Hong Kong Baptist University

DOCTORAL THESIS

Environmental occurrence of triclosan in wastewater and transformation
fate and development of a method of derivatization of PFOS
Tohidi, Fatemeh
Date of Award:
2016

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:
• Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
• Users cannot further distribute the material or use it for any profit-making activity or commercial gain
• To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 10 Jan, 2023

HONG KONG BAPTIST UNIVERSITY
Doctor of Philosophy
THESIS ACCEPTENCE
Date: March 11, 2016
STUDENT`S NAME: TOHIDI Fatemeh
THESIS TITLE: Environmental Occurrence of Triclosan in Wastewater and
Transformation Fate and Development of a Method for
Derivatization of PFOS
This is to certify that the above student`s thesis has been examined by the
following panel members and has received full approval for acceptance in partial
fulfillment of the requirements for the degree of Doctor of Philosophy.
Chairman:

Prof. WONG Chris K C
Professor, Department of Biology, HKBU
(Designated by Dean of Faculty of Science)
Prof. CHAN Wing Hong
Professor, Department of Chemistry, HKBU
(Designated by Head of Department of Chemistry)
Dr. SHIU Kwok Keung
Associate Professor, Department of Chemistry, HKBU

External Members:

Prof. CHEN Guang-hao
Professor
Department of Civil and Environmental Engineering
The Hong Kong University of Science and Technology
Prof. LEUQUE Rafael
Professor
Department of Organic Chemistry
University of Cordoba
Spain
Dr. MA Edmond Dik Lung
Associate Professor, Department of Chemistry, HKBU
(as proxy for Prof. LUQUE Rafael)
Prof. CAI Zongwei,
Chair Professor in Chemistry, Department of Chemistry, HKBU

Issued by Graduate School, HKBU

Environmental Occurrence of Triclosan in
Wastewater and Transformation Fate
and
Development of a Method for Derivatization of PFOS

TOHIDI Fatemeh

A thesis submitted in partial fulfillment of the requirements
For the degree of
Doctor of Philosophy

Principal Supervisor: Prof. CAI Zongwei
Hong Kong Baptist University
March 2016

Declaration

I hereby declare that this thesis represents my own work which has been done after
registration for the degree of PhD at Hong Kong Baptist University, and has not been
previously included in a thesis or dissertation submitted to this or any other institution for a
degree, diploma or other qualifications.

Signature:
Date: March 2016

i

Abstract

Triclosan (TCS) as an antimicrobial agent in a variety of consumer products has
drawn environmental and health care scientist’s attention for over 40 years as it has
been widely detected in environment. Once released to the environment, TCS can
easily transfer to water bodies and soil due to its fair solubility and hydrophobicity.
TCS is not considered as a toxic compound. However, two main reasons have bolded
TCS occurrence important in the environment. Firstly, TCS can easily adsorb to and
accumulate in the media possessing organic matter such as sludge, soli or tissue.
Secondly, TCS can degrade/transform to other compounds with higher potential
toxicity and persistency. While many degradation products have been observed in
certain circumstances, the main easily-formed products can be pointed as
2,4-dichlorophenol (2,4-DCP), 2,8-dichlorodibenzoparadioxin (2,8-DCDD) and
methyl triclosan (MTCS). 2,4-DCP is listed as the priority toxic pollutant by US
Environmental Protection Agency. 2,8-DCDD is a member of dioxin family with a
recently reported relative potency factor of 1×10−4. This compound is suspected to
transform to higher chlorinated dioxins when exposed to light or chlorine. MTCS,
resulted from microbial methylation of TCS, has received much attention recently
due to its persistency.
Although TCS has been studied vastly, it`s fate and behavior in wastewater and
sludge as the first receiver in the environment has not been investigated deeply so far.
In this research, attempt was done to answer some so far unanswered questions such
as whether i) TCS occurrence is consistent within a single STP and between different
ii

STPs, ii) TCS transformation is a factor of wastewater and sludge treatment, iii) TCS
degradation occurs in aerobic/anaerobic sludge digestion, iv) TCS adsorption is
predictable and obeys any equilibrium and kinetics model.
Two gas chromatography-mass spectrometry (GC-MS) based-methods were
successfully developed for determination of TCS, 2,4-DCP, 2,8-DCDD and MTCS in
wastewater and sludge. In the first method, liquid-liquid extraction (LLE) and silica
column chromatography were applied for the extraction and cleanup of wastewater.
In the second method, accelerated solvent extraction (ASE) and multilayer silica
column chromatography were employed for the extraction and cleanup of sludge. For
validation purpose, the methods were successfully applied to wastewater and sludge
samples from three different municipal sewage treatment plants (STPs) in Hong
Kong. Satisfactory mean recoveries for all target compounds were obtained as over
82% and 84% for wastewater and sludge samples, respectively. TCS degradation
products were detected based on the treatment practice. 2,8-DCDD was detected in
the plant utilizing UV disinfection at the mean level of 20.3(±4.8) ng.L-1. 2,4-DCP
was identified in chemically enhanced primary treatment (CEPT) applying chlorine
disinfection at the mean level of 64.5(±4.5) ng.L-1. Besides, MTCS was detected in
the wastewater collected after biological treatment 33.3(±3.4) ng.L-1 as well as in
sludge samples that have undergone aerobic digestion at the mean level of 266.1
(±14.2) ng.g-1 dry weight (d.w.).
Mass balance of TCS in three STPs and the extent of TCS transformation to the
degradation compounds were investigated and adsorption behavior of some of the
occurred compounds was studied. Moreover, TCS fate was probed in full scale plant
iii

during wastewater and sludge aerobic/anaerobic treatment condition. Finally few
correlations were investigated. For STP (I), 77.6% of the entering TCS mass flux to
the plant was directly discharged to the receiving environment. The mass that was
settled along the sludge underwent aerobic digestion treatment of which 52.2% was
aerobically degraded in the digester. However 5.4% of the TCS in the sludge was
observed to be transformed to MTCS and 47.8% was remained in the dewatered
sludge to be disposed to landfill. TCS elimination in STP (II) wastewater treatment
was 25.5%. Chlorination could cause 5.3% of TCS loss during disinfection process.
Nevertheless, still 68.7% of the loading TCS was discharged to the environment
through wastewater. TCS mass flux in pretreatment and post treatment sludge was
almost constant. For STP (III), 14.2% and 8% of initial TCS mass flux was adsorbed
to primary and secondary sludge, respectively. Mass balance between TCS lost in the
biological treatment, the mass adsorbed to the sludge and the effluent revealed that
44.0% of the initial TCS mass flux was biodegraded in biological treatment of which
19.8% was transformed to MTCS. In addition, 10.3% of TCS mass was lost in UV
irradiation disinfection unit of which 90.8% was transformed to 2,8-DCDD.
Significant TCS mass loss (20.6%) was observed in anaerobic digestion of sludge and
the remaining mass in dewatered sludge was disposed to landfill. No other
degradation product was observed in the dewatered sludge except MTCS that showed
insignificant change in mass flux after anaerobic digestion. Kd values were calculated
for TCS, MTCS and 2,4-DCP for the first time based on the concentration of target
compound in liquid and solid phase. Moreover, temporal-based variation of TCS and
its degradation products were statistically proved. A relationship was attributed
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between TCS fraction adsorbed to the particulates in raw wastewater and elimination
efficiency in primary treatment (r = 0.83, 0.66 and 0.87 for STP (I), (II) and (III),
respectively).
Adsorption behavior of TCS, 2,4-DCP and MTCS to primary and secondary sludge
was investigated. For this purpose, a simple and efficient GC-MS-based method was
developed for simultaneous determination of TCS, MTCS and 2,4-DCP in
wastewater. Batch experiments were carried out and effect of various parameters such
as pH, temperature and sludge concentration were studied. Three isotherm models,
Linear, Freundlich and Langmuir were examined to fit the adsorption data. Amongst,
Linear and Freundlich isotherm models were able to describe the system behavior
well while Langmuir isotherm model did not exhibit satisfactory result. Relevant Kd
values were derived for three compounds and were compared to the full scale.
Pseudo-first and second order kinetics models were applied to describe the kinetic
data. Pseudo-second order kinetic was found to fit well over the range of applied
initial concentrations based on the regression coefficients and the relative error for the
calculated equilibrium sorption capacity which implied the sorption of TCS, MTCS
and 2,4-DCP onto the inactivated dried sludge proceeds predominantly through a
pseudo-second order kinetics.
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Chapter 1
Introduction

1.1. Triclosan
TCS is a broad spectrum antibacterial, antifungal and antiviral agent which is
widely used as active ingredient in the formulation of a variety of products from
detergents and cosmetics to textiles, toys and beddings [1–3]. The production and use
of TCS has extensively become pervasive since its first introduction in 1972 [4]. As a
result of widespread use of TCS, it is now found in nearly every compartment of the
environment such as surface water [5], wastewater [2,6], sediment[5,7,8], sludge
[9,10], human plasma and milk [11,12], urine [13,14], fish [15,16] and etc.

1.1.1. Physicochemical properties of TCS
TCS (2,4,4’–trichloro-2’-hydroxydiphenyl ether) also commercially named

as

Irgasan, is a chlorinated binuclear aromatic compound with two phenolic and etheric
functional groups (Figure 1.1) which makes the molecule slightly soluble in water (10
mg.L-1 at 20 OC). The chemical is commercially available in white powder form
without any specific odor. The molecular weight 289.5 g.mol-1 as well as low vapor
pressure of 5.2 × 10-6 mmHg at 20 OC, leave the molecule relatively non-volatile.
TCS powder shows good stability under normal storage condition and ambient
temperature [17], while in solution stability is more affected by pH [18]. pKa of 8.14
1

[19] presents high dependency of the molecule dissociation on pH. The higher the pH
of the sample, the more the ionic form portion and the less the hydrophobic
characteristic of TCS.

OH

Cl
O

Cl

Cl

Figure 1.1 Chemical structure of TCS.

As pH rises to more basic condition, phenolic ion dominates, which is more active
than the parent molecule (Figure 1.2). A summary of physicochemical properties of
TCS is presented in Table 1.1.

O

Cl

O-

Cl

OH

Cl

O

-H+

Cl

pKa=8.1

Cl

Figure 1.2 Hydrolysis reaction of TCS.

2

Cl

TCS has an acidic dissociation constant (pKa) of 8.1 [20] which indicates that
this compound is slightly soluble in water. The hydrophobicity of an organic
compound is generally stated as logarithm of octanol-water partition coefficient
(LogKow), which shows the tendency of the compound to adsorb to organic solution
or soil (U.S. Environmental Protection Agency, 2009). TCS has LogKow of 5.4 [2]
which dictates partially partition of this compound to organic phases or oil/fat-based
matrices. TCS is highly stable against strong acids and bases, especially in powder
form. However, once in solution and in certain circumstances, it has been reported to
decompose to various products [21,22]. TCS has a fairly low vapour pressure which
means this compound does not intend to vaporize significantly.

1.1.2. Application
TCS was initially registered by EPA in 1969 after being developed by Ciba-Geigy
Company in 1960 [4]. It is widely used as a preservative or antiseptic agent in a
variety of personal care products (soaps, deodorants, skin-care products, foot-care
products, oral care products, and make-up products). The concentration limit in these
products permitted by the “European Community Cosmetic Directive for preservative
in cosmetics products” in 1986 is up to 0.3%. TCS is also used in other consumer
products such as fabrics, textiles, shoes, carpets, children toys, polymers, ceramics,
etc [2]. Due to versatile application, TCS is produced enormously in the world.
Singer estimated that TCS is globally produced over 1500 tons per year by which the
Europe participates in 23.3% of the total production [2]. In Europe, TCS is annually
produced at approximate weight of 350 tons only for commercial applications [23] by
which 85% is used in personal care products, 5% in textiles and 10% in plastics and
3

food contact materials [24]. According to the investigation by Adolffson Erici, 2 tons
of TCS is annually used in toothpaste production in Sweden [23]. In a survey carried
out based on the brand name soaps in the U. S., it was revealed that 76% of liquid
soaps and 29% of bar soaps were containing either TCS or triclocarban [25].

Table 1.1 Physicochemical properties of TCS.

Property

Description

Common Name

Triclosan

Chemical Name

5-Chloro-2-(2,4-dichlorophenoxy)phenol

Others Names

2,4,4’-Trichloro-2’-hydroxydiphenyl ether
Phenol,
5-chloro-2-(2,4-dichlorophenoxy)-5-Chloro-2-(2,4dichlorophenoxy)phenol,
Irgasan DP-300R,
Irgaguard B1000VIV-20

Empirical Formula

C12H7Cl3O2

Molecular Weight

289.541 gmol-1

Appearance

white crystalline powder, rather odorless

Melting point

56.5°C (133.7°F)

Boiling point

-

Vapor pressure

5.2×10 -6 mmHg at 25˚C, 2.0×10 -6 mmHg at 20˚C

Octanol

water

partition 5.4

coefficient (log Kow)
Solubility

10 mgL-1 at 20 C in water, soluble in ethanol,
methanol, diethyl ether, alkaline solutions

Dissociation constant (pKa)

8.1

Soil organic carbon partition 4.676
coefficient (log Koc)
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1.1.3. Occurrence
TCS has been at the center of attention for quite a long time. Initially, the majority
of the researches were focused on the occurrence of TCS in various compartments.
Basically, TCS can be released to the environment through industrial or domestic
sewage flow, ranging from ngL-1 to µgL-1 [6,26,27]. Therefore, many researchers
have aimed TCS occurrence in water bodies. Based on the US Geological Survey,
TCS was among the top 7 organic wastewater contaminants in the network 139
streams across 30 states during 1999 and 2000 [28]. Environmental samples that
mainly have been focused were surface water [5], wastewater [2,6], sediment [5,7,8],
sludge [9,10]. As a summary, TCS concentration detected in surface water including
lake, rivers and streams ranged 1.4 ngL-1 to 40,000 ngL-1 [2,27–29]. TCS in influent
and effluent samples from wastewater was detected as 86 and 161 ng.L1

, respectively[2,6,10,27,30,31]. In sediment associated with surface water, TCS was

observed in the range of 100-53,000 µg.kg-1 dry weight (d.w.) [2,5,32,33]. Besides,
TCS in biomass originated from sewage treatment plant was measured 20-133,000
µg.kg-1 d.w. [6,30,32].
Biological tissues as the indirectly second receivers are prone to absorption of TCS
as well. Dayan et al. found TCS in human milk up to 2,100 µg.kg-1 lipid. [11].
Adoffson-Erici detected 60-300 µg.kg-1 lipid weight TCS in human breast milk [23].
Calafat et al. could detect TCS in 75% of the urine samples ranging from
2.4–3,790 μg.L-1 [13]. More reports on the detection of TCS in biological samples are
as: plasma and human milk [12], urine [13,14], fish [15,16] and etc. Later, upon the
evidences of TCS transformation to other products, attentions were pointed toward
5

the probability of TCS transformation [8,21,22,34], the mechanisms and the
chemistry which was involved [35–37], the characterization of transformation
products [37–39] and their occurrence along with TCS such as in wastewater [30,40],
sediments associated with wastewater [8] and etc.

1.1.4. Toxicity
Briefly, TCS acts as a blocking agent in biosynthesis of lipids by inhibiting the
enzyme enoyl acyl carrier protein reductase [41]. The chemical can also induce
bacterial resistance development [42]. In addition, final cell death has been observed
due to preventing bacteria from propagation by TCS penetrating the cell wall and
inhibiting RNA synthesis [43].
Acute oral toxicity of TCS was reported in 1969 by Lyman et al. for the first time
[19]. LD50 values for mice and Sprague-Dawley rats were 4,350 mg.kg-1 and between
3,700 and >5,000 mg.kg-1, respectively which indicates low acute toxicity of TCS. In
terms of toxicology, TCS has been reported to have low acute and chronic toxicity
[17–19,44] indicating that TCS is not acutely toxic or carcinogenic [45], however it
can be easily absorbed into body through skin contact and transferred to body fluids
and tissues due to its hydrophobicity. TCS causes an eczematous skin rash when
exposed to skin under sunlight [46]. Apart from human effect, TCS has been reported
to have adverse effect on the aquatic livings [47–50] as well as on microbial
community [51–53] due to its antibacterial characteristic. Moreover, endocrine
disruption effect of this compound has been reported vastly [50,54–56]. Yet, due to
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insufficient information about the safety and potential hazard of TCS, it has still been
held in the Category III products classification by the FDA since 1978 [57]. It is
assumed that USA surface water receives between 46 to 92 g toxicity equivalent units
per year of TCS and CTDs [34]. TCS is also listed as a pesticide under active
chemical code 054901 by the U.S. Environmental Protection Agency (EPA).

1.1.5. Environmental fate
Once in the environment, TCS is subjected to attenuation by physical, chemical,
and biological processes:

1.1.5.1. Physical process:
Basically, TCS can be transferred to wastewater through industrial or domestic
sewage flow [26,27,58]. TCS can be adsorbed to the organic matter such as biosolid,
soil and sediment [10,30,59]. In the wastewater treatment plant, TCS is physically
partitioned to the generated sludge. As a consequence, this chemical has been
detected in primary and biological sludge in a wide range of ngg-1 to µg.g-1. In a study
by our group, TCS was determined at concentrations of 201.2-2747.5 ng.g-1 d.w. and
105.1 ng.g-1 d.w. in primary and biological sludge, respectively [30]. Morales et al.
found TCS in the primary and biological sludge for about 2,500 and 5,400 ng.g-1,
respectively [32]. Gonzalez-Marino analyzed three different solid matrices and
showed that TCS was present in the sludge, river and marine sediments in the range
of 272-2640, 20-11.4 and, 201 ng.g-1, respectively [60]. TCS concentration level has
been observed to be higher in biosolid and sediment, which may be due to a
7

combination of vast usage, persistency in the environment and strong sorption
tendency to organic matter. Several studies have reported partition of TCS to soil that
had been amended with biosolid. Lozano et al. observed TCS in the range of 23.666.6 mg.kg-1 d.w. from once-biosolid-applied soli in U.S [61]. Cha and Cupples
analyzed the soil samples that have been previously amended with biosolid and
collected for a period of two years in Michigan. The result showed TCS concentration
of 0.16-1.02 and 90-7060 µg.kg-1 in soil and biosolid, respectively[62]. Xie et al.
found TCS in the dissolved and particulate phase of seawater ranging 0.8–6,870
pg.L-1 and <1–95 pg.L-1, respectively with higher concentration in the estuaries due to
significant input of TCS by the river discharge [63]. Other researchers have detected
TCS in sediments at <100-53,000 µg.kg-1 d.w. [5,32,33].
Once adsorbed to the soil, TCS can be affected by the natural system. It has been

observed that TCS remains in the top 10 cm layer of the soil [64]. Kinetic studies
have shown that TCS can be biodegraded in the soil as well. Ying et. al investigated
the degradation of TCS in loam soil. The results showed that TCS has a half life of 18
and 70 days in aerobic and anaerobic soil, respectively and tends to persist 70 days in
soil [65]. In a one-year study carried out by Butler et al., TCS was degraded more
than 80% in the soil amended with biosolid, mostly transformed to methyl triclosan
(MTCS). In another work, Waria et al. reported the degradation of TCS in the
laboratory incubation study. They found TCS degradation half-lives of 78 days for a
silty clay loam and 421 days for a fine sand soil [66]. Other researchers have reported
TCS half-lives as 13.1-32.5 days [67] and 107 days [61] in the field, and 13.5 days
[68] and 2.5-35 days [69] in the laboratory.
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1.1.5.2. Chemical process:
TCS is a stable compound. However, it is vastly reported that it can undergo
transformation under certain conditions. The major transformation mechanisms that
are observed to take place for TCS released to the environment are photodegradation
and chemical oxidation:

1.1.5.2.1. Photodegradation
TCS is readily photodegraded in the environment especially when exposed to
UV/Vis radiation. TCS etheric bond as the most vulnerable site of the molecule
breaks down as a consequence of being attacked by the high energy radiation.
Photodegradation of TCS is affected by a variety of parameters:
1- pH condition, TCS can be photodegraded in both molecular and ionic form (acidic
or alkali condition) [70,71]. However, several researchers have reported that
phenolate species is more reactive than the parent molecule in terms of
photodegradability [38,72]. Tixier et al. observed that half-life of TCS at pH<6 is
almost 19 times more than that at pH>10 [20].
2- Availability of the light, which is a function of day time, season, latitude and
climatic condition. In a model developed by Tixier et al., it was shown that TCS
photodegradation rate will increase as the latitude increases. Moreover, TCS decay
takes place with a higher kinetic in summer than in winter. Furthermore, in an
ecosystem such as a lake, water depth affects TCS decay rate due to light absorption
in the epilimnion [20].
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3- Environmental matrix, which has been demonstrated to affect photodegradation.
Mezcua et al. reported higher TCS degradation rate in a dissolved organic matter
(DOM) rich matrix [40]. In contrary, Latch et al. found out that the matrix can
increase half life time of TCS due to two phenomena, light absorption by the organic
matter (e.g. humic and fulvic acids) and scavenging the active species that may cause
indirect photolysis in the water [72]. Tixier also observed 20% decrease, in TCS
photodegradation when sample matrix was containing humic acid [20].

1.1.5.2.2. Chlorination
TCS molecule is prone to chlorination on the ring when in contact with free
chlorine or chemicals bearing chloride atom. Chlorination of TCS is more likely to
take place in processes dealing with chlorine such as disinfection processes in water
and wastewater treatment. Chlorination is by far a well-practiced method in water and
wastewater disinfection. However, this process is controversial due to the possible
carcinogens formation during treatment [73]. TCS, as an example, has been found to
react with free chlorine [74,75]. Canosa and coworkers investigated the degradation
of TCS in the presence of chlorine in river water and wastewater. TCS half lives were
measured as 9.8, 2.2 and 3.7 min for pH values of 6.3, 7.3 and 8.3, respectively. The
observed chlorinated products were mainly chlorophenols and CTDs. 2,4-DCP
accounted for 9.0% of the initial TCS concentration [76]. The significance of the TCS
reaction with chlorine in drinking water was described by Rule and coworkers [35].
TCS half-life was found to be 0.19 min which indicates high reactivity of TCS in
contact with free chlorine. Reaction rates were directly proportional to pH of the
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solution; however a decrease in rate appeared above pH 8 that was described as pH
dependent speciation of both free chlorine and TCS [35]. In another study, effect of
free chlorine on TCS in the hygienic products was examined [77]. An inverse
correlation was observed between formation of chlorophenols and chloroform that
was attributed to possible formation of chloramines that are strong enough to react
with TCS and produce chlorophenol but not enough to cleave the C-C bond of phenol
ring and produce chloroform. Temperature and chlorine concentration and had a
direct effect on chloroform yield.
Chloramines as alternative disinfectants have 2000 times less inactivation effect
than free chlorine for E.coli. Nevertheless, they are more favorable for treatment of
drinking water due to their long-lasting stability in piping systems. Greyshock et al.
showed that chloramines exhibit similar effect to free chlorine on TCS, though with
milder reactivity (by the order of 2-4). The reaction rate was dependent on pH, due to
speciation of monochloramine[78].

