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ABSTRACT

Pollution of the environment, particularly water pollution is known to occur most often in large
cities. This is due, in part, to city sewage systems receiving effluents from many industrial
outlets and domestic wastewater. All these effluents contain different xenobiotic and toxic
substances. Among the chemicals potentially associated with urban wastewater, alkylphenol
ethoxylates (APEs) and brominated flame retardants (BFRs) have been identified as important
toxic group and a cause for concern due to their extended use in several consumer and
personal-care products and as flame retardants. These compounds, as well as their degradation
products, are reported to be persistent, bio-accumulating and highly toxic, with potential for
estrogenic activity.

A gas chromatography-mass spectrometry (GC-MS) method was investigated for the
simultaneous analysis of the aforementioned endocrine disrupting compounds (EDCs), by first
extracting with suitable extracting techniques followed by derivatization and finally analysed by
GC-MS. Isolation of the targeted compounds from water sample was achieved by solid phase
extraction (SPE). The best chromatographic analysis was achieved by extraction with Strata-X
(33 µm, Reverse Phase) cartridge and derivatization with heptafluorobutyric anhydride at 50°C
under triethylamine base in hexane for 30 min. Extraction of the solid samples was achieved
with the aid of sonication. The optimization of the procedure included variation of the amount of
extracted biomass, the duration of extraction, extraction temperature during sonication as well
as type of extraction solvent. The optimum conditions were obtained by extracting 5 g biomass
with hexane: acetone (4: 1) in two consecutive cycles of 45 min at 55°C. The resultant extract

x

was cleaned-up further by SPE (sediment and sludge) or by sulphuric acid lipid removal
followed by Strata X-cartridge SPE clean-up (fish tissue samples).

The recoveries of the target compounds from simulated water were above 60%. The limit of
detection and quantification ranged from 0.01–0.15 µg L-1 and 0.05–0.66 µg L-1, respectively.
The recoveries of these analytes from the simulated solid sample ranged between 44.93 ± 5.77
(HPP) - 100.35 ± 7.47 (BDE183). The recovery after lipids removal and SPE clean up from fish
samples ranged between 50.02 ± 14.63 (NPPE2) – 90.88 ± 6.32 (BDE47). The limit of detection
and limit of quantification for both solid and fish samples ranged from 0.12- 5.0 ng g-1 and 0.7216.4 ng g-1; respectively. When these optimized methods were applied to the environmental
samples, the ranges in concentration for the selected compounds were as follows: 0.06–0.11 μg
L-1 and <dl–3.75 μg L-1 for both octyl and nonylphenols ethoxylates, respectively; <detection
limit – 4.06 μg L-1 for brominated flame retardants (PBBs, PBDEs and HBCDs) in water
samples. The concentrations of APEs and BFRs in sediments were as follows: <dl for
nonylphenol; 3.44–50.937 ng g-1 for both octyl and nonylphenols ethoxylates while <dl–53.718
ng g-1 was for BFRs (PBB, PBDEs and HBCD). In fish samples, the APEs concentration ranging
from 1.061 ng g-1 lipids (t-BP) – 8.471 ng g-1 lipids (di-NPE1) were obtained from the Labeo
umbratus while the concentration from Carp ranged from 2.447 ng g-1 lipids (OPE) – 11.253 ng
g-1 lipids. With BFRs, the concentrations ranging from 1.700 ng g-1 (BDE100) – 6.642 ng g-1
lipids (HBCD) and 1.070 ng g-1 lipids (BDE28 – 11.860 ng g-1 lipids (HBCD) for Labeo umbratus
and Carp, respectively were obtained.

In comparison to other reported concentrations, our findings indicated a moderate
contamination level for both types of compounds. However, owing to lack of specific regulations
xi

for APEs and BFRs in environmental samples in South Africa at present, further studies on
determining the source of these pollutants in the environment is needed.
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CHAPTER 1: INTRODUCTION

1.1

BACKGROUND AND MOTIVATION

A number of recent studies have indicated the widespread occurrence of several synthetic
organic compounds in wastewater and sewage sludge and consequently, significant research
efforts have been devoted to their identification (Ying, Williams & Kookana, 2002; Soares et
al., 2008; Petrovic et al., 2003; Gatidou et al., 2007; Rodriguez-Mozaz, Lopez de Alda &
Barceló, 2007; Xie & Ebinghaus, 2008). Among these compounds, alkylphenol ethoxylates
(APEs) and brominated flame retardants (BFRs) present a significant research interest due to
their extended use in several consumer and personal-care products and their toxicological
and physiochemical properties (Alaee et al., 2001; Sibali, Okonkwo & McCrindle, 2010).

Alkylphenol ethoxylates represent an important group of ionic-surfactant that are widely used
worldwide in a number of commercial and household formulations, including detergents,
cosmetic products, water-based paints, inks and textile (Datta, Loyo-Rosales & Rice, 2002;
Sabik et al., 2003), while BFRs are also man-made chemicals added to a variety of products
to reduce the flammability of the products. BFRs are added to plastic housing of electronic
products such as television sets and computers, car parts, circuit boards, electric components
and cables (Alaee et al., 2003).

BFRs can be divided into reactive and additive flame

retardants according to their uses (Alaee et al., 2003; Dirtu, 2009). Environmental concern in
relation to these compounds results from their oestrogenic activity (Darnerud, 2003; Petrovic
et al., 2003).
1

Biodegradation of alkylphenol ethoxylates (APEs) during biological wastewater treatment can
occur under both aerobic and anaerobic conditions and this may result in the production of
more persistent and oestrogenic metabolites; short chain APEs and alkylphenols (AP)
including nonylphenol (NP), octylphenol (OP) and AP mono- to triethoxylates. This
biodegradation has been well documented (Staples et al., 2001; Jonkers, Knepper & de
Voogt, 2001; Ying, Williams & Kookana, 2002; Petrovic et al., 2003). Studies have found that
APE metabolites are more toxic than the parent substances and they possess the ability to
mimic natural hormones by interacting with the oestrogen receptor (Ying, Williams &
Kookana, 2002). APEs and its metabolites are persistent in the environment and tend to
accumulate in fat; hence organisms with high fat contents have the greatest exposure to
APEs (Sibali, Okonkwo & McCrindle, 2010). The presence of APEs in the environment has
been of increasing concerns globally and efforts have been made to determine their
concentrations in wastewater treatment plants (WWTP) and in aquatic environment (Petrovic
et al., 2003). However, information on concentrations of higher APEs in any South Africa river
is still scarce.

Brominated flame retardant (BFRs) are structurally diverse group of compounds including
aromatics, cyclic aliphatics, phenol derivatives and phthalic anhydride derivative (Hyötyläinen
& Hartonen, 2002). The similarity in chemical structure and biological mechanism of PBDEs
and polychlorinated biphenyls (PCBs) have raised concerns that exposure to PBDEs might
worsen the impact of PCBs and similar chemicals to which we are all already exposed to.
Compared to PCBs, the BFRs are likely to be more susceptible to environmental degradation
because the carbon-bromine bond is weaker than the carbon-chlorine bond (Hyötyläinen &
Hartonen; 2002). The most common BFRs are Tetrabromobisphenol A, polybrominated
diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD) and polybrominated biphenyls
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(PBBs) (Covaci, Voorspoels & de Boer, 2003). Despite their benefits in reducing fire-related
injuries and property damage, growing concern for BFRs has risen because of their
occurrence and persistence in the environment, biota and humans, similar to other persistent
organic pollutants (Dirtu, 2009). About one third of the production of BFRs is PBDEs, another
third being TBBPA and the remainder are various other brominated compounds (Hyötyläinen
& Hartonen, 2002). BFRs can be divided into reactive and additive flame retardant according
to their use (Alaee et al., 2003; Polo et al., 2004; Dirtu, 2009). The reactive chemicals are
covalently bonded to the polymer and, therefore, less likely to leach out to the environment
until the product is decomposed or burnt. The additive chemicals, on the hand, are only
mixed with or dissolved in the material and can easily migrate out of the product (Hyötyläinen
& Hartonen, 2002; Sjödin, Paterson & Bergman, 2003; Deng et al., 2007). Being both
lipophilic and persistent, they have the ability to accumulate in the food chain and in humans
(Thomsen et al., 2001). Another issue of concern with BFRs has been the fate of these
contaminants in the environment, i.e., whether these contaminants are transformed or
metabolized and whether the degradation products persist and pose health risks to humans
and wildlife (Lacorte, Ikonomou & Fischer, 2010). The health concerns of exposure to BFRs
include evidence from animal studies that they are endocrine disruptors by affecting the
functions of the thyroid hormone. Also they have been identified to affect neurological and
developmental reproductive toxicants (Darnerud, 2003). The acute toxicity of most BFRs has
proven to be fairly low, but some BFRs have shown similar toxic effects similar to PCBs,
polychlorinated dibenzo- p-dioxins (PCDDs) and furans (Lacorte, Ikonomou & Fischer, 2010).
The available data suggest, for example, that the lower PBDE congeners (tetra to hexa) are
likely to be carcinogens, endocrine disrupters and/ or neurodevelopment toxicants.
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The water solubility’ and vapour pressures of PBBs, TBBPA, HBCD and PBDEs are very low
(Hyötyläinen & Hartonen; 2002), and as such, when released to the environment, these
compounds are most likely to be adsorb onto solid particles such as sediment and soil. BFRs
enter the environment in a different manner than the PCBs, which generally enter the
environment directly from point sources. BFRs, in contrast, are released from products over
their entire lifetimes and, not only from point sources during manufacture. In addition, heating
of PBBs and PBDEs containing products may lead to the formation of brominated dioxins and
furans (Darnerud, 2003). Despite their chemical stability, PBDEs are prone to photochemical
degradation (Lacorte, Ikonomou & Fischer, 2010). Ultraviolet and solar light cause
debromination of deca- to tetra and hexa- brominated compounds.

1.2

PROBLEM STATEMENT

Studies conducted to date in some South Africa’s water system have shown the presence of
EDCs such as DDT, DDE, DDD, dieldrin, phthalates, and others (Grobler 1994; Naude et al.,
1998; London et al., 2000; Mentjies et al., 2000; Fatoki & Awofolu 2003; Okonkwo et al.,
2007). Sibali, Okonkwo & McCrindle (2010) studied selected APEs in water and sediment in
Jukskei River catchment using GC-FID as a method for quantification without derivatizing the
compounds. Since APEs are semi-volatile compounds, sensitivity may have been lost during
analysis. Apart from the recent studies by Polder et al., (2008), Odusanya, Okonkwo & Botha
(2009), Sibali, Okonkwo & McCrindle (2010) and Olukunle et al., (2012) who reported on the
presence of APEs, HBCD and PBDEs in bird eggs, landfill leachates and sediments
respectively in South Africa, information on higher APEs, PBBs and TBBPAs in any water
system in South Africa is still very scarce. Also up to date, the author is not aware of any
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report on the simultaneous determination of these pollutants in the environment as well as
their levels in fish.

Globally, a number of studies have reported levels of APEs and BFRs in water, sediment,
sludge and biological samples using different analytical methods (de Boer, 1998; de Boer et
al., 1999; 2001; Eriksson et al., 2001; Snyder et al., 2001; Shao et al., 2005; Basheer et al.,
2005). The heterogeneity of the results and the wide range of concentrations found in
different studies may be partially attributed to the different analytical procedures applied. The
general problem in the analysis of environmental samples is that the extract obtained by
exhaustive extraction techniques typically contains a large number of matrix components,
which may co-elute with the analytes. The presence of interfering substances demands either
very selective detection or tedious extract clean-up or even both. Hence, multi-step sample
treatment aimed at the reduction of the matrix content and the enrichment of the target
compounds still remains the most direct means of obtaining maximum detection and
sensitivity. However, extraction and clean-up protocols used are sometimes labour intensive
and they often constitute the bottleneck of the analytical method. Furthermore, the growing
number of samples to be analysed in laboratories carrying out monitoring studies requires
employment of high-throughput analytical techniques. For these reasons, it would be time
saving to develop a simultaneous analytical procedure for the analytes mentioned above.
The development of such analytical technique as mentioned above is of importance to Rand
Water in designing a strategy for surface water protection involving organic contaminants with
endocrine disrupting properties.
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The main objective of this study was, therefore, to optimize and validate extraction and
derivatization protocol for the simultaneous determination of a full range of alkylphenol
ethoxylates and brominated flame retardants in surface water, sediment and fish, based on
different extraction techniques and derivatization followed by gas chromatography-mass
spectrometry analysis. Different types of commercially available solid phase extraction
cartridges were evaluated. Parameters such as flow rate, desorbing solvent, elution volume
and temperature as well as the influence of derivatizing agent volume, time and temperature
on the yield of derivatized product were optimised.

Predatory fishes such as carp; or

smallmouth yellow fish and/ or largemouth bass found around the Vaal River Catchment were
analysed for the presence of APEs and BFRs levels.

1.3

HYPOTHESIS

 pollution by APEs and BFRs exists in the Vaal River due to urban runoff from
metropolitan Johannesburg, Sebokeng wastewater treatment works, Sasol petroleum
production and Sappi paper and pulp processing around the river;

 the optimization and validation of different extraction methods and derivatization will
enhance the sensitivity and detection of APEs and BFRs in water, sediment and fish
samples using gas chromatography- mass spectrometry as the analytical instrument
and

 the developed analytical method can easily be adapted for routine monitoring of the
aforementioned contaminants in Vaal River
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1.4

AIM OF THE STUDY

The general aim of this study is to optimize and validate extraction and derivatization
protocols for the simultaneous determination of a full range of alkylphenol ethoxylates and
brominated flame retardants in surface water, sediment and fish, based on different extraction
techniques and derivatization followed by gas chromatography-mass spectrometry analysis.
Specific aims of this Study:
 To develop, optimize and validate the derivatization protocols for the simultaneous
determination of APEs and BFRs;

 To develop and optimize a reliable and cost effective SPE (using commercially
available cartridges) and ASE methods for the quantification of APEs and BFRs and;

 To identify major classes of APEs and BFRs in water, sediment and fish samples from
the Vaal River Catchment
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CHAPTER 2: LITERATURE REVIEW

2.0

INTRODUCTION

Emerging organic contaminants (EOCs) include several groups of organic compounds that
are widely distributed in the environment. These compounds have attracted tremendous
attention over the past decade (Richardson & Ternes; 2005; Xie & Ebinghaus; 2008). They
can be classified under this category according to their chemical class (chemicals of new
structure), type of use (new uses in industry or in consumer realms), source (new or previous
unknown origins for existing chemicals), type of effect (new discovered effects) and exposure
(pathways that had not been anticipated or had been previously discounted as not possible).
Most of them have been present in the environment for a long time, but their significance and
presence are only now being elucidated and, therefore, they are generally not included in the
legislation (Rodriguez- Mozaz, Lopez de Alda & Barceló, 2007).

Among various compounds considered as EOCs, alkylphenols and flame retardants are of
particular concern, both because of the volume of these substances used and because of
their activity as endocrine disruptors (Rodriguez- Mozaz, Lopez de Alda & Barceló, 2007; Xie
& Ebinghaus, 2008). These compounds have many industrial and household uses and,
therefore, they may appear in environmental samples such as waste, river and sea waters as
well as sediment (Soares et al., 2008). Effluents of sewage treatment plants (STPs) are
discharged to receiving surface waters, and the mentioned compounds can subsequently be
found in ground and drinking waters (Schmitz-Afonso et al., 2003; Soares et al., 2008). It can
also be expected that any effect, beneficial or adverse, could also occur in aquatic organisms
with similar biological functions and receptors. Exposure in the aquatic ecosystem is of
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particular concern, since aquatic organisms are subject to continual introduction into surface
waters from STPs. Moreover, the polar and non-volatile nature of these compounds prevents
their escape from the aquatic realm.

2.1

ALKYLPHENOLS

Microbial transformation or degradation of pollutants is a common way to reduce their
environmental impact. However, in some cases the chemical originally released into the
environment is less toxic than the products of microbial transformation. In these cases, the
toxicity tests on the original compounds are useless, and in order to accurately evaluate their
potential environmental impact, it is necessary to know their metabolic pathways and
intermediates during transformation in the environment. Nonylphenol ethoxylates are
surfactants used worldwide, and are transformed in the environment by microorganisms to
form more toxic compounds, such as nonylphenol (NP) and short chain nonylphenol
ethoxylates. These intermediates from microbial transformations, in addition to their intrinsic
toxicity, seem to be able to mimic natural oestrogen and disrupt the endocrine systems of
higher organisms (Ying, Williams & Kookana, 2002; Vazques-Duhalt et al., 2005). In order to
assess the risks associated with these compounds, it is necessary to understand the
distribution and fate of APEs and their metabolites in the environment. APEs are a class of
surfactants which are manufactured by reaction APs with ethylene oxide. An APE molecule
consists of two parts: the AP and the ethoxylates moiety. This structure makes APEs soluble
in water and helps disperse dirt and grease from soiled surfaces into water (Ying, Williams &
Kookana, 2002).
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Table 2.1: Properties of APs and APEs
Chemical Name

Molecular weight
-1

Water solubility
-1

g.mol

(mg.L at 20°C)

NP

220.00

5.43

Nonylphenol monoethoxylate (NP1E)

264.00

3.02

Nonylphenol diethoxylate (NP2E)

308.00

3.38

Nonylphenol triethoxylate (NP3E)

352.00

5.88

Nonylphenol tetraethoxylate (NP4E)

396.00

7.65

OP

206.00

12.60

Octylphenol monoethoxylate (OP1E)

250.00

8.00

Octylphenol diethoxylate (OP2E)

294.00

13.20

Octylphenol triethoxylate (OP3E)

338.00

18.40

Octylphenol tetraethoxylate (OP4E)

384.00

24.50

a

a

Ahel & Giger (1993a)

The solubility of APEs surfactants depends on the number of polar groups forming the
hydrophilic part of the molecule. Lower oligomers (ethoxylates unit < 5) are usually described
water insoluble or lipophilic, whereas the higher oligomers are described as water soluble or
lipophilic (Ahel and Giger, 1993a). The solubility’s of OP(1-4)E ranged from 8 - 24.5 mg.L-1 in
water, while the solubility of OP was 12.6 mg.L-1. The solubility of NP was 5.43 mg.L-1 while
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the solubility’s of the NP(1-4)E ranged from 3.05 – 7.65 mg.L-1. This data could help to predict
the partitioning behaviour of these compounds among different phases (air, water and
sediment/ soil) in the environment. Even so, from solubility, we can see that OP, NP, NP(14)E could easily adsorb onto the sediment in an aquatic environment.

The longer chain alkylphenol ethoxylates usually degrade into their alkylphenols while the
shorter chain surfactants of these class break down to mono-, di- and tri-, ethoxylates
derivatives under ambient environmental conditions. These surfactants and their degradation
products are commonly found in many wastewater discharges and effluents of sewage
treatment plants (Ding & Tzing, 1998; Espejo et al., 2002; Hoai et al., 2003; Li et al., 2004;
Núñez, Turiel & Tadeo, 2007; Fiedler et al., 2007; Gatidou et al., 2007; Koh et al., 2008; Pan
& Tsai, 2008; Sibali, Okonkwo & McCrindle, 2010).

Alkylphenols have been used as detergents, emulsifiers, wetting and dispersing agents. They
have been reported to cause a number of estrogenic effects in a variety of aquatic organisms
(Basheer et al., 2005). Among the alkylphenols, octylphenol ethoxylates and nonylphenol
ethoxylates are the two most common surfactant found in the market place (Sibali, Okonkwo
& McCrindle, 2010) with 80% of the APnEOs being nonylphenol ethoxylates while the
remaining 20% being mainly octylphenol ethoxylates (Diaz, Ventura & Galceran, 2002). The
chemical structures of these compounds are illustrated in Figure 2.1,
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Figure 2.1: Structures of nonyl- and octylphenol ethoxylates (top left and right) and their
metabolites nonylphenol (NP) and octylphenol (OP) (bottom left and right)

2.2. CHEMISTRY, PRODUCTION AND USES

Nonylphenol mixtures have an approximate molecular weight of 215-220 g mol-1, and are
viscous pale yellow liquids and have a specific gravity of 0.953 g mL-1 at 20°C Most of
nonylphenol is used as an intermediate chemical which, after etherification by condensation
with ethylene oxide in the presence of a basic catalyst, produces the non-ionic surfactants of
the nonylphenol ethoxylates type. The non-ionic surfactants are used as oil soluble
detergents and emulsifiers that can be sulphonated or phosphorylated to produce anionic
detergents, lubrications, antistatic agents, high performance textile scouring agents,
emulsifiers for agrochemicals, antioxidants for rubber manufacture and lubricant oil additives
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(Vazquez-Duhalt et al., 2005). The analytical chemistry of alkylphenols and alkylphenol
ethoxylates is dominated by the complexity of the mixtures which are generated as a result of
the production processes applied.

The synthesis of nonylphenol and other alkylphenol are produced from intermediates in the
refinement of petroleum and coal-tar. Technical preparation of nonylphenol is a complex
mixture of several isomers (Vazquez-Duhalt et al., 2005). The process for the manufacture of
alkylphenols is presented in Figure 2.2,

Figure 2.2: Chemical synthesis of nonylphenol

Similarly, the synthesis of alkylphenol ethoxylates involves ethoxylation of branched octyl- or
nonyl- phenols using ethylene oxide, resulting in isomers (with different alkyl moiety) and
oligomers with different numbers of ethoxylates units (de Voogt, de Beer & van der Wielen;
1997). Society has put great interest in the impact of alkylphenol polyethoxylates (APnEs)
residues and their degradation products on the environment due to their oestrogenmimicking activity and wide usage. The biodegradation pathway of APnEOs has been studied
(Ding & Tzing; 1998). These compounds may be transformed in two primary biodegradation
processes: (a) shortening of the polyethoxy chain, resulting in the formation of alkylphenols
(APs) and shorter ethoxy chain APEO residues such as AP1E, AP2E and AP3E; and (b)
13

carboxylation of the terminal ethoxy unit, resulting in the formation of alkylphenol polyethoxy
carboxylate (APECs). The general degradation pathway structures of these compounds are
presented in Figure 2.3,

Figure 2.3: Degradation pathways of APE
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Alkylphenol ethoxylates (APEs) are non-ionic surfactants and are used in a wide range of
applications. The main application was in industrial and household detergents. Although its
use in domestic application have declined significantly, in industrial applications, APE are still
used as wetting agents, emulsifiers of pesticides, dispersants, solubilisers, foaming agents
and polymer stabilizer (Ying, Williams & Kookana, 2002; Xie & Ebinghaus, 2008) as well as a
dispersing agent for industrial application such as production of paper, fibre, metal and
agricultural chemicals (Kim et al., 2004). They are also used as intermediates to produce
surfactant (anionic and non-ion surfactant) and stabilizer of ethyl cellulose resin, oil soluble
phenol resin and esters (Shao et al., 2005).

