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ABSTRACT

This research aims to study the effects of wastewater components, which
were total organic carbon (TOC), total Kjeldalh nitrogen (TKN), and total dissolved
solids (TDS), on the measurement technique of Perfluorooctane sulfonate (PFOS) and
Perfluorooctanoic acid (PFOA) by using synthetic and real industrial wastewater and by
investigating the occurrence and removal efficiency of PFOS and PFOA in industrial
wastewater. In the study on synthetic wastewater, TKN and TDS decreased the recovery ratio
of measurement for both PFOS and PFOA. In the study on real industrial wastewater,
negative correlations between PFOS, PFOA and TKN, TDS were found at a high
concentration of PFOS and at a low concentration of PFOA. PFOS and PFOA were detected
in wastewater from air conditioning, coating, electronics, glass, food, plastics and textile
industries in the range of <LOQ — 997.56 ng/L and <LOQ - 6,355.66 ng/L, respectively.
Moreover, high concentrations of PFOS and PFOA were found in the central wastewater
treatment plants at an average of 329.91 ng/L and 185.66 ng/L, respectively. The
concentrations of PFOS and PFOA in the treated wastewater were higher than in the influent.
This indicated that the conventional wastewater treatment processes such as activated sludge

process and sequencing batch reactor process were ineffective at removing PFOS and PFOA.
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CHAPTER1I
INTRODUCTION

1.1 Background

Over the past few decades, The World's dramatic economic growth has
produced new environmental challenges to the industrialize society. The developed
and developing countries now face problems with air and water pollution issues, as we
have more development that means the pollution will be increasing also. Water
pollution is one of the most visible and persistent signs of our impact on the natural
world. Deteriorated water quality is a consequence of wastewater discharge from
various sources such as communities, agricultural and industrial areas. Many new
pollutants such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) are contaminated to our environment, although the hazard assessment of
PFOS and PFOA have been established and improved for many years.

PFOS and PFOA are in a group of Perfluorinated compounds (PFCs)
which are a family of fluorine-containing chemicals with unique properties to make
materials stain and stick resistant. PFCs are heat stable, extremely resistant to
degradation and environmental breakdown, and repel both water and oil (Dinglasan-
Panlilio & Mabury, 2006, Lehmler, 2005, OECD, 2002). These properties are
exploited in their numerous different applications, which include the manufacture of
non-stick coatings for kitchenware, stain and water repellent treatments for carpets,
furniture and clothing, paper coatings, surfactants, pesticide formulations, fire-fighting
foams, cleaning products, floor polishes, shampoo and food packaging materials. Due
to their resistance to photolysis, hydrolysis and biological breakdown
(biodegradation), PFCs persist in the environment for long periods of time (years,
decades).

The unique physical properties of perfluorinated chemicals that make them
such good waterproofers and stain repellents mean that they can do not accumulate in

fat, like many other persistent bioaccumulative chemicals, but in protein. This does
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not mean however, that they are more easily eliminated, and PFCs such as PFOS can
therefore build up to high levels in our bodies and wildlife. The half-life of PFOS in
human is in the region of 8.67 years and the level of PFCs in our bodies may never be
completely removed over our lifetimes (Burris et al., 2002).

PFOS, PFOA and other PFCs have been measured in human blood from
countries across Europe, Asia and the USA (Yeung et al., 2006). PFCs have also been
found in umbilical cord blood. Studies of archived human blood samples have also
shown increasing levels of PFCs (PFOS, PFOA) over time. PFCs, including PFOS
and PFOA have also been found in human breast milk, although they do not seem to
accumulate to the same extent as in serum, perhaps due to a preference for binding to
protein rather than lipid (Jones et al., 2003). Estimates of the half-lives of PFOS and
PFOA in serum vary, but are reported to be in the region of 4-8 years (Lehmler, 2005,
OECD, 2002, US EPA, 2003).

Recently, at its fourth meeting in May 2009, the Conference of the Parties
(COP), by decisions SC-4/10 to SC-4/18, adopted amendments to Annexes A
(elimination), B (restriction) and C (unintentional production) of the Stockholm
Convention to list nine chemicals as persistent organic pollutants. Perfluorooctane
sulfonic acid (PFOS), its salts and perfluorooctane sulfonyl fluoride (PFOS-F) were
listed under Annex B with acceptable purposes and specific exemptions (decision SC-

4/17) (Stockholm Convention on persistent organic pollutants (POPs), 2011).