1.1.5.2.3. Advanced oxidation
Advanced oxidation refers to a technology in which the chemicals are designed to
remove the organic constituents from wastewater and water. The chemicals are
mainly oxidants that produce hydroxyl radical such as ozone, hydrogen peroxide or a
catalyst [79]. Catalysts have shown satisfactory efficiency for decomposition of
organic pollutants by increasing the removal efficiency and decreasing the time
required for treatment [80]. Catalysts such as manganese oxide [81], titanium oxide
[36,39,82,83], electrofenton reagent [84–86] and permanganate [87] have been
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utilized for TCS removal from wastewater as well. Oxidative degradation of TCS has
.

been reported to take place by prominently participation of OH in the reaction. Zhang
et al. investigated the oxidative transformation of TCS and chlorophene by
manganese oxides (δ-MnO2 and MnOOH) [81]. A photocatalysis study of TCS
transformation by three types of titanium oxide photocatalyst was carried out by
Rafqah and coworkers [36]. TCS removal could reach up to 90% after 10 and 25 h in
pure water and river water, respectively. Son et al. applied TiO2 to compare
degradation of TCS in three different conditions: the presence of TiO2 photocatalysis,
photolysis (no catalyst) and TiO2-only. The most effective removal was related to
photocatalysis reaction (82%) followed by photolysis (75%) after 20 min. TiO2-only
showed the least removal efficiency (30%) [88]. Although TCS oxidative degradation
is favorable in terms of wastewater and water treatment, formation of toxic products
should not be taken for granted as the oxidative reaction is generally a complicated
reaction and may have several unknown by-products. In case of TCS oxidative
reaction,

some

known

products

such

as

chlorophenols,

chlorocatechols,

chlororesorcinols, chlorobenzoquinone, DCDD, dibenzo-p-dioxin and etc have been
identified so far.

1.1.5.2.4. Ozonation
Although ozonation is more a part of water and wastewater treatment namely
disinfection, it can also be considered as a chemical process that affects
transformation of TCS. Ozone is extremely active so that it is used as a disinfectant in
water treatment. This process despite chlorination, is more effective in killing the
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bacteria, removing taste and odors and is less likely to produce potentially harmful
by-products such as THMs. However, due to its instability, ozone must be generated
prior to use. It has been reported that ozone can remove TCS from wastewater due to
oxidation process. Suarez et al. applied aqueous ozone to the TCS spiked wastewater.
The result was almost 100% removal of TCS. The reaction predominantly proceeds
.

through direct TCS-ozone reaction and to less extent, OH attack to TCS (35% loss)
when ozone concentration >1 mg.L-1 [89]. Chen and coworkers in a bench-top work
could achieve 99.9% TCS removal at the mole ratio of 1:5 of TCS:Ozone [90].
Although reduced genotoxicity of TCS and 2,4-DCP after ozone treatment has been
reported in this work, as a chemical oxidation reaction the formation and
identification of by-products should be more probed.

1.1.5.2.5. Sonication
Sonication is a relatively new technology for removing pollutants by applying
ultrasound waves to the wastewater. It has been reported to achieve satisfactory
removal of pollutants with less formation of by-products [91–93]. Sanchez-Prado et
al. investigated sonochemical degradation behavior of TCS in different water
matrices. Complete removal of TCS was observed for all samples within 120 min of
exposure except wastewater that showed a removal of 60% after 180 min. No
chlorinated product was detected in this study [94].
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1.1.5.3. Biological degradation
Although TCS is an antibacterial agent, some specific bacteria are able to degrade
TCS. A consortium member (Sphingomonas-like micro-organism) was shown to
partially degrade TCS [95]. Meade et al. isolated bacteria from compost, water, and
soil

samples

and

showed

that

two

bacteria, Pseudomonas

putida TriRY

and Alcaligenes xylosoxidans subsp. denitrificans TR1, could utilize TCS as a sole
carbon source [96]. In a similar study, Zhao isolated one strain bacteria
(Sphingomonas or Sphingopyxis) from activated sludge. The strain could completely
degrade TCS in three days. In addition, Nitrosomonas europaea which is an important
nitrification bacterium in wastewater treatment plants had the ability to degrade TCS
as well. Nitrosomonas europaea [97].
There are also several researches probing TCS biodegradation in wastewater either
in pilot plant or in full scale plant. Reported biodegradation rate varies based on the
treatment technology. In the conventional activated sludge process, 40–60% of TCS
loss was suggested to be due to biodegradation [2,6,10,30,98].

1.1.6. Degradation products of TCS
Various products may stem from TCS degradation/transformation, depending on
the process applied to TCS. For the first time, Nilsson et al.

reported that

photochemical and thermochemical decomposition of TCS may lead to formation of
products that are known as carcinogens/toxicants. They identified several compounds
of dioxin family namely, 1,2,3,8-tetrachlorodioxin, trichlorodioxins, dichlorodioxin
and dichlorodibenzofuran [99]. Dioxins are from a diverse group of chemical
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compounds that are known to exhibit severe toxicity. Normally, toxicity of a dioxin
molecule increases with chlorine content. 2,3,7,8-tetrachlorodibenzoparadioxin
(TCDD) is the most toxic compound known so far. TCS photolysis has been probed
in solid state [71], in an eutrophic environment such as a lake [20], in water and
wastewater samples [40], in fresh water and seawater [100]. The kinetic, pathways
and active species involved in the reaction have been investigated by Latch and
coworkers as well. [38,72]. Several products have been observed to be in common in
most

of

the

mentioned

studies

mainly

2,4-DCP,

2,7/8-DCDD,

chlorodibenzoparadioxins (CDDs), dechlorinated hydroxylated TCS, chlorinated
hydroxylated TCS, monochlorophenol, dichlorohydroxydibenzofuran, catechols, of
which most of them belong to phenol and dioxin families which are recognized as
toxic compounds. Chlorination is demonstrated to transform TCS to several products
such as 2,4-DCP, 2,4,6- trichlorophenol (2,4,6-TCP), CTD, chloroform and etc [35].
Other products which have been observed in chemical oxidation of TCS are
hydroxylated
hydroquinones

TCSs,

chlorocatechols,

chlorophenols,

chlororesorcinols,

catechols,

resorcinols

benzoquinones,
and

quinone

[20,36,70,76,86,94,100]. Although dioxins are not observed in all chemical oxidation
process [36,84,85], a familiar member, 2,8-DCDD, has been detected in some
photocatalytic experiments [83,88].
A biodegradation product that has been observed frequently along with TCS in the
biological treatment process is methylated TCS. MTCS is assumed to be formed by
biological methylation of TCS in aerobic condition. MTCS is recognized to be more
persistent and bio-accumulative than the parent compound [15,27]. Therefore, there
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are several reports concerning formation, occurrence and toxicity assessment of this
compound in the environment and biota samples [6,9,27,33,44,58,101–104].
Although TCS transformation to the toxic products in the environment may be fairly
low, the products occurrence is still considered as the major concern due to elevated
toxicity

compared

to

degradation/transformation

parent

compound.

products

and

mechanisms.
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Figure 1.3. Comprehensive diagram of TCS degradation products and their relevant formation pathways.
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1.2. Wastewater and sludge treatment
Limited water resource has been a global issue for human in the last century.
Contamination of water is inevitable as water is continuously consumed by various
sectors and is contaminated with a variety of pollutants. As a result, the water bodies
such as rivers, lakes, oceans, aquifer and ground water are affected consequently.
However, strict legislations for careful use and appropriate measures to make re-use
of wastewater is crucial for sustaining resources and consequently human survival.
Moreover, treatment and re-use of wastewater is a key of reducing the strain on water
supplies. The main aim of treatment is to reduce the pollution load in wastewater in
order to be amenable to be safely reused, recycled or discharged to the environment.
Wastewater contains a variety of constituents including organic matters, inorganic
particles, pathogens, emulsions, toxins, pharmaceuticals and etc. Wastewater can be
categorized based on the production source into domestic, industrial and surface
runoff. Domestic wastewater or sewage is a class of wastewater originated from
household water consumption, mainly contaminated with feces or urine, though,
other organic or inorganic contaminations may still be a part. Industrial wastewater
can include more organic and inorganic chemicals according to the process. Although
surface runoff is less contaminated, particulates from the atmosphere, leachate from
plants and soil, debris from urban areas and wash-off of parking lots are carried as
pollutants by the runoff water.
Discharging wastewater can severely endanger the environment and livings such
as negative impact on marine ecosystems, contamination of drinking water, spread of
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several severe infectious diseases and so on. Therefore, appropriate treatment is
crucial for wastewater before being discharged to the environment.

1.2.1. Wastewater treatment
Wastewater treatment should be appropriately designed based on the type and load
of contamination. Main wastewater quality parameters which are monitored along a
treatment train are:
a) Suspended solids (SS), are physical particles suspended in water that can be
removed by physical or mechanical means such as sedimentation or filtration.
SS consists of sand, grit, fecal solids, and pieces of paper or wood, food
particles and so on. Therefore they are mainly organic solids (70%). SS can
also be divided into settleable solids and colloidal solids.
b) Biochemical Oxygen demand (BOD), is the biodegradable organic
matter which can serve as food for microorganisms in wastewater. BOD is an
important parameter in terms of water quality and plant performance.
c) Chemical oxygen demand (COD), is an indirect measurement of organic
compounds by means of fully oxidizing the organic matter to CO2.
d) Pathogenic organisms are specifically important where the treated water is
supposed to be used in close contact with human. Thus, water disinfection
will play an important role.
e) Nutrients consist of nitrates and phosphates. Nutrients can cause high
production of algae, which can consequently be a source of biodegradable
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organic load. Therefore monitoring and control of nutrients is of importance
in wastewater treatment.

Various treatment technologies have been established so far to meet the requirements
however; the basic concept includes three main practices: primary, secondary and
tertiary treatment.

1.2.1.1.

Primary treatment

Following the preliminary treatment (that is basically the screening of large
particles such as grid, debris, paper, plastic, etc), wastewater is slowed down in a
large tank named sedimentation tank (or primary clarifier) to settle the solids to the
bottom. Meanwhile, oil and lighter solids that cannot be settled will be collected from
the surface. Retention time in the sedimentation tank, depending on the design of the
plant and contamination load may vary between 1 to 3 h. It is estimated that 50-65%
of TSS and 25-40% of BOD is removed in this process. A hopper at the bottom
collects the produced sludge which is then transferred to the sludge treatment system.
Figure 1.4 illustrates the primary sedimentation process.
Sometimes, chemicals are added to primary sedimentation tank to facilitate the
suspended particles coagulation via flocculation process. The chemical are typically
metal salts and/or organic polyelectrolytes (e. g. ferric chloride, aluminum sulfate,
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alum, polyaluminum chloride, and cationic polymers). The flocs will settle faster thus
enhancing the treatment efficiency.

Figure 1.4 Schematic diagram of primary treatment.

1.2.1.2. Secondary treatment
The purpose of secondary treatment (or activated sludge process) is to remove the
biodegradable matters by use of biological process (microorganisms). Biological
treatment can be aerobic or anaerobic which the former is more common for
municipal and industrial wastewaters. Oxygen is continuously bubbled into the
biological tank by use of diffusers to provide an aerobic environment for
microorganism to break down the organic matter. As wastewater pass through the
aeration tank, BOD decreases (by 85-90%) due to breakdown of organic matter.
Consequently, cell mass or mixed liquor suspended solid (MLSS) will increase.
MLSS is the concentration of suspended solids in the aeration tank. Wastewater is
then transferred to the second sedimentation tank (clarifier) for the heavy particles to

21

settle to the bottom as secondary sludge. The sludge at this stage is mainly formed
from microorganism mass. A part of the sludge is returned to the aeration tank to refeed the tank and excess sludge is added to P.S. for further sludge processing. The
activated sludge process can be seen in Figure 1.5 in more detail.

Figure 1.5 Schematic diagram of secondary treatment.

1.2.1.3. Tertiary treatment
Treated wastewater resulted from secondary treatment is clean and clear.
However, other constituents such as nutrients and pathogens still exist and need to be
removed according to the water reuse application. The purpose of tertiary treatment is
to improve water quality by a variety of methods such as coagulation, filtration,
reverse osmosis, as well as removing of toxic substances and nutrients (nitrogen and
phosphorus) by addition of chemicals. After tertiary treatment, purified water can be
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reused for urban, landscape, agricultural irrigation, industrial processing and
recreational purpose.

1.2.1.4. Disinfection
Wastewater especially domestic wastewater is generally required to be disinfected
before discharge. The main objective of disinfection is to reduce the number of
waterborne pathogens to safe levels, and thereby lowering the risk of exposing the
public to infection. The process can be accomplished by several processes such as
chlorine, UV radiation, ozonation etc. However, recently concern has been raised
about the chlorine residue or formation of chlorinated compounds (trihalomethanes)
in wastewater after chlorine addition. Therefore, some authorities prefer to still utilize
UV exposure.

1.2.2. Sludge management
Sludge is the by-product of wastewater treatment process. It is hugely produced in
primary and secondary treatment process. Sludge contains high amount of water as
well as nutrients, adsorbed organic compounds, heavy metals and other pollutants.
For a proper management, the first step is to reduce the water content for an easy
handling and disposal. Moreover, potential health risks should be mitigated as much
as possible. If not treated appropriately, polluted sludge may increase public health
risk severely [105]. Sludge management typically involves three steps:
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-Thickening, to concentrate sludge for further processing. The process is carried out
in the thickening tanks, where the sludge is allowed to settle and become separated
from the water.
-Digestion, to break down the organic matter. This is achieved by two main
processes, aerobic and anaerobic digestions. In aerobic digestion, bacteria that
survive in aerobic condition break down and digest the waste in oxygen-rich
environment. This is indeed a natural biological degradation process. The process
products are carbon dioxide, water, nitrates, sulphates and biomass. In anaerobic
digestion which is a complex biochemical reaction, microorganisms that can thrive in
little or no oxygen digest the waste under anaerobic condition (absence of molecular
oxygen). The main products of this process are methane and carbon dioxide (biogas),
energy, new cells and end product.
-Dewatering, to reduce the water content by use of mechanical tools such as
centrifuge or belt filter.
The sludge can be categorized as:
1- Primary sludge, originated form primary sedimentation tank.
2- Secondary sludge, produced by the activate sludge process.
3- Waste activated sludge, which is the excess sludge originated from activated
sludge process.
4- Digested sludge, the sludge that has undergone the process of biological
digestion.
5- Dewatered sludge, the sludge that has undergone dewatering process.
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The treated sludge is called sludge cake. Although sludge cake is not fully dried,
handling and transferring to landfill is more facilitated. Besides, the sludge is almost
safe for discharge to the environment. The sludge cake can be disposed of to landfill,
used as fertilizer or incinerated.

1.2.3. Wastewater treatment in Hong Kong
Currently, Hong Kong Drainage service department operates 67 plants for
treatment of sewage including 27 plants in new territories and 40 plants in Kowloon,
Hong Kong Island and outlying islands. The treatments operations are as follows:
a) Preliminary Treatment / Screening
Almost one third of Hong Kong STPs run preliminary treatment for
wastewater. The treated wastewater is normally discharged to the sea.
b) Primary Treatment
There are two STPs that are equipped with primary treatment. TSS and BOD
are supposed to reduce by 70% and 30%, respectively. The primary treatment
plants consist of one or more tanks to settle the particulates (Figure 1.6).
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Figure 1.6 Primary sedimentation tank, Cheung Chau Island STP.

c) Chemically Enhanced Primary Treatment
Four STPs in Kowloon and New Territories practice chemically enhanced
primary treatment (CEPT) by adding ferric sulfate, ferric chloride, polymers
and etc. TSS and BOD removal efficiency is supposed to be 80% and 60%,
respectively. (Figure 1.7)

Figure 1.7 Chemical treatment, Stonecutters Island STP.
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d) Secondary Treatment
Almost half of the STPs in Hong Kong are equipped with minor and major
secondary treatment facilities. TSS and BOD of the effluent are supposed to
be within the standard limit, which are 30 and 20 mgL-1 For TSS and BOD,
respectively).

Figure 1.8 Aeration tank for secondary treatment, Sha Tin STP.
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e) Tertiary Treatment
There is only one plant in Ngong Ping Island that benefits tertiary treatment.

Figure 1.9 illustrates the distribution fraction pattern of wastewater treatment in
Hong Kong.

1.49%

Preliminary treatment

32.8%

Primary treatment
CEPT
56.70%

Secondary treatment
Tertiary treatment

5.97%
2.90%

Figure 1.9 Wastewater treatment practice distribution in Hong Kong.

1.3. TCS in wastewater
There are a number of reports about TCS occurrence in wastewater. Bester
determined TCS in a German sewage treatment plant as a whole unit and found out
that 30% of TCS was sorbed to sludge and 5% was in the effluent, deducing that the
loss is related to the metabolite formation[58]. Stasinakis et al. studied the fate of 5
selected endocrine-disrupting compounds (EDCs), namely 4-n-nonylphenol (4-n-NP),
nonylphenol monoethoxylate (NP1EO), nonylphenol diethoxylate (NP2EO), TCS
and bisphenol A (BPA), was assessed in the raw, treated wastewater and sewage
sludge of eight STPs in Greece. It was observed that the chemicals were significantly
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removed (>85%) during wastewater treatment. A significant part ranging from 45%
(for TCS) to more than 70% (for NP1EO, NP2EO and BPA) was transformed by
abiotic or biotic mechanisms, while the rest was accumulated in sewage sludge or
disposed to the environment. Except 4-n-NP, the sorption affinity was not affected by
SRT. More than 90%, 94% and 97% of BPA, TCS and 4-n-NP, respectively, were
removed during the activated sludge process in systems operating at SRT of 3–20
days. Moreover, biodegradation of 4-n-NP and TCS was enhanced at SRT of 20 days.
Biotransformation rates indicated that the highest values for all EDCs were at SRT of
3 days[106]. In another work by the same group, occurrence five different classes of
pollutants, (benzotriazoles, BTRs; benzothiazoles, BTHs; perfluorinated compounds,
PFCs; non-steroidal anti-inflammatory drugs, NSAIDs and endocrine disruptors,
EDCs) were investigated in raw, treated wastewater. For 9 over the 27 compounds
detected in influents, the removal efficiency was higher than 70%, while the others
either were removed to a lesser extent or detected at higher concentrations in
effluents. About 40% of TCS was adsorbed to sludge and above 40% was lost in the
process[107]. In another study, Ying and Kookana investigated the occurrence of
TCS in wastewater and surface waters. Concentrations of TCS in nineteen effluents
from Australian STPs ranged from 23 to 434 ng/L while its concentrations in
nineteen biosolids ranged from 0.09 to 16.79 mg/kg d.w. The removal rates for TCS
in five selected STPs were found to range between 72% and 93%. It was suggested
that biological degradation was the predominant removal mechanism for TCS,
however adsorption onto sludge also played a significant role in the removal of
TCS[10]. Removal of TCS and formation of MTCS was investigated in activated
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sludge STP equipped with enhanced biological phosphorus removal. The highest
removal was found to be under aerobic conditions while under anoxic (nitrate
reducing) and anaerobic conditions rather low removal rates were observed. In a labscale activated sludge reactor aerobic conditions could remove 75% of TCS within
150 h, while no removal was observed under anaerobic or anoxic conditions. MTCS
formation rate was 1% under aerobic conditions and less under anoxic (nitrate
reducing) and none under anaerobic conditions[90].

1.4. Scope of the present research
TCS is subject to treatment in wastewater treatment plants. Upon sedimentation
process, a considerable amount of TCS will adsorb to the sewage sludge [6] leaving a
fraction to be discharged to the environment [8]. TCS have been vastly detected in
wastewater and sludge. Although a long history can be found about TCS occurrence
in wastewater, less attention has been paid to its significance at different STPs sites
related to treatment technology and its consistency over time. In addition, the
behavior of chemical in sludge treatment has been barely noticed probably due to the
complexity of sludge matrix which makes the analysis quite troublesome. TCS and its
degradation products like other wastewater constituents such as organic pollutants
[108,109], heavy metals [110,111], are partitioned to the sludge due to their
hydrophobic characteristic. If not treated (stabilized) appropriately, polluted sludge
may increase public health risk severely [105]. It has been evidenced that many
organic compounds such as POPs [2], PCPPs [108,112,113] accumulated in sludge,
cannot be removed by the conventional sludge treatment completely and are
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transferred to the environment. Thus, finding out the behavior and fate of TCS along
a STP without reliable knowledge about the occurrence in wastewater, partitioning
behavior in the sludge, probable degradation process and generated products is
impossible. More important is that the degradation products might exhibit higher
toxicity and persistency than TCS. Therefore, current research was aimed to i)
develop robust and reliable methods for accurate determination of TCS in wastewater
and sludge. ii) determine whether TCS occurrence is consistent within a single STP
and between different STPs by analyzing the samples collected from various parts of
assigned STPs, iii) investigate whether TCS transformation can be a factor of
wastewater and sludge treatment, iv) probe whether TCS degradation occurs in
aerobic/anaerobic sludge digestion, v) determine whether TCS fate and behavior is
significantly different in various STPs, vi) determine and model the adsorption
behavior of TCS and probable accompanying degradation products to the sludge, vii)
derive the specific parameters describing the sorption behavior, viii) study the
kinetics of sorption of TCS and degradation products to describe the best model fitted
the reaction kinetics.
For this purpose, sampling from each step of wastewater sludge treatment over a
year was carried out and analysis of raw and treated wastewater and sludge samples
were performed. Mass balance analysis of TCS in three STPs was studied
accordingly based on the experimental data. In addition, the occurrence of probable
degradation products, 2,8-DCDD, 2,4-DCP and MTCS and the extent of TCS
transformation to the mentioned compounds were investigated, simultaneously. TCS
fate was probed in full scale plant during wastewater and sludge aerobic/anaerobic
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treatment condition. Finally, adsorption behavior of TCS and some of the occurred
compounds were studied in batch scale and appropriate equilibrium sorption and
kinetics model were suggested.

