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Figure 4.5 Comparison of the median concentrations of beta-HCH and HCB. 
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Figure 4.6 Comparison of the median concentrations of OCPs. 
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Figure 4.7 Comparison of the median concentrations of OCPs. 
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a b s t r a c t

Background: Polybrominated diphenyl ethers are known to be endocrine disruptors and may affect male
reproduction. This exploratory study investigated semen parameters and serum thyroid hormones in
relation to serum PBDE, PCBs and p-p′ DDE in adult men.
Methods: Fifty-two men were recruited in a fertility clinic. Semen counts were done for each partici-
pant. Serum thyroid hormone and PBDE, PCB and p-p′ DDE levels were measured. Sociodemographic
questionnaire were administered to each participant and all medical data were obtained from medical
record.
Results: Semen mobility was negatively related to BDE-47, BDE-100 and !BDE. No relations were
observed with other semen parameters. Thyroxin levels were negatively associated to serum BDE-47,
BDE-99, !BDE and p-p′ DDE and positively related to !PCB. No relations were observed between T3, TSH
and any of the chemicals measured.
Conclusion: These findings increased the evidence that PBDE may interfere with semen quality and thyroid
status in general population.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the report of the temporal decline in human sperm quality
and an increase in male infertility rates [1–5], the role of environ-
mental chemicals, known as endocrine disruptors, was frequently
incriminated [6,7]. Those pollutants may mediate their effects by
direct toxic effects, modulation of hormone-regulated mechanisms
or receptor binding [8].

Polybrominated diphenyl ethers (PBDE) are widespread ubiqui-
tous environmental contaminants continuously increasing during
past 30 years and largely used as flame retardants in different
industries. Recent experimental studies have suggested that PBDE
at low dose could affect testis development and reduce sperm
and spermatid counts [9]. Mechanism of these reproductive effects
remains to be elucidated. Some studies suggested that estrogen-
like properties of PBDE [10,11] and their capacity to interfere with,
a number of targets within the hypothalamic–pituitary–gonadal
axis could involve these effects [12–16]. Interactions with thyroid
pathway and sex-hormone functions were also proposed as possi-
ble mechanisms in developing rodents [9]. Recently, a reduction in

Abbreviations: BMI, body mass index; p,p′-DDE, p,p′-diphenyldichloroethene;
PBDE, organochlorine pesticides; PCBs, polychlorinated biphenyls; SD, standard
deviation; THs, thyroid hormones; TSH, thyroid stimulating hormone; T4, thyroxine;
T3, triiodothyronine; fT4, free thyroxine; fT3, free triiodothyronine.

∗ Corresponding author. Tel.: +1 819 346 1110x12792; fax: +1 819 820 6434.
E-mail address: Nadia.Abdelouahab@USherbrooke.ca (N. Abdelouahab).

sperm quality in a small group of men [17] as well as cryptorchidism
in newborn boys [18] were related respectively to serum and breast
milk PBDE exposure.

The objective of this exploratory study was to investigate the
relationship between environmental PBDE exposure and semen
quality parameters, as well as thyroid hormones in males from the
general population.

2. Materials and methods

2.1. Population recruitment

This study was performed in fertility clinic of Sherbrooke University Hospi-
tal Centre (CHUS) (Quebec). A total of 52 adult men were recruited at their first
physician visit to investigate the couple fertility problems. The legibility criteria at
recruitment was only age > 18 years old. At this visit, a sperm count was systemat-
ically done and a blood sample was obtained. All medical data related to potential
causes of infertility were obtained from medical record. An interview-administered
questionnaire was used to obtain detailed lifestyle data and workplace exposures.
Participants’ height and weight were measured and body mass index was calculated
(BMI) as weight (kg)/height (m2).

The study protocol was approved by the Ethics Committee of the CHUS and an
informed consent form was signed by each participant.

2.2. PBDE, PCB and p-p′ DDE analyses in blood plasma

Plasma PBDE congeners (BDE-47, BDE-99, BDE-100, BDE-153), PCB congeners
(PCB-153, PCB-180, PCB-138) and p-p′ DDE were measured by gas chromatography
coupled to a mass spectrometer detector (GC–MS/MS) based on method described
by Covaci and Schepens [19]. Internal standards (200 pg BDE 140) was added to
all plasma samples (2 mL) and sonicated for 20 min. 2 mL of formic acid and 3 mL of
water and mixed were added to samples. After activation of SPE cartridges (OASISTM

HLB), samples were loaded at a low positive pressure of 2–4 psi. SPE cartridge elution

0890-6238/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.reprotox.2011.02.005
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•  Each state has slightly different guidelines 
•  Inevitable confusion 



Australian	
  Organic	
  RegulaGons	
  (mg/kg)	
  

Minimum Maximum 
Compound 
 Nat. Vic WA SA NSW & 

Qld Nat. Vic WA SA NSW & 
Qld 

∑DDT 0.5 0.5 0.5 - 0.5 1 1 1 - 1 

Aldrin - - 0.02 - 0.02 - - 0.5 - 1 

Chlordane - - 0.02 0.02 0.02 - - 0.5 0.5 1 
Dieldrin - - 0.02 0.02 0.02 - - 0.5 0.5 1 

Heptachlor - - 0.02 - 0.02 - 0.5 - 1 

HCB - - 0.02 - 0.02 - 0.5 - 1 

Lindane - - - - 0.02 - - - 1 

∑OCPs 0.05 0.05 - - - 0.5 1 - - - 

PCBs 0.05-0.3 0.2 0.3 - 0.3 0.5 1 0.5 - 1 

NEPC 

200 

10 

50 
10 
10 

10 

Category A – ‘Standard’ residential with garden/accessible soil (home-grown 
produce contributing less than 10% of vegetable and fruit intake; no poultry): this 
category includes children’s day-care centers, kindergartens, preschools and 

primary schools 



AOX	
  
mg	
  kg-­1	
  	
  