1.2 Statement of problem

Direct emission or accidental escape of PFCs including PFOS and PFOA
to the environment can occur during their manufacture and application to consumer
articles (Stock et al., 2004). An important source of PFCs into the environment is
thought to be the discharge of wastewater from sewage treatment works, as the
cleaning and care of surface-treated products (from clothing to carpets) by consumers
and use in industrial processes are believed to release these compounds to municipal
wastewater treatment systems (Higgins et al., 2005). Effluents of municipal WWTPs
were suspected as one important source of PFCs in water environment (Qiu, 2007).

The analytical method of PFCs has been developed for many years which

purposed to improve the efficiency of measurement accuracy. Especially, the low
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concentration level of PFCs in water and wastewater sample which was analyzed in a
unit of ng/L. Hence, the measurement technique is very important for PFCs analysis.
To determine the efficiency of analytical method, internal standard or external
standard was applied for the measurement processes and reported as a recovery ratio.
PFCs have been detected in surface waters - lakes (Boulanger et al., 2004)
and oceans (So et al., 2004, Yamashita er al., 2005) with the high recoveries more
than 80% (So et al., 2004) but for the wastewater found that the recoveries were
variable in the range from 40-110%. The different of PFCs recovery from wastewater
and surface water have been suspected in many researches. Characteristic of
wastewater has more complicated composition than surface water such as organic
compound, inorganic compound and element material, are known as matrix
components. Nowadays, many researchers had been developed the analytical method
for PFCs and this study was focused on the main constituents of wastewater, which
was the organic contents (i.e. Carbon, Nitrogen and Total Dissolved Solid). And to
get the constant concentration for each constituent, the synthetic wastewater was used

in this experiment.

1.3 Objectives of the study wastewater components

1) To study effects of wastewater components to the measurement efficiency
by method of solid phase extraction and LC-MS/MS by using synthetic wastewater.

2) To study the relation of wastewater components and measurement
efficiency by method of solid phase extraction and LC-MS/MS in the real industrial
wastewater.

3) To investigate the contamination of PFOS and PFOA in selected

industrial wastewater and central wastewater treatment plant of industrial estates.

1.4 Scope of the study
This study was evaluated the dissolved PFOS and PFOA in synthetic
wastewater and selected real industrial wastewater. The synthetic wastewater was

varied on the main compositions such as carbon, nitrogen and total dissolved solid.
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The real industrial wastewater was collected from central wastewater treatment plant
and effluent pipe from selected industries. The analysis of dissolved PFOS and PFOA

concentrations in samples were done by LC-MS/MS.



Fac. of Grad. Studies, Mahidol Univ. M. Eng. (Environmental Engineering) / 5

CHAPTER 11
LITERATURE REVIEW

2.1 General review of PFOS and PFOA

2.1.1 Characteristic of PFOS and PFOA

Polyfluorinated alkylated substances (R-X) are compounds consisting of
a hydrophobic alkyl chain, R, of varying length (typically C4 to C16) and a
hydrophilic end group, X. The hydrophobic part may be fully [R=F(CF2)n] or
partially fluorinated. =~ When fully fluorinated the molecules are also called

perfluorinated substances. Their general structure is given in Figure 2.1.

F
cr o4 ox
F

Figure 2.1 General structure of perfluorinated alkylated substances (EFSA, 2008)

The hydrophilic end group can be neutral, or positively or negatively
charged. The resulting compounds are non-ionic, cationic or anionic surface active
agents due to their amphiphilic character. Examples of anionic end groups are the
sulfonates (-SOs "), which include Perfluorooctane sulfonate (PFOS), the carboxylates
(-COO") which include Perfluorooctanoic acid (PFOA), and the phosphates (-OPO3").
In cationic Perfluoroalkylated substances (PFAS), the fluorinated hydrophobic part is
attached to e.g. a quaternary ammonium group. Examples of neutral end groups X
are: -OH, -SOs3NH,. Both PFOS and PFOA are perfluorinated compounds and appear
to be highly persistent, because of the strong covalent C-F bond.
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2.1.1.1 PFOS
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Chemical name: Perfluorooctane sulfonate (PFOS)

Molecular formula: CgF7SO5”

The chemical structure of the potassium salt of PFOS is shown

in Figure 2.2. The physical and chemical properties of the potassium salt of PFOS are

0
K+O\S//FFFFFFFF
/
O/ L or [Pl

Figure 2.2 Structural formula of PFOS as its potassium salt (EFSA, 2008)

listed in Table 2.1.