1.5. Organization of thesis
Organization of thesis is as below: Chapter 1 is an introduction about TCS, its
occurrence, hazard assessment as well as a brief summery about wastewater and
sludge treatment. Chapter 2 is about the development of the methods for
simultaneous determination of TCS and degradation products in wastewater and
sludge and further validation of the methods. Chapter 3 presents the application of
developed methods for determination of TCS and degradation products in wastewater
and sludge. Chapter 4 studies fate and mass balance of TCS and its degradation
products and compares three different types of wastewater treatments and
aerobic/anaerobic sludge digestion. Chapter 5 investigates the sorption behavior of
TCS and some of the occurred products to the primary and secondary sludge and
suggests the best isotherm and kinetic models that fits the obtained data. Several
parameters are derived as well. Chapter 6 is an independent study that has been
carried out during my first 9 months PhD course and consists of development of a
method for derivatization of PFOS. Finally chapter 7 is a general conclusion about
the performed research.
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Chapter 2: Development of two robust methods for
determination of TCS and its degradation products in
wastewater and sludge samples

2.1. Introduction
In order to determine an analyte in a matrix, a suitable analytical method must be
developed and validated accordingly. Validation characteristics include accuracy,
precision, specificity, detection limit, linearity and robustness. The developed method
must be able to meet the requirements to be validated and established for the intended
purpose. Moreover, in case multi target compounds are aimed, the analytical method
is preferred to be performed in less procedural steps to save cost and time.
Numerous methods have been reported for determination of TCS in various
matrices either individually or along with a variety of target compounds. Singer et al.
developed a method for determination of TCS in wastewater and surface water. After
extraction and cleanup, the sample was derivatized and analyzed with gas
chromatography-mass spectrometry (GC-MS) [2]. Piccoli et al. described a method
based on isocratic reversed-phase liquid chromatographic (HPLC) in a variety of
personal health care products including deodorant stick, dentifrice gel, mouthrinse,
toothpaste and handwash. They found out that TCS content in all of the samples was
below the standard limit (<0.3%) [114]. An HPLC-based method was introduced by
Liu and Wu for determination of TCS and triclocarban in cosmetic products. The
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method showed satisfactory linearity within the test range of 0–110 g.mL−1 with the
correlation coefficients of 0.999 [115]. Samaras et al. reported an analytical method
for trace determination of acidic pharmaceuticals and phenolic endocrine disrupting
chemicals in wastewater and sewage sludge based on SPE and GC. Method detection
limit (MDL) values were between 0.3-14.8 ng.L-1 and 15.0-32.9 ng.g−1 for
wastewater and sewage sludge, respectively [116]. Canosa and coworkers developed
a method for the determination of TCS and Parabens in indoor dust. Analytes were
extracted by use of matrix solid-phase dispersion and then were silylated and
determined by GC-MS-MS. TCS concentration was found to be 702 ngg−1 while limit
of quantitations (LOQs) were 0.6-2.6 ng.g−1 and absolute recoveries were 80-114%
[117]. Gatidou and coworkers reported a method for simultaneous determination of
nonylphenol, nonylphenol ethoxylates, TCS and bisphenol in wastewater and
biosolid. Biosolid was sonicated at 50 OC for 30 min using MeOH/H2O as extractant.
Obtained recovery was >60% with RSD less than 13% for both wastewater and
biosolid samples, except for 4-n-NP [26]. Lozano et al. studied the occurrence of TCS
in biosolid-treated soils. TCS concentration was found to be 4.1 to 66.6 ng.g-1 d.w.
for different biosolid-treated soils [61].
There are few researches focusing on simultaneous determination of TCS and
degradation products in environmental samples. For instance, Okumura et al.
described a GC-MS-based method for determination of TCS and its 3-chlorinated
derivative via methylation with diazomethane in water, sediment and fish samples.
Detection limits were 0.030-0.0059 ng.mL−1, 1.7-4.6 ngg−1 and 0.89-2.5 ng.g−1 for
surface water, sediment and fish samples respectively. Besides, recoveries ranged 7434

112%, 91-119% and 83-117% for the above mentioned samples, respectively [5].
Bester et al. developed a method based on LLE and stir bar sorption for the extraction
and cleanup to determine TCS and MTCS in water and wastewater. Butler and
coworkers [64] utilized ASE and C18 cartridge for extraction and cleanup of soil.
Eventually, GC-MS was applied for instrumental analysis of TCS and MTCS. Mean
recovery of 94.3% and MDL of 1.4 ng.g−1 were obtained [6]. Buth et al. sought the
presence of chlorinated triclosan derivatives (CTDs) originated from wastewaterbased TCS in the sediment cores by using soxhlet extraction, Oasis HLB cartridge
and silica column for sample preparation. A modified U.S. EPA Method 1613B was
applied separately to investigate DCDDs (dichlorodibenzoparadioxins) and DCDFs
(dichlorodibenzofurans) in the samples [8]. Mezcua et al. studied the presence of
2,7/2,8-DCDD in wastewater using Oasis HLB cartridge for extraction of samples.
The recovery and RSD were 80% and average 9%, respectively for both compounds
[40]. Unfortunately there are only few studies considering the analysis of sewage
sludge, probably due to complexity of the sludge matrix that makes the sample
cleanup a challenging step especially for trace analysis purposes. As an example,
Ying and Kookana studied the occurrence of TCS in Australian wastewater and
biosolid. Wastewater samples were extracted with C18 cartridge while biosolid
samples were sonicated and finally cleaned up with the same cartridge. Samples were
then analyzed with GC-MS. The recoveries of 101-104%, 89-96% and 73-74% were
obtained for surface water, wastewater and biosolid samples, respectively. In
addition, LOQ was 3 ng.L−1 and 5 µg.kg−1 for water and biosolid, respectively [65].
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It was hypothesized that TCS degradation/transformation in a STP is affected by
the treatment technology; thereby various TCS degradation products might be present
along with TCS in wastewater. Therefore, attempt was done to consider the most
abundant probable degradation products associated with treatment technology and
develop robust methods for analysis in wastewater and sludge. A method was
developed for simultaneous determination of TCS and its degradation products
including 2,8-DCDD, 2,4-DCP and MTCS in wastewater samples. In addition, since
the major part of TCS and potent products could be adsorbed to the sewage sludge, a
robust and reliable method was developed for determination of the aforementioned
compounds in sludge samples. Since 1) 2,8-DCDD is supposed to occur in trace
amount in sewage sludge, 2) sludge matrix is too complex an efficient cleanup
process with low matrix background is necessary, a separate method was developed
for determination of 2,8-DCDD. The study compared the effect of various
experimental parameters on each step of the developed methods to obtain the
optimum condition and finally the methods were well validated against wastewater
and sludge samples collected from three STPs with three different treatment
processes in Hong Kong.

2.2. Experimental
2.2.1. Reagents and chemicals
Compounds that were aimed in this project were TCS, 2,4-DCP, 2,8-DCDD and
MTCS (Table 2.1). TCS and 2,8-DCDD were purchased from Wellington
Laboratories (Ontario, Canada). TCS-d3 was provided by Accustandard Inc., USA.
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2,4-DCP and MTCS were provided by Dr Ehrenstorfer GmbH. DCM and EA were
from ACS chemical Inc. Nonane and n-Hex were from Anaquachemicals Supply.
MeOH and ACN were obtained from TEDIA Company, Inc. Anhydrous sodium
sulfate, sodium hydroxide and formic acid were of analytical grade. Silica (0.063-0.2
mm) and Alumina activated acidic (mesh~150) were from Merck and Brockmann
grade1, respectively. MTBSTFA was provided by Sigma-Aldrich Company.

Table 2.1 Structural formula of the studied compounds.

Name

Structural Formula
Cl

Molecular
weight (gmol-1)

OH

TCS

289.5

O

Cl

Cl

OH
Cl

2,4-DCP

163
Cl

Cl

O

2,8-DCDD

253
Cl

O

Cl

CH3
O

MTCS

Cl

Cl
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303.5

2.2.2. Development of a method for determination of TCS and
degradation products in wastewater
Liquid-liquid extraction (LLE) was selected for extraction of target compounds
from wastewater due to high efficiency, high enrichment and simplicity in operation.
Since wastewater samples contain various constituents which may interfere with
sample analysis, the extractant needed be cleaned up prior to instrumental analysis.
Therefore, solid phase extraction (SPE) was considered for sample cleanup. Finally,
GC-MS was utilized for analysis of the sample based on the polarities and boiling
points of the target compounds. Several parameters were tested to find out the
optimum condition for each step:
250 mL of wastewater sample was spiked with 100 ng of TCS-d3 and allowed to
equilibrate for 1 hr. It was then acidified with 250 µL formic acid and extracted with
3×25 ml dichloromethane (DCM). For influent samples that showed emulsion in the
interface, temperature decrease and mechanical agitation of the organic phase were
effective to disturb the emulsion. The extract was dried over anhydrous sodium
sulphate (0.1 g) and concentrated by use of nitrogen evaporator. For cleanup, the
concentrate was reconstituted to 0.5 mL with n-Hexane (n-Hex) and quantitatively
loaded onto a 10% acidified silica column conditioned with 6 ml of n-Hex. Silica
column was prepared by dry-packing a Pasteur pipette with a plug of glass wool, 0.6
g of silica gel (40-75 µm) acidified with appropriate amount of sulfuric acid and 0.2 g
of anhydrous sodium sulfate on the upper layer. The column was then eluted by
gravity with 7 mL of n-Hex/DCM (6:4) (F1), 7 mL of DCM (F2) and 6 mL of
DCM/Acetone (Ac) (98:2) (F3) for 2,8-DCDD and MTCS, TCS and 2,4-DCP
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fractions, respectively. F1 and F2 fractions were mixed, dried over sodium sulfate
(0.1g), and concentrated under a gentle stream of nitrogen. Finally, the concentrate
was reconstituted to 400 µl with DCM. 1 µL of the solution was injected to GC-MS.
Since 2,4-DCP is a polar compound, peak shape shows tailing in the chromatogram
that causes further poor resolution, uncertainty in the retention time and error in
quantification. Therefore, determination of 2,4-DCP was based on derivatization with
MTBSTFA

(N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide).

For

this

purpose, 70 µL of the reagent and 100 µL of acetonitrile (ACN) were added to the
extract followed by vigorous shaking with a vortex mixer for 10 s and keeping in the
oven at 60 OC for 30 min. After the reaction was complete, the solution was brought
to 400 µL with DCM. Sample preparation workflow can be seen in Figure 2.1.

250 ml wastewater sample
Liquid-liquid
extraction
Concentration
10% acidified silica column cleanup

F1 & F2

F3

GC analysis

Derivatization
GC analysis

Figure 2.1 Sample preparation workflow for wastewater.
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2.2.2.1. Optimization of wastewater sample extraction
For LLE, pH, solvent type and volume were examined. Experiments were first
performed by spiking various amounts of standard solutions to reagent blank sample
(Milli-Q water) to assess the sample preparation. Then, the procedure was repeated
for pre-determined wastewater sample. 100 ng of TCS-d3 was added to the sample
prior to GC analysis for the recovery study. Experiment result was an average from
duplicate analysis of three sets of samples. It was found that the recovery was higher
at low pH values for TCS and 2,4-DCP due to their acidic characteristic while no
significant recovery change was observed for other compounds. Therefore, acidic
condition was preferred for the extraction. Solvents including n-Hex., DCM and
toluene were examined as solvent extraction and DCM was found to be the suitable
solvent for extraction as its polarity could cover the varieties of polarity. Moreover,
various volumes of solvent were examined for extraction (10, 25, 50 ml) and it was
observed that 25 ml of DCM sufficed for 3 consecutive extractions. For lower volume
of solvent, the residue of TCS could still be detected in the extracted wastewater
sample even after three extractions. For solvent volume higher than 25 ml, no
improvement in the recovery was observed.

2.2.2.2. Optimization of wastewater sample cleanup
For wastewater sample cleanup, two commercial SPE cartridges, C18 and Oasis
HLB, and a home-made silica column were tested. Recovery for TCS, MTCS and
2,4-DCP when utilizing HLB showed a better result compared to C18 column,
however the recovery for 2,8-DCDD was not satisfactory for both cartridges (37±5-
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53±7%). Therefore, a home-made silica column was also considered and optimized.
The results showed an improvement in the both recovery of 2,8-DCDD and in the
signal to noise ratio in chromatogram. Therefore, silica column was applied for
cleanup. Several solvents as well as their mixture were studied based on the polarities
of analytes. It was observed that decreasing DCM polarity by adding n-Hex could
improve the elution of 2,8-DCDD and MTCS. However, due to the polarity of 2,4DCP the extractant solvent polarity needed to be altered to more polar hence a
mixture of DCM/Ac could successfully elute 2,4-DCP from the column. The obtained
recovery data are given in Table 2.2.
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Table 2.2 Mean recoveries (in percentage, n=3) of the target compounds using C18, HLB and silica column for wastewater treatment.

%Mean recoveries
Compound

pH 3

pH 5

pH 7

pH 9

-

C18

HLB

C18

HLB

C18

HLB

C18

HLB

Silica

TCS

82±2

97±3

81±3

96±2

80±5

85±1

70±5

75±2

95±6

2,4-DCP

81±3

87±7

78±5

87±4

72±3

82±2

62±6

71±3

88±4

2,8-DCDD

39±2

44±3

37±5

53±7

41±3

50±4

42±2

34±4

87±5

MTCS

80±7

95±2

82±4

95±4

80±3

93±2

78±4

90±1

93±4

TCS-d3

80±3

98±2

81±7

97±2

77±3

88±4

70±3

72±5

96±3
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2.2.2.3. Optimization of derivatization
For the quantitative analysis of 2,4-DCP, two different silylating agents N,OBis(trimethylsilyl)trifluoroacetamide) BSTFA and MTBSTFA were examined.
MTBSTFA derivative showed more stability during the analysis. Moreover, the
derivative peak in the chromatogram located in a longer retention time which was
more favorable comparing to BSTFA derivative. Therefore, experiments were
performed to study various reagent volume (30-100 µL), temperature (25-70OC) and
reaction time (15-60 min) to obtain a complete and reproducible derivatization. It was
found that reagent with volume lower than 70 µL resulted in lower sensitivity.
Furthermore, temperature showed to have a direct effect on kinetic of the reaction. At
room temperature, almost half of 2,4-DCP remained intact and after 1 hr all the
derivative compound transformed back to 2,4-DCP. However, the derivative was
stable when the reaction temperature increased to 60 OC. No change in sensitivity or
peak area was observed beyond 60 OC. In the same manner, reaction time shorter than
30 min resulted incomplete derivatization and presence of 2,4-DCP peak in the
chromatogram. Therefore, the reaction time was set to 30 min.

2.2.3. Development of a method for determination of TCS, MTCS,
2,8-DCDD and 2,4-DCP in sludge
In order to ensure higher efficiency and shorter time for sample extraction,
accelerated solvent extraction (ASE) was applied for sludge samples. However, since
the sludge has a highly complex matrix, cleanup is mandatory for the sample to be
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amenable to instrumental analysis. In most of the cases, more than one step cleanup
may be necessary to reach the desired signal to noise ratio. As the case, gel
permeation chromatography (GPC) was employed to wash out some of the
interferences prior to column chromatography cleanup. Since sulfur content of the
sludge is too high in a way that the chromatogram peak may interfere with detection
and quantitation, sulfur removal was considered as another cleanup step.
All sludge samples except dewatered sludge were centrifuged at 6,000 rpm for 8
min. The water was separated and the solid sludge was further lyophilized in the
freeze-dryer. 0.5 g of the sample was spiked with 100 ng TCS-d3 and left for 1 hr so
that solvent be evaporated. Then, it was placed in an ASE cell filled with inert
diatomaceous earth material and was extracted with DCM as the solvent extractor.
The ASE condition was: preheat: 1 min, heat 5 min, static 5 min, flush 60%, purge
60s, cycle 2 times, pressure 1200 psi, temperature 100 OC. After extraction, the
sample was dried over 0.2 g anhydrous sodium sulfate, concentrated over a gentle
stream of nitrogen and then reconstituted to 1 ml with n-Hex. A pre-prepared GPC
column was used for preliminary cleanup. For this purpose, the column was first
washed with proper amount of DCM/n-Hex (1:1) and then the extractant was loaded
onto the top of the column. The same solvent was used for elution. The next 20 mL of
eluate was collected after discarding the first 20 ml portion. In order to remove
sulfur-containing compounds, metallic copper was activated by HCl and added to the
extract. The sample was decanted and concentrated under a gentle stream of nitrogen
and then reconstituted to 1 mL with n-Hex. A multilayer silica column was used for
further cleanup. For this purpose, a glass column was wet-packed with 6 g of 5% w/w
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deactivated silica topped with 6 g of 10% w/w acidified silica and 2 g of anhydrous
sodium sulfate on the upper layer. The column was firstly washed with 30 mL of nHex. The extract was then loaded onto the column and eluted with 30 mL n-Hex, 50
mL of DCM and 50 mL of DCM/Ac (98:2) for washing, eluting Fraction 1 (TCS,
MTCS) and Fraction 2 (2,4-DCP), respectively. Then, the fractions were dried over
sodium sulfate (0.2g) and concentrated by using a gentle stream of nitrogen. Fraction
2 was further derivatized with MTBSTFA according to the previous protocol. The
extracts were reconstituted to 400 µL for GC-MS analysis. Sample preparation
workflow for sludge can be seen in Figure 2.2.
For 2,8-DCDD determination, 10 g d.w. sample was placed in an ASE cell filled
with inert diatomaceous earth material and extracted with toluene with the same
condition described. The extract was washed with 3×7 mL sulfuric acid and distilled
water. Then, it was dried over 1 g sodium anhydrous and concentrated to a final
volume of 1 mL of n-Hex (solvent change). The sample was eluted by 60 mL n-Hex
through a multi-layer silica column containing 2 g basic silica 2% w/w, 1 g neutral
silica, and 4 g acidic silica 30% w/w respectively topped with 1 g anhydrous sodium
sulfate. The eluate was then introduced onto a column containing 4 g of acidic
alumina prewashed with 20 mL n-Hex. The column was further washed with 30 mL
of n-Hex followed by 20 mL of 60:40 DCM:n-Hex (v/v). The eluate was then
concentrated to the final volume of 200 µL to be analyzed by GC-MS.
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0.5 g dried sludge sample
Accelerated solvent extraction
Gel permeation chromatography
Sulfur removal
Multilayer silica column cleanup

F1 & F2

F3

GC analysis

Derivatization
GC analysis

Figure 2.2 Sample preparation workflow for sludge.
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2.2.3.1. Optimization of sludge sample extraction
Due to high content of organic matter in the sludge and probable stronger binding
of analytes, ASE was selected for extraction to ensure efficient and complete
extraction of sludge samples. The experiments were first performed by spiking
various amount of standard solution of target compounds to the reagent blank sample
(diatomaceous earth material) to assess the sample preparation. Then, the experiment
was repeated with the same procedure except pre-determined sludge sample was
utilized as a real sample. For this section, the sludge was first extracted three times
with 1:1 solution of methanol (MeOH):H2O in a sonication bath for about 30 min to
extract TCS present in the sludge. Moreover, a blank sample was analyzed for every
batch of samples to determine the TCS residue in the sample. It was observed that
TCS concentration was below the method detection limit (MDL) in most of the
samples. Various solvents including EA (ethyl acetate), DCM and toluene were
applied for extraction recovery assessment. TCS and MTCS were observed to have
higher recoveries with DCM while that of 2,4-DCP was higher when EA was used.
Though, since the difference was not considerable, DCM was selected for extraction
of TCS, MTCS and 2,4-DCP. However, the extraction recovery for 2,8-DCDD
dropped dramatically when extracted with DCM probably due to stronger binding of
this compound to organic matter of the sludge. Therefore, an extraction procedure
with toluene as extractant was developed with the same ASE parameters. Data
concerning recovery results are given in Table 2.3. Other ASE parameters such as
solvent, temperature, number of cycles and pressure were investigated as well.
Pressure change did not show any significant effect on the extraction efficiency for
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all the compounds though temperature below 100

O

C decreased the extraction

recoveries. Cycle numbers from 1 to 3 were also applied. While 1 cycle left target
compounds unextracted in the sample, 3 cycles showed a decrease in silica cleanup
recoveries of all compounds due to clogging in the silica column as well as high
background and limit of detection in mass spectrum. It was observed that 2 cycles
was good enough for a complete extraction with no effect of clogging. Moreover the
mass spectra background did not affect the limit of detection.

Table 2.3 Mean recoveries (in percentage, n=3) of the target compounds using
different solvents for ASE.

%Mean recoveries
Compound
DCM

Toluene

EA

TCS

93±4

85±5

89±3

2,4-DCP

90±3

78±5

93±3

2,8-DCDD

80±2

86±5

72±2

MTCS

87±1

82±4

85±3

TCS-d3

90±6

81±2

86±4
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2.2.3.2. Optimization of GPC procedure
GPC column was calibrated for efficient elution. For this purpose, the column was
eluted after the standard solutions were introduced to the column and eluate was
collected in every 10 ml. After analyzing each portion and detecting the target
compounds, attempt was done to collect the eluate in every 1ml fraction. It was
observed that all the target compounds were completely eluted in the second 10 ml
portion thus for the sample cleanup, the first 10 ml portion was discarded and the
second 10 ml was collected for further cleanup. Approximately, 40-50% of impurities
and interferents were separated in this step.