DEHP	
  
mg	
  kg-­1	
  

LAS	
  	
  
mg	
  kg-­1	
  

NP/NPE	
  	
  	
  
mg	
  kg-­1	
  

OCPs	
  	
  	
  	
  
mg	
  kg-­1	
  

PAH	
  	
  	
  
mg	
  kg-­1	
  

PCBs	
  
mg	
  kg-­1	
  

PCDD/Fs	
  	
  	
  	
  	
  	
  	
  	
  	
  
ng	
  WHO05	
  TEQ	
  kg-­1	
  

Other	
  	
  
mg	
  kg-­1	
  

Austria	
   500	
   6	
   0.2	
  -­‐1	
   50	
  -­‐	
  100	
  
Australia	
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1	
  
OCPs	
  1	
  

0.5-­‐1	
   50	
  

Denmark	
   50	
   1300	
   10	
   3	
  

EC	
  (2000)a	
   500	
   100	
   2600	
   50	
   6	
   0.8	
   100	
  
EC	
  (2003)a	
   5000	
   450	
   6	
   0.8	
   100	
  
France	
   1.5	
  -­‐	
  4	
   0.8	
  

Germany	
  
(2002)	
  

500	
   1	
   0.1	
   100	
  

Germany	
  
Proposed	
  
(2007)	
  	
  

400	
   1	
   0.1	
   30	
   MBT+OBT:	
  0.6	
  
Tonalid:	
  15	
  
Galaxolide:	
  10	
  

USA	
   300	
  

Interna)onal	
  Organic	
  Guidelines	
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How were they derived? 

•  Sound science  
•  Risk assessment  
•  Protection of public health 

and the environment 

•  Best guess 
•  Achievable targets 
•  Detection limits 



Are	
  biosolids	
  contaminant	
  limits	
  for	
  OCPs/PCBs	
  
necessary	
  for	
  the	
  protecGon	
  of	
  public	
  health	
  &	
  

the	
  environment?	
  

1. Empirical Data 
2. Risk Assessment 
3. Regulatory Limits 



OCP/PCB	
  Data	
  2004	
  -­‐	
  2006	
  

Overall	
   2004	
   2005	
   2006	
  

Overall	
   829	
  (58)	
   221	
  (17)	
   335	
  (33)	
   273	
  (36)	
  

NSW	
   539	
  (22)	
   169	
  (8)	
   181	
  (11)	
   189	
  (14)	
  

Qld	
   191	
  (24)	
   11	
  (3)	
   151	
  (14)	
   65	
  (13)	
  

Tas	
   6	
  (2)	
   0	
  (0)	
   0	
  (0)	
   6	
  (2)	
  

Vic	
   48	
  (7)	
   10	
  (3)	
   28	
  (5)	
   10	
  (4)	
  

WA	
   45	
  (3)	
   31(3)	
   11	
  (3)	
   3	
  (3)	
  

No	
  of	
  biosolids;	
  (	
  )	
  =	
  No	
  of	
  WWTP	
  

CLARKE	
  	
  et	
  al	
  (2010)	
  Environment International, 36, 323-329.	
  



OCPS/PCBs	
  Summary	
  Sta)s)cs	
  

Variable	
   Det	
   <DL	
   	
   Mean	
  
mg	
  kg-­1	
  	
  

StDev	
  
mg	
  kg-­1	
  	
  

Min	
  
mg	
  kg-­1	
  	
  

Max	
  
mg	
  kg-­1	
  	
  

Σ	
  DDT	
   112	
   717	
   14	
   0.04	
   0.05	
   0.01	
   0.27	
  

Aldrin	
   3	
   826	
   0	
   0.03	
   0.03	
   0.01	
   0.07	
  

Chlordane	
   227	
   602	
   27	
   0.03	
   0.03	
   0.01	
   0.30	
  

Dieldrin	
   567	
   262	
   68	
   0.05	
   0.06	
   0.01	
   0.77	
  

Heptachlor	
   16	
   813	
   2	
   0.05	
   0.04	
   0.02	
   0.17	
  

HCB	
   22	
   807	
   3	
   0.04	
   0.06	
   0.01	
   0.30	
  

Lindane	
   0	
   829	
   0	
   *	
   *	
   *	
   *	
  

PCBs	
   10	
   819	
   1	
   0.26	
   0.14	
   0.02	
   0.41	
  

Group	
  1	
  

Commonly	
  detected	
  
>10%;	
  dieldrin	
  68%,	
  
chlordane	
  27%,	
  DDE	
  

13%	
  

Group	
  2	
  

Infrequently	
  detected	
  <	
  
5%;	
  HCB	
  3%,	
  heptachlor	
  

2%,	
  PCBs	
  1%	
  	
  	
  

Group	
  3	
  

Rarely	
  detected	
  <1%;	
  	
  	
  	
  	
  	
  	
  
DDT	
  0.3%,	
  DDD	
  0.5%,	
  
aldrin	
  0.4%,	
  lindane	
  0%	
  

CLARKE	
  	
  et	
  al	
  (2010)	
  Environment International, 36, 323-329	
  



Concentration	
  mg	
  kg-­1	
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Time	
  Series	
  Data	
  1995	
  –	
  2006	
  	
  

Cmps	
   Det	
   <DL	
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   Mean	
  	
  
mg	
  kg-­1	
  

StDev	
  
mg	
  kg-­1	
  

Min	
  
mg	
  kg-­1	
  

Max	
  
mg	
  kg-­1	
  

DDT	
   29	
   2237	
   1.30	
   0.05	
   0.05	
   0.01	
   0.17	
  

DDD	
   89	
   2177	
   3.93	
   0.06	
   0.15	
   0.01	
   1.04	
  

DDE	
   129	
   2137	
   5.69	
   0.02	
   0.02	
   0.01	
   0.13	
  

ΣDDT	
   174	
   2092	
   7.68	
   0.05	
   0.11	
   0.01	
   1.04	
  

Aldrin	
   6	
   2260	
   0.26	
   0.10	
   0.16	
   0.01	
   0.41	
  

Dieldrin	
   1554	
   712	
   68.58	
   0.10	
   0.08	
   0.01	
   0.49	
  

Chlordane	
   1016	
   1250	
   44.84	
   0.11	
   0.10	
   0.01	
   0.73	
  

Heptachlor	
   9	
   2257	
   0.40	
   0.13	
   0.08	
   0.04	
   0.25	
  

HCB	
   175	
   2091	
   7.72	
   0.07	
   0.09	
   0.01	
   0.48	
  

Lindane	
   0	
   2266	
   0.00	
   *	
   *	
   *	
   *	
  

PCBs	
   126	
   2140	
   5.56	
   0.30	
   0.20	
   0.06	
   1.40	
  

Group	
  2&3	
  

All	
  other	
  
compounds	
  
detected	
  in	
  
less	
  than	
  10%	
  
samples	
  

Group	
  1	
  

Commonly	
  
detected	
  	
  