Table 2.1 Physical and chemical properties of PFOS potassium salt (OECD, 2002).

Property

Value

Appearance at normal temperature and White powder, White-pale yellow, crystals or

pressure
Molecular formula
Molecular weight
Vapor Pressure

Water solubility in pure water

Melting point
Boiling point
Log Kow
Log Koc ¥
Log Kp

Air-water partition coefficient
Henry’s Law Constant (calculated)

pKa

crystalline powder

CsF ;K058
538.22 g/mol

3.31 x 10™ Pa (20 °C)
519 mg/L (20 + 0,5°C)
680 mg/L (24 - 25°C)
> 400 °C

Not measurable

Not measurable

2.57

0.30-1.04

0.87-1.55

<2x10°

3.05 x 10™ atm. m*/mol pure water

-3.3 (calculated value for acid)

a)

Data refer to the anion rather than to the salt
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PFOS is a fully fluorinated anion, which is commonly used as
a salt (potassium, sodium, ammonium) or incorporated into larger polymers. The

schematic structure of perfluoroalkane sulfonate substances is given in Figure 2.3.

T
CFa—Pc::—]H—s—R
'+

Figure 2.3 Schematic structure of perfluoroalkane sulfonates (EFSA, 2008)

R is equal to any given functional group such as OH, NH,, etc.

For PFOS-related substances, n = 7.

2.1.1.2 PFOA

Chemical name: Perfluorooctanoic acid (PFOA)

Molecular formula: CsHF;50,

PFOA is a completely fluorinated organic acid. The free acid
is expected to completely dissociate in water, leaving the anionic carboxylate in the
water and the perfluoroalkyl chain on the surface. At pH 4, about 6% of the
molecules will be undissociated. In aqueous solutions, individual molecules of PFOA
anion loosely associate on the water surface and partition between the air/water
interface (U.S. EPA, 2005).

The dissociated acid has a negligible vapor pressure, high
water solubility, and moderate sorption to solids. Based on these properties,
accumulation in surface waters is expected (Prevedouros et al., 2006). The chemical

structure of PFOA is presented in Figure 2.4.

F _F _F _F

Sl
FILF F+Fﬂ/
F F F O

Figure 2.4 Chemical structure of PFOA (EFSA, 2008)



Natchuda Musirat

Table 2.2 Physical and chemical properties of PFOA (U.S. EPA, 2005).
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Property

Value

Appearance at normal temperature and White powder or waxy white solid, crystals or

pressure
Molecular formula
Molecular weight

Vapor Pressure

Water solubility in pure water

mass
CF;(CF,)sCOOH

414.07 g/mol

0.1 kPa (20 °C)

10 mm Hg (25 °C)

4.2 Pa (25°C)

(APFO: 0.0081 Pa at 20°C)
3.4 ¢/L

4.1 g/L (22°C)

9.5 g/L (25°C)

Melting point 45-50 °C
Boiling point 189-192 °C (736 mm Hg)
Log Kow Not measurable
Log Koc 2.06
Log Kp, -0.22-0.55
-0.39-0.94 soils
1.10-1.57 sludge
Air-water partition coefficient Not available

Henry’s Law Constant (calculated) Cannot be estimated ”

pKa 25,2103

a) As free acid unless otherwise stated

b) The vapor pressure of the pure solid is sufficient to sustain mg/kg concentrations of vapor in the
atmosphere, but in practice this is unlikely as PFOA will dissociate in aqueous media thereby
reducing its vapor pressure above aqueous solutions. For this reason the Henry’s Law constant

cannot be estimated from the vapor pressure and solubility.

PFOA can enter the environment from direct and indirect
sources. Direct sources include the manufacture and use of PFOA, whereas indirect
sources are reaction impurities or (bio) degradation of related compounds
(Prevedouros et al., 2006). Indirect sources mentioned in the literature include V-

EtFOSE, N-methyl perfluorooctane-sulfonamidoethanol (NMeFOSE), perfluoro-
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sulfonamides, and fluorotelomer raw materials (Prevedouros et al., 2006). The
transformation pathways include biodegradation (Wang et al., 2005a and b), reaction
with OHx, ozonolysis (Ellis & Mabury, 2003; Ellis et al., 2004; Vesine et al., 2000).
From the data presented in Tables 2.1 and 2.2, it can be
concluded that both PFOS and PFOA dissolve readily in water, with PFOA having
the highest aqueous solubility. In water at environmentally relevant pH values (pH
=3 - 8), PFOS will occur in an entirely dissociated (ionised) form, whereas about 6%
of PFOA molecules be protonated at pH 4 (at pH 7, only 3 - 6 in 100,000 molecules of

PFOA are protonated, with the remaining being dissociated).

