.
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in Table S3 in the supplementary part. At a significance level

of 0.01 (¼5!/(5e2)!/2!, 5 comparisons), the mean concentra-

tions of PFHxA (6.0 ng/L), PFOA (7.1 ng/L), and PFOS (7.2 ng/L)

are not significantly different from each other (see Table S3).

However, their mean concentrations are significantly higher

than PFNA (see Table S3). The overall mean PFAS concentra-

tion is 5.3 ng/L, which can be seen as a background/control

PFAS concentration in WWTP influent. The box-whisker plots

in Fig. S2 (see Supplementary data) illustrate the five-number

summaries, e.g., the lower and upper quartiles.

Correlation analysis was conducted to further understand

the sources of PFASs in WWTPs. As evident in the scatter

matrix (Fig. S3 in the Supplementary data), PFOS concentra-

tions displayed a significant linear correlation with PFHxA

concentrations (two-sided p ¼ 0.002; r ¼ 0.658), suggesting

a relationship between the sources of these two compounds.

Furthermore, PFHxA and PFOA concentrations were corre-

lated (r ¼ 0.418); the relationship is insignificant at an alpha

level of 0.05 but significant at an alpha level of 0.1 (Fig. S3 in

Supplementary data), pointing out a relationship between

their sources.

3.2. Plausible non-domestic sources

3.2.1. PFHxA cluster
The Subcluster 3 in Cluster I contains four WWTPs serving

four cities, which is characterized by substantially high levels

of PFHxA in WWTP influent compared to other 33 WWTPs.

The per capita discharges of PFHxA calculated from the pop-

ulations served by Subcluster 3 WWTPs (e.g., 36.2 and 38.6 mg/

capita/d for ALX and ALL respectively) are much higher than

those in Subclusters 1 and 2 but are close to the levels for

WWTPs with known industrial sources (Clara et al., 2009). The

results indicate that industrial sources of PFHxA are probably

present in Subcluster 3 WWTPs’ catchment areas, contrib-

uting PFHxA in WWTPs. Like PFOA, PFHxA has also been used

in food/pharmaceutical packaging and water/oil repellent

paper coating. The restriction on the production of PFOA may
force manufacturers to find other replacements. Currently

there are no restrictions on the production/use of PFHxA in

theU.S., with 3M andDuPont being themajormanufactures in

the U.S. (Environmental Working Group, 2012).

3.2.2. PFOS cluster
Cluster II is the second largest cluster with two subclusters (4

and 5), characterized by significantly high-level PFOS in

WWTP influent. The concentration of PFOS at PNI is the

highest among all 37 WWTPs. The PNI WWTP receives

wastewater from an electroplating industry that uses PFOS-

containing mist suppressant to control hexavalent chro-

mium emissions. The same situation happens in BRD WWTP

in this cluster, which receives industrial wastewater from

another chrome plating industry (Kelly and Solem, 2008).

From the viewpoint of worker safety, PFOS-containing mist

suppressants have been exempted from the recent (2007)

USEPA Significant New Use Rule regarding PFASs (Kelly and

Solem, 2008). The USEPA estimates that up to 8000 kg of

PFOS-containing mist suppressants are used per year in the

U.S. (Kelly and Solem, 2008). Considering the suppressants

contain 1e10% PFOS by weight, annually 80e800 kg of PFOS

are directly discharged into the environment by this route in

the U.S.. The high PFOS concentration in EAP WWTP could be

due to fact that EAP receives wastewater from Cottage Grove

(Minnesota), one of the well-known PFOS pollution sites in

Minnesota.

The cluster analysis provides an estimate of source profiles

of poorly characterized sampling sites. If a poorly character-

ized site merges with a group of sampling sites of known

source type or types, the poorly characterized site is likely to

have similar source types (Wongphatarakul et al., 1998). The

clustering methods show that AUS, STJ, DDC, FHR and SIL

merged with PNI, BRD and EAP into one cluster. The linkage

distances between them were small on the dendrogram,

indicating high composition similarity. PNI, BRD and EAP have

known local non-domestic PFOS sources. Therefore, although

no definitive explanation can be given at this stage, it is

probable that non-domestic sources also exist in other

sampling sites within the PFOS cluster.