dieldrin	
  69%,	
  
chlordane	
  45%	
  

CLARKE	
  	
  et	
  al	
  (2010)	
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OCPs and PCBs can be removed from biosolids 
regulations in Australia because: 
 

  1.  They are infrequently detected 
2.  Almost never above highest contaminant limit 
3.  The contaminant limit is not based upon protection 

of public health/environment 
4.  Is a poor use of money (>$200 per sample) 
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Review of ‘emerging’ organic contaminants in biosolids and assessment of
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A broad spectrum of organic chemicals is essential to modern society. Once discharged from industrial,
domestic and urban sources into the urban wastewater collection system they may transfer to the residual
solids during wastewater treatment and assessment of their significance and implications for beneficial
recycling of the treated sewage sludge biosolids is required. Research on organic contaminants (OCs) in
biosolids has been undertaken for over thirty years and the increasing body of evidence demonstrates that
the majority of compounds studied do not place human health at risk when biosolids are recycled to
farmland. However, there are 143,000 chemicals registered in the European Union for industrial use and all
could be potentially found in biosolids. Therefore, a literature review of ‘emerging’ OCs in biosolids has been
conducted for a selection of chemicals of potential concern for land application based upon human toxicity,
evidence of adverse effects on the environment and endocrine disruption.
To identify monitoring and research priorities the selected chemicals were ranked using an assessment matrix
approach. Compounds were evaluated based upon environmental persistence, human toxicity, evidence of
bioaccumulation in humans and the environment, evidence of ecotoxicity and the number and quality of studies
focussedon thecontaminant internationally. The identifiedchemicals of concernwere ranked indecreasingorder
of priority: perfluorinated chemicals (PFOS, PFOA); polychlorinated alkanes (PCAs), polychlorinated naphtha-
lenes (PCNs); organotins (OTs), polybrominated diphenyl ethers (PBDEs), triclosan (TCS), triclocarban (TCC);
benzothiazoles; antibiotics and pharmaceuticals; synthetic musks; bisphenol A, quaternary ammonium
compounds (QACs), steroids; phthalate acid esters (PAEs) and polydimethylsiloxanes (PDMSs).
A number of issues were identified and recommendations for the prioritisation of further research andmonitoring
of 'emerging' OCs for the agricultural use of biosolids are provided. In particular, a number of ‘emerging’OCs (PFOS,
PFOAandPCAs)were identified for priority attention that are environmentally persistent andpotentially toxicwith
unique chemical properties, or are present in large concentrations in sludge, that make it theoretically possible for
them to enter human and ecological food-chains from biosolids-amended soil.

© 2010 Elsevier Ltd. All rights reserved.
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Abbreviations: bdl, Less than detection limit; ADBI, Synthetic polycyclic musk — Celestolide™; AHMI, Synthetic polycyclic musk — Phantolide™; AHTN, Synthetic polycyclic musk —

Tonalide™; ATII, Synthetic polycyclicmusks—Traseolide™; BFR, Brominatedflame retardant; CAS, Chemical abstract service; CP, Chlorinatedparrafin;DBT,Dibutyltin;DEHP,Di2-(ethylhexyl)
phthalate; DPMI, Synthetic polycyclic musk— Cashmeran™; dw, Dry weight; GC, Gas chromatography; HBCB, Hexabromocyclododecane; HHCB, Synthetic polycyclic musk— Galaxolide™;
HRGC, High resolution gas chromatography; IARC, International Agency for Research on Cancer; IPCS, International Programme on Chemical Safety; KOW, Octanol–water partition coefficient;
LCCP, Long-chain chlorinated parrafin; lPCA, Long-chain chlorinated alkane; MA, Musk ambrette; Max, Maximum concentration; MBTtin, Monobutyltin; MBTthiazole, Mercaptobenzothiazole;
MCCP, Medium-chain chlorinated parrafin; Min, Minimum concentration; MK, Musk ketone; MM, Musk moskene; mPCA, Medium-chain chlorinated parrafin; MS, Mass spectrometer; MT,
Musk tibetene; MX, Musk xlyene; n, Number of samples; OBT, 2-hydroxybenzothiazole; OC, Organic contaminant; OT, Organotin; PAE, Phthalate acid ester; PBB, Polybrominated biphenyl;
PBDE, Polybrominated diphenyl ether; PCA, Polychlorinated alkane; PCB, Polychlorinated biphenyl; PCDD, Polychlorinated dibenzo-p-dioxin; PCDF, Polychlorinated dibenzofuran; PCN,
Polychlorinated naphthalene; PDMS, Polydimethylsiloxane; PEC, Predicted environmental concentration; PFAC, Perfluoroalkyl carboxylate; PFAS, Perfluoroalkyl sulfonate; PFDA,
Perfluorodecanoic acid; PFDoDA, Perfluorododecanoic acid; PFHxS, Perfluorohexane sulfonate; PFNA, Perfluorononanoic acid; PFOA, Perfluooctanoic acid; PFOS, Perfluorooctane sulfonate;
PFOSA, Perfluorooctane sulfonamide; PFUnDA, Perfluoroundecanoic acid; PHS, Priority hazardous substance; PNEC, Predicted no-effect environmental concentration; POP, Persistent organic
pollutant; PVC, Polyvinyl chloride;QAC,Quaternary ammoniumcompound; SCCP, Short-chain chlorinatedparrafin; sPCA, Short-chain chlorinatedparrafin; TBT, Tributyltin; TCC, Triclocarbam;
TCDD, Tetrachloro dibenzo-ρ-dioxin; TCS, Triclosan; TEF, Toxicity equivalency factors; TEQ, Toxicity equivalency— TCDD equivalence; TPhT, Triphenyltin; UNEP, United Nations Environment
Program; US EPA, United States Environmental Protection Agency; Vp, Vapour pressure;WFD, EuropeanWater Framework Directive;WHO,World Health Organization;WWTP,Wastewater
treatment plant.
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•   > 50 million unique 
chemicals in CAS database 