2.1.2 Synthesis of PFOS and PFOA

Two major processes exist for production of Perfluoroalkylated substances
(PFAS), as follow Simons Electro-Chemical Fluorination (ECF), and Telomerisation
(TM) (Hekster et al., 2003). In the ECF process, organic feed stocks are dispersed in
liquid anhydrous hydrogen fluoride, and an electric current is passed through the
solution, leading to the replacement of all of the hydrogen atoms in the molecule with
fluorine atoms. In the telomerisation process, tetrafluoroethylene is reacted with
Pentafluoroethyl iodide (IFs) to produce fluorinated alkyl iodide with linear, even

numbered alkyl chain lengths, so called fluorotelomers.

2.1.2.1 PFOS

Perfluorooctane sulfonate is manufactured by the ECF process
(see Figure 2.5). The starting feedstock for this process is 1-octanesulfonyl fluoride,
and the initial product is perfluorooctanesulfonyl fluoride (POSF). This product is
sold commercially to some extent, but is mainly used as an intermediate in the
production of other substances. The simplest of these is PFOS itself, produced by
hydrolysis of POSF. The various salts are then produced from this.

The majority of POSF is reacted first with either methylamine
or ethylamine to give Nmethyl- or N-ethyl perfluorooctane sulfonamide, respectively.
These intermediates can be used to make various amides, oxazolidinones, silanes,

carboxylates and alkoxylates which are available commercially.
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The sulfonamide derivatives can react with ethyl carbonate to
form either N-MeFOSE and NEtFOSE. These then form the basis of adipates,
phosphate esters, fatty acid esters, urethanes, copolymers and acrylates as
commercialised products. The majority of the POSF-related products were from this
group of products (OECD, 2002, 2005a and b).

It should be noted that the secondary reactions producing the
various products are single or sequential batch reactions, and do not necessarily lead
to pure products. There may be varying amounts of fluorochemical residuals
(unreacted or partially reacted starting materials or intermediate products) carried
forward into the final product. These residues are present at around 1% or less in the

final commercial products (OECD, 2002).

ECF (ElectroChemical Fluorination)

CgH7SO,CI

1e,HF

(POSF) CgF17SO,F
|

v v v
CgF17S0;NH; CgF7S0:X  CaF47SO;N(EL)CH,CH,OH
(PFOSA) (PFOS) (N-EtFOSE)
Sales Products

Figure 2.5 Electrochemical fluorination (ECF) process schematic.

The production (3M Company, 2000a and b), use, distribution
and environmental releases (3M Company, 1999) of PFOS and POSF-based
substances has been well documented by the major global producer, who terminated
manufacture in 2002, and by global regulatory agencies (OECD, 2002; Brooke et al.,
2004). PFOS is the major impurity in, as well as the primary degradation product of
POSEFE-based products. PFOS is chemically and biologically stable and not expected to

degrade in the environment.
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2.1.2.2 PFOA

Commercial Manufacturing Processes: Ammonium
Perfluorooctanoate (APFO) F(CF,);COONH,4

e Electrochemical Fluorination (ECF): H(CH,);COF + ¢ +

HF (Branched & Linear Isomers)
e Perfluorooctyl Iodide Oxidation: F(CF,)sI + [O] (Linear
Isomers Only)

Perfluorooctanoate was first manufactured in 1947 by the
electrochemical fluorination process and has been used for over fifty years. The
ammonium salt is the most widely produced form used as an essential surfactant for
the manufacture of fluoropolymers such as polytetrafluoroethylene (PTFE).