A method was reported by (Ding & Tzing, 1998) for the analysis of nonylphenol
polyethoxylate (NPEO) residues and their degradation products, nonylphenol polyethoxy
carboxylates and carboxyalkylphenol ethoxy carboxylates, in river water and sewage effluent
samples. The method involved extraction of sample by graphitized carbon black (GCB)
cartridge, propylation by a propanol/ acetyl chloride derivatization procedure, and separation,
identification and quantification by ion-trap GC-MS with electron impact ionization (EI), liquid
chemical ionization (CI) and CI-MS/MS modes. Large-volume injection technique provided
high precision and sensitivity for both NPEO residues and their degradation products at ≥
0.01 µg L-1 in 100mL of water sample. Dicarboxylic acids of NPEO residues were identified by
the CI-MS/MS technique with relatively high concentrations in the samples of river water and
sewage effluent. Recovery of nonylphenol and octylphenoxyacetic acid in spiked water
samples ranged from 81- 107%. Relative standard deviation of replicate analysis ranged from
2 – 12%. Snyder et al. (2001) developed a method where extractive steam distillation was
used for the extraction of alkylphenols from water, sediment and fish tissues. Optimization of
the technique resulted in consistent recoveries in excess of 70%. From the fish tissue,
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nonylphenol and nonylphenol ethoxylates were detected at average concentration of 184 ± 4
ng g-1 and 242 ± 9 ng g-1 wet weight, respectively. The results were obtained by direct
injection of sample in to GC without derivatization. Sibali, Okonkwo & McCrindle (2010)
studied the presence of selected APEs using liquid- liquid extraction (LLE) and Soxhlet
extraction method using 1:1 dichloromethane: methanol as extracting solvent. The
percentage recoveries obtained for APEs in spiked distilled water were between 83.1 ± 1.0
(OP3EO) and 108.1 ± 3.5 (OP) and for sediments the range was between 96.6 ± 0.9
(OP1EO) and 117.1± 0.6 (OP3E). The compounds were analysed by GC-FID instrument.
Azevedo et al. (2001) determined the occurrence of 4-nonylphenol isomers and bisphenol A
in surface water samples from Portugal. The analytical method involved the pre-concentration
of 200 mL of water sample by solid phase extraction using Oasis (Waters) cartridges,
followed by gas chromatography-mass spectroscopy determination. Recoveries and limits of
detection of 4-nonylphenol isomers and bisphenol A were 73% and 119% respectively and
0.01 µg L-1 and 0.002 µg L-1. It was also found from the study that the concentrations of 4nonylphenol isomers were greater than 10 µg L-1 and bisphenol A was greater than 2 µg L-1.

A fast silyl derivatization technique for simultaneous GC/MS analysis of alkylphenols,
chlorophenols and bisphenol A was developed (Li, Park & Oh, 2001). The analytes were
silylized with excess amount of bis (trimethylsilyl) triflouroacetamide (BSFTA) followed by
hydrolysis of excess silyl reagent with water. Derivatization reaction in acetone was complete
in 15 s at room temperature while it took more than 1h in other solvents. The percentage
recoveries for the alkylphenols studied ranged from 91.2 ± 6.7 for 4-tert-octylphenol to 100.0
± 1.5 for nonylphenol. Similar results were obtained in a mixed solvent of dichloromethane or
hexane with acetone unless the content of acetone was lower than 60% (v/v). Basheer et al.
(2005) afforded a method where injection-port derivatization with bis (trimethylsilyl)
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triflouroacetamide (BSTFA) used as derivatizing agent. A functional polymer (hydroxylated
polymethacrylate) coated on a porous polysulfone hollow fiber membrane (PS-HFM) was
used as an adsorbent for the extraction of alkylphenols and bisphenol A from seawater
samples. Owing to high porosity of PS-HFM coated with hydroxylated polymer showed high
sensitivity and selectivity. With this procedure, the detection limit of alkylphenols in water
samples was 0.07 ng L-1. Hoai et al. (2003) developed a simultaneous determination of
degradation products of APEO and their halogenated derivatives by solid phase extraction
and gas chromatography- tandem mass spectroscopy with trimethylsilylation. The
instrumental detection limits were in the range of 2.1-11 pg while the detection limits (500 mL
water sample) using C18 SPE cartridge were from 2.5 – 18 ng L-1. The recoveries from spiked
pure water and the environmental water samples were greater than 78%. Gatidou et al.
(2007) developed an integrated method for the simultaneous determination of 4-nonylphenol,
nonylphenol monoethoxylate (NP1EO), nonylphenol di-ethoxylate (NP2EO), bisphenol A and
triclosan (TCS) in waste water (dissolved and particulate phase) and sewage sludge based
on GC-MS. These analyses were achieved after derivatization with BSTFA. Extraction from
water samples was performed by solid phase extraction (SPE). Optimization of the SPE
procedure included the type of sorbent and the type of organic solvent used for elution. With
the solid samples, the target compounds were extracted by sonication. In this case the
optimization of the extraction procedure involved the variation of the amount of the extracted
biomass, the duration, the temperature of sonication and the type of the organic solvent. The
developed extraction procedures resulted in good repeatability and reproducibility with
relative standard deviations (RSDs) less than 13% for all the tested compounds for both
types of samples. Satisfactory recoveries were obtained (>60%) for all the compounds in both
liquid and solid samples except for 4-nonylphenol which gave a recoveries up to 35% in
waste water sample and up to 63% in sludge samples. The limits of detection (LOD) of the
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target compounds varied from 0.03 (4-nonylphenol) – 0.41 µg L-1 (NP2E) and from 0.04 (4nonylphenol) – 0.96 µg kg-1 (NP2E) for liquid and solid samples, respectively.
Pan & Tsai (2008) evaluated the solid phase microextraction technique with on fiber
derivatization for the analysis of alkylphenols including 4-ter-octylphenol, 4-nonylphenol and
technical nonylphenols isomers in water. The 85 µm polyacrylate (PA) fiber was used and a
two-step sample preparation procedure was established. In the first step, water sample of 2
mL was placed in a 4 mL PTFE capped glass vial. Head space extraction of alkylphenols in
water was then performed at 65°C for 30 min with 800 rpm magnetic stirring and addition of
sodium chloride. In the second step, the SPME fiber was placed in another 4 mL vial, which
contained 100 µL of N-tert-butyl-dimethylsilyl-N-methyltriflouroacetamide (MTBSTFA) with 1%
tert-butyl-dimethylchlorosilane (TBDMCS). The precision, accuracy and method detection
limits for the analysis of all the alkylphenols were evaluated with spiked water, including
detergent water, chlorinated tap water and lake water. The relative standard deviations were
all less than 10% and the accuracies were 100 ± 15%. With 2 mL samples, method detection
limits were in the range of 1.58-3.58 ng L-1.

Shao et al. (2005) afforded a comprehensive analytical method based on LC-ESI-MS/MS with
negative ionization mode for measuring alkylphenols and bisphenol A in beverages samples.
Concentration and clean-up of samples were performed on 200 mg OASIS HLB solid
extraction. The recoveries for each compound ranged from 76.7 - 96.9% and reproducibility’s
were presented as having relative standard deviation (RSD) of below 10%. Koh et al (2008)
quantified the alkylphenol, short chain alkylphenol ethoxylates (n= 1-3) using also LC –
MS/MS. The method detection limit for adsorbed phase samples ranged from 6 – 60 ng g-1 for
AP, short chain APE and long chain APE ranged from 0.5 – 20 ng g-1. The method was
utilized to evaluate the removal of these compounds over a trickling filter waste water
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treatment plant. It was observed that short chain APE were present in higher proportions in
the suspended solids, due to their affinity to particulate matter compared to the long the long
chain oligomers.

Basheer et al. (2005) reported a procedure for injection-port derivatization using BSTFA and
termed the procedure as polymer-coated hollow fiber microextraction (PC-HFME). Compared
with solid phase microextraction (SPME), PC-HFME showed good selectivity and sensitivity.
Detection limits of alkylphenols and bisphenol A were reported as between 0.07 and 2.34 ng
L-1 range. The linearity was from 0.01 to 15 µg L-1 and correlation coefficient up to 0.997.

Sithole & Pimentel (2009) developed a method to using a pyrolysis- GC/MS to detect the
presence of NPEs in pulps samples at low levels (0.003 ppm). Solvent extraction of the
compounds from pulps with acetone gives better recoveries than desorption of the
compounds from pulps by gas stripping.

2.3

BROMINATED FLAME RETARDANTS (BFRs)

Fire safety standards for electrical appliances, textiles, upholstery, and many other materials
and products help to minimize these losses. To meet these fire safety standards, products
made of synthetic materials are modified with flame retardants, chemicals that inhibit the
ignition and spread of flames (EHC-192, 1997; Alaee et al., 2003). To understand the modes
of action of flame retardants, it is essential to become familiar with the combustion process.
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Combustion is a gas phase reaction involving a fuel source and oxygen. There are four steps
involved in combustion, namely, pre-heating, volatilization/ decomposition, combustion and
propagation (Troitzch, 1990). Depending on the mode of action, flame retardants can act at
any of the four steps involved in the combustion process, and prevent their occurrence.
Flame retardants are used to capture free radicals (highly oxidizing agents) that are produced
during the combustion process which are essential elements for the flame to propagate.
Halogens are effective in capturing free radicals, hence removing the capability of the flame
to propagate (Alaee et al., 2003; Dirtu, 2009). All four halogen are effective in eliminating free
radicals, and the trapping efficiency increases with the size of the halogen (i.e. F< Cl< Br< I).
Therefore all organohalogen compounds could be a good form of storage and delivery of
halogen to be used as flame retardants. However, not all of the halogens are suitable for use
in flame retardants. Fluorinated compounds are very stable and decompose at much higher
temperatures than most organic matter burns, delivering their halogen too late to be effective
as flame retardants. On the other hand, iodinated compounds are not stable and decompose
at slightly elevated temperature (Alaee et al., 2003). Over 175 different flame retardants are
on the market today and fall into four major chemical groups: inorganic, organophosphorus,
halogenated organic and nitrogen based compounds (Alaee & Wenning, 2002; Birnbaum &
Staskal, 2004). Halogenated organic flame retardants are further classified as containing
either chlorine or bromine. Chlorine and bromine are the only halogens used as flame
retardants in synthetic materials, especially plastics, with bromine being more effective
retardant, costing less and having wider application than chlorine (Troitzsch, 1998). Bromine
is an element found in seawater, salt lakes, inlands seas and the earth’s crust. Bromine is
most prevalent in combination with other inorganic and organic elements (in this form it is
referred as bromide). Although bromine has many applications, including use in water
purification, agricultural pesticides, car batteries, pharmaceuticals, solvents and photography,
the largest use of bromine is in flame retardant production (Alaee et al., 2003). Brominated
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flame retardants (BFRs) have routinely been added to consumer products for several
decades in a successful effort to reduce fire-related injury and property damage (Sjödin et al,
2001; Thomsen et al., 2001; Sjödin, Patterson & Bergman, 2003; de Wit, 2002). Recently,
concern for this emerging class of chemicals has risen because of the occurrence of several
classes of BFRs in the environment and in human biota. Many of the BFRs are considered
toxic, persistent and bio-accumulative (Segnev, Kushmaro & Brenner, 2009) and are highly
lipophilic (fat- soluble) rather than water soluble. They have high affinity for binding particles,
which is reflected in low measurement in water samples and higher measurement in
sediments, sewage sludge and particulate samples such as dust (Birnbaum & Staskal, 2004).
They also represent a major industry involving high-production chemicals with a wide range
of uses (de Wit, 2002). The scale of production and use of BFRs has grown dramatically
along with growth in the use of synthetic polymers and the introduction of more rigorous fire
safety requirement. This growth is reflected in their increasing levels in the environment
(Hyötyläinen & Hartonen, 2002). However, there is a recent concern regarding these
emerging contaminants because of their widespread presence in the environment and in
human life and wildlife and their presence in location far from where they are produced or
used (Birnbaum & Staskal, 2004). Within the BFRs, the ploybrominated diphenyl ethers
(PBDEs) are of the highest concern due to their bio-accumulative properties. The similarity in
chemical structure and biological mechanism of polychlorinated biphenyls (PCBs) and
PBDEs have raised concerns that exposure to PBDEs might worsen the impacts of PCBs
and similar chemicals to which we are all already exposed (McDonald, 2002). The health
concerns of exposure to PBDEs and other BFRs include evidence from animal studies that
they are endocrine disruptors that affect the function of the thyroid hormone and are
neurological and developmental reproductive toxicants (de Wit, 2002; de Boer et al., 2003;
Alaee et al., 2003; Birnbaum & Staskal, 2004). The thyroid hormone regulates growth and
development of the brain (Birnbaum & Staskal, 2004). Brominated flame retardants are
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divided into three subgroups depending on the mode of incorporation of these compounds
into polymers: brominated monomers, reactive and additive. A brominated monomer such as
brominated styrene or brominated butadiene is used in the production of brominated
polymers, which are then blended with non-halogenated polymers or introduced into the feed
mixture prior to polymerization resulting in polymer containing both brominated and nonbrominated monomers. Reactive flame retardants, such as tetrabromobisphenol A, are
chemically bonded into plastics. Additive flame retardants, which include polybrominated
diphenyl ethers and hexabromocyclododecane are simply blended with the polymers, and are
more likely to leach out of the products (Alaee et al., 2003).

The importance of monitoring and controlling the PBDEs became apparent as levels were
seen to be rising rapidly in human tissues, as evidenced by studies of human breast milk
(Covaci, Voorspoels & de Boer, 2003). Data from Sweden sounded the first alarm about the
potential for breast milk contamination from PBDEs. In the Swedish study, archived samples
collected between 1972 and 1997 were analysed for the presence of PBDEs detected with
concentrations doubling every five years between 1972 and 1997 (Meironyté, Norén &
Bergman, 1999). Types of brominated flame retardants include ploybrominated diphenyl
ethers (PBDEs), hexabromocyclododecane (HBCD), tetrabromobisphenol A (TBBPA) and
polybromobiphenyls (PBBs).
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2.3.1

Polybrominated diphenyl ether

Figure 2.4: Polybrominated diphenyl ethers flame retardants structure. Where m= 1-5 and n=
1-5

Polybrominated diphenyl ethers (PBDEs) are additive flame retardants and the next highest
production group of BFRs currently in use. PBDEs are produced by bromination of diphenyl
ether in the presence of a Friedel- Craft catalyst (i.e. AlCl3) in a solvent such as
dichloromethane (DCM). Diphenyl ether molecules contain ten (10) hydrogen atoms, any of
which can be exchanged with bromine, resulting in 209 possible congeners (Alaee et al,
2003). The PBDEs are used in a wide array of household products in concentration up to
30% by weight, typically between 2 and 6%. They contain fewer congeners than the
commercial PCB mixtures. The three commercially mixtures of PBDEs are penta- BDE, octaBDE and deca-BDE according to the number of bromine atoms in the dominating congeners
of the mixtures (Dirtu, 2009). The three PBDEs mixtures have different applications:Penta-BDE mixture is primarily used in foams, such as seat cushions and other
household upholstered furniture as well as in rigid insulation;
Octa-BDE is used in high impact plastics products such as housing for fax machines
and computers, automobile trim, telephone handsets and kitchen appliances casings;
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Deca-BDE is used in plastics such as wire and cable insulation, adhesives, coatings
and textile coatings. Typical end products include housing for television sets,
computers, audiotape cassettes stereos and other electronics.
In contrast to the deca-BDE which is poorly absorbed biologically, rapidly eliminated and not
bio-accumulative, the lower molecular weight congeners are almost completely absorbed,
slowly eliminated and highly bio-accumulative (de Wit, 2002; Boon et al, 2002). A recent
study of sewage sludge in Sweden showed bacteria are able to degrade deca- PBDE to octaand nona-brominated congeners under anaerobic conditions. Similar metabolism may occur
in sewage treatment facilities or in anaerobic soil and sediments (Gerecke et al, 2005).
Continued release and accumulation of higher brominated congeners that break down slowly
may result in a continuous release of lower brominated congeners into the environment
(Stapleton et al., 2004).

Analytical methods for the determination of BFR, with emphasis on PBDEs were reviewed
(Covaci, Voorspoels & de Boer, 2003). Sample treatment, extraction, clean-up and
fractionation, injection techniques, chromatographic separation, detection methods, quality
control and method validation were discussed. Odusanya, Okonkwo & Botha (2009) showed
the presence of BDE-28, -47,-71 and -75 from landfills leaches around Pretoria, RSA. High
concentration of these target congeners were detected mainly due to the disposal of high
PBDEs containing materials into the sites as well as the presence of organic material.
Considering the fact that over a period of time these leachates can migrate into underlying
soil and ground water (since these landfill sites are not adequately lined), contamination by
the leachates poses the foremost environmental concern. The percentage recoveries of these
target compounds ranged from 63 to 108% (n=3) with petroleum ether as the extracting
solvent. Polder et al. (2008) detected the presence of PBDEs in bird eggs from bird species
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living along the Vaal River, in the other areas in the North-West and in species from the
Western Cape Province. The highest levels of BDEs were measured in eggs of one of the
sacred ibis (120 ng g-1 lipid) which was comparable to levels in eggs of Atlantic puffin. The
high BDE levels in the sacred ibis might be explained by the habit of this wading bird to
forage in waste dumps. Other sources of food are fish, frogs and insects found in muddy
places. desJardins Anderson & MacRae (2006) showed the presence of PBDEs in
wastewater and fish sample from Penobscot River. The total concentration of tetra- to heptaPBDEs in these samples were calculated and generally increased from upstream to
downstream locations ranging from 800 to 1810ng/g lipid. BDE-47, 99 and 100 were the
predominant congeners found in the fish tissue. PBDE congeners in effluent sample were
detected at concentrations from 0.31 to 0.91 µg L-1 while the influent samples concentration
ranged from 4.2 to 4.3 µg L-1. Lacorte, Ikonomou & Fischer (2010) reported an efficient and
comprehensive analytical methodology based on gas chromatography with high resolution
mass spectroscopy (GC-HRMS) to simultaneously determine PBDEs from mono to deca
brominated and hydroxyl and methoxy PBDE metabolites in environmental samples,
particularly, sediment, fish tissue and milk.

2.3.2

Tetrabromobisphenol A

Figure 2.5: Structure of TBBPA
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Tetrabomobisphenol A (TBBPA) is a reactive flame retardant with a global consumption of
210 000 tonnes, which makes TBBPA the highest volume BFR on the market. TBBPA is
produced via bromination of bisphenol A in an organic solvent. Approximately 90% of TBBPA
is used as a reactive intermediate in the production of epoxy and polycarbonate resins. The
main application of epoxy resins is in the manufacturing of printed circuit boards that contain
approximately 20% bromine. Despite the primary use of TBBPA as a reactive flame retardant
(covalently bond to the polymer), TBBPA has been detected in sewage sludge (Alaee et al,
2003). The key concern with TBBPA is its similarity in chemical structure to thyroxine (T4)
(Alaee et al., 2003). Meerts et al. (2000) in in-vitro T4-TTR (thyroid hormone transport
transthyretin) assay showed that TBBPA has stronger affinity for binding with TTR than the
natural ligand T4.

It was observed that tetrabromobisphenol A (TBBPA) is degradated by both the UV light and
bacteria and the main breakdown product is 2, 4, 6 tribromophenol. Also found as by
products are bromobisphenols, bromobenzene and bisphenol A (de Wit, 2002; Voordeckers
et al., 2002). TBBPA is used primarily as a reactive flame retardant in printed circuit boards
but also has additive applications in several types of polymers. When used as a reactive
component, the phenolic hydroxyl groups react covalently, resulting in incorporation of
TBBPA into the polymer. However, when TBBPA is used as an additive component, the BFR
molecule is not part of the structure of the polymer itself and can be released into the
environment more easily. The extent of BFR release into the environment is therefore
dependent on whether the application is additive or reactive (Birnbaum & Staskal, 2004). The
similarity of TBBPA to bisphenol A, a known weak environmental oestrogen, has suggested
that this chemical might have the ability to bind to the oestrogen receptor and disrupting
signalling (Meerts et al., 2001).
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Dirtu et al. (2008) reported a method for the simultaneous determination of TBBPA, BPA and
triclosan in human serum using solid phase extraction and gas- chromatography-electron
capture negative-ionization mass spectrometry. Slightly higher levels of TBBPA (i.e. 0.08 ng
L-1) were found in Belgium samples compared to Norwegian samples.

2.3.3

Hexabromocyclododecane

Figure 2.6: Structure of HBCD

Hexabromocyclododecane (HBCD) is a non-aromatic, brominated cyclic alkane used
primarily as an additive retardant in thermoplastic polymers with final applications in styrene
resins (National Research Council, 2000). It has also been used, although to a lesser extent,
in textile coatings, latex binders and unsaturated polyesters (Birnbaum & Staskal, 2004).
HBCDs might become the replacement for PBDEs in some application and slight increases in
their concentrations have been found in various environmental systems (Yu et al., 2008). It
also has a low solubility in water and therefore is expected to bio-accumulate in sediments
(Leisewitz et al., 2001). HBCD has been found in sediments that are several decades old,
indicating that it is persistent (Remberger et al., 2004).
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Yu et al. (2008) developed a high-performance liquid chromatography coupled with
electrospray ionization tandem mass spectroscopy for the determination of HBCD isomers.
The limit of detection was 0.5, 0.3 and 0.3 pg for α- HBCD, β-HBCD and Υ- HBCD
respectively. Leslie et al. (2011) found that α- HBCD was predominant isomer of the three
diastereoisomers of in wild birds using LC-MS. Morris et al. (2006) reported a method
involving reverse-phase liquid chromatography coupled with electrospray ionization mass
spectrometry (LC-ESI-MS) for separation, detection and quantification of the α-, β- and γdiastereoisomers of hexabromocyclododecane.

2.3.4

Polybrominated biphenyls

Figure 2.7: Structure of polybrominated biphenyls. Where x = 1-5 and y = 1- 5

Polybromobiphenyls (PBBs) are identical to their chlorinated counterpart PCB, except for type
of halogen atom present in the molecule. Thus, theoretically PBBs should have a similar
pattern of toxicity compared to PCBs (Darnerud, 2003). Polybromobiphenyls (PBBs) have
been used as flame retardants in textile, electronic equipment and plastics (Vetter et al.,
2008). PBBs have been found in moss, seabirds, bird of prey and polar bears. Their temporal
trends are unknown but from their limited use compared to PBDEs they are not likely to be
increasing. There was an unfortunate accident in Michigan in 1973, which brought PBBs to
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the headlines and considerable information was obtained on the direct exposure of the farm
animals and on human exposure through the food chain (Hyötyläinen & Hartonen, 2002;
Alaee et al., 2003). The accident leads to the replacement of PBBs with the PBDEs.