•  143,000 registered in 
industrial use in Europe 
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0.0008% 
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Victorian 
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• Higher than bulk chemicals  
• 3× higher than PCBs 

Relatively high concentrations 
compared to other POPs 

Very low concentrations 
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Persistence Food chain Ecological Soil Ecotoxicity Research Score 
2 – Yes 

1 - Uncertain 
0 – No 

2 – Possible 
1 - Uncertain 

0 - No 

2 - Yes 
1 - Uncertain  

0 - No  

3 - Lack of data 
2 - Few  studies  
1 -  Consistent 

0 - Many & similar 

(  /11) 

Antibiotics 0 2  0 1 2 5 

Benzothiazoles 1 1 0 1 3 6 
Bisphenol A 0 0 0 0 2 2 
Organotins 1 1 2 1 2 7 
Phthalates 0 0 0 0 1 1 
PBDEs 2 2 2 1 0 7 
PCAs 2 2 1 1 3 9 
PCNs 2 2 1 1 3 9 
Siloxanes 0 0 0 0 1 1 
PFCs 2 2 2 1 3 10 
QACs 0 0 0 0 2 2 
Steroids 0 0 0 0 2 2 
Synthetic Musks 1 0 1 0 1 3 
Triclosan 1 0 2 2 2 7 
Triclocarban 1 0 2 2 2 7 
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More	
  classes	
  –	
  BFRs,	
  PFCs	
  &	
  PCAs	
  

worldwide, andmore recent figures estimate 56,400 tons/year for 2003
(BSEF, 2006 cited in deWit et al., 2010). Total market demand for HBCD
for 2003 was estimated to be 22,000 tons/year (BSEF, 2006 cited in de
Wit et al., 2010). Assuming that the production volumes have not
changed much over the past few years the estimate of total volume for
NBFRs is around 180,000 tons/year (Harju et al., 2009). This number
has a large associated uncertainty as it represents the sum of the

production volumes of 21 NBFRs, most of which are estimates as
reported by the industry and from different years. The same report
(Harju et al., 2009) states further that a fair estimate is closer to
~100,000 tons/year. Therefore, these figures should be employed
carefully. The EU legislation defines a high production volume (HPV)
chemical as a chemical produced above 1000 tons/year, while a low
production volume (LPV) chemical is manufactured below 1000 tons/

Fig. 1. Chemical structures of most important NBFRs.
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PERFLUORINATED PHOSPHONIC ACIDS IN CANADIAN SURFACE WATERS AND
WASTEWATER TREATMENT PLANT EFFLUENT: DISCOVERY OF A NEW CLASS OF

PERFLUORINATED ACIDS
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Abstract—The environmental prevalence of a new class of perfluorinated acids, the perfluorinated phosphonic acids (PFPAs), was
determined in Canadian surface waters and wastewater treatment plant (WWTP) effluent. For quality control and comparison, the C8-
to C11-perfluorinated carboxylic acids and perfluorooctane sulfonic acid were included in the analysis. Water samples were extracted
using weak anion-exchange solid-phase extraction cartridges. Perfluorinated phosphonic acids were observed in 80% of surface water
samples and in six of the seven WWTP effluent samples. The C8-PFPA was observed at concentrations ranging from 88 6 33 to 3,400
6 900 pg/L in surface waters and from 760 6 270 to 2,500 6 320 pg/L in WWTP effluent. To our knowledge, this is the first
observation of PFPAs in the environment. Given their structural similarities with perfluorinated carboxylic and sulfonic acids, PFPAs
are expected to be persistent. The observation of PFPAs in the majority of samples analyzed here suggests they are prevalent
environmental contaminants and should be considered in future environmental monitoring campaigns to better understand the total
burden of fluorinated materials in the environment.

Keywords—Perfluorinated acids Perfluorinated phosphonic acids Surface water Wastewater Solid-phase extraction

INTRODUCTION

Fluorochemicals have been produced industrially since the
1950s [1]; however, widespread fluorochemical contamination
was not identified until 2001 [2–6]. The observation of
fluorinated acids in environmental media was not limited by
environmental concentrations but by analytical limitations and
a lack of awareness regarding the appropriate analytes. The
purpose of the present investigation was to determine the
environmental prevalence of a class of fluorinated acids known
to be in commercial use but previously unidentified in the
environment—namely, the perfluorinated phosphonic acids
(PFPAs).

Perfluorinated phosphonic acids (Table 1) are prevalent
commercial surfactants. The C8-PFPA was listed as a high-
production-volume chemical in 1998 and 2002, with 10,000 to
500,000 pounds (4,500–230,000 kg) produced annually [7].
Publicly known applications of PFPAs include leveling and
wetting agents and defoaming additives in pesticide appli-
cations [9] (http://www.masonsurfactants.com). Perfluorinated
phosphonic acids lack hydrogen atoms (aside from
exchangeable acidic protons), suggesting they may be similarly
resistant to degradation as perfluorinated carboxylic acids
(PFCAs) and perfluorinated sulfonic acids (PFSAs).

Perfluorinated phosphonic acids are used commercially as
surfactants, with no precursor compounds known to be in

production. As strong acids, PFPAs are not expected to be
present in the atmosphere, so migration from an emission
source likely would be limited to movement in the aqueous
phase. Migration of PFCAs and PFSAs in the environment
may be similarly limited; however, an additional source of
these acids to the environment is via the biological or
atmospheric degradation of volatile precursor compounds,
the fluorotelomer alcohols and perfluorinated sulfonamides
[9–13], which have been observed in the atmosphere [5].