2.2.3.3. Optimization of silica column procedure
Due to complicated matrix of sludge samples, the commercial cartridges were
unable to clean up the samples therefore, a multilayer silica column was considered
for an efficient cleanup procedure. It was observed that the recovery for 2,4-DCP was
not satisfactory when plain silica was used. Moreover, activation of the silica led to a
decrease in recovery of TCS and 2,4-DCP. This may be due to strong binding of
silica free OH sites after activation with the two polar compounds. Therefore, silica
was 5% w/w deactivated with water to partially deactivate the silica OH sites. The
result showed improvement in recovery for both compounds while no significant
effect on the recoveries of other compounds (Table 2.4).
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Table 2.4 Mean recoveries (in percentage, n=3) of the target compounds using silica
column for sludge cleanup.
%Mean recoveries
Compound
Activated silica

Plain silica

5% w/w deactivated silica

TCS

72±8

85±6

93±4

2,4-DCP

44±7

76±3

89±5

2,8-DCDD

86±5

83±2

82±7

MTCS

90±5

92±4

92±3

TCS-d3

70±4

81±7

90±3

2.2.4. Instrumental analysis
Instrumental

analysis

was

performed

on

a

gas

chromatograph/mass

spectrophotometer Agilent 6890 with 5975B MSD. A HP-5MS GC column (30
m×250 µm internal diameter×0.25 µm film thickness, (5%-Phenyl)-methylsiloxane)
was used for the separation. GC-MS condition was as follows: Injector and transfer
line temperature were set to 280 OC and 300 OC respectively. Temperature program
initiated with 75 OC for 1 min, increased to 230 OC at 10 OC, then to 280 OC at 20
O

C/min and held for 15 min. Injection volume was 1 µL in splitless mode and solvent

delay was 5 min to prevent filament damage. The carrier gas was helium at a flow
rate of 1.2 mL.min-1. Mass spectrophotometer was operated in electron ionization
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mode at 70 eV and was calibrated against perfluorotributylamine (PFTBA) on a
monthly basis. SIM mode was applied for quantitative analysis. Detailed information
about GC-MS condition is given in Table 2.5.

Table 2.5 GC-MS analysis condition

GC condition

Characteristic

Inlet temperature

280 OC
Initial temperature 75 OC, held for 1 min
Ramp: 12 OC/min to 115 OC

Temperature programming
8 OCmin-1 to 170 OC
15 OCmin-1 to 280 OC, held for 5 min
Detector temperature

300 OC

Carrier gas

He

Flow rate

1.2 mlmin-1

Solvent delay

4 min

Injection volume

1 µL

Injection mode

Splitless

Sample injection mode

Autosampler

MS condition

Characteristic

Mass mode

electron impact ionization (EI)

Mass ionization potential

70 eV

Transfer line

300 OC
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To achieve highest sensitivity and response, ions were chosen based on maximum
abundance and, minimum presence of any interference. For each compound except
TCS, the most abundant ion was selected for quantitation along with the next two
abundant ions for identification confirmation. The related ions are shown in Table
2.6. Identification was based on retention time for each compound in GC
chromatogram, examination of mass profile peak, mass peak shift and isotopic ratio
of selected ions. Instrumental blank was utilized every five samples to check for the
analyte carryover. For a standard check solution, a mid-level calibration standard was
analyzed at the beginning and end of each sequence of the sample analysis to ensure
about the instrument performance.

Table 2.6 Selected ions for quantitation and confirmation in SIM mode.

Quantification

Confirmatory

Retention

ion (m/z)

ions (m/z)

time (min)

TCS

290

288, 218

17.14

TCS-d3

293

291, 221

17.14

2,8-DCDD

252

254, 189

15.69

2,4-CP

219

221, 276

11.99

MTCS

302

304, 306

17.23

Compound
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2.3. Method validation
In order to assure the reliability, the developed method should be validated
against several figures of merit:
2.3.1. Linearity
Linearity was checked by constructing the calibration curve. Calibration curves
consisting of 6-8 points were constructed for the target compounds. For isotope
dilution approach, 100 ng TCS-d3 was added to all TCS standard solutions. The
solutions were stored at 4OC in refrigerator until used. RRF was determined based on
the Equation 2-1 and for every standard concentration.

𝑅𝑅𝐹 = (𝑆𝐴𝐶𝐼𝑆)/(𝑆𝐼𝑆𝐶𝐴)

(Eq. 2.1)

where, SA and SIS are the analytical signals of analyte and internal standard
respectively. CA and CIS are the concentrations of analyte and internal standard,
respectively. Mean RRF was then calculated from the average of five individual RRF.
In terms of precision, if RSD was higher than 15%, the calibration curve was
reconstructed. Then, the concentration was calculated based on the peak area of
native TCS and that of the internal standard as well as RRF and mass of the internal
standard present in the sample (Equation 2.2).

𝐶𝐴 = [(𝐶𝐼𝑆)(𝑆𝐴/𝑆𝐼𝑆)]/𝑅𝑅𝐹

(Eq. 2.2)
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An example of the calibration curve for TCS is presented in Figure 2.3.

12
y = 0.0111x + 0.0472
R² = 0.9996

ATCS/ATCS-d3

10
8
6
4
2
0
0

200

400
600
TCS concentration (ng.mL-1)

800

1000

Figure 2.3 Calibration curve for TCS (10-1000 ng.mL-1).TCS-d3 conc.: 100 ng.mL-1.
ATCS and ATCSd3 are the analytical signals for native TCS and TCS-d3, respectively.

Wide linear dynamic range of 2 orders of magnitude could be achieved with a
correlation coefficient of 0.9996. Mean RRF and RSD were calculated to be 1.04 and
%5.1, respectively (n=4).
A 6-8 points calibration curve was constructed for 2,4-DCP derivative
(1 to 500 µg.L-1), 2,8-DCDD (5 to 250 µg.L-1) and MTCS (10 to 500 µg.L-1),
respectively. For each sequence of samples, a method blank and for each sample a
spiked sample was analyzed with the same protocol described to check for any
contamination.
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2.3.2. Recovery
Sample is prone to lose during sample preparation such as extraction or cleanup.
The term “recovery” refers to the yield of an analyte in the sample preparation step in
an analytical method (eq. 2.3).

𝑅 = 𝑄𝑦𝑖𝑒𝑙𝑑 ⁄ 𝑄𝑜𝑟𝑖𝑔

(Eq. 2.3)

where, R, Qyield and Qorig are recovery, the quantity that has been recovered and the
original quantity, respectively. For wastewater recovery test was performed by
fortifying 250 ml reagent blank and predetermined wastewater sample with various
amounts of TCS (10, 50, 100 ng), 2,4-DCP (10, 50, 100 ng), 2,8-DCDD (5, 10, 50
ng) and MTCS (10, 50, 100 ng). The same test for sludge was carried out on the
diatomaceous earth as well as the extracted sludge. For recovery efficiency
examination, 100 ng of TCS-d3 was added prior to GC injection. Experiment result
was an average from duplicate analysis of three sets of samples. (Tables 2.1-2.3)

2.3.3. Accuracy and precision
Accuracy is defined as the closeness of the results to a true (or a mean) value. It
can be expressed as relative error derived from the Equation 2.4.

% 𝑅𝑒𝑙. 𝐸𝑟𝑟𝑜𝑟 = [(𝐶𝑥 − 𝐶𝑠)/𝐶𝑠] × 100

55

(Eq. 2.4)

where Rel. Error is relative error and represents accuracy of the test. Cs and Cx are the
spiked and measured concentrations, respectively.
Precision refers to how well the results of a series of replicate measurements of the
same quantity are in agreement. The precision of an analytical method is stated as the
term “relative standard deviation”. The calculation is based on the obtained average
of the results as well as the standard deviation of the experiments. Therefore:

n

̅ = ∑i=1 Xi
X
n

s=

(Eq. 2.5)

̅ 2
√∑n
i=1(Xi−X)

(Eq. 2.6)

n−1

%RSD = ( S⁄̅) × 100
X

(Eq. 2.7)

where, ̅
X is the average of obtained concentration, s is the standard deviation, RSD is
the relative standard deviation and n-1 is the degrees of freedom.
Accuracy and precision of the method were examined by spiking reagent blank
and wastewater samples with certain amount of target compounds and obtaining the
relative error and relative standard deviation according to Equations 2.5-2.7. The
results were from duplicate analysis of three sets of samples. Results can be seen in
Table 2.7.
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Table 2.7 Mean recoveries (in percent, n=3), precisions and accuracies of the
developed method for the target compounds in wastewater and sludge samples.

Wastewater
Compound

Sludge

%Mean

%Mean

%Mean

%Mean

%Mean

%Mean

Recovery

Rel. error

RSD

Recovery

Rel. error

RSD

-1.19

6.3

-3.15

6.4

-14.7

4.3

-13.4

4.9

-7.4

6.0

-1.4

9.2

91(±4)TCS

88(±5)-

106(±7)

96(±8)

82(±3)2,4-DCP

84(±2)-14.3

4.2

87(±4)

87(±3)

86(±6)2,8-DCDD

84(±7)-13.4

4.4

87(±8)

89(±4)

88(±4)MTCS

88(±3)-3.2

6.2

105(±3)

97(±5)

92(±6)TCS-d3

88(±6)-0.8

5.2

110(±7)

99(±9)
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2.3.4. Method Detection limit
MDL is the lowest concentration of the analyte that can be determined statistically
different from a blank (99% confidence), indicating a minimum concentration that
gives a signal 3×(S/N) where S and N represent the signals associated with the
analyte and noise, respectively (Eq. 2.8). MDL may also be calculated based on the
signal obtained from the blank sample. In this case, standard deviation of the
response(s) and slope of the calibration curve (α) are employed for calculation.

𝑀𝐷𝐿 = 3(𝑠/𝛼)

(2.8)

Another term which normally accompanies MDL is LOQ which is defined as the
lowest concentration of analyte at which quantitative results can be reported with a
high degree of confidence and reproducibility.

𝐿𝑂𝑄 = 3 × 𝐿𝑂𝐷

(2.9)

In this work, MDL was obtained according to the lowest sample concentration
giving a signal greater than 3×(S/N). In addition, LOQ was considered as three times
MDL.
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MDL can be improved by increasing the sample volume/amount used for the
analysis. However the effect of matrix will be enhanced as well. Consequently,
higher interference due to matrix will be observed. It was found that the analysis of
250 ml sample provided satisfied results. Method detection limit was obtained as the
lowest sample concentration giving a signal-to-noise greater than 3. As can be seen
from Table 2.8, for 250 ml of sample, method detection limit in the real sample was
calculated to be 10.0, 6.0, 4.0 and 5.0 ng/l for TCS, 2,8-DCDD, 2,4-DCP and MTCS,
respectively. Moreover, for 0.5 g of sludge samples, the method detection limit for
the target compounds except 2,8-DCDD were 10, 1.0, and 5.0 ng/g for TCS, 2,4-DCP
and MTCS respectively. For 2,8-DCDD, the detection limit was found to be 3 ng/g
for 10 g of the sludge sample.

Table 2.8 Limit of detection and quantification of the target compounds for
wastewater and sludge samples
Wastewater

Sludge

MDL (ng.L-1)

LOQ (ng.L-1)

MDL (ng.g-1)

LOQ (ng.g-1)

TCS

10.0

30.0

10.0

30.0

2,4-DCP

4.0

12.0

1.0

3.0

2,8-DCDD

6.0

18.0

3.0

6.0

MTCS

5.0

15.0

5.0

15.0

Compound
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2.4. Quantitative analysis
In order to achieve reliable quantitation, IDMS approach as a definitive method
was applied for analysis. This method has been widely used for environmental
samples analysis such as determination of trace heavy metals by inductive coupled
plasma-isotoe dilution mass spectrometry (ICP-IDMS) [118], polychlorinated
biphenyls (PCBs) in sediment [119], urea in milk [120], perchlorate in infant formula
[121], polyaromaic hydrocarbons (PAHs) in dust [122], measurement of CO2 [123]
and etc. In this concept, a certain amount of an isotopically chemical with a
close/similar structure to the analyte molecule is introduced to the sample as an
internal standard prior to sample preparation and the signal ratio is measured instead
of signal intensity. Since the structure of the standard is close to the analyte, the
chromatography-mass spectrometry behaviors are close. Moreover, taking signal
ratio will offset the effect of analyte loss during sample preparation, hence a dramatic
decrease in variance and an increase in the accuracy [124,125]. To apply IDMS,
TCS-d3 was considered as an internal standard.
13

C12-TCS has been widely utilized as an internal standard for TCS determination.

The chemical is mostly commercially available in solution form with commonly low
volume and concentration. Since in this research a large number of samples with
various TCS concentrations were dealt, TCS-d3 was selected as an internal standard
(Figure 2.4). This compound is commercially available in powder form, thus suitable
for a long lasting standard. Moreover, the standard solution can be prepared in
desired concentrations easily.
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Figure 2.4 Chemical structure of TCS-d3

Figure 2.5 shows the mass spectra of TCS and TCS-d3 standard solutions. The
molecular ions, m/z 288 and m/z 291 were observed to be the most abundant ions.
For TCS, two fragment ions at m/z 252 and m/z 218 may stem from losing one and
two chlorine from the molecular ion, respectively. Furthermore, ether bond cleavage
of TCS molecule may lead to the ion m/z 162. Lastly ion m/z 146 may come from
hydroxyl group loss from ion m/z 162. The same fragmentation pattern was observed
for TCS-d3 except the 3 added mass units due to deuterium label.

Figure 2.5 Total ion chromatograms of standard solutions of left) TCS, right)
TCS-d3.
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Figure 2.6 Proposed fragmentation pathway for native TCS molecule

Proposed fragmentation pathway for native TCS molecule is presented in Figure
2.6. TCS and TCS-d3 exhibit the most abundant ions at m/z 288 and 291. However,
TCS illustrates a significant common ion, m/z 291 (with 12.67% abundance of the
base peak) with TCS-d3, which interferes with the quantitation of internal standard.
This ion originates from the contribution of

37

Cl and

13

C atoms to ion m/z 288. To

eliminate this contribution and reduce the analytical error caused, the ion m/z 290
was selected for further monitoring. This ion has almost the same abundance as the
base peak (97.08%) and it is expected not to show significant sensitivity drop. The
same analog ion, m/z 293 was monitored for TCS-d3 quantitation. Although there is
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still small contribution of TCS (m/z 293 with 4.105% abundance of the base peak),
this contribution can be offset according to the Equation 2.10:

A corrected(TCS-d3, 293) = A(TCS-d3, 293) - A(TCS, 290) × isotopic ratio

(Eq. 2.10)

where A corrected(TCS-d3, 293) is the corrected peak area of TCS-d3 at m/z 293, A(TCSd3, 293)

is the peak area of TCS-d3 at m/z 293, A(TCS, 290) is the peak area at mass profile

of m/z 290 and isotopic ratio is the ratio of ion m/z 293 in TCS mass profile of m/z
290. Theoretically, the isotopic ratio is 0.04105 that indicates the partition of TCS at
ion m/z 293. In order to evaluate the isotopic ratio, a set of experiments was carried
out based on the injection of a solution of TCS (500 ngml-1) to determine the
experimental isotopic ratio. The results demonstrated a reasonable agreement
between the theoretical and experimental isotopic ratio of ions m/z 290 and m/z 293
with relative standard deviation (%RSD) of less than 5%. Therefore, the mentioned
two ions were selected for quantitation of TCS and TCS-d3, respectively and the
Equation 2.10 was applied to all the calculations to compensate the contribution of
ion m/z 293 originated from TCS to TCS-d3 signal. Moreover, the isotopic ratio was
normalized against m/z 290 (Table 2.9). For constructing the calibration curve, a
constant amount of TCS-d3 (100 ng) was added to all the standard solutions. For a
better accuracy, relative response factor was obtained from mass peak area of TCS
and TCS-d3 standard solutions.
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Table 2.9 Normalized peak area for TCS against m/z 290.

m/z

Isotopic ratio of

Normalized

TCS (%)

isotopic ratio

288

100

1.03001

289

13.136

0.1353

290

97.086

1

291

12.678

0.13059

292

31.803

0.32758

293

4.105

0.04228

294

3.638

0.03747

295

0.454

0.00468

2.5. Quality control
Quality control procedure is a set of routine techniques required to achieve a
specific level of quality of the analysis according to the defined criteria. Strict quality
assurance/quality control measures were followed in order to obtain valid data:
 For each sequence of samples, method blank and for each wastewater sample
a spike sample, were analyzed with the same protocol described for samples
to check for any contamination.
 For each sample of STP, a matrix spiked sample was analyzed with the same
protocol applied to the samples.
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 Instrumental blank was utilized every five samples to check for the analyte
carryover.
 For a standard check solution, a mid-level calibration standard was analyzed
at the beginning and end of each sequence of the sample analysis to ensure
about the instrument performance.
 Three calibration standards with different concentrations were analyzed to
obtain daily RRF and compare to the mean RRF obtained from the calibration
curve. Ideal value for RRF is unity and any deviation from this value arises
from error in standard solution preparation or different purities of the
standards. If the average percent difference (PD) was higher than 15%, the
calibration was re-constructed.

̅̅̅̅
PD =

RRFdaily − ̅̅̅̅̅̅
RRF
̅̅̅̅̅̅
RRF

× 100

(Eq.2.11)

where, ̅̅̅̅
PD is the mean percent deference, RRFdaily is the RRF obtained from
daily standard check, and ̅̅̅̅̅̅
RRF is the mean RRF obtained from calibration
curve.
 Retention time slot for every analyte in mass spectrum must fall within ± 2 s
comparing to the standard compound
 For quantitative analysis, analytical signal to noise ratio must be > 10 within
the sample matrix. In addition, the analyte concentration must be ten times
higher than that of the method blank.
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 The difference between the duplicate analysis (accuracy) and the relative
standard deviation (precision) must be less than 15%.
 Method recovery must fall in the range of 65-125%.

2.6. Chapter summary
Two GC-MS-based methods were developed for simultaneous determination of
TCS and its degradation products including 2,4-DCP, 2,8-DCDD and MTCS in
wastewater and sludge samples. LLE and silica column chromatography were
employed for extraction and cleanup of wastewater samples. Various parameters such
as pH, solvent type, solvent volume and etc were examined to find out the optimum
condition. For sludge samples, ASE, GPC and multilayer silica column were utilized
for the extraction and cleanup, respectively. ASE parameters were investigated to
perform the extraction with the optimum recovery. Moreover, several parameters
such as silica type, solvent type, were examined to obtain the optimum condition for
each target compound. Instrumental analysis was performed by GC-MS in the SIM
mode. Methods were well validated in terms of figures of merit. Satisfactory
detection limit, accuracy, precision and recovery were obtained for both wastewater
and sludge samples with more complicated matrix. Mean recoveries were obtained as
91(±4)-106(±7)%,

82(±3)-87(±4)%,

86(±6)-87(±8)%,

88(±4)-105(±3)%

in

wastewater and 88(±5)-96(±8)%, 84(±2)-87(±3)%, 84(±7)-89(±4)% and 88(±3)97(±5)% in sludge samples for TCS, 2,4-DCP, 2,8-DCDD and MTCS, respectively.
In addition, MDL was 10.0, 4.0, 6.0, and 5.0 ng.L-1 in wastewater and 10.0, 1.0, 3.0,
and 5.0 ng.g-1 in sludge for TCS, 2,4-DCP, 2,8-DCDD and MTCS, respectively.
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Chapter 3:
Application of developed methods to determination of TCS
and degradation products in wastewater and sludge

In order to validate the developed methods, wastewater and sludge samples were
collected from three wastewater treatment plants in Hong Kong and analyzed
accordingly.

3.1.STPs description
Three different treatment plants (STPs I, II and III) were selected based on
different treatment practices:
STP (I), Cheung Chau Island, is a primary treatment plant serving a population
of 23,000 people. The plant is designed to treat about 8,600 cubic meters per day
domestic sewage. The treatment train is comprised of grit screening (preliminary
treatment) and primary treatment. Large particles that can be retained on filter
including debris, plastics, metals, wood trunks and etc are separated in preliminary
treatment. Wastewater is directly discharged to the environment after passing the
primary sedimentation tank and without further disinfection. Sludge treatment
process consists of aerobic digestion and the treated sludge is dewatered to be
disposed of to landfill.
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STP, (II), Stonecutters Island, is a chemically enhanced primary treatment
(CEPT) plant which is supposed to improve treatment process by enhanced
flocculation. This plant is capable of handling 1.4 million cubic meters of sewage
each day on average for serving a population of 3.5 million people. After contacting
with chemicals and settling in primary sedimentation, the wastewater is conducted to
disinfection chamber for treating with sodium hypochlorite and being discharged
accordingly. Produced sludge is principally centrifuged and dewatered for landfill
disposal.
STP (III), Sha Tin, as a secondary treatment plant employs activated sludge
treatment (biological treatment) with a daily capacity of 200,000 cubic meters per day
for a population of 600,000 people. The influent passes grit removal and primary
sedimentation to flow into biological tank. The hydraulic residence time (HRT) for
aerobic biological treatment is between 8 and 10 hr. The effluent from the biological
tank settles in secondary sedimentation and finally is exposed to UV radiation in UV
chamber for disinfection purpose. The sludge originated from primary sedimentation
and secondary sedimentation are blended and fed into an anaerobic digester, where
the sludge is anaerobically digested at 35-37 °C for an average period of 19 days.
After treatment, the sludge is centrifuged and dewatered for final disposal.
More description about the studied plants is given in Tables 3.1-3.3.
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Table 3.1 Plants specification

wastewater

Daily

treatment

capacity

type

(m3.d-1)

(I)

Primary

8,600

(II)

CEPT

1.4 m

(III)

Secondary

0.2 m

STP

Wastewater
3

-1

Thickened

P.S.
3

-1

sludge flow

flow (m .d )

flow (m .d )

8,219-9,136

7.9-10.5

-

13,448

-

1,544

160

1,366,0001,384,000
220,000225,000

Disinfection

(m3.d-1)
None
Sodium
hypochlorite
UV
irradiation
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Treated sludge

P.S.

S.S.

TS (%)

TS (%)

4.6

-

0.706

2.5

-

349

4

6.7

123

production
(ton.d-1)

Sludge treatment
type
Aerobic digestion,
dewatering
Dewatering
Mesophilic anaerobic
digestion, dewatering

Table 3.2 Plants wastewater quality during sampling period. Data are obtained from 24-hr composite samples.