Comparative measurements with gas chromatography electron ionization high resolution
mass

spectroscopy

with

selective

ion

monitoring

(GC-EI-HRMS-SIM)

and

gas

chromatography electron capture negative ion tandem mass spectroscopy (GC-ECNIMS/MS-SRM) were carried out with samples of Tasmanian devils from Tasmania (Australia),
an endangered species due to virus epidemy which has already proved fatal for half of the
population. Both these techniques verified concentration of PBB153 in the range of 0.3 – 0.11
ng.g-1 lipids. The PBB residue pattern demonstrated that PBB pollution originated from the
previous discharge with technical hexabromobiphenyl which is dominated by PBB153 (Vetter
et al., 2008).

2.4

DERIVATIZATION

A common problem in gas chromatography applications is the analyte loss/or peak tailing due
to undesired interaction with active sites in the inlet and column. Analyte that give poor peak
shape or degrade have higher detection limits, are more difficult to identify and integrate, and
are more prone to interferences than stable analytes that give narrow peaks (Anastassiades,
Maštovská & Lehotay, 2003). Derivatization is the process of chemically modifying a
compound to produce a new compound which has properties that are suitable for analysis
using gas chromatography (Knapp, 1979). Often compounds cannot be analysed by a
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particular method because they are not in a form that is amenable to the analytical technique.
Example of this problem is the non-volatile and semi-volatile compounds for gas
chromatography and insoluble compounds for liquid chromatography. Derivatization is a
useful tool allowing the use of GC and GC/MS to be done on samples that would otherwise
not be possible in various areas of chemistry such as medical, forensic and environmental
(Blau and King, 1979). The main reason for derivatizing is to impart volatility to otherwise
non-volatile compounds. The low volatility may result from the size of the molecule and the
resultant large dispersion forces holding the molecules together. Small molecules may have a
low volatility due to the strong intermolecular attractions between polar groups. Masking of
the polar groups by derivatization can yield dramatic increases in volatility. In gas
chromatographic applications, example of this technique is the addition of halogen atoms for
electron capture detectors or the formation of trimethylsilyl (TMS) derivatives to produce
readily identifiable fragmentation patterns and mass ions in GC-MS. The bulk of analytical
derivatization reactions used for gas chromatography (GC) fall into three general reaction
types: alkylation, acylation and silylation. For GC analysis, compounds with active hydrogen
(e.g. –COOH, -OH, NH and –SH) are of primary concern. The tendency of these functional
groups to form intermolecular hydrogen bonds affect the inherit volatility of compounds
containing them, their tendency to interact deleteriously with column packing material and
their thermal stability. Alkylation, acylation and silylation all are used to modify these classes
of compounds.

Croley & Lynn (1998) reported a derivatization procedure of alkylphenols with acetic
anhydride. The procedure involved the reaction of alkylphenol with acetic anhydride with
pyridine as base. Li, Park & Oh (2001) reported a silyl derivatization kit for simultaneous
determination of alkylphenols, chlorophenols and bisphenol A. The kit contained 1 g of Florisil
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powder between anhydrous sodium sulphate layers in a 10 mL glass syringe. The material
packing was retained with glass wool at both ends of the packaging. Florisil serves as an
adsorbent of the polar compounds existing in the sample matrix. Acetone as a solvent for
derivatization medium was added to the sodium sulphate then followed by addition of BSTFA.
A standard solution or extracts of phenolic analytes were added. The derivatization reaction
was complete within 15 s at room temperature. Diaz, Ventura & Galceran (2002) developed
an in-sample derivatization procedure for the simultaneous determination of nonylphenol and
nonylphenol (mono- and di-) ethoxylates. The alkylphenols were derivatized to their methyl
esters with dimethyl sulphate with sodium hydroxide at 60°C for 1 h. Hoai et al (2003)
described a procedure where derivatization had taken place at room 25°C for 1 h with methyl
acetate as solvent while Esperanza et al. (2004) reported the derivatization procedure of
nonylphenol and nonylphenol tetraethoxylate with BSTA and TMCS at 70°C for 4 h.
Stehmann & Schroder (2004) confirmed that nonylphenol and bisphenol A can react with
halogenated acetic acid anhydrides resulting in halogenated acetyl derivatives. The
halogenated acetyl derivatives were characterized applying GC/MS; GC/FTIR and NMR. The
GC/MS proved a complete derivatization presenting a characteristic fragmentation pattern for
each derivative. Gatidou et al. (2007) described a derivatization procedure where alkylphenol
were derivatized at 65°C for 20 min with BSTFA and pyridine.

Dirtu et al. (2008) studied the simultaneous determination of bisphenol A, triclosan and
tetrabromobisphenol A with pentafluoropropionic anhydride at 70°C for 30 min. Further liquidliquid partitioning using hexane-dichloromethane (4:1, v/v) and K2CO3 (3% aqueous solution)
was used to eliminate excess reagent and acidic by-products formed during derivatization.
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2.5

REVIEW OF ANALYTICAL METHODS FOR ANALYSIS OF ENDOCRINE

DISRUPTORS

Endocrine disruptors such as APEs and BFRs are found in parts per billion (ppb) and parts
per trillion (ppt) in the environment. The quality of sample preparation is a key factor in
determining the success of analysis and thus there is a considerable interest in developing
new selective and sensitive methods for extracting and isolating components from
environmental matrices. An ideal sample preparation methodology should be fast, precise,
accurate, and should consume little solvent (Rodriguez-Mozaz, Lopez de Alda & Barceló,
2007).

2.6

EXTRACTION OF SAMPLES

The selection of the extraction technique depends on the nature of the matrix investigated;
different procedures are used for solid and liquid samples. The amount of sample required
varies largely depending on the contamination level anticipated in the sample and on the
sensitivity provided by the detection technique.

2.6.1

Extraction of water and wastewater samples

2.6.1.1 Liquid-liquid extraction (LLE)
Liquid-liquid extraction (LLE), also known as solvent extraction and partitioning, is a method
to separate compounds based on their preferences for two different immiscible liquids,
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usually water and an organic solvent. It is an extraction of a substance from one liquid phase
to another liquid phase. LLE has been reported to be used in several environmental studies
involving the analysis of most endocrine disrupting compounds in aquatic environments
(Fatoki & Awofolu, 2003a)

Espejo et al. (2002) reported a procedure for the determination of free alkylphenol from
sewage wastewater. The wastewater formed a very fine emulsion which was very tedious to
filter and easily clogged the SPE cartridge. The free alkylphenol fraction was then isolated by
an extraction in the organic phase using liquid-liquid extraction. Briefly, after acidification (1
mL sulphuric acid) of wastewater (1 L) and addition of 5 % NaCl, the free alkylphenol were
extracted with hexane (3 X 30 mL). The organic phase was washed by a mixture of methanol
-0.25 M solution of sodium hydroxide (1:1) (3 X 25 mL). The aqueous phase was
concentrated under reduced pressure to remove the methanol, acidified to pH 2 with
sulphuric acid and extracted with hexane (3X 25 mL). The solvent was evaporated under
reduced pressure and re-constituted in DCM for GC-MS analysis.

Li, Park & Oh, (2001) and Sibali, Okonkwo & McCrindle (2010) reported an extraction
procedure where acidified alkylphenols water samples (pH 3) were extracted using liquidliquid extraction (LLE) with dichloromethane. With Sibali, Okonkwo & McCrindle (2010)
procedure, the extract was purified further using the silica gel column-clean up. The eluates
were from the silica gel clean-up was concentrated to 1 mL before GC analysis. With Li, Park
& Oh (2001) procedure, the extracts were concentrated to 2 mL with rotary evaporator at
35°C and reduced pressure before being concentrated further under a gentle flow of nitrogen.
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Acetone was then added in order to carry out fast silyl derivatization. It was submitted to on
column derivatization and Florisil clean-up.

Odusanya, Okonkwo & Botha (2009) determined the levels of PBDEs from leaches from
landfill sites. The leachate was extracted three times with petroleum ether. The extract was
dried over anhydrous sodium sulphate and nitrogen bubbled through the eluate to
concentrate it to about 2 mL. The 2 mL reduced extract was passed through a clean- up step
with silica gel column. The mean percentage recoveries ranged from 63 – 108% (n= 3).

desJardins Anderson & MacRae (2006) reported an extraction procedure where BFRs were
extracted using LLE with dichloromethane. The procedure involved adding dichloromethane
to the water samples containing BFRs and extracting by sonication for 15 min. The samples
were allowed to sit for 12-18 h and were sonicated further for 15min. The solvents layers
were separated and the aqueous fraction extracted twice more with dichloromethane. Watersolvent emulsions were broken by adding sodium chloride (NaCl). The solvents fractions
were combined and dried over anhydrous sodium sulphate. The sample extract was
concentrated and lipids removed with an acid silica gel clean-up. Additional clean-up was
performed by placing a glass wool in the bottom of a pipette, acidified silica gel (44% by
weight with sulphuric acid) was then added. The samples were eluted with dichloromethane
and concentrated to a final volume of 100 µL prior to GC/MS analysis.
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2.6.1.2 Solid phase extraction

Solid phase extraction (SPE) is an extraction method that uses a solid and a liquid phase to
isolate analyte from the solution. It can be used both as a clean-up or pre-concentration of a
sample before the chromatographic or other analytical method to quantify the analyte in the
sample. SPE is routinely used in many different areas of analytical chemistry. It is used in the
analysis of both polar and non-polar analytes where the matrix and the analyte of interest are
dissolved in a liquid. The growth of SPE has largely been at the expense of LLE because it
offers better advantage in that less organic solvent are used, wide extraction mechanisms
can be utilized and also to remove interfering components from the matrix (Rodriguez-Mozaz,
Lopez de Alda & Barceló, 2007).

Gatidou et al. (2007) developed a SPE (C18) method for the determination of NP, NPE,
triclosan and bisphenol A from water samples. The optimization of the procedure included the
type of sorbent and the type of organic solvent used for elution. The developed extraction
procedure resulted in good repeatability and reproducibility with relative standard deviation
(RSD) less than 13% for all the tested compounds. Good recoveries were obtained (>60%)
for all the compounds and the developed extraction method was successfully applied to the
analysis of the target compounds from real samples.

Bai-Juan et al. (2007) developed an analytical method based on SPE (C18) with in-situ
derivatization of alkylphenols in water samples. Operational parameters including silylation
reagent, silylation time, pH value, salt concentration (NaCl) and eluent, expected to impact on
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the recoveries of the target analytes, were optimized. It was observed that the percentage
recoveries increased with increasing the concentration of NaCl in the range of 0- 1.5% and
beyond the concentration of 1.5%, the recoveries of APs start to decrease. At higher pH
value, the recoveries of the APs were also low. The method was further verified by
performing spiking experiments in ultrapure water and seawater matrices, with good recovery
and reproducibility for all the selected compounds.

Hoai et al. (2003) developed a simultaneous determination of the degradation products of
nonylphenol polyethoxylates and their halogenated derivatives in water samples. The
recoveries of the analytes from the water samples were optimized by SPE (Bond Elute C18HF, Varian 500 mg, 3 mL). The recoveries from spiked pure water and the environmental
water samples were greater than 78% and the method was successfully applied to
environmental samples.

Cai et al. (2007) investigated for the first time the use of multiwalled carbon nanotubes
(MWNT) adsorptive potential for SPE analysis of bisphenol A, nonylphenol and octylphenol.
Parameters influencing the extraction efficiency, such as volume of the sample solutions, pH
of sample, and the eluent volume were examined. The percentage recoveries of the target
analyte ranged from 89.8 – 104.2%. The developed method has been applied to determine
the bisphenol A, nonylphenol and octylphenol in several environmental samples.

Ding & Tzing (1998) presented a method for the analysis of nonylphenol polyethoxylates
residues and their degradation products in the river water samples. The method involved
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extraction of the analytes by graphitized carbon black (GCB) cartridge. Recovery of
nonylphenol and octylphenoxyacetic acid in spiked water samples ranged from 81 – 107%.
Relative standard deviation of replicated analyses ranged from 2 – 12%.

Dirtu et al. (2008) presented a method for the simultaneous determination of bisphenol A,
triclosan and tetrabromobisphenol A. Sample preparation involved denaturation of serum
proteins with formic acid followed by SPE on an Oasis HLB cartridge. The Florisil cartridges
was used for the fractionation of the target compounds and eluted with methanol:
dichloromethane (5:1). The limit of quantification obtained ranged from 0.05 – 0.280 µg L-1.

2.6.1.3 Solid phase micro-extraction (SPME)
Solid phase micro-extraction (SPME) is an innovative, solvent free technology that is fast,
economical and versatile. SPME involves a procedure where the fibre is coated with a liquid
(polymer), a solid (sorbent) or a combination of both. The fibre coating removes the
compounds from the sample by absorption in the case of liquid coatings or adsorption in the
case of solid coatings. The SPME fiber is then inserted directly into the GC for desorption and
analysis.

Pan & Tsai (2008) evaluated the SPME technique of alkylphenols, including octylphenol,
technical nonylphenols isomers in water with on-fibre derivatization. The 85 µm polyacrylate
fiber was used and a two-step sample preparation procedure was established. In the first
step, water sample of 2 mL was placed in a 4 mL PTFE capped glass vial. Headspace
extraction of APs in water was then performed under 65°C for 30 min with 800 rpm magnetic
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stirring and the addition of 5% of sodium chloride. In the second step, the SPME fibre was
placed in another 4 ml vial, which contained 100 µL of N-tert-butyl- dimethylsilyl- Nmethyltriflouroacetamide (MTBSTFA) with 1% tert-butyl- dimethylchlorosilane (TBDMCS).
Headspace extraction of MTBSTFA and on-fibre derivatization with APs was performed at 45
°C for 10 min. With 2 mL samples, the method detection limits (MDLs) were in the range of
1.58 – 3.85 ng L-1.

Polo et al. (2004) applied SPME for the determination of trace concentrations of some
brominated flame retardants in water. The headspace extraction of BFRs in a 10 mL vial was
performed with a polydimethylsiloxane (PMDS) fibre at 100 °C for 30 min with sample stirring.
The detection limits for the target compounds ranged from 7.5 – 190 pg L-1.

2.6.2

Extraction of sewage sludge and sediment

2.6.2.1 Extraction of solids samples using sonication

Sonication is the technique that has shown promise for speeding up and simplifying sample
treatment. Ultrasonic energy, when imparted to solutions, causes acoustics cavitation, that is,
bubble formation and subsequent implosion. The collapse of bubbles created from sonication
results in generation of extremely high local temperature and pressure gradients. During the
rarefaction cycle of the sound wave cavitation bubbles are produced which fill with solvent
vapour. During the compression cycles, bubbles and gas within them are also compressed
resulting in a significant increase in temperature and pressure. This finally results in the
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collapse of the bubble with resultant shockwave passing through the solvent and enhanced
mixing occurring. Ultrasound also exerts a mechanical effect, allowing penetration of the
solvent into the solid sample (Navakhun, 2010).

Gatidou et al. (2007) developed a method for simultaneous determination of NP, NPE,
triclosan and bisphenol A using sonication from sewage sludge. The sonication was carried
out once at 50°C for 30 min using 8 mL of methanol: water as extraction solvent. The
supernatant was collected after centrifuging and diluted to a final volume of 100 mL using
MilliQ, after which, was directly extracted, using SPE with C18 cartridges. The developed
extraction procedure resulted in recovery of over 60% for all the compounds with limits of
detection varied from 0.04 – 0.96 µg kg-1. Núñez, Turiel & Tadeo (2007) also reported the
ultrasonic assisted extraction of nonylphenol and nonylphenol ethoxylates in small columns
from soil, sediments, compost and sludge. The procedure involved immersing columns
containing 2 g sample and 5 mL mixture of methanol/water (7:3) into the ultrasonic water bath
at 45°C. Extraction was performed in two consecutive steps of 15 min. Then, the column was
placed in the vacuum manifold and extracts were collected and filtered before preconcentration step with C18 cartridges.

Salgado- Petinal et al. (2006) presented a viable approach for the analysis of PBBs and
PBDEs in sewage sludge by combining an ultrasound assisted extraction of solid sample and
head space solid-phase micro-extraction of the obtained extract. Soil samples collected were
dried in an oven at 105°C for 72 h. The dried solid samples further homogenized using a
porcelain mortar, sieved through a 2 mm stainless steel sieve. A solvent volume of 8 mL
hexane: acetone (4:1) was added to 2 g of dry solid sample in a 22 mL vial. Once closed with
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an aluminium cap and a PTFE- faced septum, ultrasound extraction takes place for 15 min.
To perform the SPME, a 50 µL volume sample extract was placed in a 22 mL headspace vial
and let to evaporate at room temperature until complete solvent dryness. Afterwards, 5 mL of
MilliQ water was added to the vial. Vials were sealed with a headspace aluminium cap
furnished with a PTFE faced septum and then they were immersed in a thermostated water
bath at 100°C, magnetically stirred and samples were let to equilibrate for 5 min. The fiber
was then exposed in the headspace mode for 60 min, then immediately inserted in the GC
injector and analysis was carried out. Navakhun (2010) reported a ultrasonic supported
extraction technique for determination of brominated flame retardants in electronic product by
HPLC. In the technique, 0.5 g of dried sample was extracted with methanol at 60°C for more
than 30 min but no significant difference in extraction efficiency was found when extraction
time varied from 30 to 120 min.

2.6.2.2 Extraction of solids using Soxhlet extraction

With Soxhlet extraction, a solid material containing some of the desired compound is placed
inside a thimble made from thick paper, which is loaded into the main chamber of the Soxhlet
extractor. The Soxhlet extractor is placed onto a flask containing the extraction solvent. The
Soxhlet is then equipped with a condenser. The solvent is heated to reflux, solvent vapour
travels up a distillation arm and floods into the chamber housing the thimble of solid. The
condenser ensures that any solvent vapour cools and drips down into the chamber housing
the solid material. The chamber containing the solid material will slowly fill with warm solvent.
Some of the desired compound will then dissolve in the warm solvent and when the chamber
is full it will automatically emptied by a siphon side arm with the solvent running back down to
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the distillation flask. The cycle may be allowed to repeat many times, over hours or days
(Harwood & Moody).

Sibali, Okonkwo & McCrindle (2010) developed a Soxhlet extraction method using DCM:
methanol (1:1) as extracting solvent. Sediments samples were thawed and air dried in a dark
cupboard for 3 to 4 days. The samples were then grounded, homogenized using a porcelain
mortar and pestle and then sieved. 10 g of the sieved air dried solid samples was weighed
into the thimble in a Soxhlet extraction apparatus using DCM: Methanol. The reduced 5 mL
extract was then purified further using a silica gel column clean- up before GC analysis. Sabik
et al. (2003) reported a Soxhlet extraction of alkylphenol polyethoxylates from sediments
using hexane: acetone mixture. The samples were homogenised and were extract by Soxhlet
extraction with hexane: acetone (41:59, v/v).

Olukunle et al. (2012) reported a Soxhlet extraction of PBDEs in sediments samples. In the
procedure, about 10 g of dried and sieved (150 μm) sediment samples were weighed into
glass fibre thimble pre-extracted in a Soxhlet apparatus and extracted with 170 mL hexane:
acetone (2: 1, v/v) for 10 h. Extracts were reduced to 1 mL by rotary evaporation, before
subjecting to column cleaning. Yu et al. (2008) reported a procedure for extraction of
hexabromocyclododecane from soils samples. The procedure involved an extraction of soil
sample with a mixture of acetone and hexane (1:1) for 72 h with a Soxhlet extractor.
Activated copper granules were added into the extractor flask to remove elemental sulphur.
After extraction, the concentrated extract from soil was cleaned and fractionated in a 10 mm
I.D. silica/alumina column packed, from the bottom to top, with neutral alumina (6 cm, 3%
deactivated), neutral silica gel (4 cm, 3% deactivated), silica with 50% concentrated sulphuric
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acid (8 cm) and anhydrous sodium sulphate 1 cm). The targeted analyte was eluted with a 30
mL hexane and 60 mL hexane: DCM (1:1). The final extracts were concentrated to 200 µL for
GC analysis. Hyötyläinen & Hartonen (2002) reported a Soxhlet extraction procedure for the
extraction of PBDEs. The sample was air dried, homogenized, mixed with anhydrous sodium
sulphate and Soxhlet extracted with hexane: acetone (1: 1) for 4 h. The extract was further
purified with 3 g alumina column and eluted with 4 mL of hexane. Covaci et al. (2007)
reported a procedure for extraction of BFRs by replacing the traditional Soxhlet system by a
semi-automated hot Soxhlet. In this technique, the solvent distilled into the extraction
chamber is also heated below the boiling point of the solvent. The sample is consequently in
permanent contact with hot solvent, which accelerates the analytes desorption from the
matrix. The use of hot Soxhlet allows a significant reduction in the extraction time without
affecting the final results. Morris et al. (2006) reported a Soxhlet extraction for determination
of brominated flame retardant, HBCD, in sediments by liquid chromatography-electrospray
ionisation mass spectrometry. 10 g of air-dried sediment was extracted with acetone: hexane
(3:1, v/v) for 4- 6 h.

2.6.2.3 Extraction of solids by accelerated solvent system

Accelerated solvent extraction (ASE) or pressurised liquid extraction (PLE) is a technique
based on the use of high temperatures (100- 200°C) and pressures (1500- 3000 psi) to
prevent solvents from boiling and to increase the kinetics of the extraction. Therefore, PLE
allows a faster extraction of organic compounds from solid samples (15- 20 min. per sample)
with a lower uptake of organic solvent than more conventional techniques and without
sacrificing high recovery values (Lara-Martίn, Gómez-Parra & González-Mazo, 2006).
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Fiedler et al. (2003) investigated extraction of alkylphenols from sediments with methanol by
ASE using an ASE 200 (Dionex, Sunnyvale, USA) at 98 bars and 100°C. Two static cycles,
12 min each, were carried out. The oven equilibrium time was 5 min; rinse volume of solvent
was 60% of the extraction cell volume. Between the cycles, the system was purged with
Argon for 60 s. Rice et al. (2003) reported the extraction of alkylphenols and alkylphenols
ethoxylates with hexane: acetone by the same procedure. Petrovic et al. (2003) reported an
ASE procedure for the extraction of nonylphenols from sewage sludge. About 1 g sub-sample
of freeze-dried sludge was mixed with sodium sulphate and filled into 11 mL extraction cells.
Extraction was carried out with acetone: methanol (1:1, v/v) under the following the
conditions: temperature 75°C, pressure 1500 psi, heating time 5 min, two cycles of static
extraction 5 min. As a final step, the cell was purged with gaseous nitrogen. Andreu et al.
(2007) also reported quantitative determination of octylphenol, nonylphenol, alkylphenol
ethoxylates by pressurized liquid extraction in soils treated with sewage sludge. In the
procedure, 5 g of soil was homogenised with anhydrous sodium sulphate, placed in a
cylindrical cell (22 mL) and extracted using Dionex ASE 200. Extraction began with 3 min preheating time, followed by 5 min static extraction with acetone: hexane (1:1, v/v). Static
extractions were performed at constant temperature and pressure (60°C and 550 psi).