The persistence and ubiquity of PFCAs and PFSAs have
resulted in voluntary and regulatory action in the United
States [14,15] (http://www.epa.gov/opptintr/pfoa/index.htm)
and Canada [16] (http://canadagazette.gc.ca) to control their
dissemination. Similar regulatory action has been taken in the
United States regarding the use of PFPAs as inert ingredients
in pesticide products. In August 2006, the U.S. Environmental
Protection Agency (EPA) revoked the tolerance exemption for
certain PFPAs, thereby no longer permitting their use as inert
ingredients in pesticide products applied to food crops [17].
The lack of available hazard data and potential concerns about
persistence and toxicity were contributing factors in the U.S.
EPA decision to no longer permit the use of these chemicals in
food-use pesticides. These regulatory decisions were based on
uncertainty regarding the environmental fate of PFPAs; to our
knowledge, no environmental evidence has been available
before the present study.

The goal of the present work was to determine the
environmental prevalence of PFPAs in Canadian surface
waters and wastewater treatment plant (WWTP) effluent.
The observation of a novel fluorinated acid in environmental
samples demonstrates that to date, a comprehensive under-
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Long-chain perfluorinated chemicals in digested sewage sludges in Switzerland
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Concentrations of long-chain PFCs in digested sewage sludges vary substantially among different wastewater treatment plants.
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a b s t r a c t

This study focused on the occurrence of long-chain perfluorinated chemicals (PFCs) in anaerobically
stabilized sewage sludges from 20 municipal WWTPs using current and historic samples to evaluate the
levels of PFCs and to identify the relative importance of commercial and industrial sources. A quantitative
analytical method was developed based on solvent extraction of the analytes and a LC-MS/MS system.
For total perfluoralkyl carboxylates (PFCAs), the concentrations ranged from 14 to 50 mg/kg dry matter.
Concentrations of perfluorooctane sulfonic acid (PFOS) ranged from 15 to 600 mg/kg dry matter. In three
WWTPs, the PFOS levels were six to nine times higher than the average values measured in the other
plants. These elevated PFOS concentrations did not correlate with higher levels of PFCAs, indicating
specific additional local sources for PFOS at these WWTPs. Average concentrations in selected samples
from the years 1993, 2002, and 2008 did not change significantly.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Perfluorinated chemicals (PFCs) have a large number of impor-
tant manufacturing and industrial applications (OECD, 2010; US
EPA, 2010) and are widely used as water, soil, and stain repel-
lents. PFCs occur in numerous consumer products such as house-
hold cleaners, paper and packaging as well as in chromium plating
and electronic baths, in photographic processes, in textile finishing,
and in aqueous fire fighting foams (Kissa, 2001). Perfluoroalkyl
sulfonates (PFASs) and perfluoroalkyl carboxylates (PFCAs) are
contained in these products as active ingredients or as production
residuals (Dinglasan-Panlilio and Mabury, 2006; Prevedouros et al.,
2006; Paul et al., 2009). Approximately 85 % of indirect emissions of
PFOS are a result of losses from consumer products during use and
disposal (e.g. from carpets, clothing paper, and packaging, etc) (Paul
et al., 2009).

The occurrence of long-chain1 PFCs in the environment have
been widely measured and reported (e.g. (Lau et al., 2007; So et al.,

2007; Clara et al., 2009; Loos et al., 2009; Pistocchi and Loos, 2009;
Rayne et al., 2009).

Despite a voluntary phase-out in 2002 of perfluorooctane
sulfonic acid (PFOS) related products by the main manufacturers in
the USA, some PFCs such as perfluorooctanoic acid (PFOA) are still
in use. In the EU, uses of PFOS related substances were estimated to
be 500 tons and emissions around 170 tons for the year 2000
(SCHER, 2005). In the year 2004, emissions estimates for on-going
uses were only around 10 tons (SCHER, 2005).

Furthermore, PFOS-based products are still produced in several
countries today and, therefore, these chemicals may be transported
worldwide in manufacturing and consumer products. For example
China had an annual production in 2004 of less than 50 tons, but
has increased production dramatically in recent years, with an
estimated production of more than 200 tons in 2006, of which 100 t
was destined for export (Liu et al., 2010b; US EPA, 2010).

The US EPA intends to propose actions in 2012 under the Toxic
Substances Control Act (TSCA) to address the potential risks from
long-chain PFCs and to consider initiating TSCA section 6 rule-
making (US EPA, 2010). The EU placed severe restrictions on the
marketing and use of PFOS and related substances in products at
concentrations! 0.005e0.1% (with certain exceptions for essential
small scale uses) (EU, 2006). Switzerland intends to adopt the
formulation of the EU directive into its regulation. PFOS, its salts
and perfluorooctane sulfonyl fluoride were recently (May 2009)

* Corresponding author.
E-mail address: alfredo.alder@eawag.ch (A.C. Alder).

1 Long-chain PFCs refer to long-chain PFASs including perfluorohexane sulfonic
acid (PFHxS), perfluorooctane sulfonic acid (PFOS), and other higher homologues,
and long-chain PFACs including perfluorooctanoic acid (PFOA) and other higher
homologues (US EPA, 2010).
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a b s t r a c t