STP

BOD5(mg.L-1)
influent,
dry season

BOD5(mg.L-1)
effluent,
dry season

BOD5(mg.L-1)
influent,
wet season

BOD5(mg.L-1)
effluent,
wet season

TSS( mg.L-1)
influent,
dry season

TSS(mg.L-1)
effluent, dry
season

TSS(mg.L-1)
influent, wet
season

TSS(mg.L-1)
effluent,
wet season

(I)

166

74

104

62

177

47

95

42

(II)

230

70

188

56

200

43

180

45

(III)

200

15

140

10

166

10

116

9

Table 3.3 STP Parameters.
TSS

BOD

TN

TP

removal

removal

removal

removal

(%)

(%)

(%)

(%)

(I)

70

30

15

10

(II)

80

60

45

60

(III)

90

85

80

50

STP

70

3.2. Sample collection and preparation
Five campaigns were conducted during one year to collect composite samples
from wastewater and sludge. Campaigns 1, 4 and 5 were in cold and campaigns 2 and
3 in warm periods, respectively. Basically, the samples were collected from inlet,
after each treatment unit and the outlet of wastewater and sludge. Sampling points are
presented in Figures 3.1-3.3.

Figure 3.1 Schematic diagram of STP (I)
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Figure 3.2 Schematic diagram of STP (II)

Figure 3.3 Schematic diagram of STP (III)
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24-hr composite wastewater samples were taken from a flow-proportional
autosampler. Sludge samples were collected from a blended 24-hr composite sample.
Wastewater samples were collected in two 4-L amber bottles. The bottles were
prewashed with distilled water, MeOH, EA, MeOH, distilled water. In situ pH
measurement was performed and the phosphoric acid was added for stabilization. The
samples were then threaded with caps and Teflon and stored in to be delivered to the
analytical laboratory. P.S. and S.S. samples were collected in amber glass jars and
appropriate amount of methanol was in situ added. Dewatered sludge sample was
collected in aluminum foil. The samples were then stored in an ice-filling cooler to
be delivered to the analytical laboratory. Upon arrival, wastewater samples were
filtered through pre-ashed glass-fiber filters (GF/F, Whatman, UK) and stored in the
amber bottles at 4 OC for immediate extraction. Filters were oven dried at 70 OC until
constant weight and stored at -20 OC for analysis of particulates. P.S. and S.S.
samples were centrifuged at 6,000 rpm for 8 min. The water was separated and the
solid sludge as well as dewatered sludge sample was further lyophilized in the freezedryer.

3.3. Analysis of TCS in wastewater and sludge samples
In order to evaluate the developed methods, three major STPs with different
treatment technologies were selected and wastewater and sludge samples were
analyzed during February 2011 to February 2012 in cold (Nov-March) and warm
(April-Sept.) seasons. TCS was detected in various loading concentrations in the
influent with a decreasing trend toward effluent in wastewater samples (Table 3.4).
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TCS concentration varied significantly in three plants which showed different
elimination based on the treatment type practiced in each plant.
STP(I), as a primary treatment enables removal of around 70% of TSS and 30% of
BOD (Table 3.3). Highest average of TCS loading in the influent among the studied
STPs belonged to this plant (729.0±31.1 ng.L-1). Certainly, water consumption
pattern per capita of every region governs the variation in TCS loading to the plant.
TCS concentration was measured from 350.9±32.8 to 729.0±31.1 ng.L-1 and from
285.3±22.5 to 560.2±55.3 ng.L-1 for influent and effluent, respectively. The mean
influent concentration in warm season was lower (360.0±12.3 ng.L-1) compared to
that in cold season (671.0±20.2 ng.L-1) that could be due to attenuation of sewage
with urban runoff in warm season. This trend was found to be consistent for the other
two plants. TCS concentration varied from 1408.2±207.3 to 2983.5±256.4 ng.g-1 d.w.
in P.S. and from 1070.8±140.8 to 3190.8±356.5 ng.g-1 d.w. in dewatered sludge
(D.S.) TSS in the influent was dramatically different during the sampling period
(average 177 mg.L-1 in cold season versus average 95 mg.L-1 in warm season).
Elevated TSS level in cold season could cause enhanced sedimentation and higher
TSS removal compared to warm season (average 73.4% in dry season vs. average
55.7% in warm season) (Table 3.4). Settlement of TSS could directly influence the
partition of organic pollutants onto the sludge. It is noteworthy to mention that
adsorption and accumulation of organic compounds to the settled matter is a well
known process in wastewater treatment. Other elimination processes such as
biodegradation or stripping are not likely due to short retention time in sedimentation
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tank and negligible volatility of TCS (Henry’s Law Constant 1.5 x 10-7 atm.m3.mol-1
at 25°C) [126].
STP (II) is currently the largest CEPT plant in Hong Kong. BOD and TSS in this
plant are supposed to be removed by 60% and 80% (Table 3.3), respectively that
indicates the

effectiveness

of

chemical

treatment

comparing to

primary

sedimentation. TCS was detected in wastewater from 263.7±38.5 to 549.0±72.1ng.L-1
in the influent and from 199.8±41.8 to 384.5±74.1 ng.L-1 in the effluent (Table 3.4).
The mean influent concentration in warm season and cold season were 291.1±17.0
ng.L-1 and 509.9±22.7 ng.L-1 respectively. Besides, TCS was found in the P.S. in the
range of 230.0±57.4 to 594.3±111.6 ng.g-1 d.w. and in the dewatered sludge in the
range of 190.4±30.3 to 510.6±67.7 ng.g-1 d.w. During the sampling period,
chlorination was applied to the last step for disinfection purpose by using sodium
hypochlorite. Concentration of TCS showed a small decrease (up to 9.9%) after
chlorination chamber in cold season samples that might indicate the effect of
chlorination on TCS transformation. Though, no significant change was observed for
warm season samples. This observation might be due to higher wastewater flow rates
in warm season and negligible transformation during chlorination process.
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Table 3.4 Summary data of the concentrations (n=5) of target compounds at various units of three STPs.
TCS
STP
Influent (ng.L-1)

2,4-DCP

(I)

(II)

(III)

547.0

422.4

389.4

(±22.7)

(±15.0)

(±19.0)

Primary sedimentation

421.1

301.5

327.9

(ng.L-1)

(±22.1)

(±10.1)

N.A.

N.A.

421.1

278.0

Secondary sedimentation
(ng.L-1)
Effluent (ng.L-1)

P.S. (ng.g-1)

S.S. (ng.g-1)

D.S. (ng.g-1)

(±14.8)

(I)

(II)

2,8-DCDD

MTCS

(III)

(I)

(II)

(III)

(I)

(II)

(III)

N.D.

N.D

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.A

N.A.

N.D.

N.A.

N.A.

N.D.

N.D

N.D.

N.D.

N.D.

N.D.

N.D

N.D.

N.D.

N.D.

N.D.

N.D.

N.A

N.A.

N.D.

N.A.

N.A.

N.D.

N.D

N.D.

N.D.

68.4
N.D.

(±5.7)
53.4

N.D.

(±4.6)

162.0
(±10.0)

(±8.6)

(±9.2)

2247.6

447.0

196.7

(±21.1)

N.A.

N.A.

2299.0

393.0

N.A.

144.2

(±22.1)

(±185.4)

33.3
N.A.

(±14.2)

64.5
N.D.

(±4.5)

20.9
(±4.1)

31.3

(±228.1)

(±21.2)

(±5.2)

N.D.
50.6

N.A.

N.A.

310.1
(±18.2)

(±3.0)

56.7
N.D.

174.6
(±12.0)

(±3.4)

111.7
N.D.

(±8.3)
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262.1
(±14.2)

(±7.3)
36.2

N.D.

(±4.9)

STP (III) is the largest biological treatment plant in Hong Kong. TCS
concentration was found to range from 326.7±76.1 to 457.8±65.3 ng.L-1 in the
influent and from 79.3±13.5 to 187.3±37.6 ng.L-1 in the effluent (Table 3.4). High
BOD and TSS removal (85% and 90% respectively, Table 3.3) implies the efficiency
of biological treatment for removing the biodegradable constituents from wastewater.
STP (III) had the least TCS loading in the influent at the average level of 372.3ng.L-1.
The mean influent concentration in warm season and cold season were 329.4±16.3
ng.L-1 and 415.3±18 ng.L-1, respectively. A sharp decrease in TCS concentration after
biological treatment unit might indicate the involvement of two probable processes:
biodegradation of TCS and sorption to biomass. TCS has been proved to biodegrade
in biological condition with various degradation rate depending on the experiment
condition (>98%, [127], 95%, [128], 75%,[9]). Therefore, both mentioned processes
could be involved in TCS elimination in the biological treatment step. Concentrations
of TCS in P.S., S.S. and D.S. were in the range of 141.3±15.6-250.5±26.1,
129.6±15.8-220.1±15.4 and 206.4±21.0-370.4±25.5 ng.g-1 d.w., respectively. Since
the lost TCS mass in biological treatment was not consistent with the mass observed
in the S.S., it could be deduced that the major part of TCS was biodegraded during
microbial treatment. Concentration of TCS in the P.S. samples from cold season were
higher than that from warm season that might be attributed to the enhanced partition
of TCS to the sludge as a result of elevated TCS concentration in the influent in cold
season.
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3.4. Analysis of transformation/degradation products in wastewaters and
sludge samples
Chromatogram and mass spectra of TCS obtained from the sludge sample are
shown in Figure 3.4a-b. Since TCS was proposed to be subjected to transformation,
probable degradation products were also considered to be monitored.
- 2,4-DCP was detected throughout the STP (II) train with a significant increase after
chlorination disinfection in cold season sampling events (Figure 3.5a-b) at the mean
concentration of 68.4, 53.4 and 64.5 ng.L-1for influent, primary sedimentation and
effluent, respectively. Besides, the final effluent of these sampling events showed a
small drop in TCS concentration before and after the chlorination disinfection. As
the physical elimination of TCS is not probable at this step, it is proposed that other
known loss processes such as chlorination or degradation to other products such as
2,4-DCP might be involved [34,76]. Chlorination practice in STP (II) is carried out
by contacting treated wastewater with sodium hypochlorite solution followed by
dechlorination to neutralize any residual chlorine before discharge. The contact time
was 15-30 min. during the sampling period. The chlorination practice is of
importance since it raises the concern about the generation of disinfection byproducts (DBPs) from wastewater constituents such as trihalomethans (THMs),
haloalkenes, haloacetic acid, and etc. [129,130]. It is likely that the exposure time of
TCS to chlorine as a strong oxidant was long enough to cause TCS degradation to
other products. 2,4-DCP accounted for 93.9% and 94.8% of the TCS loss in
chlorination and 6.2% and 3.6% of the total loading TCS to the plant in December
and February effluent samples respectively, while the compound was not detected in
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the samples from warm season sampling events. Moreover, no significant TCS
concentration drop was found before and after chlorination for warm season. This
observation might be due to lower concentration of TCS in warm season and
negligible transformation during chlorination process. 2,4-DCP was neither
observed in STP (II) sludge samples nor in wastewater and sludge samples from
other STPs (Table 3.4). These observations might be the confirmation for TCS
transformation during chlorination of wastewater.
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Fig 3.4 Chromatogram (a) and mass spectrum (b) of TCS detected in the sludge
samples.
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Fig 3.5 Chromatogram (a) and mass spectrum (b) of silyl derivative of 2,4-DCP
detected in the effluent sample of STP (II).
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- 2,8-DCDD was detected in the effluent of STP (III) after UV disinfection chamber
at the mean concentration of 20.9±4.1 ng.L-1 (Figure 3.6a-b). As it is reported
previously [72], one of the possibilities for the formation of 2,8-DCDD is the
transformation of TCS when exposed to UV light. Since this compound was not
detected in the wastewater samples from other steps of STP (III) or in the sludge
samples, it might have been formed as a result of TCS photodegradation in the UV
disinfection chamber in which the wastewater is exposed to UV lamps radiation
(254 nm). Decrease in TCS concentration observed before and after UV disinfection
chamber might also support this hypothesis. Although some reports have mentioned
the formation of 2,8-DCDD during chlorination process [34], this compound was
not detected in the effluent samples from STP (II) or in the sludge samples. The
concentration of 2,8-DCDD was almost constant in two sampling events.
- MTCS was detected in the wastewater samples (mean level of 33.3±3.4 ng.L-1)
collected after biological treatment in STP (III) (Fig 3.6a-b). However, it was not
detected in the samples from the other plants that did not run the biological
treatment. It was reported previously that TCS could undergo microbial
transformation to produce methylated TCS in the biological condition [131]. MTCS
was also detected in the S.S. samples at the mean concentration of 50.6±7.3 ng.g-1
d.w. and with no significant change in dewatered sludge samples. Therefore, it is
proposed that the source of MTCS in the sludge could be microbial transformation
of TCS during aerobic biological treatment rather than anaerobic digestion of
sludge. MTCS was also found in the D.S. samples from STP (I) at the mean
concentration of 266.1±14.2 ng.g-1 d.w. The source of MTCS in this plant could
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only be attributed to the generation from TCS during aerobic sludge digestion as
MTCS was not observed in the wastewater samples as well as P.S. samples.

Fig 3.6 Chromatogram (a) and mass spectrum (b) of 2,8-DCDD detected in the
effluent sample of STP (III).
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Fig 3.7 Chromatogram (a) and mass spectrum (b) of MTCS detected after secondary
treatment in STP (III).
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3.5. Chapter summary
The developed analytical methods proved to be efficient for simultaneous
determination of TCS and its degradation products including 2,4-DCP, 2,8-DCDD
and MTCS in wastewater and sludge samples with satisfactory accuracy, precision,
limit of detection and recovery. High signal to noise ratio indicated that the method
could remove the interferences effectively. TCS concentration decreased significantly
throughout the treatment train. The loss in each plant was a factor of treatment
technology. Biological treatment was the most effective treatment due to
biodegradability of TCS while CEPT and primary treatment were the next effective
treatments. In cold season, concentration of TCS in P.S. and S.S. increased that could
be due to higher TCS loading in the influent and consequent enhanced adsorption to
the sludge. However, for STP (II), the concentration of TCS was almost the same in
dry and wet season that might show the influence of chemical treatment over physical
sedimentation.
Although wastewater treatment is to remove/reduce contaminants, the process may
be a source of generating other products which may be potentially more toxic. 2,8DCDD was detected as a photodegradation product of TCS in the effluent of the plant
practicing UV radiation disinfection. This observation implied direct influence of UV
radiation on the formation of 2,8-DCDD in the real condition of wastewater
treatment. 2,4-DCP was detected in the effluent of the plant applying chlorination as
the disinfection, likely due to the transformation of TCS to this degradation product.
Since 2,4-DCP was not detected in the sludge samples, it might be concluded that the
main source of this compound is the chlorination. A significant drop in the
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concentration of TCS could support this hypothesis. The presence of MTCS was
noticed in the activated sludge treatment. Moreover, this compound was detected in
the D.S. treated via the aerobic digestion process. Therefore, it could be concluded
that MTCS was formed as a degradation product of TCS in aerobic treatment in
wastewater and sludge treatment.
Although the transformation degree of TCS was small during the treatment
process, production of the degradation products such as 2,4-DCP or 2,8-DCDD with
higher potent toxicity or MTCS with higher persistency is still much of concern when
daily huge amount of wastewater and sludge are discharged to the environment.
Apart from formation of degradation products during wastewater and sludge
treatment, high accumulation of TCS in the sludge raises the concern of more
probable transformations when the sludge is incinerated at high temperatures or
disposed of to the environment at the final destination.
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Chapter 4:
Fate and mass balance of triclosan and its degradation
products: comparison of three different types of wastewater
treatments and aerobic/anaerobic sludge digestion

4.1. Introduction
Occurrence of TCS in the wastewater has been investigated vastly. However, most
of the reports are limited to determination of TCS in wastewater or its transformation
under certain circumstances such as UV irradiation, advance oxidation and etc.
unfortunately, less attention has been paid to the potential effect of each treatment
technology on TCS. In addition, the behavior of chemical in sludge treatment has
been barely noticed probably due to tedious sample preparation of sewage sludge.
Once TCS is released into a treatment plant, it will adsorb to particles that are
forming the sludge. Adsorption of TCS is strong enough to prevent complete
desorption of this compound from the sludge during conventional sludge treatment
and as a consequence, TCS is transferred to the environment. The same process can
be exemplified for TCS degradation products that co-exist along with TCS in the
STP. Thus, finding out the behavior and fate of TCS along a STP without reliable
knowledge about the occurrence in wastewater, partitioned fraction to the sludge,
degradation and generated products is impossible. More important is that the products
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might exhibit higher toxicity and persistency than TCS. Therefore, a mass balance
analysis was performed for TCS in the three studied plants and probable loss
pathways such as adsorption, biological degradation and transformation have been
considered and discussed.

4.2. Calculations
4.2.1. Elimination
The elimination efficiency of TCS in each specific unit was calculated based on
the difference between total mass flux entering (minf) and leaving (meff) in each unit
divided by minf of each unit. (Eq. 4.1)

(%)Elimination efficiency = (𝑚𝑖𝑛𝑓 − 𝑚𝑒𝑓𝑓 )⁄𝑚𝑖𝑛𝑓 × 100

Eq. 4.1

4.2.2. Distribution coefficient (Kd)
The solid–water distribution coefficient (Kd) was estimated based on the Eq. 4.2
where Cs and Ca are the mean concentrations of target compound in the solid phase
(ng.kg−1 d.w.) and the dissolved phase, respectively (ng.L−1) [132] .

𝐾𝑑 = 𝐶𝑠⁄𝐶𝑎

Eq. 4.2
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4.2.3. Mass balance calculation
In order to investigate how various treatments affect TCS and the probability of
formation of any treatment related products, mass balance of the target compounds
was performed throughout the entire process of wastewater and sludge treatment.
Experimental approach was carried out and the inlet and outlet mass flux of every
unit was calculated. For this purpose, the mean concentrations from experimental
data and the wastewater and sludge flow obtained from STP personnel were utilized
to calculate the mass flux entering and exiting each treatment unit. The mass fluxes
were then compared to obtain mass balance and evaluate each treatment efficiency
(Equations 4.3-10).
For primary treatment, the influent mass flux was calculated as multiplying the
influent concentration by the inlet flow rate of the wastewater as Equation 4.3. The
same approach was used for effluent mass flux except using effluent concentration
and outlet flow rate and considering the mass flux exiting the unit as sludge:

min (g.d-1) = Cin (g.m-3) × Qin ( m3.d-1)

Eq. 4.3

mout (g.d-1) = Cout (g.m-3) × Qout (m3.d-1) + Cps (g.kg-1) × Wps (kg.d-1)

Eq. 4.4

For secondary treatment, the same approach was conducted:
min (g.d-1) = Cin (g.m-3) × Qin (m3.d-1)

Eq. 4.5
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mout (g.d-1) = Cout (g.m-3) × Qout (m3.d-1) + Css (g.kg-1) × Wss (kg.d-1)

Eq. 4.6

where min and mout, mass fluxes entering and exiting of the unit; Cin and Cout,
concentration of influent and effluent of the unit; Cps and Css, concentrations in P.S.
and S.S.; Qin, and Qout, flow rates of influent and effluent of each unit; Wps and Wss
weight of P.S. and S.S., respectively.
For aerobic sludge treatment, mass flux was calculated based on the concentration in
sludge and the weight of actual daily produced sludge:

min (g.d-1) = Cps (g.kg-1) × Wps (kg.d-1)

Eq.4.7

mout (g.d-1) = Cds (g.kg-1) × Wds (kg.d-1) × 0.3 + Csup (g.m-3) × Qsup (m3.d-1)

Eq. 4.8

For anaerobic sludge treatment:
min (g.d-1) = Cps (g.kg-1) × Wps (kg.d-1) + Css (g.kg-1) × Wss (kg.d-1)
mout (g.d-1) = Cds (g.kg-1) × Wds (kg.d-1) × 0.3 + Csup (g.m-3) × Qsup (m3.d-1)

Eq. 4.9
Eq. 4.10

where Cds and Csup, concentration in dewatered sludge and supernatant originated
from sludge digestion; Qsup, flow of supernatant; Wds, weight of dewatered sludge
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produced per day. Since D.S. is not completely dried and still contains 70% water, the
real weight should be corrected by considering a factor of 0.3 of the total weight.
Influent mass flux was calculated from total amount of analyte which was the amount
in filtered wastewater plus the amount in particulates. In the same manner, mass flux
in sludge was derived from the amount of analyte in solid phase plus the amount in
separated water phase.

4.3. Experimental
Assigned STPs, sample treatment, material and analysis methods, and sample
analysis were according to Chapters 3 and 4.

4.4. Results and discussion
As mentioned in section 3.3 (Table 3.4), TCS concentration showed a decreasing
trend from influent to effluent in wastewater. All the concentration changes were
significantly different in each operation unit applying paired sample Student t-test to
the concentration data (p<0.05), indicating TCS elimination during treatment.
Detection frequency for the target compounds during 5 campaigns were 100%, 56%,
31% and 7% for TCS, MTCS, 2,4-DCP and 2,8-DCDD, respectively depending on
the plant treatment practice which could be an implication that treatment technology
might affect TCS transformation to other compounds. All the data presented for
concentration, elimination efficiency and mass balance are the average of 5 sampling
campaign unless stated.
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4.4.1. Process investigation in wastewater
TCS elimination during primary sedimentation, STP (I), could be mainly related
to TCS adsorption to the sludge as other factors such as biodegradation or stripping
are less likely to take place due to short hydraulic retention time in sedimentation
tank and negligible TCS volatility. TCS elimination in primary treatment ranged
between 18.6% to 25.5% with lowest value in warm period and highest value in cold
period. None of the aimed degradation products were detected in wastewater.
STP (II) showed higher elimination of TCS compared to primary sedimentation
as elimination of TCS was between 24.2%-30.3% in this plant. Paired sample t-test
(p<0.05) also confirmed significant difference between primary treatment (STP (I))
and CEPT (STP (II)) which implies TCS elimination might improve by applying
flocculants to the wastewater. 2,4-DCP was detected along the treatment train with a
small increase in the samples collected after chlorination. Meanwhile, TCS
concentration showed a small drop (up to 9.9%) in the same samples. Other target
compounds were not observed in STP (II) wastewater. TCS elimination for the entire
process was 28.8% to 37.2%.
Among studied treatments, STP (III) showed the highest value for elimination of
TCS. Primary sedimentation in STP (III) eliminated 13.1% to 17.5% of TCS unit
loading. Biological treatment had an elimination of 95-98% of the TCS loading to
this unit, which could be the result of contribution of two probable processes:
biodegradation of TCS and sorption to biomass [127,128]. The total elimination was
found to be 59.6-76.0%. TCS mass balance between S.S. and secondary
sedimentation revealed that 8% of loading TCS to this unit was adsorbed to the
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sludge and the rest (92%) was lost. This indicates that the biodegradability of TCS as
a well-known phenomenon is the dominant process in the biological treatment [127].
TCS amount adsorbed to S.S. was lower in warm period than in cold period, however
no significant difference was observed between the data. MTCS was observed only in
the secondary sedimentation that implies formation of this compound during
biological treatment. MTCS occurrence in wastewater was almost constant through
the effluent accounting for 25.5% and 15.9% of the loading TCS mass in the warm
and cold period, respectively. 2,8-DCDD, as another transformation product, was
detected in the effluent that had been exposed to UV irradiation for disinfection
purpose. It was observed that for three campaigns in which 2,8-DCDD was detected,
TCS loss was 13.0%, however for the rest two campaigns that 2,8-DCDD was not
detected, TCS loss was only 4.9%. This indicates that TCS transformation might take
place during UV disinfection in wastewater treatment and might result in the
formation of 2,8-DCDD as well as other transformation compounds.