The largest historic production sites for ammonium salt of
perfluorooctanoate (APFO) were in the U.S. and Belgium, the next largest in Italy and
small scale producers in Japan. The remaining 10-20% of APFO was manufactured
from about 1975 to the present by direct oxidation of perfluorooctyl iodide
(Grottenmuller et al., 2002) at one site in Germany and at least one site in Japan.
Solid APFO was used in making fluoropolymers (e.g. Fluorad™ FC-143). An
aqueous solution (e.g. Fluorad™ FC-118) has been used in recent years because solid
APFO readily sublimes and proved difficult to handle. Additional production, use and
disposal of limited research quantities of perfluorocarboxylic acid (PFCA) has taken
place in numerous academic and industrial locations worldwide over the past fifty
years as indicated by patents and papers in the scientific literature. In 1999, global
annual APFO production was approximately 260 tonnes (FMG, 2002).
Perfluorooctanoate emissions from the largest ECF production plant, located in the
U.S., were reported to be approximately 20 tonnes (5-10% of total annual production)
in 2000, roughly 5% discharged to air and 95% to water (3M Company, 2000b).
During 1951-2004 the estimated industry-wide global emissions from APFO
manufacture were 400 - 700 tonnes (Prevedouros et al., 2006). By 2002, the principal
worldwide APFO manufacturer by the ECF process discontinued external sales and
ceased production leaving only a number of relatively small producers in Europe and
in Asia (OECD, 2004). New APFO production capacity based on >99% pure

perfluorooctyl iodide commenced in the U.S. in late 2002 with reported annual
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releases of approximately 50 kilograms per year to air (DuPont, 2005). With the
termination of U.S. ECF-based manufacture, current and future U.S. releases from
APFO manufacture have been dramatically reduced from many tonnes per year to
kilograms per year. As a result, global APFO manufacturing emissions decreased
from about 45 tonnes in 1999 to about 15 tonnes in 2004 and to an expected 7 tonnes
in 2006 (FMG, 2002). Recently, a number of global companies who manufacture or
use PFOA have committed to a voluntary stewardship program to reduce
manufacturing emissions and product content (U.S. EPA, 2006). The 3M company, a
major world producer of PFOS, using the ECF process, with manufacturing plants in
North America and Europe, announced the termination of the ECF production process
by May 2002. This decision was probably based partially on findings of
Perfluoroalkylated substances in occupationally exposed persons and in the
environment (e.g., in terrestrial, estuarine and Arctic ecosystems) (Hoff et al., 2003,
2004; Martin et al., 2004a). As a result, the telomerisation based production has

increased.

2.1.3 Use of the compounds

Perfluoroalkylated substances (PFAS) have found numerous applications,
including textile, carpet and leather treatment (water and dirt proofing), surfactants,
fire fighting foams and paper grease proofing treatments. The PFAS products found
hitherto in the environment are known to be possible end products resulting from
ECF, but recently more information has become available suggesting that
Telomerisation (TM) building blocks or end products may also be precursors of PFAS
in the environment.

Perfluorinated substances with long carbon chains, including PFOS, are
both lipid-repellent and water-repellent. Therefore, the PFOS-related substances are
used as surface-active agents in different applications. The extreme persistence of
these substances makes them suitable for high temperature applications and for
applications in contact with strong acids or bases. It is the very strong carbon-fluorine

bindings that cause the persistence of perfluorinated substances.
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2.1.4 Regulations and guidance levels of PFOS and PFOA

In October 2005, the Department for Environment, Food and Rural Affairs
(Defra) announced its intention to move forward with national action to restrict the use
and marketing of PFOS and substances that degrade to it. The European Union have
subsequently published plans to restrict the marketing and use of PFOS. The UK
Committee on Toxicity of Chemicals in Food, Consumer Products and the
Environment (COT) in 2005, after consideration of the mammalian toxicity of
ingested PFOS, decided on a No Observed Adverse Effect Level (NOAEL) of
0.1 mg/kg body weight/day to derive a provisional Tolerable Daily Intake (TDI) value
of 1 ng/kg body weight/day. This in turn has led to consideration of what level of
PFOS in drinking water is unlikely to be harmful to human health (Atkinson et al.,
2008). A summary of the guidance levels is given in Table 2.3 .

On receipt of an initial toxicological assessment of PFOS by the Health
Protection Agency (HPA) early in 2006, the value of 3 pg/l (microgrammes per litre)
was provided by the Drinking Water Inspectorate to water companies as reflecting the
best available evidence on which a water company could base its judgement of
wholesomeness (Atkinson et al., 2008).

In early 2007 the HPA provided further advice on both PFOS and PFOA.
This revised advice included consideration of the Committee on Toxicity of
Chemicals in Food, Consumer Products and the Environment (COT) statement on
provisional Total Daily Intake (TDI) for PFOS and PFOA, and the Food Standards
Agency’s work on UK dietary intakes of fluorinated chemicals. Due to the
complexity of the issue and uncertainties involved, the Inspectorate also sought further
advice from an independent toxicological consultant (Atkinson et al., 2008).