After detection of perfluorooctanoate (PFOA) in drinking water at concentrations up to 0.64 !g/l in
Arnsberg, Sauerland, Germany, the German Drinking Water Commission (TWK) assessed perfluorinated
compounds (PFCs) in drinking water and set for the first time worldwide in June 2006 a health-based
guide value for safe lifelong exposure at 0.3 !g/l (sum of PFOA and perfluorooctanesulfonate, PFOS). PFOA
and PFOS can be effectively removed from drinking water by percolation over granular activated carbon.
Additionally, recent EU-regulations require phasing out use of PFOS and ask to voluntarily reduce the
one of PFOA. New and shorter-chained PFCs (C4–C7) and their mixtures are being introduced as replace-
ments. We assume that some of these “new” compounds could be main contributors to total PFC levels
in drinking water in future, especially since short-chained PFCs are difficult to remove from drinking
water by common treatment techniques and also by filtration over activated carbon. The aims of the
study were to summarize the data from the regularly measured PFC levels in drinking water and in
the drinking water resources in North Rhine-Westphalia (NRW) for the sampling period 2008–2009, to
give an overview on the general approach to assess PFC mixtures and to assess short-chained PFCs by
using toxicokinetic instead of (sub)chronic data. No general increase of substitutes for PFOS and PFOA
in wastewater and surface water was detected. Present findings of short-chained PFC in drinking waters
in NRW were due to extended analysis and caused by other impacts. Additionally, several PFC contami-
nation incidents in drinking water resources (groundwater and rivers) have been reported in NRW. The
new approach to assess short-chained PFCs is based on a ranking of their estimated half-lives for elimina-
tion from the human body. Accordingly, we consider the following provisional health-related indication
values (HRIV) as safe in drinking water for lifelong exposure: perfluorobutanoate (PFBA) 7 !g/l, perflu-
oropentanoate (PFPA) 3 !g/l, perfluorohexanoate (PFHxA) 1 !g/l, perfluoroheptanoate (PFHpA) 0.3 !g/l,
perfluorobutanesulfonate (PFBS) 3 !g/l, perfluoropentanesulfonate (PFPS) 1 !g/l, perfluorohexanesul-
fonate (PFHxS) 0.3 !g/l and perfluoroheptanesulfonate (PFHpS) 0.3 !g/l. For all PFCs the long-term lowest
maximal quality goal (general precautionary value, PVg) in drinking water is set to −0.1 !g/l.

© 2010 Elsevier GmbH. All rights reserved.

Abbreviations: ALARA, as low as reasonably achievable; GV, guide value;
PVg, general precautionary value; H4-PFOS, 1H,1H,2H,2H-perfluorosulfonate; HRIV,
health-related indication value; NOAEL, no-observed-adverse-effect-level (of a
toxic compound, mostly in animal experiments); TWK, German Drinking Water
Commission; PoD, point of departure (for an extrapolation); PFC, perfluorinated
compounds; PFBA, perfluorobutanoate; PFPA, perfluoropentanoate; PFHxA, per-
fluorohexanoate; PFHpA, perfluoroheptanoate; PFOA, perfluorooctanoate; PFNA,
perfluorononanoate; PFDA, perfluorodecanoate; PFBS, perfluorobutanesulfonate;
PFPS, perfluoropentanesulfonate; PFHxS, perfluorohexanesulfonate; PFHpS, perflu-
oroheptanesulfonate; PFOS, perfluorooctanesulfonate; TDI, tolerable daily intake (of
a toxic environmental contaminant), t0.5 = elimination half life.

∗ Corresponding author. Tel.: +49 30 8903 1400; fax: +49 30 8903 1800.
E-mail address: Hermann.Dieter@uba.de (H.H. Dieter).

Introduction

Perfluorooctanoate (PFOA), perfluorooctanesulfonate (PFOS)
and their precursors are chemicals that have been used for 50–60
years as surfactants in a variety of industrial and consumer prod-
ucts. They can be detected in environmental media, in wildlife and
in humans. The widespread human exposure is of concern due to
their persistence and toxic potential. PFOA and PFOS have half-
lives of several years in humans. Hepatotoxicity, developmental
toxicity, immunotoxicity, hormonal effects and also a weak car-
cinogenic potential in animal studies have been described as main
endpoints of health concern (Lau et al., 2007). Existing informa-
tion on the sources of the background exposure of the general

1438-4639/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
doi:10.1016/j.ijheh.2010.05.004

Mehmet Coelhan1

1Research Center Weihenstephan for
Brewing and Food Quality,
Technische Universität München,
Freising-Weihenstephan, Germany

Research Article

Levels of Chlorinated Paraffins in Water
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Wastewater treatment plant influents, effluents, and river water samples were ana-

lyzed for chlorinated paraffins (CPs). CPs were not detected in river water samples, in

effluents, and in filtered influents by using gas chromatography electron capture

negative ionmass spectrometry (GC-ECNI-MS) (LOQ ¼ 100 ng/L). However, middle chain

chlorinated paraffins (MCCPs) were frequently present in suspended solid matter from

influents while short chain chlorinated paraffins (SCCPs) were detected only in 2 of 15

samples. Concentrations of SCCPs and MCCPs measured by GC-ECNI-MS varied between

n.d. and 4600 ng/L adsorbed on suspended solid matter.
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1 Introduction

Chlorinated paraffins (CPs) are a compound class of polychlorinated

n-alkanes containing 10–30 carbon atoms in a chain with a chlorine

grade ranging between 30 and 72%. They are produced by unselective

chlorination of n-alkane mixtures in the presence of UV-light or at

high temperatures [1]. CPs are categorized in short chain (SCCPs,

C10–13),medium chain (MCCPs, C14–17), and long-chain chlorinated

paraffins (LCCPs, C18–30). CPs have been widely used since 1930s

mainly as metalworking fluids, plasticizers, flame retardants, and

are ubiquitous due to their persistence and wide use.

The acute toxicity of CPs to birds andmammals is low [2]. In rodent

carcinogenicity studies, some SCCPs induced significantly dose-

related increases in the formation of several tumor types [3].

SCCPs with an average carbon chain length of 12 and an average

chlorination degree of 60% have been classified as ‘‘possibly carcino-

genic to humans’’ by International Agency for Research on Cancer in

the USA (www.inchem.org/documents/ehc/ehc/ehc181.htm). SCCPs

have been put on the Toxic Release Inventory list in USA. In many

other countries, SCCPs are included in monitoring programs [4]. The

European Union has restricted the use of SCCPs, in order to protect

the aquatic environment as SCCPs are classified as dangerous to the

environment, since they are very toxic to aquatic organisms andmay

cause long-term adverse effects in the aquatic environment [4].