Lacorte, Ikonomou & Fischer (2010) reported an ASE for the determination of PBDEs from
sediments samples. 5- 10 g of wet sample was homogenized and placed in an extraction cell.
Different solvent were tested. The system pressure was set at 1500 psi and the temperature
at 100°C with a heat- up time of 6 min. Three cycles of extraction were performed during 5
min in static mode and the purge time was set at 90 s. López et al. (2011) reported also an
ASE for new brominated flame retardants and ploybrominated diphenyl ethers in sediments
and suspended matter. With the procedure, 25 g of freeze-dried sediment samples or 5 g of
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suspended matter, which was previously dried with 15 g of anhydrous sodium sulphate for 12
h, was spiked with internal standards and extracted with hexane: acetone (3:1, v/v). The
operational settings were as follows: extraction temperature 70°C, extraction pressure 2000
psi, static time 5 min, flush volume 60%, purge time 120 s and two static cycles.

2.6.2.4 Extraction of solids by microwave assisted extraction

Microwave assisted extraction is a technique consisting of heating the media, mostly organic
solvents in contact with the sample with microwave energy. Microwave extraction is more
effective and reduced the sample preparation time and solvent volumes substantially in
comparison with conventional extraction techniques (Dίaz- Vázquez et al., 2005).

Fountoulakis et al. (2005) reported the microwave-assisted extraction for the determination of
nonylphenol and nonylphenol ethoxylates in sewage sludge. In the procedure, a dried sample
(0.03- 0.3 g) was transferred to the Teflon lined extraction vessel of 100 mL and 20 mL
solvent were added. The extractions were performed at various conditions of temperature
(100 and 120°C) and power (600 and 1200W). The extraction time was 17 min (ramp to 100
or 120°C in 2 min and then hold at 100 or 120°C for 15 min). After cooling, the extracts were
concentrated to an approximate volume of 1 mL using a rotary evaporator. Bartolomé et al.
(2005) developed a method for simultaneous extraction of PAHs, PCBs, phthalate esters and
nonylphenols in sediments. About 1 g of sediment sample was transferred to the Teflon lined
extraction vessel together with 1 g of activated copper. The activated copper was added to
eliminate the possible presence of sulphur in the samples.15 mL of acetone was added to the
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sample and the extraction vessel closed. Extraction conditions were programmed into two
stages. In the first stage, the system was allowed to reach the required pressure (21 psi ~145
kPa) using full power; in the second stage, the pressure previously reached was kept
constant for 15 min at 80% microwave power.

Fajar et al. (2009) reported a microwave assisted extraction of ploybrominated flame
retardants in aquaculture samples.1 g of feed sample was extracted with 15 mL of hexane
mixed with 1 mL of water at 75°C for 9 min using 400 W of power. Salgado-Petinal et al.
(2006) reported a method for the determination of brominated flame retardants in
environmental solid samples by microwave assisted extraction procedure. 2 g of dried sample
was extracted with 8 mL of hexane: acetone (4:1, v/v) at 120°C for 15 min using 800 W of
power.

2.6.3

Extraction of tissues

Schmitz- Afonso et al. (2003); Rice et al. (2003) and Datta, Loyo-Rosales & Rice (2002)
reported the method for alkylphenol and alkylphenol ethoxylates in carp. About 7 g of the fish,
after being thawed, were mixed with 28 g anhydrous sodium sulphate using a marble mortar
and pestle. This entire mix was transferred to a 33 mL stainless ASE cell fitted with cellulose
filters. After the ASE extraction with dichloromethane, the extracts were evaporated and the
solvent exchanged to hexane. The final extracts were adjusted to precisely 7 mL in hexane. A
lipid determination was carried out on a 0.5 mL of the extract. Aminopropyl cartridges (APS500 mg, 3 mL LC-NH2 Supelco, Bellefonte) were used to remove lipids from fish extract.
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Cathum & Sabik (2001) studied the occurrence of alkylphenol polyethoxylates in mussels
collected from St. Lawrence River. Homogenates of mussel soft tissue (50 g) were extracted
with 50% acetone in hexane using a microwave extraction system. The following conditions
were used: 80°C for 20 min at 210 watts. The sample was then transferred quantitatively into
a 250 mL separating funnel, acidified with 50 mL concentrated HCl and extracted three times
with 20 mL dichloromethane. The organic layer was collected in a 500 mL round bottom flask,
which was then evaporated to dryness. The sample residue was transferred into a small
reaction vial using Pasteur pipettes and acetone to aid transfer. The sample was then
evaporated to dryness under a steam of nitrogen, then placed under derivatization conditions
before been clean-up further on silica gel column prior to analysis.

Peng et al. (2007) reported data of PBDEs in fish samples taken from six rivers and three
estuaries in Taiwan. Muscle and tissue samples were weighed freeze dried homogenized,
ground to fine powder and 20- 50 g was extracted with Soxhlet extraction. A 1: 1 mixture of
hexane and dichloromethane was used as an extracting solvent. The lipid extracts were
clean-up by mixing with silica gel. In the bulk clean-up procedure, 30 g of acidified silica was
stirred for 10 min with extract from Soxhlet extraction. After stirring, the solution was filtered to
remove the silica gel. Fats, lipids and other material were retained on the silica while the
PBDEs remained in the hexane solution. The hexane solution was treated further with silica
column clean-up. This column contained 6 g of 40% acid silica gel and 1.5 g of anhydrous
sodium sulphate. The column was pre-eluted with hexane and the extract was placed in the
column and eluted with 40 mL of hexane. Final separation of PBDEs was carried out using
AX-21 Carbon/ Celite 545 column. PBDEs were collected using dichloromethane/ benzene as
eluent. The eluates was concentrated to near dryness (10 µL) using a gentle stream of
nitrogen.
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Medina et al. (2008) determined the level of PBDEs in human breast adipose tissue by GCMS. In the procedure, samples were thawed at room temperature. Approximately 1 g of
tissue sample was spiked with surrogate labelled solution. The mixture was homogenised
with 5- 10 g of sodium sulphate and extracted three times with 15 mL of hexane each time,
shaking in a vortex. The extracts were cleaned with pre-conditioned SPE. 10 mL of the
sample in hexane was passed through the silica SPE cartridge conditioned with hexane. The
first 3 mL were discarded and the rest- approximately 7 mL- was collected together and
additional fraction eluted by passing 3 mL of hexane. Covaci et al. (2008) measured the level
of ploybrominated diphenyl ethers in adipose tissue samples. Roughly, 0.3 g tissue sample
was mixed with anhydrous sodium sulphate, spiked with internal standards and Soxhlet
extracted with hexane: acetone (3: 1, v/v). After gravimetrical lipid determination, the extract
was cleaned on acidified silica gel and the analytes were eluted with 15 mL hexane and 10
mL dichloromethane. DesJardins Anderson & MacRae (2006) reported a method for the
analysis of PBDEs in fish and biosolids samples from Penobscot River. Briefly, 20 g of fish
tissue were spiked with the surrogate material in nonane, dissolved in a small amount of
acetone. The mixture was mixed with sodium sulphate until dry and free-flowing and allowed
to sit for 16- 24 h. Dried samples were grounded with mortar and pestle until fine, uniform
texture was achieved. The samples were loaded into a pre-cleaned ~300 mm * 23 mm
chromatography column with a plug of glass wool at the bottom. The samples were eluted
with 300 ml of methylene chloride at a rate of 1- 2 mL.min-1. Alaee et al. (2001a) described a
method for the determination of PBDEs in biota for routine analysis. Homogenates of whole
fish CRMs in ampoules were vortexed to re-suspend the tissue and lipids. A 10 g aliquot of
the homogenate was transferred quantitatively to large mortar and pestle and 130 g of
anhydrous sodium sulphate was added. The sample mixture was ground manually until freeflowing mixture resulted. The mixture was transferred into a 300 mm * 45 mm
chromatographic column and was spiked directly on the homogenate with surrogate mixture.
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The column bed was eluted with 300 mL of dichloromethane. Samples were concentrated by
a combination of rotary evaporator and nitrogen evaporation prior to gel permeation
chromatography (GPC). The GPC unit column was packed with 60 g of Bio Beads S-X3, 200400 mesh in a 253 mm * 600 mm glass column. The elution solvent was 300 mL of DCM:
hexane (1:1). Fractionation was accomplished with a 10 g of 3% deactivated silica gel (100200 µ) columns (250 mm* 10 mm i.d.), eluted with 140 mL of DCM. The solvent was allowed
to evaporate to dryness at room temperature to minimize losses and 20 µL of performance
standard was added before analysis.

2.7

METHOD USED TO STUDY APEs AND BFRs IN VAAL RIVER

In this study, SPE was used for isolation or pre-concentration of the targeted analytes from
water sample due to its advantages over other isolation technique mentioned above. With this
technique, less volume of toxic solvents were used. It was also used as a purification tool of
extracts obtained from sediment and fish tissue samples.

For sediment and tissue samples, sonication was used as an extracting tool because of its
ease of operation as described above. Lipids from tissue samples were removed from the
extracts by concentrated sulphuric acid and the extract purified further by solid phase
extraction.
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CHAPTER 3: MATERIALS AND METHODS

3.1

MATERIALS

The standard reagents used in this study are shown in Table 3.1,
Table 3.1 Standard reagents used in the study
Alkylphenols

PBDEs

PBBs

Nonylphenol (NP)

2,2,4,4-tetrabromo diphenyl ether

PBB 1

Octylphenol (OP)

2,2,4,4,5-pentabromo diphenyl ether

PBB 10

Primary butylphenol (n-BP)

2,2,4,4,6-pentabromo diphenyl ether

PBB 18

Tertiary butylphenol (t-BP)

2,2,4,4,5,5-hexabromo diphenyl ether

PBB 49

Hexylphenol (HXP)

2,2,4,4,5,6-hexabromo diphenyl ether

PBB101

Heptylphenol (HPP)

2,2,3,4,4,5,6-heptabromo diphenyl ether

PBB155

Tertiary octylphenol (t-OP)

2,3,3,4,4,5,5,6-octabromo diphenyl ether

Octylphenol ethoxylates

2,2,3,3,4,4,5,5,6,6-decabromo diphenyl

(OPE)

ether

Nonylphenol ethoxylates

2,2,2-tribromo diphenyl ether

(technical grade) (NPE)
Nonylphenol pentaethoxylate

3-bromo diphenyl ether

(technical grade) (NPPE)
Octylphenol pentaethoxylate
(technical grade) (OPPE)

Derivatizing agents (heptafluorobutyric anhydride (HFBA), pentafluoropropionic anhydride
(PFPA) and trifluoroacetaimidazole (TFAI)), were of analytical grade purchased from SigmaAldrich South Africa. The solvents acetone, dichloromethane and hexane used in the study
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were of GC grade and were used without further purification. The APEs and PBBs were
purchased from Laboratories Dr Ehrenstorfer-Schäfers, Augsburg. The PBDEs were
purchased as CSM standard from AccuStandard, USA and were of analytical grade. TBBPA
of technical grade as Firemaster BP4A and hexabromocyclododecane (HBCD) of technical
grade were purchased from AccuStandard. Helium as He 5.5 pure was purchased from Air
Products South Africa, Vereeniging.

3.2

METHOD

3.2.1 SAMPLE COLLECTION

3.2.1.1 COLLECTION OF WASTEWATER AND SEDIMENT SAMPLES

Environmental water and sediment samples were collected from different sites of the Vaal
River catchment which stretched along the Mpumalanga and Gauteng Provinces, South
Africa as shown in Figure 3.1. Key activities in the catchment include flows from wastewater
treatment works, stock farming, irrigation agricultural activities as well as the overall increase
in human population around the catchment area. Water samples were collected using 250 mL
Winchester brown bottles by immersing sample bottle below the surface and allowing it to fill.
Sediments samples were collected at a depth of 0-5 cm below the surface with stainless grab
sampler into previously cleaned wide mouth 250 mL brown bottles. The samples were placed
in cooler bags, transported to the laboratory and stored in cold room set at a temperature of
4°C until analysis. The samples were allowed to equilibrate at room temperature before use.
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Site C
Site H
Site F

Site G

Site B

Site I

Site A

Site E

Site J
Site D

Figure 3.1: Different sampling sites on the Vaal River catchment used for sample collection
captured by GIS online.com

The samples were collected from the ten points along the stretch of the Vaal River from the
most accessible points using geographical information system (GIS) as shown in Table 3.2,
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Table 3.2: Description of sampling point with GIS
Point ID
Site A

Site Name

GIS
Lat: 26° 35´ 33.99˝ S

Witpuntspruit @R29/N2 Camden bridge

Long: 30° 05´ 48.74˝ E
Site B

Lat: 26° 27´ 51.84˝ S

Douglas dam flow at N11 bridge

Long: 29° 57´ 20.16˝E
Site C

Lat:26° 30´ 46.08˝ S

Brummerspruit at N17 d/s Ermelo S/W

Long: 29° 54´ 29.16˝ E
Site D

Gddc21 Amersfoort- final effluent at Amersfoort WWTW

Lat: 27° 09´ 02.22˝ S
Long: 29° 53´ 09.91˝ E

Site E

Site F

Blekbokspruit d/s of Bethal sewage works at pieksdal

Lat: 26° 40´ 54.28˝ S

(GDD16)

Long: 29° 24´ 26.03˝ E

Lts 24 Vaal barrage on Vaal River near barrage wall

Lat: 26° 56´ 20.79˝ S
Long: 27° 40´ 01.01˝ E

Site H

Lts 21 Taaiboschspruit downstream of webs dam at rail line

Lat: 26° 32´ 43.22˝ S
Long: 27° 30´ 09.94˝ E

Site G

Site I

Kookfontein 454 IQ Meyerton WWTW Final Effluent

Lat: 26° 34´ 47˝ S

Discharging into Fouriespruit

Long: 27° 59´ 21˝ E

CRV2 - Rietspruit Weir @ Loch Vaal

Lat:26° 7´ 29˝ S
Long: 27° 7´ 18˝ E

Site J

C-V17

Lat: 26° 7´ 64˝ S

Vaal River @ Barrage Outlet

Long: 27° 6´ 84˝ E
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3.2.1.2 COLLECTION OF FISH SAMPLES

Seven bottom feeders, Labeo umbratus, and nine predatory fish, Carp, were collected from
the Vaal River. The selected fishes were caught using a fishing rod. Fish selected for analysis
were killed by a blow to the head. The length and weight of each fish was recorded. The fish
were individually wrapped in aluminium foil, placed in plastic bags packed with ice for
transport to the laboratory where the samples were frozen pending preparation of the tissue
samples. Fish tissue samples were prepared following the guidance in EPA (2000a).
Techniques to minimize potential for sample contamination were used. During sample
preparation, non-talc nitrile gloves were worn and heavy-duty aluminium foil cutting board
was used. The gloves and foil were changed between samples and the cutting board cleaned
between samples. The fish were thawed enough to remove the foil wrapper and rinsed with
tap water, then deionized water to remove any adhering debris. Before use, the skins were
removed and the sample, muscle tissues, collected.

3.2.2

METHOD DEVELOPMENT

3.2.2.1 DERIVATIZATION

Into a Pyrex test tube, 100 µL of organic mixture containing APs (1 mg L-1), APEs (5 mg L-1),
PBBs (1 mg L-1), PBDEs (1 mg L-1), HBCD (5 mg L-1) and TBBPA (5 mg L-1), 0.1 ml hexane;
70 µL of 0.1 M triethylamine (TEA) and 7 µL HFBA were added. The test tubes were closed
and completely mixed for 1 min using a vortex system. The contents were gradually heated to
50°C and the derivatization monitored by GC-MS. Derivatization was achieved within 30 min.
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Thereafter, the contents were cooled, quenched with 0.3 mL of 5% aqueous solution of
K2CO3. The organic phase was then drawn off. The aqueous phase was washed twice with
0.5 mL of hexane to recover some organic fractions. After separation, the organic phase
extracts were concentrated to 100 µL. Thereafter, the internal standards (Chrysene and
PBB80) were added (20 µL of 2 ppm, each) into the extract, the volume made up to 200 µL
and 1 µL of a mixture of extracts and internal standards injected into the GC-MS.

3.2.2.2 EXTRACTION OF ANALYTES FROM SIMULATED WATER SAMPLES

Solid-phase extraction (SPE) was used as the isolation technique throughout the experiment.
Before use, the SPE cartridge was conditioned with 6 mL of 30% MeOH in DCM followed by
the addition of 6 mL of MeOH. About 250 mL of MilliQ water acidified to pH 3 with acetic acid,
spiked with 100 µL of organic mixture and extracted at a flow rate of approximately 10 mL
min-1. After passing the sample through the cartridge, the cartridge was washed with 10 mL
MilliQ water and dried under vacuum for 1 h. The compounds were eluted with 3 x 2 mL of
mixture of DCM: hexane (4: 1). The eluates were evaporated to dryness under a gentle
stream of nitrogen at 40°C. Finally the dried residues were subjected to derivatization
reaction as described earlier.

3.2.2.3 EXTRACTION OF ANALYTES FROM SIMULATED SOLID SAMPLES

Sediment sample (5 g) was weighed and mixed with 20 g anhydrous sodium sulphate. The
contents were extracted with 20 mL of hexane: acetone mixture (4: 1) at 55°C for 45 min in
two consecutive cycles. The extracts were combined and 2 g of Cu powder was added to
remove elemental sulphur. The extracts were evaporated to approximately 0.5 mL using
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TurboVap II apparatus. The extract was then diluted to 250 mL with MilliQ water. MeOH (2.5
mL) was added and acidified to pH 3 with acetic acid to be extracted with a pre-conditioned
SPE cartridge and derivatized as described above.

3.2.2.4 EXTRACTION OF ANALYTES FROM SIMULATED TISSUE SAMPLES

About 5 g of the tissue was weighed and mixed with 20 g anhydrous sodium sulphate. The
contents were extracted with 20 ml of hexane: acetone mixture (4:1) at 55°C for 45 min in two
cycles. After the ultrasonic extraction, the extracts were combined and placed in separating
funnel. Roughly 10 mL of concentrated sulphuric acid was added, mixture shaken and phase
separated. The acid layer was washed once with 25 mL of hexane. The hexane extracts were
combined and washed with 25 mL of 40% (v/v) sulphuric acid for further removal of residual
lipids. The phases were separated and the organic phase evaporated to dryness using
TurboVap II instrument. The residue was re-constituted with 2.5 mL of MeOH, diluted to 250
mL with MilliQ water and acidified to pH 3 with acetic acid. The mixture was then passed
through a pre-conditioned SPE cartridge. The cartridge was conditioned with 6 mL of 30%
MeOH in DCM, followed by 6 mL DCM. After all the mixture had passed through the
cartridge, the cartridge was dried for 1 h and APEs and BFRs eluted with DCM: hexane (4:1)
mixture. The eluates were then concentrated under a gentle stream of nitrogen to dryness
and placed under derivatization conditions as described above.
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3.2.2.5 INSTRUMENTATION

An Agilent 6890 GC equipped with 5975 mass selective detector (MSD) was used for GC-MS
analysis. The MS was tuned with perfluorotributylamine (PFTBA) using the auto-tune
program. The GC was equipped with an Agilent autosampler. The GC separation was
performed on a capillary column (Restek RTx-1614, film thickness 0.10 µm, 15 m x 0.25 mm
I.D.); (Chromspec cc South Africa)). The GC-MS conditions used for analysis were as follows:
carrier gas He; linear velocity, 40 cm s-1 injector temperature, 280°C; transfer line
temperature, 300°C; ion source 150°C. For analysis 1 µL splitless injection were carried out
by autosampler. The GC temperature program conditions were as follows: initial temperature
50°C, heated to 120°C by a temperature ramp of 7.5°C min-1 then 275°C by a temperature
ramp of 15°C min-1 then finally heated to 300°C (held for 2 min) by a temperature ramp of
25°C min-1.

3.2.2.6 LIMITS OF DETECTION

The instrument detection limit (IDL) was computed using the method described by Miller and
Miller (1998) given by the following equation:
IDL = Yb +3Sb

(1)

where Yb is the blank value and Sb is the standard error of the regression line. The noise and
thresholds were set during column background run so as to eliminate noise spikes from being
registered as peaks.
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3.2.2.7 QUANTIFICATION OF ANALYTES

The targeted analytes were quantified by peak area abundance using external standard
method. A five point calibration curves were linear (r2 = 0.98) across the concentration range
of 0.2–1.0 µg L-1 for water samples while the concentration range for solid samples was 8- 40
μg kg-1.

3.2.2.8 QUALITY ASSURANCE

The spiking method was used in the quality assurance process of analytical method due to
unavailability of certified reference material for target compounds. MilliQ pure water, prewashed sand and fish tissue were spiked with 100 µL of standard mixture of 1.0 mg L-1 APs,
PBBs and PBDEs; 5.0 mg L-1 HBCD, TBBPA and APEs and was taken through the same
extraction(s) and derivatization procedures mentioned above prior to GC analysis. Several
quality assurance measures were also routinely observed in this study and included running
blanks in between samples as well as analysing samples as triplicates.
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3.3

ANALYSIS OF ENVIRONMENTAL SAMPLES

3.3.1

WASTEWATER SAMPLES

The extraction and derivatization procedures were carried out as described in the extraction
of simulated water sample step.

3.3.2

SEDIMENT SAMPLES

Environmental sediment samples were extracted and cleaned-up using the procedure carried
out in extraction of simulated solid under method development

3.3.3

FISH SAMPLES

The collected fish were extracted and analysed using the procedure carried out in extraction
of simulated fish samples under the method development.
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CHAPTER 4: OPTIMIZATIONAND SIMULTANEOUS DETERMINATION OF
ALKYLPHENOL ETHOXYLATES AND BROMINATED FLAME RETARDANTS IN WATER
AFTER SPE AND HEPTAFLUOROBUTYRIC ANHYDRIDE DERIVATIZATION FOLLOWED
BY GAS CHROMATOGRAPHY-MASS SPECTROMETRY

4.1

INTRODUCTION

This chapter reports on a simple and reliable procedure, based on SPE followed by HFPA
derivatization and GC-MS, for the simultaneous determination of APEs and BFRs in influent
and effluent environmental samples obtained from wastewater treatment plant. The approach
adopted in the present study is seen to save analyses time and sample handling. Also the
impact of filtration of samples on the recoveries of these compounds in real samples was
investigated. The results obtained were published in Chromatographia, 2012, 75, 11651176.