The European Union plan to introduce an imminent, although not total,
ban on PFOS (EU, 2006). Uses at concentrations >0.005%, in semi-finished products
at levels >0.1% and in textiles and coated materials at 1 pg/m* will be banned. The
exemptions are reported to include its use in anti-reflective coatings for
photolithography and hydraulic fluids, however, safer alternatives are to be introduced
as and when they become available. Member States are required to implement the ban

from mid-2008. However, any PFOS containing fire-fighting foams in existence at
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this time will still be permitted for use until the end of June 2011 (Atkinson et al.,

2008).

Table 2.3 Drinking water inspectorate (DWI) guidance levels for PFOS and PFOA

(Atkinson et al.,2008)

Item

Regulatory

requirement

Guidance value

(concentration)

Minimum action to be taken

Perfluorooctane sulphonate (PFOS)

Regulation 10

e consult with local health

Tier 1 (Sampling: further > 0.3 pg/l professionals;
provisions) * monitor levels in drinking water
As tier 1 plus:
Tier 2 Regulation 4(2) > 1.0 pgl * put in plac.e measures to reduce
(Wholesomeness) concentrations to below 1.0pg/1 as
soon as is practicable.
Water Undertakers As tier 2 plus: . .
) * ensure consultation with local
Information health professionals takes place as
Tier3*  Direction 2004 >9.0 g/l proes P
o soon as possible;
(Notification of .
* take action to reduce exposure
events)

from drinking water within 7 days.

* Note - notification to the Inspectorate under the Information Direction may also be triggered at

lower levels due to Tier 1 or Tier 2 activities

Perfluorooctanoic acid (PFOA)

Tier 1 Regulation 10 > 0.3 pg/l * consult with local health

(Sampling: further professionals;

provisions) * monitor levels in drinking water.

Tier 2 Regulation 4(2) > 10.0 pg/l As tier 1 plus:

(Wholesomeness) * put in place measures to reduce
concentrations to below 10.0pg/1
as soon as is practicable.

Tier 3* Water Undertakers >90.0 pg/l As tier 2 plus:

Information * ensure consultation with local

Direction 2004 health professionals takes place as

(Notification of soon as possible;

events) * take action to reduce exposure

from drinking water within 7
days.

* Note - notification to the Inspectorate under the Information Direction may also be
triggered at lower levels due to Tier 1 or Tier 2 activities
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Following the explosion and fire at the Buncefield oil depot in December
2005, there was large-scale use of fire-fighting foams and it was found that some of
these foams contained PFOS, although the exact extent of the use of PFOS is unclear.
This use has further highlighted the potential hazard of PFOS compounds to drinking
water sources. There is also a concern that the replacement of PFOS compounds, with
those based on PFOA or perfluorinated compounds that may break down to PFOA,
may also increase the potential exposure to PFOA (Atkinson et al.,2008).

At the present time, neither PFOS nor PFOA are regulated by means of a
standard, nor are there specific parameters for the purpose of routine monitoring of
drinking water under the Water Supply (Water Quality) Regulations 2000 (2001 in
Wales). However, the presence (if any) of PFOS, PFOA and related substances in
drinking water is regulated in England and Wales through the catch-all requirement
for drinking water to be wholesome, meaning that it may not contain any substance at
a level which would constitute a potential danger to human health.

As such, water companies are required to monitor for the presence of such
compounds where there is considered to be a risk of them impacting on treated water
quality. Thus the extent of data available on PFOS, PFOA and associated compounds
in drinking water and its sources is limited to specific incidents where these
compounds have been detected in raw waters and further investigations have been

carried out to ensure no impact on treated drinking water.

2.1.5 Toxicity and carcinogenicity

2.1.5.1 Toxicity and carcinogenicity of PFOS

PFOS has been shown to cause moderate toxicity in rats.
Numerous studies done on the exposure of rats and primates to PFOS have shown that
it is toxic to the liver. Adverse signs in 90 day rat studies include increase in liver
enzymes, hepatic vacuolization and hepatocellular hypertrophy, gastrointestinal
effects, hematological abnormalities, weight loss, and convulsions. Adverse effects in
Rhesus Monkey studies include anorexia, emesis, diarrhea, hypoactivity, convulsions,
atrophy of the salivary glands, thymus and the pancreas, marked decreases in serum

cholesterol, and lipid depletion in the adrenals. The potential carcinogenicity of PFOS
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was examined in a dietary 2 year bioassay in rats, where a significant increase in the
incidence of hepatocellular (liver) adenomas in both males and females at the highest
PFOS dose occurred. This study also found that female rats had a significant increase in
combined hepatocellular adenomas and carcinomas. The study also found that there
was a significant increase in follicular cell adenomas and combined thyroid follicular
cell adenomas and carcinomas in the male rats at high PFOS doses (OECD, 2002).