SCCPs are included in the priority hazardous substances list by

the European Union [4].

Analysis of CPs is very complicated due to their complexity being

mixtures of probably several thousand single compounds showing

very poor chromatographic resolution [1, 5–11]. The situation gets

much worse by the lack of suitable standards and by the lack of a

reliable determination method that detects all CPs in low concen-

trations without any discrimination. Especially LCCPs are either

not detectable or very difficult to detect by gas-chromatographic

methods due to their low vapor pressures [1]. Themostly usedmethod

for analyzingCPs is gas chromatographyelectron capturenegative ion

mass spectrometry (GC-ECNI-MS) that usually shows poor response for

compounds with low chlorine number. Furthermore, available tech-

nical CP products have generally been used as standards for the

quantification of CP residues regardless of their suitability as stan-

dards [1]. Since CPs are produced for different purposes with varying

chemical compositionsone shouldnot expect that aCPproduct froma

producer is suitable as standard for all CPs patterns in environmental

samples. A better way for quantification is to use synthetically pro-

duced polychlorinated n-alkanes which posses the same or similar

mass spectrometric peak pattern as in the sample [6, 8]. Whilst sen-

sitivity in electron capture negative ion (ECNI) detection depends

greatly, e.g., on chlorination degree, any CP analysis without consid-

ering the suitability of the standardmay create high error levels in the

results [8]. A disadvantage of using a suitable polychlorinated n-alkane

standard method is the requirement of numerous standards, which

are to be measured and compared for pattern matching. This circum-

stance is rather time consuming [8].

The number of reports on levels of CPs in aquatic environment is

very limited [12–18]. In Lake Ontario surface waters (4 m depth) SCCPs

concentrations were between 0.606 and 1.935 ng/L while MCCPs were

measured as being between <0.0005 and 0.047 ng/L [17]. In Japanese

rivers the SCCPs levels were between 7.6 and 31 ng/L, and sewage

treatment plant influents contained 220–360 ng/L while concen-

trations in effluents were 16–35 ng/L [16]. In Spanish waters the

measured levels were much higher. In river waters concentrations

of SCCPs were between n.d. and 1210 ng/L [14, 18]. In influents of two

wastewater treatment plants (WWTPs) the levels were 310 and

620 ng/L whereas SCCPs were not detected in effluents [14].

Correspondence: M. Coelhan, Research Center Weihenstephan for
Brewing and Food Quality, Technische Universität München, Alte
Akademie 3, D-85350 Freising-Weihenstephan, Germany
E-mail: coelhan@wzw.tum.de

Abbreviations: CPs, chlorinated paraffins; GC-ECNI-MS, gas
chromatography electron capture negative ion mass spectrometry;
LCCPs, long-chain chlorinated paraffins; MCCPs, middle chain
chlorinated paraffins; RRF, relative response factor; SCCPs, short chain
chlorinated paraffins; SCGC, short column gas chromatography; WWTP,
wastewater treatment plant.
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Polychlorinated 
alkanes (mixed 
bromo/chloro 

alkanes) 

Occurrence, fate and analysis
of polychlorinated n-alkanes
in the environment
M.L. Feo, E. Eljarrat, D. Barceló

Polychlorinated n-alkanes (PCAs) or chlorinated paraffins are highly complex
technical mixtures that contain a large number of structural isomers, inclu-
ding diastereomers and enantiomers. They are persistent organic pollutants
of concern due to their toxicological properties, their capacity to bioaccu-
mulate and their widespread, unrestricted use. Recently, these compounds
were included in regulatory programs of international organizations,
including the US Environmental Protection Agency and the European Union.

We review the literature on the properties of PCAs, the existing data on
production, uses, releases and fate, and concentrations found in the
environment. In particular, we summarize and compare concentrations of
PCAs in environmental compartments, including air, water, sediments, biota,
terrestrial wildlife and human food.

Estimates of concentrations in different environmental compartments
suggest that significant amounts of PCAs are still in use and being released in
several countries. Data are needed to evaluate exposure to PCAs in the
environment, particularly in the light of their continued production and
usage around the world.
ª 2009 Elsevier Ltd. All rights reserved.

Keywords: Bioaccumulation; Chlorinated paraffin; Ecotoxicity; Environmental analysis;

Environmental fate; Environmental level; Mass spectrometry; Persistent organic

pollutant; Polychlorinated n-alkane; Toxicology

1. Introduction

Polychlorinated n-alkanes (PCAs) are the
most complex halogenated mixtures pres-
ent as contaminants in the environment.
They comprise industrially prepared mix-
tures of the general formula CxH(2x+2)-yCly,
having carbon-chain lengths from C10 to
C30 and chlorine content from 30–70% by
mass. They are formed by direct free rad-
ical chlorination of n-alkane feedstock
with molecular chlorine and, depending
on the principal n-alkane feedstock, com-
mercial PCA formulations fall into three
categories: short-chain (C10-C13, sPCAs),
medium-chain (C14-C17, mPCAs), and
long-chain (C20-C30, lPCAs).
Due to their varying carbon-chain

lengths and chlorine percentages, PCAs

provide a range of properties for different
applications. Their more common appli-
cations include high-temperature lubri-
cants in metal-working machinery and
flame-retardant plasticizers, while more
limited applications include additives in
adhesives, paints, rubber and sealants
[1,2]. Since their introduction in the
1930s, world production of PCAs has in-
creased significantly, despite the decision
of the OSPAR Convention to phase out the
use of sPCAs, which exhibit the highest
toxicity of all PCA products [3] and have
been classified as very toxic to aquatic
organisms and carcinogenic as a result of
studies conducted on rats [4].
PCAs have similar physical and chemi-

cal properties to other persistent organic
pollutants (POPs) [e.g., polychlorinated
biphenyls (PCBs), toxaphene, and
dichloro-diphenyl-trichloroethane (DDT)].
The physical and chemical properties of
PCAs appear strongly dependent on the
carbon-chain length and the degree of
chlorination. Generally, PCAs are hydro-
phobic and non-volatile, and are likely to
be associated with particles in aquatic
systems. The limited biodegradation data
suggest that PCAs are less persistent in
water, sediments or biota than other
organochlorines. Greater bioconcentration
factors (BCFs) were found for sPCAs,
probably due to their greater water solu-
bility. Moreover, highly-chlorinated sPCAs
are predicted to have the greatest BCFs
because they are more hydrophobic and
resistant to biotransformation than lower
chlorinated PCAs and their accumulation
is not hindered by large molecular size or
extremely high Kow, as observed for
mPCAs and lPCAs [5].
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Exposure 
Pathways 

Occurrence 

Toxicology 

Do organic pollutants in biosolids pose a risk 
to public health and the environment? 