4.4.2. Process investigation in sludge
The process applied for sludge treatment and stabilization was different in each
plant thus, in order to figure out how treatment affects TCS in terms of degradation
and persistency in the sludge, samples were collected before and after treatment unit.
STP (I) employs aerobic digestion sludge treatment. The sludge amount before and
after treatment and the sludge amount reduction can be calculated according to the
Equations 4.11-12:
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Wps= Qps (m3.d-1) × TS%

Eq.4.11

Wds= wds × 0.3

Eq.4.12

where, Wps and Wds are the dry weight of P.S. and D.S., respectively and the term TS
represents the total solid of the P.S. Considering the above equations for aerobic
digestion mass balance, TCS mass loss of 43.7% was observed during aerobic
digestion. The weight loss amounts for five campaigns were comparable (34-56%).
TCS loss in this process could be directly attributed to the degradation during aerobic
sludge digestion. To the best of our knowledge, aerobic degradation of TCS in the
sludge in full scale plant has not been reported so far. MTCS as the biodegradation
product of TCS was detected in the D.S. but not in the P.S. This observation might be
an evidence for TCS biodegradation in the aerobic digestion process. 6.8% to 15.1%
of the TCS loss in sludge treatment was attributed to MTCS formation and the rest
might have gone through other processes mainly mineralization. Other target
compounds were not detected either in P.S. or in D.S.
Sludge treatment in STP (II) consists of only centrifugation and dewatering for
the purpose of sludge volume reduction and easy handling. Since no specific
treatment is involved, it is expected that TCS mass would not undergo any
transformation/biodegradation and the mass flux would balance before and after
dewatering. The result confirmed the hypothesis, and no significant change in TCS
mass was observed before and after dewatering process. Moreover, no target
degradation product was detected in P.S. and D.S. Therefore, it can be deduced that
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centrifuge and dewatering stabilization process have negligible effect on TCS
transformation or degradation.
STP (III) utilizes anaerobic digestion treatment for generated sludge. The digester
is fed with a mixture of P.S. and S.S. Mass balance suggests an overall add-up of
TCS mass for D.S. (from P.S. and S.S.) if no digestion occurs in anaerobic process.
Some reports also mentioned that TCS does not undergo anaerobic degradation
[31,52]. However, significant TCS loss was observed between the untreated sludge
and D.S (paired samples student t-test, p<0.05). This may only be attributed to TCS
degradation during anaerobic digestion. The observation is in agreement with the
report published by Samaras et al. who found TCS elimination from 60% to 80% in
anaerobic digestion depending on the digestion method applied. In this study, TCS
anaerobic degradation ranged from 18.6% to 23.0% [133]. The difference in
degradation value with the literature reported value may come from the difference in
treatment method as well as difference in condition between a pilot and a full scale
plant as in the pilot scale normally the condition is more robust and higher
concentrations are employed, therefore higher degradation rate are observed. MTCS
was detected in both S.S and D.S. Since the mass flux had negligible change before
and after treatment, it is assumed that MTCS was originally produced during
wastewater biological treatment, partitioned to S.S. and did not undergo any
significant degradation during anaerobic digestion. This conclusion is indeed, in good
agreement with the literature [9]. Methyl group attached to oxygen on the phenol
group on TCS structure might retain further degradation thus leaving a persistent
compound against biological degradation. Taking the amount of MTCS in wastewater
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into account, it reveals that average 7.4% of TCS loss in biological treatment was
transformed to MTCS with higher amount (9.5%) and lower amount (6.6%) in warm
and cold period, respectively.

4.4.3. Mass balance Analysis
Figures 4.1-4.3 show the mass balance analysis of TCS in wastewater and sludge
in three studied STPs. For STP (I), average 77.6% of the entering TCS mass flux to
the plant was directly discharged to the receiving environment (Figures 4.1 and 4.1b).
The mass that was settled along the sludge underwent aerobic digestion treatment of
which 52.2% was aerobically degraded in the digester. Degradation might include
mainly mineralization, however 5.4% of the TCS in the sludge was observed to
transform to MTCS (Figure 4.1b) and 47.8% was remained in the D.S. to be disposed
of to landfill.
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Figure 4.1 Mass balance analysis of TCS in STP (I). a) in wastewater, b) in sludge.
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Figure 4.2 shows the mass flux partition of TCS in STP (II). Sedimentation
process appeared to be more effective in STP (II) (25.5%) compared to STP (I).
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Figure 4.2 Mass balance analysis of TCS in STP (II) wastewater.

Furthermore, chlorination could cause 5.3% of TCS loss during disinfection
process. Nevertheless, still 68.7% of the loading TCS was discharged to the
environment through wastewater. TCS mass flux in sludge did not significantly differ
between before and after treatment. Therefore, the adsorbed TCS in the P.S. was
directly discharged to the environment without considerable change in mass flux.
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For STP (III) (Figures 4.3a and 4.3b), 14.2% and 8% of initial TCS mass flux was
adsorbed to P.S. and S.S., respectively. Mass balance between TCS lost in the
biological treatment, the mass adsorbed to the sludge and the effluent revealed that
average 51.6% of the initial TCS mass flux was biodegraded in biological treatment
of which 19.8% was transformed to MTCS (data not shown in the Figure). MTCS
formation was higher in the warm period (25.5%) than in cold period (15.9%). In
addition, 10.3% of TCS mass was lost in UV irradiation disinfection unit of which
90.8% was transformed to 2,8-DCDD. TCS loss was found to be higher in the
campaigns in which 2,8-DCDD was observed, indicating that this compound might
either not formed or formed as small as MDL in these two campaigns. This might be
due to higher flow rate of wastewater in warm period (due to rainfall) which might
cause lower probability of TCS to be exposed to UV irradiation in the required
transformation time. Figure 3-b represents that significant TCS mass loss (20.6%)
was observed in anaerobic digestion of sludge and the remaining mass in D.S. was
disposed of to landfill. No other degradation product was observed in the D.S. except
MTCS that showed insignificant change in mass flux after anaerobic digestion.
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Figure 4.3 Mass balance analysis of TCS in STP (III). a) in wastewater, b) in sludge.
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4.4.4. Kd study
Many researches tend to predict the behavior of organic pollutants in sludge
using the previously reported data for example previously determined Kd values. In
order to evaluate this approach, distribution behavior of TCS and degradation
products was aimed based on obtained data from both aqueous and solid matrices.
There are only few researches addressing the adsorption behavior of TCS of which,
mostly are focused on the adsorption of TCS onto the sediment and soil [134,135].
Moreover, they have been performed in laboratory and pilot scales [10,133]. In these
cases, the results will certainly be different from the real situation in a full scale
study. To the best of our knowledge, there are only two studies reporting adsorption
of TCS in full scale [107,136]. Current study as the first report, investigates
adsorption behavior of TCS and its degradation products in full scale and Kd values
for TCS, MTCS and 2,4-DCP are obtained.
Kd values were calculated based on the concentration of target compound in liquid
and solid phase (Eq. 2). Table 2 shows Kd values for TCS in primary and secondary
sludge for the three plants. Mean Kd for three STPs was in the order of STP
(I)>STP(II)>STP(III). In order to confirm any correlation between Kd values and the
organic content of the sludge, total organic carbon (TOC) of the freeze dried sludge
samples was determined using Shimadzu TOC-analyzer model SSM-5000A. Mean
TOC for STP (I), STP (II) and STP (III) were obtained as 430±37, 280±22 and
200±18 mg/g respectively. Paired samples Student t-test analysis confirmed
significant difference between TOC data (n=29, p<0.05). Meanwhile, correlation test
applied to Kd and TOC data set resulted in a Pearson correlation coefficient of R=
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0.92 (n=88, p<0.05). This result indicates that organic matter of the sludge might
highly affect the partition of hydrophobic compounds into the solid phase.

Table 4.1 Kd values obtained for TCS in P.S. and S.S. in three STPs.

STP (I)

Average

STP (II)

Average

STP (III)

Average

Kd (L.kg-1)

Kd (L.kg-1)

P.S.

S.S.

5532±606

N.A.

4989±545

N.A.

5173±512

N.A.

5511±573

N.A.

5604±576

N.A.

5362±1260
1491±89

N.A.

1507±84

N.A.

1208±66

N.A.

1628±97

N.A.

1515±95

N.A.

1470±195
808±63

757±65

541±55

585±53

480±43

562±47

697±60

657±61

628±52

625±54

631±124

637±127
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In order to have a better estimation about Kd, the obtained values are compared to
those reported so far in Table 4.2. The Kd values are of a wide range for both pilot
and full scale studies. Although a comparable Kd value for P.S. is observed between
the present study and the study carried out by Stasinakis et al. (1515 vs. 1780 L.kg-1),
overall the values are incomparable even between the full scale-based studies. This
discrepancy might arise from the difference that exists in the operational and physical
condition of each treatment plant. The main point to be addressed however is that,
estimation of the concentration of desired compounds in the sludge based on the
pre-determined Kd (that is intended to be employed vastly probably due to difficulty
in sample preparation and analysis of the complicated sludge samples) might lead to a
huge bias in analytical determination. Therefore, in order to obtain accurate
information from data analysis, it is suggested that all the involved media including
wastewater and sludge are analyzed for each individual plant rather than applying
theoretical calculations.
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Table 4.2 Comparison of Kd values obtained in the present study with the literature.

Study

Kd(L.kg-1)

Kd(L.kg-1)

P.S.

S.S.

Remark

5362±1260
Present study

1470±195

637±127

Full scale

7943

Full scale

1049 ± 524

Full scale

631±124
Nakada et al. [136]
Stasinakis et al.
[107]
Stasinakis et al.
[106]

12582
125892
1780 ± 254

8600
Not available

5700

Lab scale

7300

Estimation of Kd for the two degradation products, MTCS and 2,4-DCP was aimed as
well (Table 4.3). To the best of our knowledge, there is no report so far to address the
distribution behavior of these two compounds in full scale plant. Expectedly, MTCS
showed a higher Kd value (1580±248 L.kg-1) compared to that for TCS in S.S. that
can be attributed to higher lipophilic characteristic of MTCS due to substituted
methyl group. It should be mentioned that the values obtained are from S.S. samples
as MTCS was not observed in P.S.
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Table 4.3 Estimation of Kd for 2,4-DCP and MTCS based on the experimental data.

Average
Ca (ng.L-1)

Cs (ng.g-1)

Kd (L.kg-1)
(L.kg-1)

MTCS

2,4-DCP

20.2±4.4

31.1±3.6

1540±380

46.6±4.5

60.7±5.8

1302±177

50.0±5.4

70.0±5.4

1400±186

24.1±4.3

42.3±4.7

1755±369

25.7±4.7

48.9±5.5

1903±408

51.9±4.2

57.4±5.1

1106±133

49.5±4.5

53.5±3.8

1081±125

45.2±4.8

50.5±5.1

1118±164

56.9±6.3

62.2±7.4

1094±178

63.6±5.5

68.8±5.6

1082±122

1580±248

1096±155

For 2,4-DCP, Kd value was found to be less than (1096±15.5 L.kg-1) that for TCS
in P.S. of the same plant which is in good agreement with the theory as 2,4-DCP is a
weak acid containing single aromatic ring, thus presenting less lipophilic
characteristic than TCS. Therefore, less partition to sludge and lower Kd value is
expected.
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4.4.5. Temporal variation of TCS elimination
Temporal variation of organic pollutants elimination, as a part of fate
investigation in STP, has been barely noticed. There are only few researches
reporting seasonal variation of other organic pollutants such as PAH elimination
during primary treatment [137–139]. The present study is aiming to report temporalbased variation of TCS and its degradation product. Since only TCS and 2,4-DCP
were detected throughout the train, the seasonal variation of these two compounds
were examined by applying one-way ANOVA on the time-classified data (p<0.05).
For TCS, it was apparent that STP (I) and (III) had significant seasonal variation in
primary sedimentation. Both plants showed higher elimination in cold period (24.7%
and 17.0%) and lower elimination in warm period (18.7% and 13.3%) for STP (I) and
(III), respectively. Therefore, a kind of relationship might be implied between
influent concentration in different climate conditions and elimination since the
influent concentration was higher in cold period which might lead to a better
availability of TCS for association to sludge and, lower in warm period with lower
elimination efficiency. The same deduction for PAHs removal has been reported as
well [139]. Nevertheless, the result for STP (II) was not consistent with the other two
STPs and no significant difference could be observed between the elimination
efficiencies in cold and warm periods. This could be attributed to the fact that
sedimentation of sludge is more a factor of coagulants applied to the wastewater.
Therefore, sedimentation in STP (II) is governed by the chemical-forced precipitation
and is independent of the temporal variation. Since 2,4-DCP was detected through
STP (II), the same statistical analysis was applied to the related data. The result
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confirmed the hypothesis and no significant difference in 2,4-DCP elimination was
observed between cold and warm periods when ANOVA test was applied (p<0.05).
Results from statistical tests are shown in Table 4.4.

Table 4.4 Seasonal variation of elimination of TCS and degradation products.
PS (STP I)

PS (STP II)

PS (STP III)

SS (STP II)

TCS

+

-

+

+

DCP

N.A.

-

N.A.

N.A.

MTCS

N.A.

N.A.

N.A.

+

+: significant at p<0.05. ̶ : not significant at p<0.05. Data are all elimination values
except for MTCS that are mass flux values.
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In order to confirm the above results, complementary test on correlation between
elimination in primary sedimentation and concentration in P.S. was performed for
STP (I) and (III). The scatter plots in Figure 4.4 are based on the elimination
efficiency in primary sedimentation and the concentration of TCS in P.S. The result
showed a correlation coefficient of R(28)=0.80 and 0.76 for STP (I) and (III)
(p<0.05), respectively that indicates elevated concentration of TCS in P.S. in cold

TCS conc. in primary sludge (ng/g dw)

TCS conc. in primary sludge (ng/g dw)

period and vice versa.
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Figure 4.4 Correlation between the primary elimination of TCS and its occurrence in
P.S. for STP (I) and (III).
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Although biological treatment process is not supposed to be much affected by
temporal variation as operational conditions can be easily altered to control the
stability of the biological system, Paired sample Student t-test on time classified
elimination data (p<0.05) showed that TCS elimination efficiencies in secondary
treatment were significantly different (34.8% vs. 57% in cold and warm periods,
respectively). This observation might be explained by variation in biological activity
of microorganism [140,141]. A confirmation to this hypothesis is significant MTCS
variation in cold and warm periods (paired sample Student t-test, p<0.05). MTCS
showed higher mass flux in warm periods (10.73 g.d-1 d.w.) and lower mass flux in
cold periods (5.28 g.d-1 d.w.) that might indicate temperature-influenced biological
activity of microorganisms for biological degradation.

4.4.6. Relationship between distribution of TCS adsorbed to the
particulates in raw wastewater and elimination in primary treatment
TCS was found to be associated with the particulates of raw wastewater in the
range of 17-34%. The distribution pattern varied dramatically from cold to warm
period (higher in cold period and lower in warm period). Figure 4.5 shows a trend
comparison between TCS fraction partitioned to the particulates and the elimination
rate in primary treatment. The parallel trend suggests that a relationship might be
attributable between TCS fraction adsorbed to the particulates in raw wastewater and
elimination efficiency in primary treatment (R(28) = 0.83, 0.66 and 0.87 for STP (I),
(II) and (III), respectively). This might imply that sorption to sludge is the main
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elimination mechanism for primary treatment and TCS is partially removed by
adsorption and settlement along with the sludge formation.
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Fig 4.5 Correlation between distribution of TCS to the particulates in raw wastewater
and elimination in primary treatment.
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4.4.7. Comparison between mass flux in water phase of primary sludge
and effluent of the treatment unit
Once in wastewater stream, TCS tends to partition between the particulates and
water phase. The fraction in each compartment depends on the physical properties of
TCS (Kd). In order to obtain TCS mass flux, determination of the fractions in both
phases is necessary. In an attempt to determine TCS fraction in the water and solid
mass of the P.S., it was hypothesized that the characteristic of the water phase of P.S.
and the effluent of the primary sedimentation unit is identical. Thus, the fraction of
TCS in these two matrices should be comparable. Experimental and statistical
analyses revealed no meaningful difference between TCS fraction in the water phase
of the P.S. and the effluent of primary sedimentation unit (Table 4.5). Therefore, in
order to facilitate the sample analysis procedure, determination of TCS fraction could
be performed in either one matrix and still enjoy the negligible biased data.
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Table 4.5 Comparison between TCS partitioned in water phase of the P.S. and
effluent of the primary sedimentation unit in three STPs.
TCS in water phase of P.S.
STP (I)
STP (II)
STP (III)
TCS in effluent of primary
sedimentation*
+ : significant at p<0.05. ̶ : not significant at p<0.05.

-

-

*

Data are concentration values.

4.5. Chapter summery
TCS fate investigation in wastewater and sludge treatment revealed three main
elimination mechanisms mainly adsorption to sludge, biodegradation, and to less
extent transformation to other degradation products. In wastewater treatment process,
TCS transformation products including 2,4-DCP, 2,8-DCDD and MTCS were
detected based on the treatment applied. Chlorination and UV irradiation disinfection
could cause TCS transformation to 2,4-DCP and 2,8-DCDD, respectively. Moreover,
MTCS was detected as the TCS biological transformation product. Mass balance
analysis in sludge treatment showed considerable TCS loss in aerobic and anaerobic
digestion process. Formation of MTCS in the aerobic digestion process was observed
as well.
Kd was calculated for TCS, MTCS and 2,4-DCP in P.S. and S.S. Kd values for
TCS were not consistent with the literature, implying that this value is strongly
affected by physical and operational parameters of the plant. Therefore, estimating
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concentration based on Kd value obtained from different conditions may cause severe
bias in data analysis.
Temporal variation of TCS mass flux in primary sedimentation implied a
relationship between influent concentration and elimination for STP (I) and (III).
However, no relationship could be found for STP (II), probably due to the fact that
STP (II) behavior is influenced by chemical treatment. The same result was obtained
for 2,4-DCP.
Strong correlation was observed between the mass flux associated with the
particulates and the elimination efficiency in primary sedimentation, suggesting that
sorption to the sludge is the major process in elimination of TCS in primary
treatment.
The difference between TCS mass flux in water phase of the sludge and the
effluent of the primary sedimentation unit was examined and it was found that TCS
mass fluxes in both are comparable. Thus, data obtained for one sample might be
expanded to both samples to facilitate sample analysis.
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Chapter 5
Sorption of TCS and degradation products to sludge,
kinetics and isotherms

5.1. Introduction
5.1.1. Adsorption
In recent years, adsorption has caught much attention. Apart from applications
such as separation, purification and removal of pollutants [142–147], the theory is a
useful concept to describe the chemistry of sorption process, the behavior of
compound and the interaction mechanism between the adsorbate and the adsorbent.
Moreover, it can give useful information about how efficient the sludge might be to
remove the pollutants from wastewater. Several mechanisms are responsible for the
adsorption process such as physisorption, chemisorption and ion exchange. In
addition, a number of parameters may affect the adsorption process including pH,
types of adsorbate, nature of adsorbent, etc. Basically, sorption of a compound onto
an adsorbent is characterized by an isotherm model in which surface properties and
affinity of the adsorbent are being taken into account at a fixed temperature and pH.
Several sorption isotherm models have been suggested so far. Amongst, three well
widely applied isotherms are as below:
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5.1.1.1. Linear Isotherm
As the simplest model, linear isotherm resembles Henry`s Law (Equation 5.1). In
this model, the amount of adsorbate adsorbed per unit mass of adsorbent is linearly
proportional to the amount of the adsorbate present in the solution.

𝑞𝑒 = 𝐾𝑑𝐶𝑒

Eq. 5.1

Where qe is the mass of adsorbate per unit mass of adsorbent (mmol.g-1), Ce is the
equilibrium concentration of adsorbate in solution (mmol.L-1) and Kd is the
adsorption constant.

5.1.1.2. Freundlich Isotherm
Freundlich isotherm is the earliest known sorption isotherm model. It is an
empirical model which is applicable to multilayer sorption on heterogeneous surface.
The isotherm is expressed as Equation 5.2:

/
𝑞𝑒 = 𝐾𝑓𝐶𝑒1 𝑛

Eq. 5.2

Kf and n are constants for a given adsorbate and adsorbent at a particular
temperature. Freundlich isotherm is thermodynamically criticized by lack of ability to
obey Henry`s Law at low concentrations.
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5.1.1.3. Langmuir Isotherm
The theoretically-based Langmuir model [149] is the most widely applied model
due to good agreement with a variety of data. In this model, the adsorbent is assumed
to have ideal surface composed of series of equivalent distinct sites to bind to
adsorbate. Langmuir model assumes monolayer sorption. It is expressed as Equation
5.3.

𝑞𝑒 =

𝑞𝑚𝑎𝑥𝑎𝐿𝐶𝑒

Eq. 5.3

1+𝑎𝐿𝐶𝑒

where qmax is the maximum adsorption capacity (mmol.g-1) and aL is the Langmuir
constant related to the heat of adsorption (L.mmol-1).
Equation 5.4 can be used alternatively:

𝐾 𝐶𝑒
𝐿𝐶𝑒

𝑞𝑒 = 1+𝑎𝐿

Eq. 5.4

Despite Freundlich equation, Langmuir will reduce to Henry`s Law at low
concentrations however, this model is limited to monolayer sorption. Basically,
adsorption isotherm is a curve that describes the adsorption phenomenon and the
forces governing the retention of a substance in the liquid phase to a porous solid and
vice versa at constant temperature and pH [150]. Adsorption isotherm graphically
represents the relationship between the amount of adsorbate adsorbed by a unit mass
of adsorbent and the amount of adsorbate remaining in the solution at equilibrium.
Figure 5.1 shows three discussed sorption model plots in nonlinear form
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Figure 5.1 Three sorption model plots in nonlinear form.