In a mortality study of 3M workers at the 3M Decatur,
Alabama plant, which spanned a 30 year period, there was a statistically significant
association between PFOS levels in workers blood and bladder cancer. Statistical
analysis of the mortality data indicated that workers who were employed in high
exposure jobs were 13 times more likely to die of bladder cancer than the general
population of Alabama. The study concluded that bladder cancer is a potentially
significant yet uncertain endpoint in the analysis of risks from PFOS-related
substances. To evaluate morbidity outcomes an ‘“episode of care” analysis was
completed for 3M employees who had worked at the 3M Decatur, Alabama plant
during 1993 and 1998. Increased incidences of cancer and non-malignant growths
were not found to be of significance and no mortality risks were reported for most of
the cancer types. However, the analysis found an increased risk of episodes of
neoplasms of the male reproductive system, as well as an increase in the overall
category of cancers and benign growths, and neoplasms of the gastrointestinal tract.
Risk ratios were highest in employees with the highest and longest exposures to
fluorochemicals (Olsen et al., 2001).

Postnatal deaths and other developmental effects were reported
in offspring in a 2-generation reproductive toxicity study of rats exposed to low doses
of PFOS. Prenatal developmental effects were also reported in toxicity studies done
with rats and rabbits at slightly higher dose levels. During the high dose studies
significant decreases in fetal body weight and significant increases in external and
visceral anomalies, delayed ossification, and skeletal variations were observed
(OECD, 2002). No data were found regarding the effects of PFOS on soil-dwelling or
sediment-dwelling species.

PFOS has been tested on two species of bird, the Mallard
duck, Anas platyrhynchos, and the Northern Bobwhite quail, Colinus virginianus.
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A lowest acute dietary LC50 value of 220 mg/kg of food was determined in the test
with the quail, while a lowest NOEC of 37 mg/kg of food for effects on body weight
was obtained in the test with the duck (United Nations Environment Programme

(UNEP), 2006).

2.1.5.2 Toxicity and carcinogenicity of PFOA

The EPA Office of Pollution Prevention and Toxics has been
investigating the toxicity of PFOA. PFOA is used extensively in coated (Teflon)
cookware and other similar products. Most of the toxicity studies have been
conducted with the ammonium salt of PFOA. Epidemiological studies on the effects
of PFOA in humans have been conducted on workers. A retrospective mortality study
demonstrated a statistically significant association between prostate cancer mortality
and employment duration in a PFOA manufacturing plant. However, an update to this
study did not find a significant association. A study which examined hormone levels
in workers reported an increase in estradiol levels in workers with the highest PFOA
serum levels. Cholesterol and triglyceride levels were positively associated with
PFOA exposures. A statistically significant positive association was reported for
PFOA and T3 (thyroid hormone) levels in workers but not for any other thyroid
hormones (U.S. EPA, 2005).

Studies have shown that PFOA readily crosses the placenta
and is present in the breast milk of rats. Distribution studies have shown that PFOA is
distributed primarily to the serum, liver, and kidney (U.S. EPA, 2005). Repeat dose
studies in rats and mice demonstrate that the liver is the primary target organ. Chronic
dietary exposures to PFOA (ammonium salt) for 90 days resulted in significant
increases in liver weight and hepatocellular hypertrophy in female rats at 1000 ppm
and in male rats at doses as low as 100 ppm. Chronic dietary exposure of rats to 300
ppm of PFOA (ammonium salt) for 2 years resulted in increased liver weight,
hepatocellular hypertrophy, hematological effects, and testicular masses in males; and
reductions in body weight and hematological effects in females (U.S. EPA, 2005).
The carcinogenic potential of PFOA has been investigated in two dietary carcinogenic
studies in rats. Under conditions of these studies there is some evidence that PFOA is