Human	
  Health	
  Risk	
  Assessment	
  

•  Equating	
  TDI	
  with	
  typical	
  quantities	
  of	
  ingested	
  
material	
  (US	
  EPA	
  1997)	
  

•  200	
  g	
  plant	
  material	
  
•  300	
  mL	
  milk	
  that	
  is	
  4%	
  fat	
  
•  50	
  g	
  animal	
  fat	
  ingested	
  daily	
  

Hazard	
  Identibication	
  +	
  Dose-­‐Response	
  	
  
	
  

Exposure	
  Assessment	
  +	
  Risk	
  Characterization	
  

MAXIMUM	
  RESIDUE	
  LIMITS	
  (MRLs)	
  



Exposure	
  Pathways	
  

Reclaimed	
  Water	
  or	
  Biosolids	
  
Utilised	
  in	
  Agricultural	
  Soil	
  	
  

HUMAN	
   PLANT	
  
GRAZING	
  
ANIMAL	
  

WATER	
  
CONTAMINATION	
  
Surface	
  and	
  groundwater	
  

P1	
   P2	
   P3	
  

P2&3	
  

P4	
  



Pathway	
  3	
  -­‐	
  Grazing	
  Animal	
  

Estimate ingestion of plant 
and soil material 

  
  

-4 

-3.5 

-3 
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g 
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Percentage	
  Exposure	
  

Cmps.	
   P1	
  –	
  Direct	
  Exposure	
   P2	
  -­	
  
Plant	
  

P3	
  -­	
  Grazing	
  Animal	
   P4	
  –	
  
Water	
  

Pasture	
   Grazing	
  

Child	
   Adult	
  
Child	
  
Pica	
   Meat	
   Milk	
   Meat	
   Milk	
  

Dioxins	
   0.05	
   0.02	
   4.90	
   1.05	
   1.47	
   2.94	
   0.88	
   1.59	
   2.83	
  
PBDEs	
   <0.01	
   <0.01	
   0.01	
   <0.01	
   0.11	
   0.17	
   0.06	
   0.10	
   0.58	
  
BB-­153	
   0.01	
   0.01	
   1.12	
   0.31	
   <0.01	
   <0.01	
   <0.01	
   <0.01	
   <0.01	
  
ΣDDT	
   <0.01	
   <0.01	
   0.08	
   0.21	
   0.06	
   0.10	
   0.04	
   0.05	
   0.56	
  
Dieldrin	
   0.02	
   0.01	
   2.38	
   1.23	
   0.67	
   1.15	
   0.40	
   0.63	
   2.74	
  
Chlordane	
   <0.01	
   <0.01	
   0.20	
   0.71	
   0.04	
   0.05	
   0.02	
   0.03	
   0.40	
  
PCBs	
   <0.01	
   <0.01	
   0.01	
   0.01	
   0.01	
   0.01	
   <0.01	
   <0.01	
   0.19	
  

1	
  Soil	
  exposure	
  is	
  child	
  of	
  15	
  kg	
  and	
  adult	
  of	
  70	
  kg	
  ingests	
  100	
  mg	
  soil	
  day-­1	
  and	
  50	
  mg	
  soil	
  day-­1	
  respectively;	
  pica	
  exposure	
  10	
  g	
  day-­1	
  
2	
  Daily	
  plant	
  consumption	
  by	
  humans	
  assumed	
  to	
  be	
  200	
  g	
  
3	
  Daily	
  grazing	
  animal	
  consumption	
  is	
  50	
  g	
  fat	
  and	
  300	
  mL	
  that	
  is	
  4	
  %	
  fat;	
  pasture	
  animals	
  assumed	
  to	
  ingest	
  10	
  kg	
  fodder	
  grown	
  on	
  
sewage	
  sludge	
  amended	
  soil	
  and	
  grazing	
  animals	
  assumed	
  to	
  ingest	
  10	
  kg	
  pasture	
  with	
  500	
  g	
  associated	
  soil	
  	
  

<	
  5%	
  for	
  chronic	
  
dose	
  exposure	
  &	
  
worst-­case	
  
scenarios	
  



Solu)ons	
  ??	
  

This is long-term 
problem!! 

  Deal with the issue 

  Review of potential 
pollutants in 
catchment 

  Source control 

  Risk assessment 

  Bioanalytical tools 



Bioanaly)cal	
  Tools	
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•  Recommended 
strategy by US EPA 

•  Generalized toxicity 
testing 

•  Compliment to 
traditional chemical 
testing 

•  Represent a 
paradigm shift for 
biosolids managers 



Current 
Human promoters 18,000 

Human 3’UTRs 12,000 

EXAMPLE: Water Reuse  
# #Cell Bioassays#

  Hypoxia#
  p53#
  NFkB#
  STAT1#
  CREB#
  Cholesterol biosynthesis#
  Glucocorticoid receptor#
  PPAR#
  Estrogen receptor#
  Androgen receptor#
  more…!



Pilot Study with Wastewater Treatment:!

  Sample name: Site_Treatment#
  Green_Valley_E2 spike = Green Valley 

water sample to which we added 10nM b-
estradiol (E2) as a control#

Conclusions:#
  Significant ER activation from Roger Rd 

site but not Green Valley site#
  Artificially adding 10nM E2 to Green 

Valley sample activates ER pathway#
  Significant and unexpected GR activity 

from both sites#
  GR activity is removed by UV treatment#
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