In order to facilitate the analysis of isotherms, the linearization is applied to the
equations 5.2 and 5.4. The linear relationship will be as below:

1

Freundlich equation: log𝑞𝑒 = 𝑛 log 𝐶𝑒 + log 𝐾𝑓
𝐶

1

𝑎

Langmuir equation: 𝑞𝑒 = 𝐾 + 𝐾𝐿 𝐶𝑒
𝑒

𝐿

Eq. 5.5
Eq. 5.6

𝐿

Plotting logqe vs. log Ce for linearized Freundlich equation (Equation 5.5) gives
1
n

and Kf . In the same manner, for the Langmuir equation (Equation 5.6) plotting
a

1

vs Ce results in KL and K . Hence, theoretical models constants are solved easily.
L

L
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qe

5.1.2. TCS sorption to sludge
Although several mechanisms are known for elimination of TCS from the
environment such as biodegradation, photolysis and etc, they are only able to partially
degrade TCS and concern still exists about the accumulation of TCS in the
environment. For instance, a major part of TCS in wastewater treatment is adsorbed
to the generated sludge, which will be transferred along with the sludge to the
environment [30]. Sorption of TCS is of special importance, because the
bioavailability of TCS in the environment is largely controlled by sorption processes.
Moreover, in wastewater treatment, sorption to sludge represents a major elimination
pathway and is basically the first elimination process in the treatment.
There are several studies focusing on the adsorption behavior of pollutants such
as PPCPs on the sewage sludge [151–154]. However, very little attention has been
paid to the adsorption of TCS onto the sludge [155,156]. Moreover, effect of sludge
type on the sorption process has not been noticed so far. In the current research,
attempt is done to investigate and compare the adsorption behavior of TCS onto
sludge. Moreover, as TCS is prone to degradation in wastewater treatment and some
degradation products might be encountered in the sludge along with TCS, the
adsorption behavior of probable degradation products that might be present in the
sludge is studied as well. The sorption data are fitted to the three common isotherm
models and the most appropriate model is chosen based on the curve regression
coefficient. Parameters representing the sorption system and the adsorbate-adsorbent
interactions are obtained and discussed. Moreover, Pseudo-first and second order
kinetics were used to describe the kinetics of the system.
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5.2. Experimental
5.2.1. Reagents and chemicals
Compounds that were aimed in this project were TCS, MTCS and 2,4-DCP. TCS
was purchased from Wellington Laboratories (Ontario, Canada). 2,4-DCP and MTCS
were provided by Dr Ehrenstorfer GmbH. DCM and EA were from ACS Chemical
Inc. Nonane and n-Hex were from Anaquachemicals Supply. MeOH was obtained
from TEDIA Company Inc. Anhydrous sodium sulfate, sodium hydroxide and formic
acid were of analytical grade.

5.2.2. Development of a method for determination of TCS, 2,4-DCP and MTCS
in adsorption study
Once the organic compound is contacted with the sludge, it will adsorb to the
material due to hydrophobicity characteristics of both adsorbate and adsorbent.
Adsorption may proceed until reaching equilibrium in which the amount of analyte in
the solution is in equilibrium with the amount adsorbed. In order to find out the
adsorbed amount, determination of the analyte amount in the solution can be
performed:

Anal.adsorbed = Anal.tot – Anal.dissolv.

Eq. 5.7

where, Anal.adsorbed, Anal.tot and Anal.dissolv. are analyte amount adsorbed to sludge,
initial amount of analyte and amount of analyte in the solution at equilibrium,
respectively.
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To investigate the sorption behavior of TCS and degradation products (which
may co-exist with TCS) to the sludge, a method was developed to determine the
analytes in wastewater. 100 mL pre-determined wastewater sample was spiked with
2.0 µg TCS, 2.0 µg 2,4-DCP and 1.0 µg MTCS and shaken for 2 h in a water-bath
shaker (Lab companion BS-21). The solution was then acidified with 100 µL formic
acid. SPE cartridge, Isolute Env+ was applied for simultaneous extraction and
cleanup. For this purpose, the column was mounted on a 12-port vacuum manifold
(Alltech, Deerfield, U.S.A) and conditioned with sequential 6 ml aliquots of EA,
MeOH and 1% acidified DI water, respectively with a flow rate of 2 mL.min-1. Then,
the sample solution was loaded onto the cartridge with the same flow rate. Sample
container was rinsed twice with 5 mL MeOH/H2O 5% (v/v) and added to the SPE
column as washing step. The column was further washed with additional 5 mL of the
same solution. During the whole process, the cartridge was never allowed to run dry.
The cartridge was kept under vacuum for 15-20 min to ensure removal of any water
residue. 2 mL of EA was added to the column and was allowed to soak for 5 min.
Then, it was eluted with 23 mL of the same eluent. The eluate was dried over
anhydrous sodium sulfate and concentrated by use of nitrogen evaporator in a water
bath under ambient temperature. The concentrate was reconstituted to 0.4 mL with
DCM. 1.0 µL of the sample was injected to GC-MS. Instrumental condition was the
same as Table 2.5. Retention times in the GC chromatograms were 17.1, 17.5 and 8.8
min for TCS, MTCS and 2,4-DCP, respectively.
Several parameters were examined to obtain the optimum condition for the
analytical method including pH, eluent type and volume. It was observed that acidic
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pH could achieve a better recovery for TCS and 2,4-DCP while no significant effect
was found for MTCS. The reason might be due to hydrophobic nature of ENV+
cartridge and thus the stronger interaction with neutral form of compounds. In an
attempt to employ buffer solution to ascertain constant pH for adsorption experiment,
the recoveries of all the compounds on SPE column declined dramatically. Therefore,
adsorption experiment was carried out in the absence of buffer and solution pH was
adjusted by acid/base addition. Effect of pH on mean recoveries of analytes is given
in Table 5.1.
Several solvents including single and mixed solvents were examined for elution
such as DCM, DCM:Hex, MeOH, Ac and EA. The optimum recovery was obtained
when EA was used as the eluent (Table 5.2).

Table 5.1 Mean recoveries of target compounds at different pH values for SPE
separation and cleanup.
%Mean recoveries
Compound
pH=3

pH=5

pH=7

pH=9

TCS

100±7

100±8

89±5

80±4

2,4-DCP

85±5

79±4

72±6

50±4

MTCS

97±5

105±4

101±8

95±7
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Table 5.2 Mean recoveries of target compounds for different eluents in SPE
separation and cleanup.
%Mean recoveries
Compound

DCM

DCM:Hex

MeOH

Ac

EA

(6:4)
TCS

106±8

100±8

82±6

78±7

100±5

2,4-DCP

50±3

34±3

85±6

76±8

82±9

MTCS

98±5

105±4

78±8

73±7

96±7

5.2.3. Method validation
The developed method was validated in terms of analytical parameters. MDL
was determined as three times the standard deviation of six independent replicate
analyses of blank sample. LOQ was calculated as three times of MDL. The results are
presented in Table 5.3.

Table 5.3 MDL and LOQ for the developed method.
Wastewater
MDL (ng.L-1)

LOQ (ng.L-1)

TCS

16.0

48.0

2,4-DCP

15.0

45.0

MTCS

12.0

36.0

Compound
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5.2.4. Batch experiments
Batch experiments were performed to study the adsorption of TCS, MTC and
2,4-DCP onto the P.S. and S.S. For this purpose, P.S. and S.S. samples from primary
and secondary sedimentation of Sha Tin STP were collected in amber glass jars. Plant
specification is presented in Chapter 3. The samples were stored in an ice-filling
cooler to be delivered to the analytical laboratory. 1% MeOH (v/v) was immediately
added to the sludge samples to restrain the microorganism’s activity and
biodegradation [157]. Samples were centrifuged at 6,000 rpm for 8 min. Since the
sludge sample initially contained TCS, the samples were sonicated with sequential 3
aliquots of 50:50 MeOH:H2O solution to ensure complete extraction of target
compounds. Then, the samples were further lyophilized in the freeze-dryer. A portion
of sludge was analyzed separately for the presence of any target compound residue
and background interference. The concentration of target compounds in this sample
had to be below the MDL, otherwise correction of concentration was applied.
Stoppered conical flasks (250 mL), as the batch reactors, were filled with 100
mL of inactivated sludge solution and spiked with TCS, 2,4-DCP and MTCS. The
flasks were wrapped in aluminum foil to prevent any possible photodegradation of
TCS. pH of the solution was adjusted with formic acid and NaOH. Batch reactors
were kept in a water bath-shaker at 120 rpm for a period of time and then taken out at
specific time intervals (0–1440 min) for the extraction and analysis. To ensure any
potential analytes loss other than adsorption, similar experiment was performed as
control experiment in the absence of sludge subjected to the same protocol. Besides,
blank samples were run in the absence of target compounds for the possibility of any
123

contamination. Samples were centrifuged for 6 min, filtered through pre-ashed glassfiber filters (GF/F, Whatman, UK) and processed according to the analytical method
described in section 5.2.2. As sorption of charged organic molecules is highly
affected by the chemistry of the solution [158], every parameter that may affect the
solution property is worth investigation. Several parameters such as pH, sludge
concentration and temperature were examined to find out how adsorption is affected.
All experiments were performed in triplicate and the average value of two readings
was considered for further calculation. Meanwhile, the reaction was studied at
different contact time intervals to figure out the equilibrium time for the isotherm
study. Analysis of control sample revealed no analyte loss during kinetic experiment.

5.3. FT-IR analysis of sludge
FTIR analysis of P.S. and S.S. was performed for identification of the sludge
composition mainly functional groups which may take part in the sorption process.
For this purpose, 0.01 g of finely divided freeze-dried P.S. and S.S. was ground and
dispersed in a KBr matrix (0.1 g). A pellet was then formed by compressing the
sample at 167 MPa. Then the pellets were introduced to an FTIR Perkin Elmer
Spectrum 100 instrument for measurement. The spectra were measured with an
average of 5 scans and a resolution of 4 cm−1.
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5.4. Results and discussion
5.4.1. Sorption kinetics
5.4.1.1. Effect of contact time
The batch experiment was conducted during a period of 24 hr to investigate the
effect of contact time on sorption of analytes. The sorption profiles showed a biphasic
pattern for the target compounds (Figure 5.2): phase 1 that is a fast sorption process
and lasts about 4 h, and phase 2 that is a slow sorption phase beyond 4 h. This
observation suggests two sorption stages: a rapid initial transfer of molecule into the
sludge surface layer which depends on the activation energy of the adsorption
process, followed by an equilibrium step with diffusion-controlled transport into the
internal water and/or organic matter of sludge. Sorption for all compounds did not
change significantly after 4 hr which implies attainment of equilibrium condition.

Figure 5.2 Equilibrium attainment for TCS, 2,4-DCP and MTCS at constant pH and
temperature.
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5.4.1.2. Effect of pH
Adsorption of target compounds was highly affected by pH condition (Figures
5.3-5.5). As pH decreased from alkaline to acidic condition (11 to 5), the sorption
capacity was enhanced from 4.36 to 7.92, 3.52 to 6.44 and 5.52 to 7.52 µg.g-1 for
TCS, 2,4-DCP and MTCS, respectively. Sharper slope and shorter equilibrium time
was attained as well.

Figure 5.3 Effect of pH on adsorption of TCS at constant ambient temperature.
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Figure 5.4 Effect of pH on adsorption of 2,4-DCP at constant ambient temperature.

Figure 5.5 Effect of pH on adsorption of MTCS at constant ambient temperature.
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At pH values higher than acid dissociation constants of TCS (pKa=7.9) [126] and
2,4-DCP (pKa= 7.8) [159], the major portion of molecules is in hydrolyzed form and
thus is dissolved in the aqueous phase. The active sites of the sludge are hydrolyzed
as well (depending on the pH value) due to numerous polar functional groups (section
5.5). This dictates the repulsion between adsorbate molecules and adsorbent active
sites therefore; a decrease in adsorption capacity is expected. However, it is possible
that acidic condition favors the adsorption based on the hydrophobic interactions
between the organic matter of the sludge (which accounts for a high content of the
sludge) and the target molecules, rather than electrostatic interactions as both target
molecules and sludge surface functional groups are in molecular form [160] which
gives rise to increase in adsorption capacity compared to alkaline condition.
Although MTCS contains no hydrolysable functional group, it was observed that
the adsorption was affected as pH altered (Figure 5.5). The sorption trend was similar
to TCS and 2,4-DCP. As pH decreased from 11 to 5, adsorption capacity increased
considerably. The same interpretation (hydrophobic interactions effect) might be
applicable to this phenomenon as Van der Waal`s interactions between nonpolar
organic matter of sludge surface and the aromatic ring of MTCS molecule in acidic
condition might enhance the adsorption of MTCS to the sludge.
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5.4.1.3.Effect of temperature
Adsorption experiment was carried out in three different temperatures, 15, 25 and
35 OC at constant pH. The temperatures were chosen based on the real climate
condition. The results showed an increase in uptake with decrease in temperature for
the three compounds. At equilibrium, the adsorption capacity of target compounds
increased from 4.8 to 7.36, 4.4 to 6.16 and 6.28 to 7.76 µg.g-1 for TCS, 2,4-DCP and
MTCS, respectively when the temperature decreased from 35 OC to 15 OC (Figures
5.6-5.8). This might be explained by thermodynamic behavior of compounds.
Molecules possessing polar group are able to have electrostatic interaction with the
sludge surface. This interaction is exothermic leading to the contribution to the
sorption enthalpy [161]. Tateya et al. also reported that higher temperature decreased
the sorption of PCB-congeners to the sludge whereas the solubility was increased
[162]. Therefore, it might be deduced that the adsorption process for three
compounds is exothermic in nature [163]. Molecules might less adsorb to sludge
surface when temperature increases due to the tendency of the system to shift the
equilibrium to the reverse side in order to consume the extra heat and re-establish the
equilibrium. Although MTCS does not bear any polar group in the structure, the
sorption capacity still showed an increase at lower temperature which indicates the
favorable sorption. This may be due to the intrinsic negative enthalpy of sorption
which is in common for the majority of organic compounds as well as lower
solubility in lower temperature.
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Figure 5.6 Effect of temperature on adsorption of TCS at constant pH condition.

Figure 5.7 Effect of temperature on adsorption of 2,4-DCP at constant pH condition.
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Figure 5.8 Effect of temperature on adsorption of MTCS at constant pH condition.

5.4.1.4. Effect of adsorbent concentration
Concentration of sludge in a typical STP may vary widely in a period of time. It
can depend on the influent loading, rainfall, amount of the biomass and etc. Since it
serves as an adsorbent for the constituents in wastewater, its amount can significantly
affect the sorption as the more the adsorbent amount, the more the available sorption
sites and the higher the sorption of compounds. Effect of adsorbent amount was
studied in a wide range of sludge concentration (2000,2500, 4000 and 10000 mg.L-1).
The results are given in Figures 5.9-11. Although the uptake of compounds increased
dramatically with increase in sludge concentration, the adsorption capacity dropped
significantly from 7.90 to 2.00, 6.15 to 0.19 and 8.85 to 0.20 µg.g-1 for TCS, 2,4-DCP
and MTCS, respectively when sludge concentration was increased from 2000 mg.L-1
to 10000 mg.L-1. Faster equilibrium was also obtained at about 1 h. This observation
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is due to the fact that as the sludge mass increases, the binding sites of the biomass
will increase as well, which in turn affects the availability of more sites to interact
with target molecules in higher sludge concentrations, leading to lower sorption
capacity.

Figure 5.9 Effect of sludge concentration on adsorption of TCS at constant pH and
temperature.

Since the average TSS and MLSS of the studied plant were 250 and 2500 mg.L-1,
these two concentrations were selected for further kinetic experiments.
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Figure 5.10 Effect of sludge concentration on adsorption of 2,4-DCP at constant
pH and temperature

Figure 5.11 Effect of sludge concentration on adsorption of MTCS at constant
pH and temperature.
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5.5. FTIR analysis result
Figure 5.12 depicts the FTIR spectra of P.S and S.S. The two P.S. and S.S. samples
exhibited almost similar IR spectrum pattern with negligible difference that indicates
the closeness of the composition of these two adsorbents.

Figure 5.12 FT-IR spectra of P.S. and S.S.

Table 5.4 is a summary of main functional groups observed in the IR spectra.
Analysis of the spectra reveals the presence of several functional groups mainly
carboxylic, amine, hydroxyl and phenolic groups which stem from proteins,
polysaccharides and fatty acids. The bands with strong intensity are mostly related to
proteins and polysaccharides whereas the bands with less intensity are attributed to
carboxylic acid originated from humic acids. The main constituents of sludge is
implied to be proteins and humic substances and to less extent lipids and nucleic
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acids. The IR spectra pattern and analysis result is in good agreement with other
reports [164–168]. No significant difference was observed in the IR spectrum of P.S.
and S.S. and hence the composition. However, it has been reported that the organic
matter of S.S. is slightly higher than P.S. due to biomass content. IR analysis results
also indicate that the presence of functional groups in the sludge is an important
factor which can significantly affect the sorption behavior. However, sorption of
TCS, MTCS and 2,4-DCP is mainly governed by the interaction with the organic
matter of the sludge.
Table 5.4 FT-IR spectrum interpretation for P.S. and S.S.

Wavenumber (cm-1)

Mode type

Proposed functional group

3200-3500

Stretching O-H

OH in polymeric compounds

2928

2850

1630-1670

C-H Asymmetric stretching
Vibration of CH2
C-H Symmetric stretching
Vibration of CH2
Stretching vibration of
COO,C=O, and C–N (amide I)

CH in aliphatic compounds

CH in aliphatic compounds

Peptidic bond of proteins

Stretching vibration of C–N
1560

and deformation vibration of

Peptidic bond of proteins

N–H (amide II)
1460

Deformation vibration of CH2

1400

Stretching vibration of C=O

Carboxylates

Deformation vibration of C=O

Carboxylates

1230

Carboxylic acids Stretching
vibration OH

1040

Phenols

Stretching vibration of OH
Phosphate and sulfur

<1000

compounds
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5.6. Equilibrium Study
To investigate the adsorption isotherm models, experiments were carried out based
on the real condition: pH of the solution was adjusted to observed pH of primary and
secondary sedimentation which was neutral (pH=6.7). TSS and MLSS were 250 and
2500 mg.L-1 for P.S and S.S., respectively and the experiment was performed at
ambient constant temperature of 25 OC in a water bath shaker. pH of the solution was
checked after accomplishment of the experiment and no significant change was
observed. The analyte concentrations were selected relatively higher than observed in
the plant to result in sufficiently large signal in GC-MS for easy evaluation of
chromatograms and thereby reducing error. Equilibrium time was considered as 4 h
after initiation of batch experiment. Three most commonly used isotherm models,
Linear, Freundlich and Langmuir, were selected and applied to the sorption data to
find out the best model fitted the data. Isotherms were plotted according to the
equations 5.1 and 5.5-5.6. Appropriateness of the models was based on the regression
coefficient of linearized models curves.

5.6.1. Linear isotherm
Adsorption data from P.S. and S.S. for TCS, MTCS and 2,4-DCP were fitted to
Linear model. It was observed that the data for three compounds fit quite well to
Linear model. The relevant isotherms are given in Figures 5.13-5.15.

136

120.0

(a)
100.0

R2=0.9973
qe (µg..g-1)

80.0
60.0
40.0
20.0
0.0
0.0

20.0

40.0

60.0

80.0 100.0
Ce (µg.L-1)

120.0

140.0

160.0

180.0

120.0

(b)
100.0

R2=0.9957
qe (µg..g-1)

80.0
60.0
40.0
20.0
0.0
0.0

20.0

40.0

60.0
80.0
Ce (µg.L-1)

100.0

120.0

Figure 5.13 Linear isotherms for TCS in a) P.S., b) S.S.
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Figure 5.15 Linear isotherms for 2,4-DCP in a) P.S., b) S.S.
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180.0

Since a linear relation between the sorption capacity and concentration in the
solution is demonstrated, the distribution coefficient of compound between solid and
liquid phase is implied from the slope of the linear curve which gives a good
estimation about the tendency of the molecule for adsorption. Distribution and
regression coefficients derived from linear isotherms for P.S. and S.S. is presented in
Table 5.5.

Table 5.5 Distribution and regression coefficients obtained from linear isotherms
for TCS, MTCS and 2,4-DCP (n=6).
P.S.
Kd (L.kg-1)

S.S.
R2

Kd (L.kg-1)

R2

TCS

703

0.9973

947

0.9957

MTCS

2076

0.9919

2255

0.9927

2,4-DCP

481

0.9968

602

0.9974

Regression coefficients from the linear curve imply the closeness of the data to
the fitted regression line and hence it is an indication of satisfactory linearity. Curve
slope expresses the distribution coefficient of the compound as it is obtained from the
ratio of the concentration of compound adsorbed to solid phase over that in the
aqueous phase. As the hydrophobicity of a compound increases, higher Kd values are
expected because the compound has higher tendency to incorporate into the
hydrophobic medium. Meanwhile, the hydrophobicity decreases with the presence of
ionic functional groups in the molecule. The obtained Kd values shown in Table 5.4
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are in accordance with this theory. As the hydrophobicity increased from 2,4-DCP to
TCS and MTCS, the Kd values increased accordingly for the same adsorbent:
Kd MTCS>Kd TCS>Kd 2,4-DCP. The trend was the same for both P.S. and S.S.
Slight difference could be observed between Kd values of a compound for P.S.
and S.S. as Kd was higher for S.S. The difference was statistically meaningful based
on paired sample t-test (p<0.05) and the trend was always the same for three
compounds during the experiment course. As the organic matter content of the sludge
can affect the partition of hydrophobic compounds to the sludge, to study whether the
difference in Kd may stem from the composition of PS and SS, TOC determination
was carried out on freeze-dried PS and SS samples according to the procedure
mentioned in Chapter 4. TOC results were 200 and 320 mg/g for PS and SS,
respectively. This indicates that SS may contain slightly higher organic matter which
may be due to the presence of biomass produced during the biological process and
hence SS might exhibit a rather better adsorption characteristics for lipophilic
compounds [169].