Several derivatization methods, such as acetylation, silylation and alkylation (Ding & Tzing,
1998; Li, Park & Oh, 2001; Diaz, Ventura & Galceran; 2002; Hoai et al., 2003; Stehmann &
Schröder, 2004; Gatidou et al., 2007; Pan & Tsai, 2008) have been used for the GC-MS
analysis of phenolic compounds. Acetylation and methylation techniques are suitable for the
analytes with high molecular weights. For the group of compounds covered in the present
study, acetylation was used because of its quantitative reactions with various hydroxyl
compounds at relatively moderate conditions. Among numerous acetylation reagents for
derivatization of the hydroxyl group, 1-(trifluoroacetyl) imidazole (TFAI), heptafluorobutyric
anhydride (HFBA) and pentafluoropropionic anhydride (PFPA) have widely been used (Dirtu
et al., 2008). The use of HFBA as a derivatizing agent for the determination of TBBPA in
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environmental samples has been reported (Dirtu et al., 2008), but never in the presence of
APEs in wastewater samples.

4.2

EXPERIMENTAL

4.2.1

Standards and Reagents

Detailed materials used in this study are as described in Chapter 3.

4.2.2

Derivatization using HFBA

Into a vial, APs (1 mg L-1), APEs (4 mg L-1), PBBs (1 mg L-1), HBCD (2 mg L-1) and TBBPA (4
mg L-1), 1 mL hexane; 10.5 mg Na2CO3 and 75 µL HFBA were added and the content heated
to 55°C for 2 h and the derivatization was completed. Thereafter, the contents were cooled
and the carbonate quenched with water. The organic phase was then drawn off and the
volume made up to 1 mL with hexane. Thereafter, 1 µL was injected into the gas
chromatography-mass spectroscopy for analysis.

4.2.3

Wastewater sample collection

Environmental water samples were collected from the Leeuwkuil wastewater treatment plant
located in the Vereeniging region, South Africa. Water samples were collected at the inlet
(influent) and at outlet (effluent) using Winchester 250 mL brown bottle. The samples were
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acidified and placed in cooler bags, transported to the laboratory and stored in cold room set
at a temperature of 4°C. The samples were allowed to equilibrate at room temperature before
use.

4.3

RESULTS AND DISCUSSIONS

4.3.1

Derivatization

To improve the selectivity and sensitivity of detection, phenolic compounds are often
derivatized prior to GC-MS analysis (Gatidou et al, 2007). Using nonylphenol as a benchmark
for derivatization, different derivatization agents (1-(trifluoroacetyl) imidazole (TFAI),
pentafluoropropionic anhydride (PFPA) and heptafluorobutyric anhydride (HFBA)), solvents
(hexane, acetonitrile, toluene and acetone) and bases (NaHCO3, Na2CO3, pyridine and
triethylamine) were compared in order to find optimal conditions for the derivatization of the
targeted analytes. In the experiments conducted, it was observed that both the PFPA and
HBFA in hexane with Na2CO3 as base provided stable derivatives while the TFAI derivative
was milky necessitating a further clean-up step. For further experiments, derivatization with
HFBA was chosen because of quantitative reaction, the formation of stable products and
availability of the agent. Figure 4.1a shows a nonylphenol HFBA derivative chromatogram
obtained with a 30 m long DB5 column while Figure 4.1b shows the NP-derivative EI- mass
spectra
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Figure 4.1a: The gas chromatogram and EI-mass of nonylphenol-HFBA derivative

Figure 4.1b: The EI-mass spectra of nonylphenol-HFBA derivative

The APEs where derivatized simultaneously using the optimized conditioned obtained from
nonylphenol and the chromatogram is presented in Figure 4.2. The change in retention time
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for nonylphenol was due to the use of a shorter column (15 m DB5). The change to a shorter
column was to minimize the degradation of the products during analysis.

NP

Figure 4.2: The GC chromatogram of derivatized APEs

However, when the APs were analysed together with PBBs (1, 10, 18 and 49), there was a
co-elution of NP and PBB10 using a temperature ramp of 15 °C/min from 50 to 120 °C as
shown in Figure 4.3a. As can be observed also from Figure 4.3b, the sensitivity of PBB10
was low from the EI mass fragmentation.
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Figure 4.3a: GC chromatogram showing co-elution of PBB10 with NP

Figure 4.3b: The EI mass fragmentation of PBB10 with NP

When this temperature ramp was reduced from 15 °C/min to 7.5 °C/min, the two compounds
were separated. The ramp condition was, therefore, kept at 7.5 °C/ min throughout the study.
Due to low peak area abundance of PBBs from the EI mass fragmentation, RTs 1614 column
(15 m) was used in place of the DB5 (15 m) and was used further during the course of the
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analysis. The selected APEs and TBBPA were derivatized simultaneously in the presence of
PBBs, (1, 10, 18 and 49) and HBCD as presented in Figure 4.4

Figure 4.4: GC chromatogram of derivatized APEs and TBBPA in the presence of PBBs and
HBCD

Although both the NPE and NPPE were used as technical mixtures, it was easy to identify
their masses in the chromatograph (Figure 4.4). It was observed that the NPE comprised
nonylphenol ethoxylate (mono-NPE) and nonylphenol diethoxylate (di-NPE). The M+ ion used
to identify the NPE, as shown in Table 1, were 433.2, 419 and 461 for mono-ethoxylate and
419, 475, 405, 433, and 504 for di-ethoxylate. There were also two sets of the pentaethoxylate. The ions used to differentiate between the two penta-ethoxylates were 463, 477,
519 and 639 and the other was 551, 565, 607 and 639 and well separated (19.629 and
20.982 min). This additional fingerprints information may be very useful for the identification
of these compounds in the complex matrix environmental samples. It was also observed that
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derivatization depended on the analyte structure, time and solvent. In this study, the
derivatization reaction for the phenolic hydroxyl group was completed faster than those for
the alcoholic hydroxyl groups. This phenomenon has been observed by Hoai et al. (2003).

Table 4.1: Initial Ions for Selected Ion Monitoring of heptafluorobutyric derivatives
Analyte

retention time

quantification ion

confirmation ions

min

abundance

abundance

t-BP

3.202

331

346

n-BP

3.494

303

346

HXP

4.278

303

374.1

t-OP

4.481

331

PBB-1

4.776

232

HPP

4.824

303

388.1

OP

5.644

303

402

PBB-10

6.267

311.9

NP

6.423

303

416.2

OPE

7.177

375

446

OPPE

8.858

389.1

375; 431; 361; 615

PBB-18

9.645

389.8

310.9; 232.0

PBB-49

15.802

469.7

390.8; 309.8

di-NPE2

14.636

419

433.1; 475; 405; 504

di-NPE1

15.803

433.2

419; 475; 405; 504

mono-NPE

15.190

433.2

419; 461

NPPE1

19.628

463.1

477.1; 519.3

TBBPA

20.848

726

NPPE2

20.982

551

565, 607

HBCD

21.541

562.8

400.8; 319; 239
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4.3.2

Optimization of solid phase extraction

Solid phase extraction is the most widely used pre-concentration procedure. It is used not
only to extract traces of organic compounds from environmental samples but also to remove
interfering components from the matrix (Rodriguez-Mozaz, Lopez de Alda & Barceló, 2007).
The performances of four different types of cartridges were initially examined using initially
1000 mL spiked water (data shown for 4 cartridges, Table 4.2). Strata-X gave better
recoveries for the extraction of APEs while PestiCarb cartridges gave better recoveries for the
extraction BFRs compared to the other cartridges tested. Cai et al (2003) studied the effect of
pH on extraction efficiencies of similar target analytes and the results showed extraction
recovery (>95%) for APEs (NP and tert-OP) remain relatively similar at pH 3-8, but recoveries
of BPA were dramatically decrease to 60% at pH above 8. Hoai et al (2003) reported that
simultaneous determination of NPnEOs and their halogenated derivatives at pH 2-4 with HCl
was found to be applicable for the extraction and elution of the analytes. On the basis of their
experimental results, pH range of 3-4 was chosen as the pH of the sample solutions.
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Table 4.2: Extraction results from four types of SPE cartridgesa
µg L

-1

%Recovery

Exp.
Compound

Conc.

Strata-X

PestiCarb

Florisil

C18

Strata-X

PestiCarb

C18

Florisil

t-BP

0.40

0.06

0.01

0.00

0.00

15.00

2.50

0.00

0.00

n-BP

0.40

0.24

0.22

0.36

0.42

60.00

55.00

105.00

90.00

HXP

0.40

0.24

0.01

0.03

0.04

60.00

2.50

10.00

7.50

t-OP

0.40

0.23

0.02

0.05

0.05

57.50

5.00

12.50

12.50

PBB-1

0.20

0.01

0.15

0.00

0.00

5.00

75.00

0.00

0.00

HPP

0.40

0.29

0.02

0.06

0.16

72.50

5.00

40.00

15.00

OP

0.40

0.27

0.01

0.05

0.24

67.50

2.50

60.00

12.50

PBB-10

0.20

0.04

0.15

0.05

0.01

20.00

75.00

5.00

25.00

NP

0.40

0.19

0.01

0.08

0.25

47.50

2.50

62.50

20.00

OPE

0.40

0.43

0.34

0.42

0.42

107.50

85.00

105.00

105.00

OPPE

1.60

1.54

1.21

1.37

1.35

96.25

75.63

84.38

85.63

PBB-18

0.20

0.05

0.16

0.10

0.09

25.00

80.00

45.00

50.00

PBB-49

0.20

0.05

0.21

0.13

0.17

25.00

105.00

85.00

65.00

di-NPE2

1.60

1.09

1.02

1.02

1.45

68.13

63.75

90.63

63.75

di-NPE1

1.60

0.79

0.62

0.61

0.86

49.38

38.75

53.75

38.13

mono-NPE

1.60

1.14

0.88

0.97

1.20

71.25

55.00

75.00

60.63

NPPE1

1.60

0.29

0.36

0.25

0.39

18.13

22.50

24.38

15.63

TBBPA

1.60

1.52

0.18

0.23

0.53

95.00

11.25

33.13

14.38

NPPE2

1.60

0.21

0.19

0.25

0.16

13.13

11.88

10.00

15.63

HBCD

0.80

1.37

2.86

2.15

3.56

171.25

357.50

445.00

268.75

a

Cartridges conditioned with 5 mL ethyl acetate followed by 5 mL MeOH and 5 mL acidified

water (pH 3 with HCl) and eluted with 3* 2mL ethyl acetate

Strata-X and PestiCarb cartridges were subjected to further test in order to select the
cartridge with the better performance for all the analytes. It was observed that the Strata gave
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better extraction efficiency compared to PestiCarb when the former was conditioned with 30%
MeOH in DCM followed by MeOH and acidified water (acidified to pH 3 with acetic acid) and
the extraction volume reduced from 1000 mL to 250 mL.

Sibali, Okonkwo & McCrindle (2010) confirmed APE loss by analytes retention in the sample
bottle. In order to prevent the retention of analytes from the sample bottle, several volumes of
methanol were added to the sample before the enrichment step to minimize this adsorption
problem. As shown in Table 4.3, 1% methanol (2.5 mL MeOH in 250 mL sample) gave better
results for most of the compounds. Taking into consideration the recoveries of all the
analytes, 1% MeOH addition was chosen as the best condition.
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Table 4.3: Effect of MeOH addition during SPE of APEs and BFRs
Compound

R.T.

Exp.

(min)

Conc.

Conc.;
µg L

%

-1

Recovery

1 mL

2.5 mL

5 mL

1mL

2.5mL

5mL

t-BP

3.202

0.400

0.27

0.33

0.25

67.50

82.50

62.50

n-BP

3.494

0.400

0.28

0.31

0.26

70.00

77.50

65.00

HXP

4.278

0.400

0.37

0.28

0.35

92.50

70.00

87.50

t-OP

4.481

0.400

0.34

0.25

0.32

85.00

62.50

80.00

PBB-1

4.776

0.400

0.11

0.26

0.07

27.50

65.00

17.50

HPP

4.824

0.400

0.28

0.21

0.28

70.00

52.50

70.00

OP

5.644

0.400

0.32

0.35

0.35

80.00

87.50

87.50

PBB-10

6.267

0.400

0.36

0.39

0.38

90.00

97.50

95.00

NP

6.423

0.400

0.24

0.27

0.27

60.00

67.50

67.50

OPE

7.177

0.400

0.53

0.40

0.59

132.50

100.00

147.50

OPPE

8.858

1.600

1.8

1.34

2.31

112.50

83.75

144.38

PBB-18

9.645

0.400

0.28

0.31

0.37

70.00

77.50

92.50

PBB-49

15.802

0.400

0.04

0.19

0.04

10.00

47.50

10.00

di-NPE2

14.636

1.600

3.03

2.05

4.49

189.38

128.13

280.63

di-NPE1

14.802

1.600

2.98

1.61

3.86

186.25

100.63

241.25

mono-NPE

15.190

1.600

2.87

1.64

0.95

179.38

102.50

59.38

NPPE1

19.629

1.600

3.21

3.85

2.56

200.63

240.63

160.00

TBBPA

20.848

1.600

1.02

1.23

1.31

63.75

76.88

81.88

NPPE2

20.982

1.600

3.12

1.26

1.06

195.00

78.75

66.25

HBCD

21.541

0.800

0.53

0.54

0.32

66.25

67.50

40.00

The results on the effect of washing the cartridge after extraction are tabulated in Table 4.4.
After passing the sample through the cartridge, the cartridge was washed with appropriate
amount of water (i.e., 5 mL; 10 mL and 15 mL as indicated in Table 4.4) to remove any
interference and then dried for 1 h.
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Table 4.4: The effect of washing cartridges after extraction step
Compound

R.T.

Exp.

(min)

Conc.

-1

Conc., µg L

% Recovery

0 mL

5 mL

10 mL

15 mL

0 mL

5 mL

10 mL

15 mL

t-BP

3.202

0.40

0.33

0.35

0.31

0.31

82.50

87.50

77.50

77.50

n-BP

3.494

0.40

0.36

0.36

0.33

0.33

90.00

90.00

82.50

82.50

HXP

4.278

0.40

0.36

0.36

0.4

0.35

90.00

90.00

100.00

87.50

t-OP

4.481

0.40

0.39

0.38

0.4

0.35

97.50

95.00

100.00

87.50

PBB-1

4.776

0.40

0.21

0.07

0.09

0.07

52.50

17.50

22.50

17.50

HPP

4.824

0.40

0.33

0.34

0.35

0.3

82.50

85.00

87.50

75.00

OP

5.644

0.40

0.33

0.35

0.35

0.31

82.50

87.50

87.50

77.50

PBB-10

6.267

0.40

0.53

0.3

0.51

0.36

132.50

75.00

127.50

90.00

NP

6.423

0.40

0.25

0.23

0.27

0.23

62.50

57.50

67.50

57.50

OPE

7.177

0.40

0.53

0.49

0.54

0.44

132.50

122.50

135.00

110.00

OPPE

8.858

1.60

1.72

1.56

1.85

1.57

107.50

97.50

115.63

98.13

PBB-18

9.645

0.40

0.34

0.27

0.34

0.3

85.00

67.50

85.00

75.00

PBB-49

15.802

0.40

0.24

0.03

0.04

0.03

60.00

7.50

10.00

7.50

di-NPE2

14.636

1.60

2.22

2.06

2.09

1.76

138.75

128.75

130.63

110.00

di-NPE1

14.802

1.60

2.09

2.26

3.16

2.25

130.63

141.25

197.50

140.63

mono-NPE

15.190

1.60

2.61

2.7

2.64

1.97

163.13

168.75

165.00

123.13

NPPE1

19.629

1.60

2.85

3.56

3.65

4.32

178.13

222.50

228.13

270.00

TBBPA

20.848

1.60

0.76

0.79

0.52

0.35

47.50

49.38

32.50

21.88

NPPE2

20.982

1.60

1.95

0.65

0.58

0.85

121.88

40.63

36.25

53.13

HBCD

21.541

0.80

0.58

0.22

0.3

0.41

72.50

27.50

37.50

51.25

RT = Retention time

The results showed that washing of the cartridges had an overall negative effect on the
recoveries of the compounds especially the brominated compounds as their recoveries were
the most reduced with increased washing. With APEs, the effect was considered negligible.
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Based on these observations, cartridge washing step was not incorporated in the extraction
of these analytes.

Finally, triplicate extraction and derivatization of analytes were performed under the condition
deemed optimum. The condition included the simultaneous derivatization of APEs in the
presence of BFRs at 55 °C with HFBA, Na2CO3 with hexane as solvent for 2 h. The extraction
included the conditioning of Strata-X cartridge with 6 mL of 30% MeOH in DCM followed by
addition of 6 mL of MeOH. The samples were acidified to pH 3 with acetic acid. As shown in
Table 4.5, the percentage recoveries obtained ranged from 65 ± 7.07% for PBB-1 to 167.82 ±
6.63% for mono-NPE. Because of this high recovery and abundance of molecular ions during
the development, the internal standard addition method was not used. Recoveries greater
than 100 % of some analytes (i.e. PBB10; OPE; NPE and NPPE) may be due to the fact that
standards of technical grade were used instead of analytical grade which could not be
sourced. With the exception of NP which exhibited a recovery of 66%, all the target analytes
in these study showed comparable recoveries with those reported (Cai et al., 2003; Hoai et
al., 2003; Gatidou et al., 2007; Dirtu et al., 2008).
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Table 4.5: Recoveries of APEs and BFRs in MilliQ water (n=3)

Expected Conc., µg L

-1

R.T. (min)

t-BP

3.202

0.400

0.36 ± 0.035

90.00 ± 8.84

n-BP

3.494

0.400

0.36 ± 0.014

90.00 ± 1.41

HXP

4.278

0.400

0.39 ± 0.042

95.50 ± 10.61

t-OP

4.481

0.400

0.41 ± 0.028

102.00 ± 7.07

PBB-1

4.776

0.400

0.26 ± 0.028

65.00 ± 7.07

HPP

4.824

0.400

0.36 ± 0.035

90.00 ± 8.84

OP

5.644

0.400

0.36 ± 0.035

90.00 ± 8.84

PBB-10

6.267

0.400

0.56 ± 0.035

138.50 ± 9.19

NP

6.423

0.400

0.27 ± 0.021

66.25 ± 5.30

OPE

7.177

0.400

0.56 ± 0.042

140.00 ± 7.78

OPPE

8.858

1.600

1.75 ± 0.042

109.38 ± 2.65

PBB-18

9.645

0.400

0.33 ± 0.014

82.50 ± 3.53

PBB-49

15.802

0.400

0.27 ± 0.014

66.25 ± 5.30

di-NPE2

14.636

1.600

2.23 ± 0.014

139.38 ± 0.88

di-NPE1

14.802

1.600

2.13 ± 0.353

133.13 ± 20.33

mono-NPE

15.190

1.600

2.68 ± 0.071

167.82 ± 6.63

NPPE1

19.629

1.600

2.10 ± 0.071

131.25 ± 4.24

TBBPA

20.848

1.600

1.12 ± 0.007

69.69 ± 0.44

NPPE2

20.982

1.600

2.40 ± 1.704

110.32 ± 35.36

HBCD

21.541

0.800

0.61 ± 0.014

76.25 ± 2.83
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Conc., µg L

-1

Compound

Relative recovery (%)

4.3.3

Limits of detection and quantification

In order to evaluate the experimentally found optimum conditions, linearity, limit of detection
and quantification were determined. Linearity was checked by preparation of five different
concentration levels from the APEs and BFRs standards. The relative standard deviations for
the percentage recoveries as indicated in Table 4.5 were lower than 30% except for NPPE-1
which was 35%. This indicated a good repeatability of the extraction. The targeted analytes
were quantified by peak area abundance using external standard method.

A five point

calibration curves were linear (r2 = 0.98) across the concentration range of 0.2–1.0 µg L-1. As
shown in Table 4.6, the calibration curves had good linear relationships using the standard
solutions at 5 different concentration levels. The detection limits for the target analytes ranged
from 0.01 (PBB-1) to 0.20 (di-NPE-2) at 95% confidence level. Diaz, Ventura & Galceran
(2002) and Gatidou et al (2007) found the LOD for NP, mono-NPE and di-NPE to be 0.02 µg
L-1, 0.34 µg L-1 and 0.41 µg L-1 respectively compared to LOD of 0.02 µg L-1, 0.15µg L-1 and
0.30µg L-1 respectively, obtained in this present study. These values; for NP, mono-NPE, diNPE; were also comparable with the values obtained by Azevedo et al. (2001).

74

Table 4.6: Quantitative calibration and detection limits of analytes

Compound

Range of std.

Correlation co-efficient

-1

LOD
-1

(µg L )

LOQ
-1

(µg L )

(µg L )

t-BP

0.2 - 1.0

0.992

0.03

0.08

n-BP

0.2 - 1.0

0.995

0.08

0.26

HXP

0.2 - 1.0

0.991

0.03

0.09

t-OP

0.2 - 1.0

0.994

0.02

0.07

PBB-1

0.2 - 1.0

0.997

0.01

0.05

HPP

0.2 - 1.0

0.995

0.02

0.07

OP

0.2 - 1.0

0.994

0.02

0.07

PBB-10

0.2 - 1.0

0.995

0.02

0.06

NP

0.2 - 1.0

0.992

0.02

0.08

OPE

0.2 - 1.0

0.993

0.02

0.08

OPPE

0.8 - 4.0

0.990

0.14

0.45

PBB-18

0.2 - 1.0

0.991

0.03

0.08

PBB-49

0.2 - 1.0

0.993

0.02

0.08

di-NPE2

0.8 - 4.0

0.993

0.20

0.66

di-NPE1

0.8 - 4.0

0.994

0.10

0.34

mono-NPE

0.8 - 4.0

0.990

0.15

0.51

NPPE1

0.8 - 4.0

0.997

0.07

0.23

TBBPA

0.8 - 4.0

0.992

0.10

0.34

NPPE2

0.8 - 4.0

0.986

0.13

0.42

HBCD

0.4 - 2.0

0.996

0.03

0.11

LOD = limit of detection; LOQ = limit of quantification
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4.3.4

Recoveries of APEs and BFRs in wastewater samples

In order to properly validate the method used in the present study, as well as the impact of
filtration before and after spiking with standard test reagents, recovery experiments were
performed on wastewater samples collected from a treatment plant. To accomplish this,
extraction, derivatization and GC-MS procedures described earlier were repeated. The
results are given in Table 4.7. The percentage recoveries in effluent ranged from 52.50 ±
2.13– 168.75 ± 4.05% while in the influent ranged from 32.50 ± 5.35- 107.50 ± 3.53%. When
the influent water sample was filtered and spiked prior to SPE extraction and derivatization, it
was observed that the recoveries of the target analytes improved as compared to when the
influent was spiked and then filtered. The slight improvement in recoveries was attributed to
the removal of particulate materials that may have retained the target analytes in the influent
spiked and filtered sample. The effluent recoveries were comparable to the results reported
(Gatidou et al., 2007).
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Table 4.7: Recoveries of APEs and BFRs in wastewater
Corrected Data

Expected Conc.