3.2.3. PFOA cluster
TheCluster IIIWWTPs have high concentration inputs,mostly

of PFOA (see Fig. 2). The dendrogram reveals that the data

points can be classified into two subclusters (6 and 7) (see Fig. 2

or Table S2 in the Supplementary data). The data points which

had divergent patterns (high-level PFOA and moderate-level

PFHxA and/or PFHpA) were merged into Subcluster 6, while

those with high-level PFOA only were grouped in Subcluster 7.

The per capita discharges of PFOA for Cluster III WWTPs

ranged from 20.8 mg/capita/d for SEN to 30.3 mg/capita/d for

LES, much higher than the average value in 10 WWTPs across

the U.S. (11 mg/capita/d) (Huset et al., 2008), a sign of non-

domestic sources. The exact sources of PFOA in Cluster III

are not clear; however, SEN is near 3M facilities (see Fig. 1) and

could be influenced by the (past) industrial activities. In addi-

tion, LES WWTP receives food-processing wastewater from

cheese and food ingredient manufacturers in LES. PFOA has

beenwidely used in food-packaging andpaper grease-proofing

treatments (European Food Safety Authority, 2008), which

http://dx.doi.org/10.1016/j.watres.2012.03.027
http://dx.doi.org/10.1016/j.watres.2012.03.027
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could be the source for PFOA in LES WWTP. The insignificant

and weak relationship between influent PFAS concentrations

and the populations in theCluster IIIWWTPs’ catchment areas

(see Fig. 3) also indicate that domestic human activities are not

the major source. The results agree with a Pan-European

survey (Pistocchi and Loos, 2009), which concludes that PFOA

discharges are strongly influenced by emissions from indus-

trial facilities.

3.3. PFASs in WWTP effluent

PFASs in WWTP effluent could be degraded from corre-

sponding precursors (Dinglasan et al., 2004; Rhoads et al.,

2008). For example, 8:2 FTOH could be biodegraded,

producing PFOA, and 6:2 FTOH could form PFHxA

(Dinglasan et al., 2004). As illustrated in Fig. 4, concentra-

tions of PFHxA and/or PFOA were significantly higher in

effluent than in influent (two-sided p < 0.05) in 22 out of 37

WWTPs (59%). The results indicate that these WWTPs

received wastewater containing large amounts of precur-

sors of PFHxA and PFOA. Several WWTPs (e.g., OWA, PRN,

RMT, ROC and STC) were observed to have a significant

concentration increase of both PFHxA and PFOA in the

effluent. By contrast, only two WWTPs in EAP and MWP

around 3M’s facilities received wastewater containing

considerably high concentration of PFOS’ precursors.

Although it is unsure whether FTOHs have been used as the

replacements to PFOS or PFOA by some industries under

USEPA pressure, FTOHs are used in the manufacture of

a wide range of products, such as metals, paints, electronics

and adhesives, and have similar applications as PFOS-based

products (Dinglasan et al., 2004). The fate of PFASs in

WWTPs has been studied (Guo et al., 2010; Yu et al., 2009);

however, little is known about their precursors. We

modeled for the first time the fate of one precursor (8:2

FTOH) based on fugacity analysis (see Table S1 in the

Supplementary data). The results show that 9.0% of 8:2

FTOH can be biodegraded to PFOA or other similar

compounds in the activated sludge tank (see Fig. 5),

consistent with the range (1e10%) estimated by Wang et al.

(2005). It is interesting to notice that more than 25% of 8:2
Fig. 4 e Percent increase in MPCA (2009) PFAS

concentrations from WWTP influent to effluent.
FTOH can be emitted into air in the aeration tank mainly

because of its high vapor pressure (see Table S1 in the

Supplementary data), in agreement with the observation

that WWTPs are an important source of FTOHs to the

atmosphere (Ahrens et al., 2011; Weinberg et al., 2011).

Because only less than 10% of 8:2 FTOH can be eventually

converted to PFOA, the significant increase of PFAS mass

flows observed in the effluent of some WWTPs (e.g., ROC,

PRN and OWA) implies that other precursors, such as pol-

yfluoroalkyl phosphates (Lee et al., 2010), could also be

present in the influent.