carcinogenic, inducing liver tumors, Leydig cell tumors (LCT), and pancreatic acinar
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cell tumors (PACT) in male rats. There is sufficient evidence to indicate that PFOA is
a peroxisome proliferator-activated receptor (PPARa) agonist and that the liver
carcinogenicity (and toxicity) of PFOA is mediated by binding to the PPARa in the
liver. A mode of action analysis has demonstrated that the hepatic effects are due to
PPARa agonism, and that this mode of action is unlikely to occur in humans. The
LCT and PACT induced in the rat by PFOA probably do not represent a significant
cancer hazard for humans because of quantitative differences in the expressions of
receptors and of other toxic dynamic differences between the rat and human. Based
on no adequate human studies and uncertain relevance of the tumors from the rat
studies, the EPA in its January 2005 summary stated that PFOA may be best described
as ‘“‘suggestive evidence of carcinogenicity, but not sufficient to assess human
carcinogenic potential”. (U.S. EPA, 2005). In February 2006, however, the EPA
Science Advisory Board recommended to EPA that PFOA is a “likely carcinogen”

based on its assessment of available studies”.

2.2 Methods of analysis

Analytical method for the determination of PFOS and PFOA or related
compounds have developed for many year, but the currently method that usually used
to evaluate the concentration of PFCs is solid phase extraction (SPE) couple with
liquid chromatography—tandem mass spectrometry (LC-MS/MS)

Liquid chromatography (LC) has been used with several conventional
detectors for the separation of Perfluoroalkylated substances (PFAS). These include a
conductimetric detection (Hori er al., 2004) and fluorescence detection (LC-FLU).
The latter can only be employed after derivatisation (e.g. with 3-bromoacetyl-7-
methoxycoumarin) because of the general absence of fluorophores in PFAS (Ohya et
al., 1998).

The development of LC—electrospray ionisation (ESI) mass spectrometry
(MS) and LC tandem MS has enabled substantial improvements of the analytical
chemistry of the PFAS. LC-MS and in particular LC-MS/MS can be considered the
current standard for analysis of anionic perfluorinated surfactants (European Food

Safety Authority (EFSA), 2008). LC with single quadrupole MS, though a sensitive
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technique, requires more thorough clean up of the sample in order to remove
interferences, because of its inherent lower selectivity. The majority of reports in the
literature employed LC-ESI MS/MS as the analytical method.

Currently quadrupole-time-of-flight (Q-TOF) MS analyzers have a lower
sensitivity than triple quadrupole MS/MS systems, but seem to be suitable instruments
for the identification of PFAS in the environment (Hansen ef al., 2001; Martin et al.,
2004b). Berger et al. (2004) compared three different mass spectrometric techniques
coupled to LC, follow by ion trap MS, triple quadrupole MS and high resolution
TOF. For all instruments ESI was the best suited interface for analysis of PFAS. Ton
trap MS was best suited for qualitative purposes and identification of branched
isomers. Triple quadrupole MS-MS appeared to be the method of choice for
quantitative analysis of telomer alcohols, having a limit of detection (LOD) in the low
picogram range, and with typical detection limits for other PFAS of 10 to 100 pg.
TOFMS appeared to be the optimum quantitative method for PFAS, combining high
selectivity with high sensitivity (2 to 10 pg).

2.2.1 Analysis in biological samples and food

Currently three methods of analysis are used most often for the
determination of anionic PFAS in biological samples, all involving detection by LC-
MS/MS. The method used most often is the ion pairing extraction method introduced
by Ylinen and co-workers in 1985 and modified by Hansen et al. (2001). This method
is flexible and reported recoveries are generally good (70-120%). It can be used for a
wide range of matrices, including egg, liver, muscle and other biological tissues.
However, the method is quite time consuming and matrix-matched calibration
standards are not routinely employed, i.e. matrix-induced ionisation disturbances in
the ion source of the mass spectrometer are usually not accounted for (Berger &

Haukas, 2005).

2.2.2 Analysis in water and wastewater

The analytical methods applied to water samples generally employ Cjs-
SPE, either with or without ion pairing or acidification, followed by LC-MS/MS (de
Voogt & Séez, 2006). LC with single quadrupole MS has also been used successfully
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for the determination of PFAS employing styrenedivinylbenzene polymethacrylate
cartridges for the SPE, and reported limits of detection (LOD) of 0.1 ng/L (Saito et
al., 2003; Harada et al., 2003).

Researched by So (2006), the joint cooperation between Japan and Hong
Kong targeted the development of new methods for the analysis of PFCs in v