Compound

Effluent spiked
Relative recovery
(%)

Influent spiked filtered
Relative recovery
(%)

Influent filtered spiked
Relative recovery
(%)

t-BP

0.400

67.50 ± 2.02

52.50 ± 6.23

60.00 ± 3.33

n-BP

0.400

60.00 ± 3.00

50.00 ± 5.89

57.50 ± 8.13

HXP

0.400

70.00 ± 3.00

52.50 ± 9.23

60.00 ± 5.68

t-OP

0.400

52.50 ± 2.13

47.50 ± 12.36

55.00 ± 8.69

PBB-1

0.400

65.00 ± 9.36

60.00 ± 7.23

62.50 ± 13.21

HPP

0.400

62.50 ± 5.32

62.50 ± 1.23

60.00 ± 7.88

OP

0.400

72.50 ± 1.25

72.50 ± 15.23

65.00 ± 8.85

PBB-10

0.400

117.50 ± 9.19

77.50 ± 2.31

105.00 ± 1.23

NP

0.400

57.50 ± 3.50

67.50 ± 7.78

57.50 ± 5.35

OPE

0.400

82.50 ± 7.78

32.50 ± 5.35

90.00 ± 2.36

OPPE

1.600

57.50 ± 1.89

83.13 ± 6.23

102.50 ± 4.23

PBB-18

0.400

75.00 ±5.33

55.00 ± 4.23

67.50 ± 3.98

PBB-49

0.400

62.50 ± 5.30

52.50 ± 6.23

70.00 ± 2.05

di-NPE2

1.600

75.00 ± 8.80

80.63 ± 18.23

96.25 ± 2.65

di-NPE1

1.600

80.00 ± 12.32

64.38 ± 9.98

102.50 ± 2.50

mono-NPE

1.600

56.88 ± 6.63

64.38 ± 3.68

107.50 ± 3.53

NPPE1

1.600

168.75 ± 4.05

67.50 ± 4.68

74.38 ± 4.39

TBBPA

1.600

72.50 ± 2.65

58.13 ± 17.32

52.50 ± 1.39

NPPE2

1.600

53.75 ± 15.23

89.38 ± 3.69

76.88 ± 2.97

HBCD

0.800

56.25 ±8.32

57.50 ± 7.23

72.50 ± 8.63

Effluent spiked= final water leaving the plant spiked; Influent spiked filtered = raw water
entering the plant spiked then filtered; Influent filtered spiked= raw water filtered then spiked
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4.3.5

Levels of APEs and BFRs in the environmental samples

The developed method was successfully applied to wastewater samples taken from the
wastewater treatment plant in order to determine the concentrations of the target compounds
in the water samples. The chromatograms of the analytes are shown in Figure 4.5, and their
concentrations in Table 4.8. From Figure 4.5, the peaks were fairly separated. As can be
seen in Table 4.8, most of the target compounds determined in the samples were obtained at
levels lower than those found in other studies (Gatidou et al., 2007) except for di-NPE1,
mono-NPE, NPPE1 and NPPE2 with concentrations ranging from 10.268-10.615 µg L-1,
3.014- 16.373 µg L-1, 5.553-15.156 µg L-1 and 13.449-21.971 µg L-1 respectively in both
filtered and unfiltered samples. However, as observed by Sibali, Okonkwo & McCrindle
(2010), there were no appreciable differences between filtered and unfiltered wastewater
samples from Leeuwkuil treatment plant although concentration of target analytes in filtered
influent water was slightly lower than the concentration of target analytes in unfiltered influent
raw water. Also the concentrations of the analytes in the effluent were generally lower than
the concentrations in filtered and unfiltered influent samples (Figure 4.5).
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A+ B

C

D+ E

Figure 4.5: Expanded peaks of (A +B) OPPE and PBB18; (C) di-NPE (1 +2), PBB49; and
(D+E) NPPE-1, TBBPA, NPPE-2 and HBCD
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Table 4.8: Concentrations of APEs and BFRs in wastewater samples
Corrected Data

Effluent

Influent

-1

-1

Compound

µg L

t-BP

ND

ND

0.095

n-BP

ND

ND

ND

HXP

ND

ND

ND

t-OP

ND

ND

0.105

PBB-1

ND

ND

ND

HPP

ND

ND

ND

OP

ND

ND

ND

PBB-10

ND

ND

ND

NP

ND

ND

ND

OPE

ND

ND

0.092

4.566

4.259

OPPE

µg L

Influent Raw

1.461

µg L

PBB-18

ND

ND

ND

PBB-49

ND

ND

ND

di-NPE2

ND

ND

6.474

di-NPE1

0.550

10.615

10.268

mono-NPE

2.092

3.014

16.373

NPPE1

0.972

5.553

15.156

TBBPA

3.269

6.629

6.806

NPPE2

3.126

21.971

13.449

HBCD

0.142

0.1400

0.139

-1

Effluent= final water leaving the plant; Influent= raw water filtered then acidified and MeOH
added; Influent Raw = raw water acidified and MeOH added then filtered; ND = not detected.
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4.4

CONCLUSIONS

A simultaneous SPE extraction and derivatization followed by GC-MS method was developed
for the determination of selected APEs and BFRs in wastewater treatment sample. The
derivatization procedure involved the reaction of these compounds, simultaneously in the
presence of lower congeners of PBBs and HBCD, with HFBA under Na2CO3 base at 55°C for
2 h. SPE extraction and GC-MS analysis of the derivatized compounds gave sharp peaks
with good and high sensitivity for the analytes. The GC-MS analysis was completed in less
than 22 min. The results of this study demonstrated that the represented method showed
acceptable relative recoveries for the determination of APEs and BFRs in wastewater
samples.

The developed method showed good recoveries of 65± 7.07% - 167.82 ± 6.63% for the target
compounds and adequate LOD and LOQ that ranged from 0.01- 0.20 µg L-1 and 0.05- 0.66
µg L-1 respectively. When the conditions developed were optimized and applied to
environmental wastewater samples, the analytes were detected at low levels with the
exception of nonylphenol penta ethoxylates (NPPE2) which gave inexplicable high
concentration value. The presented method showed shorter analysis time and it is simple.
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CHAPTER 5: IMPROVED DERIVATIZATION PROTOCOL FOR SIMULTANEOUS
DETERMINATION OF ALKYLPHENOL ETHOXYLATES AND BROMINATED FLAME
RETARDANTS FOLLOWED BY GAS CHROMATOGRAPHY- MASS SPECTROMETRY
ANALYSES

5.1

INTRODUCTION

In chapter 4, HFBA was used as a derivatizing agent for the determination of APEs and BFRs
analytes in environmental samples. However, the procedure described in that chapter used
Na2CO3 with derivatization time of 2 h. In another study, Dirtu et al. (2008) derivatized BPA,
TBBPA and triclosan using PFPA aided by TEA at 70°C for 30 min. In another study, NP and
BPA were derivatized within 30 min at 60°C using TFAA (Stehmann and Schröder, 2004).
Derivatization of NPEO with n-propanol-acetylchloride at 80°C for 1 h has also been reported
(Ding and Tzing, 1998). Cathum & Sabik (2001) described a derivatization procedure for
APnEO using pentafluorobenzoyl bromide (PFB-Br) as derivatizing agent aided with K2CO3
by sonication. The derivatization took 2 h and was conducted in the dark. Gatidou et al.
(2007)

reported

derivatization

of

NP,

NP2EO,

BPA

and

triclosan

with

bistrimethylsilylfluoroacetamide (BSTFA) at 65°C for 20 min while Fiedler et al. (2007)
derivatized APs with the same reagent at room temperature for 2 h. Furthermore, NPnEO
was derivatized with BSTFA in the presence of trimethylchlorosilane (TMCS) at 70°C for 4 h
(Esperanza et al., 2004). In a separate study, Hoai et al. (2003) reported derivatized NPnEOs
and NPnECs with bistrimethylsilylacetamide (BSA) at 25°C for 1 h.
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In the aforementioned derivatization studies, either higher temperatures and shorter
derivatization time; or lower temperatures and longer derivatization times in the presence of
different bases were reported. It is very essential that a balance between derivatization
temperature and time should be determined since high temperatures and long derivatization
times may not favour analytes of interest that are unstable, i.e. BFRs, where debromination of
higher congeners to lower congeners is possible. This study, therefore, reports on improved
protocol using HFBA enhanced by triethylamine base derivatization using hexane as the
solvent and followed by gas chromatography-mass spectrometry analysis, for the
simultaneous determination of APEs and BFRs in environmental samples. The approach
developed in the present study is seen to be milder (50°C), shorter derivatization time (30
min) and saves sample handling since these compounds can be analysed simultaneously.
This results obtained from this study were published in Water Science and Technology,
2014, 69 (12), 2389- 2396

5.2

EXPERIMENTAL

Full description of materials and methods used in this study are described in Chapter 3:
Materials and Methods. Briefly, APEs and BFRs derivatized with HFBA aided by triethylamine
in hexane for 30 min at 55ºC. After derivatization, the contents were cooled, quenched with
aqueous solution of potassium carbonate and the organic drawn off. Chrysene and PBB80
were added, volume made up to 200 µL and thereafter 1 µL injected into the GC-MS.
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5.3

RESULTS AND DISCUSSIONS

5.3.1

Derivatization

Heptafluorobutyric anhydride (HFBA) was chosen for the present study because of its rapid
and quantitative reaction, the formation of stable products, excellent chromatographic
properties for the targeted analytes as well as the availability of the reagent. The
derivatization reaction was monitored by GC-MS using TBBPA as shown in Figure 5.1,

Figure 5.1: GC chromatogram of TBBPA derivatized after (A) 10 min and (B) 30 min at 50°C

Both APEs and TBBPA were fully derivatized with HFBA aided by TEA in the presence of
PBBs, PBDEs and HBCD. Under the scope of the derivatization, it was observed that there
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was no de-bromination of PBBs, PBDEs and HBCD. The GC-MS chromatogram, shown in
Figure 5.2, indicates that only the hydroxyl groups reacted and this was later used to
determine the selected ion monitoring of the target compounds. It was also observed that
derivatization depended on the analyte structure, time and solvent. In this study, the
derivatization reaction for the phenolic hydroxyl group was completed faster than those for

BDE47 + PBB80

NPPE1 + Chrysene

the alcoholic hydroxyl groups. This phenomenon has been reported (Hoai et al., 2003).

Figure 5.2: GC chromatogram of derivatized APEs and TBBPA in the presence of PBBs,
PBDEs and HBCD standard
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5.3.2

Recovery of targeted analytes from simulated water sample

The recovery results shown in Figure 5.3 ranged from 60- 140%. These results were
comparable with those reported by other researchers (Cathum & Sabik, 2001; Cai et al.,
2003, Hoai et al., 2003; Gatidou et al., 2007; Dirtu et al., 2008;). The obtained recovery
results were considered to be satisfactory considering that different types of analytes with
different chemical structure and polarities were extracted simultaneously.

Figure 5.3: Mean recoveries (%) of targeted compounds under optimum conditions
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5.3.3

Comparison of the derivatization protocol with other reported studies

A comparison of the derivatization procedure from this study and previous reported
procedures is presented in Table 5.2.
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Table 5.2: Summary of derivatization procedures in water samples in the literature

Compounds

Derivatizing

Conditions

-1

agent

NPEO

n-propanol-

LOD

80°C, 1 h

LOQ

Ref.

-1

(µg L )

(µg L )

NR

0.01

Ding & Tzing, 1998

0.001- 0.002

NR

Cathum & Sabik,

acetylchloride

2h ultrasonic bath then
APnEO

PFB-Br +

overnight in dark place

K2CO3

NPnEOs, NPnECs

BSA

2001

25°C, 1 h

0.0025-

NR

Hoai et al., 2003

NR

Stehmann &

0.018

NP, BPA

TFAA

60°C, 30 min

NR

Schröder, 2004

NPnEO

BSTFA and

70°C, 4 h

NR

NR

TMCS

NP, NP2EO, BPA,

BSTFA

Esperanza et al.,
2004

65°C, 20 min

0.03- 0.41

0.11- 1.34

TCS

Gatidou et al.,
2007

AP

BSTFA

room temperature, 2 h

NR

NR

Fiedler et al., 2007

BPA, TCS, TBBPA

PFPA + TEA

70°C, 30 min

0.02- 0.04

0.05- 0.280

Dirtu et al., 2008

APs, APEs,

HFBA + TEA

50°C, 30 min

0.01- 0.15

0.05- 0.66

This study

TBBPA

NR = not reported; LOD = limit of detection; LOQ = limit of quantification
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From the results in Table 5.2, BSTFA yielded fast derivatization reaction as the reaction was
complete within 20 min., but this was obtained at a higher temperature (65°C) (Gatidou et al.,
2007). Another study by Fiedler et al. (2007) used also BSTFA but the reaction was done at
room temperature for 2 h. These two studies indicated the effect of temperature for the
derivatization with BSTFA as the derivatization was quicker at elevated temperature than at
room temperature. Hoai et al. (2003) obtained quicker derivatization products at room
temperature with BSA than with BSTFA as the derivatized products were obtained in 1 h. In
terms of the speed of derivatization, except for the studies done by Gatidou et al. (2007), this
study showed a quicker derivatization reaction. With acylation reagents, this study showed
similar reaction time compared to the studies where anhydride derivatizing agent were used
(Stehmann & Schröder, 2004, Dirtu et al., 2008). Compared to the conditions reported in
Table 5.2, derivatization method from this study was found to save analysis time as the
derivatization was complete within 30 min under very mild condition producing comparable
LOD and LOQ results.

5.4

CONCLUSIONS

The derivatization method presented for the simultaneous determination APEs and TBBPA
gave comparable results with other derivatization studied in the literature. The derivatization
procedure in this study involved the reaction of these compounds, simultaneously in the
presence of lower congeners of PBBs, PBDEs and HBCD, with HFBA under triethylamine
base at 50°C for 30 min. The results of this study demonstrate that the presented method has
acceptable relative recoveries of 60 ± 3.86– 141 ± 4.24 for the target compounds and
adequate LOD and LOQ that ranged from 0.01- 0.20 µg L-1 and 0.05- 0.66 µg L-1,
respectively. The presented method showed milder derivatization condition and shorter
analysis time.
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CHAPTER 6: ALKYLPHENOL ETHOXYLATES AND BROMINATED FLAME
RETARDANTS IN FISH TISSUE SAMPLES FROM VAAL BARRAGE, SOUTH AFRICA

6.1 INTRODUCTION

Studies conducted to date in some South African environmental samples (waters and
sediments) have shown the presence of organochlorinated (Sibali, Okonkwo & McCrindle,
2010), alkylphenol ethoxylates (Sibali, Okonkwo & McCrindle, 2008) and PBDEs (Olukunle et
al., 2012). With the exception of recent study by Polder et al. (2008) who reported the
presence of HBCD in bird egg in South Africa, the authors are not aware of any report on the
determination of APEs and BFRs from any South African fish samples.

This Chapter describes an initial method for the quantification of alkylphenol ethoxylates and
brominated flame retardants in fish matrices using ultrasonic extraction followed by
Aminopropyl cartridges combined with silica gel for removal of lipids; heptafluorobutyric
anhydride derivatization and gas chromatography-mass spectrometry. This results obtained
in this study were published in Organohalogen Compounds, 2014, 76, 222- 225.

6.2

MATERIALS AND METHODS

6.2.1

MATERIALS

Materials used in this section are as described in CHAPTER 3: MATERIALS
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6.2.2

METHODS

6.2.2.1 Muscle tissue sample preparation: Homogenization, Extraction and Clean-up
About 12.5 g of the tissue was weighed and mixed with 50 g anhydrous sodium sulfate. The
contents were extracted with 50 ml of hexane/acetone mixture (4:1) amended with 0.25%
acetic acid at 55°C for 30 min twice. After the ultrasonic extraction, the extracts were
concentrated to about 3 mL using TurboVap II instrument. Aminopropyl cartridges (APS, 500
mg, 3 mL LC-NH2) and silica gel were used to remove lipids from the extract. The
concentrated extract was first passed through pre-conditioned (Aminopropyl) cartridges at a
rate of 5 mL/min. The cartridges were conditioned with 3x 3 mL acetone then 1x 3 mL of
DCM and finally 3x 3 mL of hexane. The BFRs were collected first while the APEs were
eluted from the cartridges with 7 mL of hexane: 2-propanol (9:1) solution. The hexane: 2propanol was then treated with acidic silica column clean-up. This column contained 2.5 g of
silica gel and 1.5 g of anhydrous sodium sulphate. The column was pre-eluted with hexane,
and the extract was placed on the column and eluted with 40 mL of hexane: 2-propanol
mixture. Residual fats, lipids and other material were retained on the column while the APEs
and BFRs eluate was collected. The eluates were concentrated under a gentle stream of
nitrogen to dryness and placed under derivatization conditions as mentioned above

6.3

RESULTS AND DISCUSSIONS

Four bottom feeders, Labeo umbratus, collected at the Vaal Barrage, were extracted, purified
and analyzed by GC-MS. These samples (as presented in Figure 6.1) indicated that
nonylphenol ethoxylates isomers are major pollutant of the APEs while PBB101, BDE (3, 28,
99, 100 and 183) and HBCD were major pollutants for the BFRs. The concentration of these
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analytes ranged from 0.061 (BDE3) to 4.6 ng g-1 (di-NPE1). The method as developed can be
extended to determine the mentioned analytes from a range of fish samples around the Vaal

Concentration in ng/ g

River catchment.

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Labeo umbratus

Compounds

Figure 6.1: Levels of APEs and BFRs in Labeo umbratus, a sediment feeder, from Vaal
Barrage
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CHAPTER 7: A SIMPLIFIED ANALYTICAL PROCEDURE FOR SIMULTANEOUS
DETERMINATION OF ALKYLPHENOL ETHOXYLATES AND BROMINATED FLAME
RETARDANTS IN FISH TISSUE SAMPLES FROM VAAL RIVER, SOUTH AFRICA

7.1

INTRODUCTION

Humans can be exposed to these compounds through different sources such as consumption
of contaminated foods, inhalation of contaminated particles or direct contact with materials
that have been treated with APEs and BFs (Datta et al., 2002; desJardins Anderson &
MacRae, 2006). Other sources of human exposure included water supply and sewage sludge
used as fertilizers. Several studies have confirmed the presence of these pollutants in fish (de
Boer et al., 2001; Datta et al., 2002; Rice et al., 2003; Sabik et al., 2003; desJardins
Anderson & MacRae, 2006; Morris et al., 2006; Peng et al., 2007). So far, information on the
levels of these pollutants in fish samples from around Africa including South Africa is still
scarce. Studies conducted to date in some South African environmental samples (waters and
sediments) have shown the presence of organochlorinated (Sibali et al., 2008), alkylphenol
ethoxylates (Sibali, Okonkwo & McCrindle, 2010) and PBDEs (Daso et al., 2011; Olukunle et
al., 2012). With the exception of recent study by Polder et al. (2008) who reported the
presence of HBCD in bird egg in South Africa, the authors are not aware of any report on the
determination of APEs and BFRs from any South African fish samples. This Chapter
describes a simplified procedure for the simultaneous quantification of alkylphenol
ethoxylates and brominated flame retardants in fish matrices using ultrasonic extraction
followed by concentrated sulphuric acid fats removal combined with solid phase extraction
clean up; heptafluorobutyric anhydride derivatization and gas chromatography-mass
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spectrometry determination. This study gave results on the simplified analytical procedure for
the concentration of APEs and BFRs in fish tissue samples. The results of this study has
been accepted for publication in American Journal of Analytical Chemistry, 2015, 6, 422428

7.2

MATERIALS AND METHODS

Two types of fish (Carp and Labeo umbratus) were collected from the Vaal River using a
fishing rod. Altogether, 16 fishes were collected, wrapped in aluminium foil, placed in plastic
bags packed with ice and transported to the laboratory. Fish tissue sample were prepared
following the guidance in EPA (2000a) as described in CHAPTER 3: MATERIALS AND
METHODS.

7.3

RESULTS AND DISCUSSION

7.3.1

Recovery test

Different methods were tested for lipid removal (2.92% lipids, n= 9, predatory; 2.44%, n= 7,
bottom feeder) and recovery of APEs and BFRs from tissue samples. The following lipids
removal methods, Aminopropyl cartridge, destruction with concentrated sulphuric acid, silica
gel stirring and/or their combinations were tested. With the aminopropyl cartridges, the lipids
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removal was ~80% (n=4), while silica gel stirring gave a lipid removal of 65% (n=4). The
combination of aminopropyl cartridge with silica gel column gave 98.27 lipids removal with
recoveries 10- 78.7% (n=5). This combination for lipids removal was found to be inadequate
in removing lipids from the Carp species as 75% lipids were removed. Concentrated sulphuric
acid wash was used and ~80% lipids were removed. However, by washing the post-extract
with concentrated acid, followed by a dilute sulphuric acid (40% (v/v)), ~97% lipids (n=16)
were removed and the recovery after lipids removal and SPE clean up ranged between 50.02
± 14.63 (NPPE2) – 90.88 ± 6.32 (BDE47) as presented in Figure 7.1

%Recovery with RSD

120.00
100.00
80.00
60.00
40.00
20.00
0.00

Compounds

Figure 7.1: Recoveries of APEs and BFRs from tissue

95

7.3.2

Levels of APEs and BFRs in fish samples from Vaal River

The developed method was applied to determine the concentration of sixteen (16) fishes
collected from the Vaal River. The composition of the fishes were seven (7) bottom feeders,
Labeo umbratus, and nine (9) predatory fish, Carp. The concentrations of APEs and BFRs
from the samples are shown in Figure 7.2.