In addition, PFASs did not exhibit significant removal

across all 37 WWTPs. Advanced and/or tertiary treatment

(e.g., UV sterilization in EAP and chlorination in MWP) did not

appear to decompose PFASs. The results are consistent with

previous studies indicating that PFASs are not readily

removed by physicochemical and biological treatment

processes (Loganathan et al., 2007; Schröder and Meesters,

2005; Schultz et al., 2006a; Yu et al., 2009). The limitations

proposed by MPCA (Minnesota Pollution Control Agency) are

10 ng/L monthly average and 17 ng/L daily maximum of PFOS

in the effluent from WWTPs. The effluent PFOS concentra-

tions in many WWTPs (e.g., the two WWTPs in the metro-

politan area, EAP and MWP) would not be able to meet the

limit being proposed by MPCA, which calls for significant and

expensive modification to the current plant treatment

processes to attempt to remove PFOS.
3.4. Limitations

One important limitation of cluster analysis is that it can

provide a solution even when it is applied to random data.

Therefore, it is important for researchers to assess the quality

of the cluster solution and to determine whether the clusters

are conceptually meaningful (Bengtson, 2005).
4. Conclusions

This work represents the first comprehensive look at PFAS

inputs to WWTPs. It concerns the application of an

http://dx.doi.org/10.1016/j.watres.2012.03.027
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unsupervised, multivariate statistical method to PFAS

concentrations in the influent from 37 WWTPs in a multi-city

survey to delineate polluted areas and to distinguish

between different types of pollution. The application of

the methodology (cluster analysis / compositional

analysis / correlation analysis/scatter matrix) has achieved

meaningful classification of the sources of PFASs in WWTPs;

the complexity of the data set was successfully reduced,

allowing characterization of the data according to the

geographical distribution of PFAS sources. The results

revealed different PFAS patterns in WWTP influent condi-

tionally named “domestic cluster,” “PFHxA cluster,” “PFOS

cluster” and “PFOA cluster.” This objective separation is

advantageous for prioritizing important pollution sources and

for tracing geographic changes of PFAS patterns within the

Upper Mississippi River Basin.

By means of multiple analytical methods, including per

capita discharges, we have tracked down the locations of

industrial sources of PFAS pollution in Minnesota, which can

lead to an optimization of environmental/river monitoring

nets. The results are consistent with known industrial pollu-

tion sources in PNI, BRD and EAP. Generally, WWTPs receiving

industrial wastewater from known or undiscovered industrial

sources contain elevated levels of PFASs compared to WWTPs

primarily receiving domestic wastewater. Fifty-nine percent

of WWTPs receive considerably high levels of PFHxA or PFOA

precursors, probably from industrial sources. The distribution

and levels of PFASs in WWTP influent cannot largely be

explained by population-related emissions. Statistical anal-

ysis and compositional analysis suggested that certain PFASs

at unusually high levels in WWTPs could have been derived

directly from industrial sources or bio-transformed from their

precursors within the WWTPs. Although the uneven

geographical distribution of Clusters II and III data points (see

Fig. 1) indicates unevenly distributed non-domestic sources of

PFOS and PFOA including their precursors, many of the

sources are around a major manufacturer’s previous facilities

and in a metropolitan area (see Fig. 1). The methodology for

discriminating pollutant sources from influent pollutant

concentrations in WWTPs developed in this study can be

applied to other environmental pollutants.

Metal-plating industries employing PFOS-containing mist

suppressants to control heavy metal emissions could be an

important source of PFOS to WWTPs, which requires

further study to understand its impact on the environment d

especially the use of this kind of suppressants has been

exempted from the most recent (2007) USEPA Significant New

Use Rule regarding PFASs.

The results highlight industrial wastewater as an impor-

tant source of PFASs that have been included in a wide range

of industrial products. Along with previous reports of the

industrial influences (Becker et al., 2008; Clara et al., 2008;

Hansen et al., 2002; Kunacheva et al., 2011; Lin et al., 2010,

2009; Möller et al., 2010; Müller et al., 2011; Paul et al., 2011;

Pistocchi and Loos, 2009; Rostkowski et al., 2006; Shivakoti

et al., 2010; Sinclair and Kannan, 2006; So et al., 2007, 2004;

Sun et al., 2011; Takazawa et al., 2009; Yoo et al., 2009), accu-

mulated evidence points to ongoing emissions from industrial

sources as a significant determinant of PFAS pollution in

urban watersheds.
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