14.000
12.000
10.000
8.000
6.000

Predatory, n=9

4.000

Bottom feeder, n=7

2.000
HBCD

BDE183

BDE153

BDE99

BDE100

BDE47

BDE28

PBB101

NPPE2

NPPE1

mono-NPE

di-NPE2

OPPE

di-NPE1

-4.000

OPE

-2.000

t-NP

0.000
tBP

Concentration ng g-1 lipid with std dev

16.000

Compounds

Figure 7.2: Concentration of APEs and BFRs in Fish samples from Vaal River

The results in Figure 7.2 show the concentrations of the targeted analytes. The concentration
of APEs from Carp fish followed the following pattern: di-NPE1 > OPPE/ NPPE2 > di-NPE2/
mono-NPE > t-BP/ t- NP/ NPPE1 > OPE. The same pattern was also observed from Labeo
umbratus. The BFRs concentration pattern was as follows: HBCD >BDE99 >PBB101
>BDE47/ BDE183 > BDE153/BDE100 >BDE28 in both types of fish samples. It can also be
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observed in Figure 7.2 that higher concentrations of the organic contaminants were found in
the predator than in the bottom feeder. The observed higher concentrations can be attributed
to intake of already contaminated fish by the predator fish. The same pattern is observed in
the sum concentrations of the analytes presented in Figure 7.3.

50.000

∑concentration ng/g lipid

45.000
40.000
35.000
30.000
Predatory

25.000

Bottom feeder

20.000
15.000
10.000
5.000
0.000
∑APs

∑APEs

∑PBBs

∑PBDEs

∑HBCD

Figure 7.3: Sum concentration of APEs and BFRs in fish

The results as presented in Figure 7.3 show that APEs are the major contaminants found in
fish as compared to BFRs. With APEs, the lower ethoxy, i.e. di-NPE and mono-NPE, were
found to be the most abundant at 23.52 ng/g lipids vs 12 ng/g lipids for NPPE with the
remainder (10.6 ng/g lipids) being the sum of OPE and OPPE. These ratios were also
observed by Schmitz-Afonso et al., (2003), Rice et al., (2003) and Datta et al., (2002).
However, the concentrations obtained in this study were lower than the concentrations
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reported in those reports as shown in Table 8.1. With the BFRs, the PBB101 was detected in
almost the same concentration in both fish while the HBCD was slightly higher in Carp than in
Labeo umbratus species. When compared to results reported by Hiebl & Vetter (2007) as
presented in Table 8.1, the abundant of HBCD was lower in this study. With the PBDEs,
congener BDE99 was more abundant in Carp than in Labeo umbratus. This predominance of
the penta congeners is consistent with previous studies, which indicated that BDE47 and
BDE99, in particular, bio-accumulate and bio- magnify up the food chain (MacDonald, 2002;
desJardins Anderson & MacRae, 2006; Peng et al., 2007; Lacorte, Ikonomou & Fischer,
2010). Another factor that might be important is debromination of the higher substituted
congeners resulting in increasing concentration of lower substituted BDEs over time
(Stapleton et al, 2004). The reported concentration of BFRs, are slightly lower than the results
reported by desJardins Anderson & MacRae (2006), Peng et al., (2007) and Losada et al
(2009) but similar with concentrations reported by Lacorte, Ikonomou & Fischer (2010). Some
of the key activities along the river include flows from wastewater treatment works, stock
farming, irrigation agricultural activities as well as the overall increase in human population
around the sub-catchment area. These activities may be responsible for the observed levels
of the analytes determined.
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Table 7.1: Concentration of APEs and BFRs of fish samples from other studies (ng g-1
lipid)
Area

Sample

∑PBDE

∑PBBs

∑APE

HBCD

Ref

Canada

Mussel

n/a

n/a

177 - 12440

n/a

Cathum & Sabik, 2001

USA

Trout

n/a

n/a

18 - 2075

n/a

Datta et al., 2002

USA

Carp

n/a

n/a

32 - 920

n/a

Rice et al., 2003

USA

Carp; Walleye

n/a

n/a

4900 - 8200

n/a

Schmitz-Alfonso et al.,
2003

Small

USA

mouth

800 - 29 000

n/a

n/a

n/a

bass

desJardins Anderson &
MacRae, 2006

Taiwan

Fish

2.85 - 1243

n/a

n/a

n/a

Peng et al., 2007

Germany

Coregonus sp.

n/a

n/a

n/a

40 - 60

Hiebl & Vetter, 2007

Australia

Fish

6.4 - 115.4

n/a

n/a

n/a

Losada et al., 2009

Spain

Trout

0.024-

n/a

n/a

n/a

Lacorte,

11.475

Ikonomou

Fischer, 2010

n/a: not applicable

7.4

CONCLUSIONS

Using a simplified sulphuric acid for lipids removal approach, as described in this study, the
presence and levels of APEs and BFRs in fish samples collected from the Vaal River in
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Gauteng, South Africa, were determined simultaneously. The large variation in the
concentrations of APEs and BFRs found in the fish may be attributed to feeding pattern of the
fish and the exposure levels of contamination in the river. In comparison to other reported
concentrations, our finding indicated a moderate contamination level for both types of
compounds, however, owing to lack of specific regulations for APEs and BFRs in
environmental samples in South Africa at present, further studies on determining the source
of these pollutants in the environment is needed.
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CHAPTER 8: THE OCCURENCE OF ALKYLPHENOL ETHOXYLATES AND
BROMINATED FLAME RETARDANTS IN WATER AND SEDIMENT SAMPLES FROM
VAAL RIVER CATCHMENT, SOUTH AFRICA

8.1

INTRODUCTION

An important goal of the Chapter was to report the simultaneous determination of APEs and
BFRs in water and sediment samples along the Vaal River catchment which is one of the
largest river catchments in South Africa. The results obtained in this study have been
accepted for publication in Environmental Science and Pollution Research journal.

8.2

MATERIALS AND METHODS

Detailed descriptions of materials and methods used are fully described in CHAPTER 3:
MATERIALS AND METHODS.

8.3

RESULTS AND DISCUSSION

8.3.1

Level of APEs and BFRs in environmental samples

The observed concentrations of alkylphenol ethoxylates and brominated flame retardants in
water samples from the Catchment are presented in Table 8.1. It is interesting to note that
nonylphenol was detected in all the sampling sites at concentration ranging 0.06 (Site D and
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E) - 0.11 μg L-1 (Site A). The octylphenol penta ethoxylates was detected on seven (7) of the
sampling site at a concentration range between 0.41 (Site H) - 1.93 μg L-1 (Site I). With
regards to the nonylphenol ethoxylates, the lower oligomers were detected at higher
concentration than the penta oligomer except at Site E where the NNPE was higher than
mono-NPE and di-NPE. The reason for this phenomenon with regard to nonylphenol
ethoxylates at Site E is not known yet. Only PBB101 was detected among the brominated
biphenyls at a concentration range of 0.09 (Site D and G) - 0.14 μg L-1 (Site J).
Hexabromocyclododecane (HBCD) was detected on seven (7) of the sampling sites at
concentration range of 0.19 (Site E) - 4.06 μg L-1 (Site C). With regard to PBDEs, BDE99 was
the most abundant as it was detected on six (6) of the sampling point while BDE183 was the
least abundant as it was only detected on Site H. The concentration of BDE99 ranges
between 0.08 (Site B and D) - 0.28 μg L-1 (Site H).
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Table 8.1: Levels (μg L-1) of APEs and BFRs in water samples along the Vaal River
Catchment

Compounds

Site A
μg L

-1

Site B
μg L

-1

Site C
μg L

-1

Site D
μg L

-1

Site E
μg L

-1

Site F
μg L

-1

Site G
μg L

-1

Site H
μg L

-1

Site I
μg L

-1

Site J
μg L

NP

0.11

0.08

0.09

0.06

0.06

0.09

0.08

0.08

0.08

0.08

OPPE

0.58

0.00

0.64

0.61

0.47

0.00

0.00

0.41

1.93

0.55

di-NPE1

0.35

0.34

0.34

0.37

0.26

0.14

0.00

0.35

0.94

0.33

di-NPE2

0.14

0.00

0.16

0.10

0.14

0.08

0.00

0.39

0.69

0.08

mono-NPE

0.61

0.00

0.56

0.71

0.43

0.00

0.00

0.68

0.55

0.73

NPPE1

0.07

0.04

0.05

0.07

3.75

0.21

0.04

0.09

0.06

0.05

NPPE2

0.05

0.06

0.05

0.10

3.26

1.50

0.11

0.24

0.05

0.07

PBB101

0.00

0.00

0.00

0.09

0.12

0.00

0.09

0.00

0.00

0.14

BDE100

0.00

0.00

0.00

0.09

0.00

0.04

0.09

0.00

0.04

0.00

BDE99

0.00

0.08

0.09

0.08

0.13

0.00

0.00

0.28

0.00

0.12

BDE154

0.00

0.06

0.06

0.10

0.00

0.00

0.00

0.07

0.06

0.00

BDE153

0.00

0.00

0.00

0.06

0.09

0.00

0.00

0.00

0.00

0.13

BDE183

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.12

0.00

0.00

HBCD

2.48

0.01

4.06

0.52

0.19

0.02

0.08

1.17

0.20

1.77

Comparing the concentrations of APEs and BFRs obtained to those reported in the literature,
our results from water samples were similar to those reported. For example, Gatidou et al.,
(2007) reported an average mono-NPE concentration at 0.56 μg L-1 in effluent from Mytilene
WWTW in Greece. Azevedo et al., (2001) reported nonylphenol at concentration ranges of
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0.03 to 30 μg L-1 in surface water from Portugal. Hoai et al., (2003) reported an average diNPE concentration of 0.560 μg L-1 in water from Neya River, Japan. The nonylphenol and
nonylphenol ethoxylates results from this study (0.61 μg L-1) was also comparable with (0.61
μg L-1), reported by Rice et al (2003) from Cuyahoga River, Ohio. DesJardins Anderson &
MacRae (2006) reported PBDEs concentration range of between 0.31 - 0.90 μg L-1 from
Penobscot River, Central Maine.

The concentrations of APEs and BFRs in sediment samples from the sampled sites along the
Vaal River followed the same pattern as the water samples (Table 8.2). Nonylphenol was not
detected in any of the sediment samples. Octylphenol pentaethoxylate was detected at
concentration range of 11- 46 ng g-1. Lower nonylphenol ethoxylates oligomers (mono- and
di- ethoxylates) exhibited higher concentrations compared to nonylphenol pentaethoxylate
with mono-NPE showing the higher concentration than di-NPE. The highest concentration of
mono-NPE detected, 50.9 ng g-1, was from Site I while the lowest concentration, 6.4 ng g -1,
was detected from Site G. The abundance of PBB101 was almost similar from all the
sampling sites at a concentration of ~3.3 ng g-1. With the PBDEs, BDE153 was found to be
the most abundant PBDEs with the concentration range of 5.4 - 7.83 ng g-1 obtained from the
sampling sites. The abundance of HBCD, except at Site G, was almost similar. The
concentration obtained was ~ 50 ng g-1.
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Table 8.2: Levels (ng g-1) of APEs and BFRs from sediment samples from Vaal River
Catchment

Compound Name

Site D

Site E

Site G

Site H

Site I

Site J

OPPE

10.85

32.65

0.00

20.16

46.00

0.00

di-NPE1

16.16

26.79

8.58

19.01

24.58

8.13

di-NPE2

3.44

55.37

5.88

23.47

42.30

4.82

mono-NPE

21.56

44.51

6.37

21.59

50.94

6.62

NPPE1

14.30

22.10

11.81

15.19

12.44

13.68

NPPE2

13.22

16.17

11.84

14.32

11.87

12.06

PBB101

3.30

3.29

4.88

3.24

4.54

3.25

BDE100

3.32

3.35

3.24

0.00

3.50

3.24

BDE99

4.93

4.47

4.69

5.02

5.74

5.01

BDE154

<LOQ

<LOQ

<LOQ

5.24

5.12

BDE153

5.44

5.72

5.63

5.79

7.83

5.61

BDE183

<LOQ

<LOQ

<LOQ

4.96

5.61

5.24

HBCD

46.43

53.72

15.78

45.90

36.63

52.79

<LOQ

LOQ= limit of quantification

The results for sediments samples showed that the level of alkylphenol ethoxylates
concentration obtained in this study was lower than the concentration obtained by Rice et al.
(2003) from the Cuyahoga River, Ohio. The concentration of OPEs from Cuyahoga River was
detected at a maximum 74 ng g-1 while the total concentration of NP (1 to 5 E) was detected
at 1020 ng g-1. Oketola & Fagbemigun (2013) reported NP concentrations 79.4 ng/g from
major Rivers in Nigeria. The concentration of PBDEs from this study was higher than the
concentration reported by Lacorte, Ikonomou & Fischer, (2010) and lower than the
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concentration reported by other researchers (Eljarrat et al., 2005; Liu et al., 2005; Hu et al.,
2010).

8.4

CONCLUSIONS

The present study has shown the presence and levels of APEs and BFRs in water and
sediment samples collected from Vaal River Catchment, South Africa. The concentration of
the APEs and BFRs after heptafluorobutyric anhydride derivatization in sediments was found
to be twenty times more order of magnitude than the abundance in water. Derivatization was
incorporated to improve the GC sensitivity of APEs and TBBPA as they are semi-volatile.
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CHAPTER 9: AN INTEGRATED APPROACH FOR SIMULTANEOUS DETERMINATION OF
ALKYLPHENOL ETHOXYLATES AND BROMINATED FLAME RETARDANTS IN SLUDGE
SAMPLES USING ULTRASONIC-ASSISTED EXTRACTION, SOLID PHASE CLEAN-UP
AND GAS CHROMATOGRAPHY-MASS SPECTROMETRY

9.1 INTRODUCTION

Sewage sludge is a very complex environmental solid matrix generated in the wastewater
treatment plants. Concerning the disposal practices for sludge, besides incineration and
disposal in landfills, the application to agricultural land represent the most important
alternative and an economical way to dispose tons of sludge produced in sewage treatment
plants (Salgado-Petinal et al., 2006). Different extraction methods such as microwaveassisted extraction (Fountoulakis et al., 2005; Salgado-Petinal et al., 2006; Fajar et al., 2009),
Soxhlet extraction (de Boer et al., 2001; Morris et al., 2006; Covaci et al., 2007; Sibali,
Okonkwo & McCrindle, 2010; Olukunle et al., 2012), pressurized liquid extraction (Rice et al.,
2003; Andreu et al., 2007; Fielder et al., 2007; Lacorte, Ikonomou & Fischer, 2010; López et
al., 2011) and ultrasonic-assisted extraction (Gatidou et al., 2007; Núñez, Turiel & Tadeo,
2007; Tölgyessy, Vrana & Šilhárová, 2013) have been employed followed by either liquid or
gas chromatographic analysis. These aforementioned reports highlighted the current issues
in the development of instrumental technologies related to the detection of these endocrinedisrupting compounds (EDCs). Unfortunately, some of these analytical techniques are either
too sophisticated or expensive to allow for the investigation of these compounds in some
region of the world.

Although these compounds have been detected in solid samples, to the best of our
knowledge, none of the published studies reports the simultaneous determination of APEs
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and BFRs in sewage sludge using an integrated method, as fast and cheap, as possible.
Thus the main objective of this Chapter was the development, optimization and validation of a
simple and rapid analytical method using ultrasonic-assisted extraction followed by predeveloped SPE clean-up for the identification and quantification of APEs and BFRs from solid
environmental samples in one single analysis. This results obtained from this study were
compiled into a manuscript to be published in International Journal of Environmental
Science and Technology.

9.2

EXPERIMENTAL

9.2.1

Materials

In CHAPTER 3, a detailed procedure used in the determination of these compounds in
sludge samples is given.

9.2.2 Sample Collection

Sludge samples were collected from three different wastewater treatment plants (Sebokeng
WWTP, Rietspruit WWTP and Leeuwkuil WWTP) in the Vereeniging region. The sludge was
collected at the aeration tank before it undergoes the digestion process from the treatment
plant in a 1000 mL bottle covered with aluminium foil. The population and capacity of the
treatment plants were 127 000, 41 Ml/day; 127 000, 36 Ml/day and 352 000, 100 Ml/day for
Leeuwkuil, Rietspruit and Sebokeng treatment plants, respectively. The sludge samples were
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characterized for total solids (TS), volatile suspended solids (VSS), pH, conductivity and
alkalinity with the intention of determining whether there is any influence of these parameters
with the levels of EDC determined. For wastewater treatment plants, the determined
parameters were as follows: Sebokeng TS: 44.15 g/l, VSS: 29.44 g/l, pH: 4.68, conductivity:
175.35 mS/m, alkalinity: 265.07 mg/l; Rietspruit TS: 30.35 g/l, VSS: 22.68 g/l, pH: 5.47,
conductivity: 197.20 mS/m, alkalinity: 544.20 mg/l; Leeuwkuil TS: 42.57 g/l, VSS: 33.35 g/l,
pH: 6.20, conductivity: 264.30 mS/m, alkalinity: 605.6 mg/l.

9.2.3

Extraction and Clean-Up of sludge samples

Sludge was first centrifuged and the supernatant discarded. About 5 g of the solid was
weighed and mixed with 20 g anhydrous sodium sulphate. The contents were extracted with
30 mL of hexane-acetone mixture (4:1) at 55°C for 45 min in two consecutive cycles. The
extracts were combined, passed through 3 g of acidic silica column and eluted with 40 mL
DCM. Then 2 g of Cu powder added to remove elemental sulphur before being evaporated
to approximately 0.5 mL using TurboVap II apparatus. The extract was then diluted to 250 mL
with MilliQ water. MeOH (2.5 mL) was added, acidified to pH 3 with acetic acid and extracted
according to the aforementioned procedure during method development.
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9.3 RESULTS AND DISCUSSIONS

9.3.1 Chromatographic analysis

Chromatographic analysis achieved after heptafluorobutyric anhydride derivatization of APEs
and TBBPA in the presence of PBBs, PBDEs and HBCD is presented in Figure 9.1 and
Figure 9.2,

Figure 9.1: Chromatogram of selected APEs and BFRs standard used in the study
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Figure 9.2: Expanded chromatogram from 14 min to 20 min to show the separation of
compounds

9.3.2

Optimization of extraction parameter using simulated solid samples

Experiments were initially carried out using 25 g of washed and filtered sand spiked with
APEs and BFRs standards with the aim of developing an analytical method suitable for the
simultaneous analysis of these compounds. The effect of solvent (acetone, DCM, pentane,
hexane and their combination), temperature (35, 45, 55°C) and the duration of the sonication
(15, 30, 30, 45, 60 min.) were studied in details. Finally, the amount of biomass (2.5 – 25 g)
was studied using the best solvent at optimum temperature as well as duration of sonication.
All the experiments were performed at least in triplicate and the optimum value for each
parameter was chosen. Furthermore, the optimum conditions were applied to spiked sludge
samples to confirm the extraction efficiency of the selected parameter in sludge. The results
of the optimization experiments are shown in Table 9.1- 9.4.
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The effect of solvent on extraction of the analytes was tested first. When these compounds
were extracted with the individual solvents at 25°C for 1 h and 30 min., their recoveries for all
the compounds were low (i.e. <50%) but a slight improvement was achieved with the
combination of non-polar solvent with a more polar acetone. Higher ratio of acetone in the
binary solvent mixture did not improve the recoveries of these compounds from the sand. The
optimum ratio of acetone was found to be 10%. The results are presented in Table 9.1 below,
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Table 9.1: Recoveries of compounds from binary solvent systems at 25°C

Compounds

Pent: Ac

DCM: Ac

Hex: Ac

DCM:Hex:Ac

% Rec.

% Rec.

% Rec.

% Rec.

t-BP

15.00 ± 8.96

49.55 ± 8.69

53.21 ± 9.86

50.00 ± 8.32

HPP

17.50 ± 13.36

44.69 ± 12.32

45.98 ± 11.36

52.50 ± 11.32

OP

22.50 ± 2.36

39.68 ± 3.36

48.35 ± 4.56

60.00 ± 4.32

NP

22.50 ± 6.36

58.00 ± 3.66

56.33 ± 3.67

57.20 ± 19.32

OPE

35.00 ± 11.63

45.00 ± 10.32

45.00 ± 9.63

39.98 ± 13.36

OPPE

45.62 ± 3.65

39.99 ± 6.53

22.50 ± 6.35

36.59 ± 9.65

di-NPE2

23.79 ± 10.32

37.57 ± 13.25

40.32 ± 16.23

40.00 ± 20.32

di-NPE1

36.01 ± 3.21

31.23 ± 2.13

30.65 ± 15.91

24.11 ± 12.32

mono-NPE

40.30 ± 14.52

46.24 ± 6.32

48.75 ± 14.23

48.57 ± 13.36

NPPE1

36.32 ± 19.32

34.98 ± 13.39

36.88 ± 17.23

31.54 ± 21.32

NPPE2

0.00

0.00

0.00

0.00

PBB18

25.75 ± 13.25

27.55 ± 11.32

36.98 ± 6.32

45.00 ± 16.63

PBB-49

55.20 ± 3.69

53.10 ± 6.32

53.00 ± 7.98

55.00 ± 17.23

PBB-101

43.00 ± 6.32

56.30 ± 6.53

43.89 ± 9.32

49.80 ± 14.23

BDE28

35.96 ± 12.32

57.32 ± 10.32

48.96 ± 11.32

23.65 ± 14.39

BDE-47

43.60 ± 13.24

46.30 ± 12.34

48.30 ± 9.63

41.25 ± 11.56

BDE99

20.69 ± 9.32

38.90 ± 9.52

43.21 ± 4.53

37.90 ± 7.63

BDE154

18.69 ± 8.86

32.65 ± 6.88

40.30 ± 7.32

29.80 ± 7.78

BDE153

19.63 ± 12.01

36.98 ± 10.21

43.69 ± 11.32

27.99 ± 12.42

BDE183

20.30 ± 6.32

25.90 ± 6.32

33.60 ± 5.32

30.08 ± 6.99

TBBPA

5.00 ± 11.69

0.00

7.50 ± 4.32

6.50 ± 12.63

HBCD

12.50 ± 8.36

10.00 ± 6.32

23.60 ± 4.21

18.65 ± 5.89
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The results showed that hexane/ acetone gave overall best recoveries compared to
recoveries from other solvents. Accordingly, hexane: acetone (4: 1) was chosen as the
organic solvent of choice for the simultaneous extraction of the target compounds.

Increase of temperature was found to have significant influence on the recoveries of the
target compounds (Table 9.2). For most compounds, an increase in temperature showed a
slight increase in recoveries except for NPPE2 (35°C: 63.24; 45°C: 40.63 and 55°C: 56.82).
The reason for this phenomenon is unknown at the moment. The RSD for the same
compounds was higher at 35 and 55°C indicating the difficulty of the compound to migrate
into the solvent phase. Both this experiments; (effect of solvent and effect of temperature);
were performed by extracting the targeted compounds for 1 h and 30 min. The optimum
temperature of 55°C was chosen as the optimum temperature as most of the compounds
were extracted at acceptable recoveries. The effect of time was studied whereby the
extraction were done in two consecutives cycles as presented in Table 9.3,
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Table 9.2: Effect of temperature on the extraction of APEs and BFRs

Compound

%Recovery

%Recovery

%Recovery

35°C

45°C

55°C

t-BP

63.20 ± 6.98

67.32 ± 8.65

89.56 ± 4.85

HPP

69.80 ± 15.32

69.50 ± 14.32

60.32 ± 4.77

OP

64.32 ± 10.73

70.32 ± 13.74

62.69 ± 10.72

NP

63.99 ± 12.32

63.88 ± 10.35

63.44 ± 4.59

OPE

68.60 ± 4.60

68.32 ± 3.56

67.25 ± 4.59

OPPE

58.00 ± 35.32

58.52 ± 31.35

82.35 ± 29.24

di-NPE2

69.23 ± 10.72

69.32 ± 9.56

71.94 ± 10.55

di-NPE1

50.32 ± 19.32

63.20 ± 18.36

67.32 ± 14.63

mono-NPE

49.63 ± 10.55

50.32 ± 9.36

54.50 ± 15.56

NPPE1

36.40 ± 14.86

57.32 ± 12.36

63.18 ± 14.95

NPPE2

63.24 ± 24.65

40.63 ± 17.96

56.82 ± 31.32

PBB18

38.09 ± 5.17

55.32 ± 5.73

70.13 ± 5.17

PBB-49

45.25 ± 1.90

70.32 ± 6.32

80.32 ± 2.91

PBB-101

48.32 ± 4.98

63.21 ± 9.32

75.30 ± 2.69

BDE28

45.63 ± 2.69

46.32 ± 3.32

60.32 ± 4.74

BDE-47

40.32 ± 2.96

55.75 ± 3.96

68.85 ± 8.32

BDE99

44.32 ± 4.85

40.32 ± 7.32

73.25 ± 8.99

BDE154

40.90 ± 2.68

35.81 ± 4.32

67.96 ± 5.17

BDE153

51.23 ± 3.57

42.90 ± 3.57

70.32 ± 3.75

BDE183

39.32 ± 15.55

38.96 ± 10.36

79.63 ± 12.09

TBBPA

37.82 ± 12.91

68.32 ± 11.32

75.30 ± 14.63

HBCD

46.63 ± 9.63

56.63 ± 10.63

76.32 ± 12.91
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Table 9.3: Effect of time during the extraction of APEs and BFRs

Compound

15 min

30 min

45 min

60 min

%Recovery

%Recovery

%Recovery

%Recovery

t-BP

74.05 ± 4.98

84.32 ± 5.77

82.65 ± 5.17

69.10 ± 15.69

HPP

46.60 ± 7.75

60.50 ± 10.92

41.60 ± 4.58

32.50 ± 13.25

OP

61.50 ± 10.93

55.63 ± 5.77

44.30 ± 10.01

46.50 ± 6.63

NP

56.40 ± 1.66

51.25 ± 10.73

70.05 ± 10.93

66.50 ± 16.63

OPE

72.75 ± 11.24

64.00 ± 1.63

51.60 ± 4.59

54.70 ± 9.68

OPPE

69.90 ± 21.32

61.20 ± 9.21

63.21 ± 17.32

71.32 ± 12.32

di-NPE2

53.20 ± 10.55

51.28 ± 9.53

64.32 ± 10.55

57.32 ± 16.32

di-NPE1

58.79 ± 14.66

56.71 ± 4.61

65.39 ± 10.93

67.10 ± 5.65

mono-NPE

42.10 ± 15.55

44.56 ± 4.95

61.00 ± 9.22

103.88 ± 16.32

NPPE1

63.50 ± 14.96

72.60 ± 14.95

69.30 ± 15.32

68.32 ± 13.65

NPPE2

65.30 ± 31.21

69.20 ± 27.32

64.30 ± 26.52

63.90 ± 20.32

PBB18

74.65 ± 5.19

67.50 ± 1.99

66.25 ± 1.91

59.75 ± 3.62

PBB-49

73.65 ± 2.99

76.75 ± 0.98

90.25 ± 0.94

52.40 ± 3.97

PBB-101

81.75 ± 6.32

67.50 ± 5.72

92.10 ± 7.51

70.00 ± 10.36

BDE28

83.05 ± 2.96

74.15 ± 2.91

81.65 ± 9.21

66.15 ± 10.36

BDE-47

83.35 ± 4.47

74.40 ± 10.63

96.60 ± 2.97

59.90 ± 16.32

BDE99

81.85 ± 15.32

71.90 ± 13.69

85.00 ± 6.92

57.65 ± 7.99

BDE154

63.60 ± 3.69

68.63 ± 3.96

86.10 ± 18.32

75.40 ± 11.32

BDE153

72.32 ± 3.57

81.55 ± 4.74

89.00 ± 20.08

63.40 ± 18.96

BDE183

62.35 ± 12.91

81.35 ± 12.44

80.35 ± 13.36

65.35 ± 21.21

TBBPA

65.32 ± 9.32

73.55 ± 3.58

89.35 ± 14.86

51.15 ± 16.63

HBCD

63.73 ± 13.63

69.53 ± 15.68

65.32 ± 8.99

68.20 ± 9.32

For all the compounds, extraction time of above 45 min., did improve the recovery of the
compounds except for mono-NPE that had a linear increase of recovery with time. However,
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along the extraction up to 45 min., there was no significant difference in recoveries. However,
with BFRs longer extraction time had a positive impact on the recoveries. Because of the
slight increase in recoveries of the BFRs, 45 min was taken as the optimum extraction time
for the simultaneous extraction of APEs and BFRs. These conditions (i.e. solvent,
temperature and extraction time) were used to determine the optimum biomass for the
extraction of the said compounds. The results for the effect of biomass on the extraction
efficiency are presented in Table 9.4,
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Table 9.4: Effect of biomass on the extraction efficiency of APEs and BFRs

Compound

25 g

12.5 g

10 g

7.5 g

5g

2.5 g

% Recovery

% Recovery

% Recovery

% Recovery

% Recovery

% Recovery

t-BP

82.65 ± 5.17

70.15 ± 5.17

53.60 ± 3.21

61.58 ± 9.01

79.35 ± 4.85

45.80 ± 8.54

HPP

41.60 ± 4.58

63.23 ± 5.63

55.08 ± 3.63

58.33 ± 5.88

44.93 ± 5.77

46.68 ± 7.78

OP

44.30 ± 10.01

66.68 ± 9.32

53.93 ± 4.32

54.98 ± 4.09

68.65 ± 10.92

48.28 ± 13.94

NP

70.05 ± 10.93

73.52 ± 11.32

75.08 ± 9.65

61.85 ± 6.87

61.32 ± 10.73

55.08 ± 10.79

OPE

51.60 ± 4.59

74.88 ± 3.21

98.53 ± 6.66

64.98 ± 9.08

80.98 ± 1.67

58.00 ± 6.69

OPPE

63.21 ± 17.32

68.10 ± 10.36

117.24 ± 26.96

60.63 ± 13.07

78.73 ± 9.21

57.95 ± 9.33

di-NPE2

64.32 ± 10.55

70.02 ± 8.32

53.93 ± 13.32

60.18 ± 17.35

78.08 ± 9.52

59.80 ± 9.89

di-NPE1

65.39 ± 10.93

71.02 ± 9.32

55.32 ± 5.53

60.98 ± 7.37

63.45 ± 4.61

88.33 ± 4.59

mono-NPE

61.00 ± 9.22

97.50 ± 4.65

98.53 ± 8.53

73.98 ± 6.27

71.32 ± 9.23

66.21 ± 7.28

NPPE1

69.30 ± 15.32

63.24 ± 13.25

71.12 ± 12.17

60.97 ± 12.19

82.04 ± 10.55

90.21 ± 12.35

NPPE2

64.30 ± 26.52

66.98 ± 16.26

63.32 ± 10.32

69.36 ± 15.58

69.32 ± 14.62

84.32 ± 15.14

PBB18

66.25 ± 1.91

63.20 ± 2.97

70.20 ± 3.65

72.35 ± 6.57

72.32 ± 15.55

76.98 ± 15.42

PBB-49

90.25 ± 0.94

61.34 ± 12.36

108.02 ± 14.63

76.08 ± 14.71

82.60 ± 14.95

83.20 ± 14.59

PBB-101

92.10 ± 7.51

75.11 ± 11.52

74.69 ± 9.99

81.32 ± 9.18

90.32 ± 17.86

72.20 ± 13.96

BDE28

81.65 ± 9.21

71.32 ± 13.65

88.20 ± 8.69

63.24 ± 5.53

76.32 ± 6.86

66.30 ± 6.88

BDE-47

96.60 ± 2.97

63.32 ± 12.34

72.35 ± 9.87

80.32 ± 9.67

96.60 ± 10.35

51.32 ± 15.63

BDE99

85.00 ± 6.92

58.65 ± 9.62

49.03 ± 13.25

55.95 ± 17.17

85.00 ± 5.17

40.60 ± 17.51

BDE154

84.10 ± 18.32

85.30 ± 8.35

70.28 ± 7.65

100.88 ± 8.94

86.10 ± 7.54

84.95 ± 8.21

BDE153

89.00 ± 20.08

59.63 ± 16.98

78.32 ± 6.92

71.00 ± 9.33

91.00 ± 6.94

60.32 ± 9.46

BDE183

80.35 ± 13.36

77.05 ± 10.95

69.80 ± 7.44

75.68 ± 7.77

100.35 ± 7.47

63.32 ± 20.21

TBBPA

89.35 ± 14.86

96.97 ± 18.63

86.60 ± 14.48

67.32 ± 13.44

80.35 ± 12.65

77.03 ± 13.22

HBCD

65.32 ± 8.99

54.91 ± 10.88

65.32 ± 9.77

67.10 ± 9.83

69.32 ± 8.93

40.75 ± 7.99

The results showed that biomass of 2.5 g had negative effect on the extraction efficiency of
the analytes as the recoveries of most compounds were lower except alkylphenol
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ethoxylates. However, from 5 to 25 g biomass, the recoveries did not differ significantly and
therefore, biomass 5 g was chosen as the optimum biomass for the simultaneous extraction
of APEs and BFRs because of slightly overall better RSD for most compounds. The
recoveries from the 5 g biomass range from 44.93 (HPP) to 100.88% (BDE183). Though the
recovery of HPP was low, it should be accepted because of its low RSD (5.77). The
recoveries of NP (61%), di-NPE (78.08% and 63.45%), mono-NPE (71.32%) were
comparable to results from other studies reported in the literature. For the APs and APEs
recoveries, Gatidou et al., (2007) reported recoveries for NP of 62.7%, mono-NPE of 106%
and di-NPE of 101%. In another study, Fountoulakis et al., (2005) reported recoveries of
above 70% for both NP and NPEO while Andreu et al., (2007) reported the recovery range of
89 - 94% for OP, NP and APEs. Rice et al., (2003) reported a recovery of between 70 - 115%
for NP and NPEs, and recovery of between 65 to 106% for OPEs including OP. With the
BFRs recoveries, several studies reported recoveries range from 41.7 to 130% (SalgadoPetinal et al., 2006; Lacorte, Ikonomou & Fischer, 2010; Olukunle et al., 2012; Tölgyessy,
Vrana & Šilhárová, 2013). The results indicated that the developed method can be applied
successfully for the determination of the targeted compounds from solid matrix samples,
having the advantage of one integrated method for the simultaneous analysis of APEs and
BFRs in solid samples. The proposed method in this study gave comparable recoveries with
those reported in the literature, however, the proposed method use cheaper instrument and is
much easier and faster as it analyse these compounds simultaneously.
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9.3.3

Method performance

The performance was evaluated through the estimation of linearity, repeatability, limit of
detection and quantification as well as recoveries of the target compounds from the sludge.
The results on linearity, limit of detection and limit of quantification are presented in Table 9.5.
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Table 9.5: Calibration range, linearity, limit of detection and quantification results
-1

-1

-1

Compound

Range (ng g )

Linearity

LOD (ng g )

LOQ (ng g )

t-BP

8.0 - 40.0

0.992

0.12

0.72

HPP

8.0 - 40.0

0.995

0.40

1.32

OP

8.0 - 40.0

0.994

0.40

1.34

NP

8.0 - 40.0

0.992

0.40

1.40

OPE

8.0 - 40.0

0.993

4.00

10.40

OPPE

40.0 - 200.0

0.990

4.60

13.80

di-NPE2

40.0 - 200.0

0.993

5.00

16.40

di-NPE1

40.0 - 200.0

0.994

3.50

11.60

mono-NPE

40.0 - 200.0

0.990

3.00

10.10

NPPE1

40.0 - 200.0

0.997

4.80

13.60

NPPE2

40.0 - 200.0

0.986

4.30

12.80

PBB18

8.0 - 40.0

0.991

0.30

1.20

PBB-49

8.0 - 40.0

0.993

0.80

2.64

PBB-101

8.0 - 40.0

0.996

0.90

2.97

BDE28

8.0 - 40.0

0.976

1.60

5.28

BDE-47

8.0 - 40.0

0.990

1.60

5.32

BDE99

8.0 - 40.0

0.993

1.45

BDE154

8.0 - 40.0

0.985

1.52

5.02

BDE153

8.0 - 40.0

0.993

1.30

4.29

BDE183

8.0 - 40.0

0.992

1.40

4.86

TBBPA

40.0 - 200.0

0.990

4.50

9.84

HBCD

40.0 - 200.0

0.986

2.82

4.40

5.06

For quantification, a five-point calibration curves were constructed, from the GC-MS analysis
of standard solutions of APEs and BFRs in hexane at concentration ranging from 8 - 40 ng g-1
for APs, PBBs, PBDEs and 40 to 200 ng g-1 for APEs, TBBPA and HBCD. From the results
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as presented in Table 9.5, the calibration curves had good linear relationships using the
internal standard method at these five different concentration levels. The limit of detection
and quantification of the method were estimated by linear regression using the peak area
abundance. As shown in Table 9.5, the LOD obtained ranged from 0.12 ng g-1 (t-BP) - 5.00
ng g-1 (di-NPE2) while LOQ ranged between 0.72 ng g-1 (t-BP) - 16.40 ng g-1 (di-NPE2).

In order to evaluate trueness of the method used in this study, recovery experiments were
performed on the sewage sludge. To accomplish this, the three sludges were spiked with a
standard mixture of the compounds and taken through the whole procedure as described
earlier. However, during the concentration of the post-ultrasonic extracts, 2 g of Cu was
added in order to remove elemental sulphur. The percentage recovery of the compounds are
presented in Figure 9.3,
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Recovery of compounds from spiked sludge
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Figure 9.3: Recoveries of targeted compounds from spiked sludge
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The recoveries in spiked sludge samples range from 38.65 ± 8.24 (for HPP) to 78.63 ± 6.53
(for BDE154) with adequate repeatability (RSD < 20) except for nonylphenol di-ethoxylates
(di-NPE1 and di-NPE2 which had RSD of 27 and 23 respectively). The results from the
spiked sewage sludges have shown satisfactory precision of the analytical procedure for
most of the analyte (except for di-NPE1 and 2). Relative standard deviations (RSD) of below
20% for most compounds were obtained indicating the good precision of the developed
extraction method for simultaneous determination.

9.3.4

Levels in environmental samples

The developed method was used to determine the presence of the targeted compounds in
sludge samples collected from different sewage treatment plants and to evaluate the fate of
these compounds at those treatment plants. Table 9.6 lists the concentration of the APEs and
BFRs obtained in this study at the different treatment plants while Figure 9.4 shows expanded
chromatograms (for better identification) of the compounds from the sludge samples.
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BDE99

TBBPA-2

PBB101

BDE47 + PBB80

Chrysene

PBB49

mono-NPE

di-NPE2

di-NPE1

BDE28

BDE183

HBCD

BDE153

BDE154

NPPE2

PBB18

OPPE

A
B

C

Figure 9.4: Expanded chromatogram for targeted analytes from a typical sludge sample

Table 9.6: Levels of APEs and BFRs from environmental sludge samples

Compounds

Leeuwkuil
ng g

Rietspruit

-1

ng g

-1

Sebokeng
ng g

-1

t-BP

< LOQ

38.584

<LOQ

HPP

9.052

5.734

2.009

OP

< LOQ

8.403

< LOQ

NP

< LOQ

< LoQ

< LOQ

OPE

< LOQ

10.659

< LOQ

OPPE

93.704

101.218

78.864

di-NPE2

182.820

96.891

348.507

di-NPE1

16.516

165.560

642.071

mono-NPE

329.607

78.918

364.459

NPPE1

11.775

13.636

< LoQ

NPPE2

365.008

104.355

59.160

PBB18

< LOQ

14.717

< LOQ

PBB-49

3.945

15.324

< LOQ

PBB-101

17.340

87.959

14.012

BDE28

< LOQ

17.820

< LOQ

BDE-47

< LOQ

< LOQ

< LOQ

BDE99

6.222

46.418

< LOQ

BDE154

< LOQ

< LOQ

< LOQ

BDE153

< LOQ

10.320

< LOQ

BDE183

< LOQ

162.697

< LOQ

TBBPA

< LOQ

19.239

< LOQ

HBCD

10.686

133.160

< LOQ

< LOQ: below limit of quantification
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The concentration of these compounds in sludges depends on various factors, such as
discharge from industrial wastewater into the inlet of treatment plant, the population size of
the area being served by the treatment plant and type of sludge. For the purpose of the study,
only the primary sludge was sampled because this sludge contains particulate organics that
serve well as matrix for the retention adsorbed xenobiotics, especially the hydrophobic ones
(Fountoulakis et al., 2005 ). The developed analytical method was used to determine the
presence of APEs and BFRs in sludge samples from different sewage treatment plants. Table
6.7 shows the concentration of APEs and BFRs obtained in this study. As can be observed
from the results, almost all of the compounds were detected in Rietspruit sewage sludge
sample. The highest concentration of alkylphenols detected was for t-BP (38.584 ng g-1)
which was detected at Rietspruit sewage sample, the alkylphenol ethoxylates (APEs) was for
di-NPE1 (642 ng g-1) detected at Sebokeng sewage sample. With the BFRs, it was only
PBB101 that was detected in all the sewage sludge samples from all the treatment plants
with Rietspruit detected at higher concentration than both the Leeuwkuil and Sebokeng
treatment plants. The highest concentration of the BFRs was for BDE183 of 162.7 ng g-1 at
Rietspruit sewage sludge sample. The high concentration from Rietspruit can be suspected
from the more industrial activities around the treatment work compared to industries around
both Sebokeng and Leeuwkuil treatment work plants.

Although there are numerous reviews and research articles that have reported concentrations
of BFRs in environment, the information concern the fate of these compounds in water,
sediments or soils and little is known about their occurrence in sludge. In the few articles that
reported the presence of APs and APEs in sewage sludge, the level of these compounds in
this study were detected at lower concentration levels compared to those reports.
Fountoulakis et al., (2005) reported NP and NPEO concentration of 93 and 233.5 mg kg-1
from the primary sludge at Heraklion WWTP in Greece. Gatidou et al (2007) reported NP,
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NP1EO and NP2EO concentration of 110, 1010 and 2890 ng g-1, respectively from Mytilene
City WWTP, Greece.

9.4

CONCLUSIONS

An analytical method for the simultaneous determination of APEs and BFRs in sewage
sludge was developed and optimized. The method combined ultrasonic assisted extraction
followed by solid phase extraction enrichment step prior to GC-MS analysis. During method
development various key parameters were carefully studied. The optimum conditions were
obtained by extraction of 5 g sample mixed with 20 g anhydrous sodium sulphate extraction
with two cycles of 45 min each at 55°C with hexane: acetone (4:1).

The proposed method showed good recoveries, satisfactory precision for almost all the
targeted compounds and adequate limit of quantification for environmental monitoring. The
recoveries from the clean sand extraction ranged from 44.93 ± 5.77 (HPP) to – 100.35 ± 7.47
(BDE183) while the recoveries from sludge sample went up to 78.63 ± 6.53 (BDE154). When
the method was applied to primary sewage sludge samples from different treatment plants,
he concentration of these compounds ranged from <LOQ to 642.071 ng g-1. Of the three
treatment sludges samples, almost all the compounds were detected from Rietspruit sludge
samples. This may be due to high industrial activities around the treatment plants as it treats
both domestic and industrial waste.
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CHAPTER 10: CONCLUSIONS AND RECOMMENDATIONS

10.1

MEETING THE THESIS OBJECTIVES

The ultimate objectives as reported in Chapter 1 were to develop, optimize and
validate

the extraction

and derivatization

procedure for

the simultaneous

determination of alkylphenol ethoxylates and brominated flame retardants in water,
sediment and fish samples. All these objectives have been met. The derivatization
included reacting the APEs and TBBPA with heptafluorobutyric anhydride under
triethylamine catalyst at 50ºC for 30 min. It was observed that this derivatization can
be done in the presence of PBBs, PBDEs as well as HBCD without any risk of debromination. The extractions of the analytes were performed by SPE from water
samples and the same procedure was used as a further clean-up of the extracts
obtained from both sediment and fish tissue samples. The recoveries of the analytes
from the SPE were above 60% and found to be satisfactory. The extractions from
both the sediment and fish tissue samples were accomplished by sonication. The
recoveries from the sample were above 40% from both matrixes.

In Chapter 2, a literature review on the targeted compounds and method of analysis
was undertaken. From the literature, there was not any study that we are aware of
that report on the simultaneous determination of the targeted analytes. Therefore, an
attempt to develop a simultaneous analysis of alkylphenol ethoxylates and
brominated flame retardants was undertaken. The proposed methods were found to
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save time, mild, and gave comparable results with other reported studies. In Chapter
3, the detailed procedures of the methods were described.

From Chapter 4 through to Chapter 9, results of the thesis are presented. The overall
results showed that the targeted compounds were more abundant in the sewage
sludge followed by sediments, fish and water samples. The results also showed the
level of contamination of these compounds along the Vaal River, from the water and
sediment samples. With wastewater treatment works only the WWTP found in the
Vereeniging area were sampled to determine the concentration of these compounds.
Along the Vaal River, it was found that the abundant of these compounds were more
in Gauteng than in Mpumalanga. This may be attributed to the fact that Gauteng is
more urbanized than Mpumalanga. Also, the results in sediment were twenty times
more than in water samples. This phenomenon is supported by the lipophilicity of
these compounds. With respect to fish samples, the levels of these compounds were
more abundant in predatory fish (Carp) than bottom feeder (Labeo umbratus).
However, overall, the levels of contamination of these compounds were slightly lower
than the level reported in more civilized countries.

10.2

RECOMMENDATIONS

Due to lack of specific regulations for APEs and BFRs in environmental samples in
South Africa at present, monitoring of these pollutants is recommended. Also, further
study on the degradation of TBBPA need to be done in order to verify its nondetectability from the samples. Studies on determining the source of these pollutants
in the environment is also recommended.
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