141

5.6.2. Freundlich isotherms
The linear least squares approach and the linearly transformed Freundlich
equations (Equation 5.5) were applied to correlate sorption data. (Figures 5.16-5.18)
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Figure 5.16 Freundlich isotherms for TCS in a) P.S., b) S.S.
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Figure 5.17 Freundlich isotherms for MTCS in a) P.S., b) S.S.
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Figure 5.18 Freundlich isotherms for 2,4-DCP in a) P.S., b) S.S.
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As can be seen from Figures 5.15-5.17, adsorptions data were well fitted to
Freundlich isotherm for both P.S. and S.S. with perfect regression coefficients
ranging from 0.9915 to 0.9997.
The parameters, Kf and 1/n in Freundlich equation correspond to adsorption
capacity and adsorption intensity, respectively. Both constants can be derived from
the intercept and slope of the linearized Freundlich isotherm. Larger value of Kf
indicates greater capacity of adsorption [170]. Kf values were found to be in the range
of 1.60 to 2.95 (µg.g-1)(L.µg-1)1/n with the highest and lowest values for MTCS and
2,4-DCP, respectively.
Taking Kf values obtained from the Freundlich isotherm (Table 5.5) and Kd
values obtained from the Linear isotherm (Table 5.4) into account, it is implied that
MTCS and TCS have a greater tendency for sorption to sludge, compared to
2,4-DCP. This is in good agreement with the hydrophobicity of the compounds as
octanol-water partition coefficient (Kow) for TCS (4.8) [23] and MTCS (5.2) [171] is
higher than that for 2,4-DCP (3.17) [172]. Compounds with Kow higher than 4, are
generally assumed as lipophilic compounds.
The slope 1/n reflects the degree of nonlinearity in the curve. Meanwhile, in
terms of Freundlich isotherm, if n deviates from 1, i.e. n<1, the adsorption is
considered as a chemical process whereas if n>1, the adsorption is a physical process
[173]. For n values between one and ten, a favorable sorption is expected [174]. 1/n is
also a parameter of adsorbent heterogeneity. The greater heterogeneity is expected for
the smaller 1/n value. The values of 1/n calculated from the slope of the isotherm
curves were close to 1 for all the compounds, meaning a small deviation from
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linearity (Table 5.6). This indicates that the experiment concentrations results have
fallen on the linear part of the Freundlich model hence no saturation has been attained
yet. Moreover, small values of 1/n, is in good agreement with the fact that the sludge
matrix is heterogeneous. Besides, all the 1/n values except one, were less than 1 while
n>1, which might imply that the sorption of the compounds is a physical process and
favorable. Furthermore, higher values of Kf and 1/n for S.S. is a confirmatory result
to the hypothesis that adsorption to S.S. is more favored.

Table 5.6 Kf and 1/n values derived from Freundlich isotherm for TCS, MTCS and
2,4-DCP.
P.S.

S.S.

Kf (µg.g-1) (L.µg-1)1/n

1/n

Kf (µg.g-1) (L.µg-1)1/n

1/n

TCS

1.84

0.7898

2.035

0.8065

MTCS

2.61

0.9389

2.95

1.003

2,4-DCP

1.60

0.7026

1.77

0.7303
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5.6.3. Langmuir isotherms
The linearly transformed Langmuir equation (Equation 5.6) was applied to study
the fitness of the sorption data to Langmuir model.
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Figure 5.19 Langmuir isotherms for TCS in a) P.S., b) S.S.
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Figure 5.20 Langmuir isotherms for MTCS in a) P.S., b) S.S.
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For this purpose, 1/qe was plotted versus 1/Ce and the linear least-squares approach
was applied to obtain the best fitted curve. Figures 5.19-5.21 represent the Langmuir
isotherms for the three compounds. Langmuir constants are derived according to the
slope and intercept of the curve (Table 5.6). Regression coefficients imply poor
linearity and that adsorption data do not fit the Langmuir isotherm. Comparing the
regression coefficients from Langmuir isotherms with those from Linear and
Freundlich isotherms reveals greater deviation from linearity for Langmuir isotherm.
Therefore, it is deduced that among three isotherm models, Langmuir has a poor
fitness to sorption data and that both Linear and Freundlich isotherms are preferred as
the well-fitted models.
Due to the lack of a good fit, the Langmuir parameters cannot be highly trusted, as
a small deviation in the slope and intercept of equation will have a tremendous effect
on the Langmuir parameters. Nevertheless, the calculated constants are given in
Table 5.7 for reference.

Table 5.7 Langmuir parameters derived from isotherm for TCS, MTCS and 2,4-DCP.
Compound

Sludge

qm

KL

R2

P.S.

39.6

0.0625

0.925

S.S.

153.8

0.0037

0.9486

P.S.

71.9

0.0305

0.9439

S.S.

68.0

0.04734

0.9464

P.S.

31.5

0.0426

0.9568

S.S.

31.9

0.0505

0.9412

TCS

MTCS

2,4-DCP
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In order to have a well-fitted data to Langmuir model, several assumptions must
be met such as: all the vacant sites are independent, equal and available, the surface
of the adsorbent is absolutely homogeneous and each vacant site can hold only one
molecule (monolayer sorption). However, the assumptions are not definitely totally
met in a real system and thus, it is expected that some real systems do not obey
Langmuir model. Given to the fact that the sludge matrix is not homogenous and
hence the vacant sites are not equal plus compounds might have multilayer sorption
on the sludge, it might indicate the reason why Langmuir model failed to fit the data
for the studied systems. Therefore, poor fitting of the sorption data to Langmuir
isotherm is predictable and the parameters values given in Table 5.7 are prone to
severe bias.
Based on the information obtained from sections 5.5, 5.6.1, and 5.6.2, it is
deduced that sorption of TCS, MTCS and 2,4-DCP to the sludge is favorable
involving weak, multilayer and nonspecific interactions. It may also imply the
physiosorption process in which van der Waal`s forces are responsible for the
sorption. The composition of sludge as an adsorbent is an important factor. Apart
from organic matter, the presence of polar groups on the sludge can highly affect the
sorption.
The data resulted from modeling was compared with those obtained in full scale
plant. Table 5.8 exhibits the distribution coefficients obtained from Linear isotherms
and Chapter 4.
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Table 5.8 Comparison of distribution coefficients obtained from batch scale and full
scale.
Compound

*

Kd (P.S.)

Kd (S.S.)

Batch scale

Full scale

Batch scale

Full scale

TCS

703

631

947

637

MTCS

2076

NA

2155

1580

2,4-DCP

481

1096

602

NA

*

NA: not applicable

For TCS and MTCS, Kd values in batch scale and full scale were in good
agreement for both P.S. and S.S., though batch scale always showed slightly higher
values. This might be due to the fact that the concentrations practiced in batch scale
were fairly higher than what was found in full scale which leads to an increase in
adsorption capacity and hence elevated concentration in solid phase. Since MTCS
was not observed in P.S. in full scale system, no data was available for this matrix.
The difference observed between the Kd values in batch and full scale might be
attributed to the different operating and environmental conditions between the batch
and full scale such as higher concentration employed for the batch scale experiments
[175] as well as climate temperature change or different mixing rate [175] in a full
scale treatment. Moreover, since two biological and adsorption processes take place
simultaneously in the biological treatment, the exact TCS amount and its availability
to incorporate to sludge is not known. In contrary, Kd value in full scale for 2,4-DCP
was more than twice of that in batch scale in P.S. It is noteworthy to mention that this
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compound was merely observed in CEPT in which the process relies on enhancing
sedimentation treatment. As a consequence, 2,4-DCP settlement is assumed to
enhance regardless of natural sorption course. This leads to an increase in its
distribution to sludge and hence higher Kd value in P.S. Since 2,4-DCP was not
observed in S.S. in full scale, no data is available for this matrix. Yet, the trend of Kd
values, i.e. higher Kd value in S.S. compared to that in P.S. and lower Kd values
compared to those for TCS and MTCS in batch scale might indicate the correct trend
for obtaining the distribution coefficient.

5.7. Kinetic study
The pseudo first-order and pseudo second-order models were employed for the
kinetic study according to equations 5.8 and 5.9.

Pseudo first-order: log(𝑞𝑡 − 𝑞𝑒) = log 𝑞𝑒 − 𝑘1𝑡/2.303

Eq. 5.8

Pseudo second-order: 𝑡/𝑞𝑡 = 1/𝑘2𝑞𝑒2 + 1/𝑞𝑒 𝑡

Eq. 5.9

where qt (µgg-1) is the mass of adsorbate per unit mass of adsorbent at time t. k1
(min-1) is the rate constant of pseudo first-order adsorption and k2 (gµg-1min-1) is the
rate constant of pseudo second-order adsorption.
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Pseudo-first-order kinetic model was fitted to the obtained data for various
concentrations of target compounds. The results given in Fig 5.22-5.24 demonstrate
that the linearity is not satisfactory and a deviated curve is obtained for all three
compounds. Kinetics curve models showed regression coefficients of 0.8919-0.9678,
0.9106-0.9463 and 0.9386-0.9693 for TCS, MTCS and 2,4-DCP, respectively. The
kinetics data were fitted to pseudo-second order model as well. As can be seen from
Figures 5.25-5.27, good linearity was observed for the data. The curve regression
coefficients confirmed the results: 0.9995-1.000, 0.9996-0.9998 and 0.999-0.9999 for
TCS, MTCS and 2,4-DCP, respectively. This may imply a good fit of pseudo-second
order kinetics model for the three compounds. Besides, the calculated equilibrium
sorption capacity for pseudo-second order kinetics model showed satisfactory
closeness to the experimental data for three compounds (Table 5.9). Therefore,
pseudo-second order model was confirmed to fit the data better for the entire range of
concentrations for TCS, MTCS and 2,4-DCP. This suggests that pseudo second-order
adsorption mechanism was the predominant process for the sorption of TCS, MTCS
and 2,4-DCP onto the inactivated dried sludge.
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Figure 5.22 Pseudo-first order sorption kinetics model for TCS.
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Figure 5.23 Pseudo-first order sorption kinetics model for MTCS.
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Figure 5.24 Pseudo-first order sorption kinetics model for 2,4-DCP.
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Figure 5.25 Pseudo-second order sorption kinetics model for TCS.
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Figure 5.26 Pseudo-second order sorption kinetics model for MTCS.
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Figure 5.27 Pseudo-second order sorption kinetics model for 2,4-DCP.
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As the concentration of the analyte was increased, the adsorption rate constant
decreased, implying that attainment of the equilibrium takes longer and adsorbates
are uptaken slower at higher concentrations. Also, it can be concluded that as the
concentration increases, the rate constants changes become less considerable whereas
at lower concentrations, a big difference in the kinetic rate constants can be observed.
A comparison of the kinetics model results is given in Table 5.9. The absolute
error for the pseudo-first order model ranged from 0.57 to13.00 µgg-1, 1.32 to 39.98
µgg-1 and 1.08 to 6.73 µgg-1 with mean relative error of 18.76%, 37.64% and 12.30%
for TCS, MTCS and 2,4-DCP, respectively, whereas those parameters for the pseudosecond order model ranged from 0.11 to 2.09 µgg-1, 0.0 to 1.93 µgg-1 and 0.8 to 1.57,
and 1.73%, 3.24% and 3.49% for TCS, MTCS and 2,4-DCP respectively. Moreover,
all the regression coefficients in pseudo-second order model were quite satisfactory
while those for pseudo-first order had large deviation from unity.
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Table 5.9 Kinetics constants for pseudo-first- and pseudo-second order kinetics
models.
Pseudo-first order

Pseudo-second order

TCS (µg/l)

qe exp

qe calc

K1×10-2 R2

qe calc

K2×10-2 R2

10

3.32

2.50

1.17

0.9678

3.43

1.12

0.9997

25

8.00

7.43

2.02

0.8919

8.21

0.69

0.9999

50

14.56

8.91

1.81

0.9646

14.18

0.62

0.9995

100

28.52

27.02

2.11

0.8945

29.15

0.18

0.9998

150

40.92

30.47

2.02

0.9049

42.19

0.17

1.0000

200

56.22

43.22

2.25

0.9143

57.14

0.13

0.9999

400

112.81

105.14

2.67

0.9136

114.9

0.062

0.9999

10

3.49

2.17

1.93

0.9156

3.65

2.24

0.9998

25

8.59

4.85

1.70

0.9106

8.71

1.180

0.9998

50

17.79

10.56

1.77

0.9463

19.72

0.249

0.9997

100

35.12

26.58

1.65

0.9397

35.84

0.146

0.9998

150

52.28

34.72

1.52

0.9283

52.6

0.136

0.9998

200

86.95

46.97

1.38

0.9273

86.95

0.116

0.9998

10

3.16

2.08

1.79

0.9386

3.36

0.946

0.9990

25

6.59

5.03

1.77

0.9693

7.04

0.529

0.9999

50

11.56

9.80

1.88

0.9599

11.82

0.401

0.9997

100

23.75

19.70

1.86

0.9567

25.25

0.126

0.9995

150

35.96

38.02

1.65

0.9640

36.76

0.083

0.9992

200

47.05

49.51

1.68

0.9580

48.07

0.055

0.9991

400

96.8

90.07

1.68

0.9436

95.23

0.024

0.9993

MTCS (µg/l)

2,4DCP
(µg/l)
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5.8. Chapter summery
The adsorption behavior of TCS and two occurred degradation products, MTCS
and 2,4-DCP to the P.S. and S.S. was investigated. For this purpose, a method was
developed for extraction and cleanup of the samples. SPE column was utilized to
extract target compounds from aqueous phase. Then, batch experiments were
conducted to study the effect of pH, temperature, adsorbent concentration as well as
equilibrium time. Once optimum condition was established, adsorption study was
carried out at constant pH and temperature. Three sorption models, Linear,
Freundlich and Langmuir isotherms were considered and the data were fitted to the
linearized equations. It was observed that Linear and Freundlich models fitted the
sorption data better than Langmuir model based on the regression coefficient
comparison. Kd values derived from the batch experiments were in good agreement
with those obtained from the full scale plant for TCS and MTCS, however Kd values
in batch scale were slightly higher than full scale that might be due to the different
operating and environmental conditions such as higher concentration in batch scale
experiment, difference in climate temperature and mixing rates, as well as availability
of compound to the sludge in biological treatment. In case of 2,4-DCP, Kd value was
considerably higher in full scale which might be attributed to the treatment practice
employed in the plant (CEPT) that enhances the settlement to sludge and hence
improves the Kd value. For kinetic study, pseudo-first and second order models were
applied to the sorption data and it was observed that pseudo-second order kinetics
model was well fitted to the sorption data for three compounds. The interpretation
was based on the linearity of the regression curve as well as the minimum relative
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errors between the calculated and the experimental equilibrium sorption capacity.
This implies that the sorption of TCS, MTCS and 2,4-DCP on to the inactivated dried
sludge predominantly follows pseudo second order kinetics.
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Chapter 6:
Development of a method for derivatization of PFOS
applicable to GC-MS analysis

6.1. Introduction
Perfluorooctanesulfonic acid (PFOS) belongs to a large family of (perfluorinated
compounds (PFCs) that are widely used as surface active agents due to their unique
lipid- and water-repellent characteristics. PFOS is a synthesized chemical with a wide
range of applications such as electroplating, fire fighting, oil production, textile
finishing, leather, rubber coating, pest control, etc. It was first produced by 3M
Company in 1949. PFOS production increased over time till 2008 in which 3M was
forced by USEPA to phase out PFOS, (perfluorooctanoic acid) PFOA and relevant
productions. Finally, in 2009, PFOS was added to the Annex B of the Stockholm
Convention and classified as a POP due to its ubiquitous occurrence in the
environment and biological media. Due to the chemical structure and strong C-F
bonds, PFOS and PFOA are chemically and biologically stable in the environment.
These compounds are highly resistant to typical environmental degradation processes,
such as biodegradation, photolysis or hydrolysis. As a result, PFOS is extremely
persistent in the environment [176]. Moreover, low volatility causes high persistency
in water and soil [177]. The dominant species of PFOS is the hydrolyzed form which
can migrate readily from soil to water and groundwater. Therefore, PFOS is able to
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have a long range transport [178]. Results from monitoring PFOS and PFOA have
shown their occurrence in the Arctic region. PFOS has been detected in the liver of
the Canadian Arctic polar bear from 1,700 to > 4,000 ng.g-1 as well as pg.L-1 level in
remote regions of the Arctic caps [179–181].
PFOS consists of a chain of eight carbons in which hydrogens are fully replaced
by fluorines (Figure 6.1). This structure dictates high bond strength between carbon
and fluorine, which makes PFOS an exceptionally inert and stable compound (413.0
kJ.mol-1 for F3C-CF3; 530.5 kJ.mol-1 for F-C2F5) [182].

6.1.1. Physicochemical properties of PFOS
PFOS structure contains two hydrophobic and hydrophilic tails. Both potassium
salt and acid forms are white crystalline powder at normal temperature and pressure.
PFOS has 89 linear and branched congeners. Amongst, the linear form is the most
abundant congener [183]. Several F-C bonds make the molecule extremely stable.
Therefore, molecule is highly resistant against biodegradation, hydrolysis and
photolysis. Direct measurement of acid dissociation of PFOS has not performed yet.
However, some reports have stated the value of pKa= -3.7 [184] which implies that
PFOS is a strong acid, thereby it is present as the dissociated form in the environment
even in neutral pH media such as surface water bodies or human fluids. High melting
point, low vapour pressure and undefined boiling point all are the results of extreme
stability of the molecule. The physicochemical properties of PFOS are given in Table
6.1.
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Figure 6.1 Chemical structure of PFOS salt.

Table 6.1 Physicochemical properties of PFOS [184,235].
Properties

Description

Common name

Perfluorooctanesulfonic acid,
1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-

Chemical name
Heptadecafluoro-1-octanesulfonic acid
Empirical formula

C8HF17O3S

Molecular weight

500.13 g.mol-1

appearance

White crystalline powder

Boiling point

-

Melting point

>400 OC

Vapour pressure

3.31x10-4 Pa

Solubility

519 mg.L-1 in pure water

Octanol water partition
coefficient (Kow)
Dissociation constant (pKa)

<<0

Henry`s law constant

3.19x10-4 Pa.m3.mole-1
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6.1.2. PFOS production
PFOS can form from either industrial production or degradation of precursors.
PFOS and related substances are manufactured via ECF process (Simons ElectroChemical Fluorination) in which perfluorooctanesulfonyl fluoride (POSF) is
dispersed in liquid anhydrous hydrogen fluoride and the electrolysis leads to the
replacement of all of the hydrogen atoms in the molecule with fluorine atoms. There
are also several precursors that are known to be able to transform to PFOS. The most
well-known precursors are PFOSAs (C8F17SO2N) [185] while other compounds such
as

POSF,

N-methyl

perfluorooctylsulfonamide

perfluorooctylsulfonamide
(N-EtFOSA),

(N-MeFOSA),

N-ethyl

N-methyl-N-(2-hydroxyethyl)-

perfluorooctylsulfonamide (N-MeFOSE) alcohol and N-ethyl-N-(2-hydroxyethyl)perfluorooctylsulfonamide (N-EtFOSE) alcohol can act as the potent precursor of
PFOS as well [186–190].

6.1.3. Occurrence
First evidence of organofluorine compounds bound to serum albumin was reported
by Taves et al. in 1968 [191]. Lack of available standard chemical and sophisticated
instrumentation, were two obstacles for further investigation about the structure at the
time. With the advent of liquid chromatography-mass spectrometry (LC-MS) as a
powerful tool for identification, detection of PFOS and related fluorine compounds in
a variety of matrices became feasible [192,193]. Subsequently, PFCs and related
compounds were detected in a variety of samples. Giesy and Kannan reported the
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presence of PFOS in blood sera [194]. Other researchers found out the occurrence of
PFOS in various biological samples such as arctic bears and seals, turtles, fish, fisheating birds and other mammals [195–202].
Analysis of Polar bears liver tissue has shown the PFOS concentration up to 6340
ng.g-1. Concentration pattern was as PFOA 12 ng.g-1, perfluorononanoic acid (PFNA)
76 ng.g-1, perfluorodecanoic acid (PFDA) 23
(PFUnA)

83

ng.g-1,

perfluorododecanoic

ng.g-1, perfluoroundecanoic acid
acid

(PFDoA)

10

ng.g-1,

and

perfluorotredecanoic acid (PFTrA) 17 ng.g-1 with the highest level for odd-numbered
PFCA [203,204]. The same pattern was observed in other tropical organisms, though
at lower concentrations. For instance, the concentrations of PFCs in trout were as
follows: PFNA 5.9 ng.g-1, PFDA 2.3 ng.g-1 PFDUnA 4.9 ng.g-1, PFDoA 0.83 ng.g-1,
PFTrA 1.1 ng.g-1, perfluorotetradecanoic acid (PFTeA) 0.2 ng.g-1 and PFOS 23 ng.g-1
[180]. However, a variety of PFOS concentrations was observed in the temperate
region with no consistency. In the majority of the studies, the concentration of PFOS
was higher than that of PFOA such as fish and beaver (the Great Lakes region), fish
and birds (Poland) that was detected to be an order of magnitude higher than PFCA
[205–207]. PFOS concentration in maternal blood samples was found to range from
4.9 to 17.6 ng.mL-1 whereas those in fetal samples ranged from 1.6 to 5.3 ng.mL-1.
Moreover, high correlation between PFOS concentrations in maternal and cord blood
(R2 = 0.876) has been deduced [208]. In other research, analysis of human plasma has
shown that a certain occurrence pattern may be observed for various PFCs as:
PFOS>PFOA>PFNA>PFDA [13,14]. PFOS in blood plasma of bottlenose dolphins
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(Tursiops truncates) in Florida coast was found to be 200-2000 ng.g-1 while each
PFCA was 1-100 ng.g-1 [209].
Higgins et al. carried out the analysis of surface sediment and sludge samples.
Concentration of PFCs were found to be 5-152 ng.g-1 for total fluorocarboxylates and
55 to 3370 ng.g-1 for total perfluoroalkyl sulfonyl-based chemicals which indicated
the widespread occurrence of PFCs in sediments. A slightly higher concentration for
PFOS was found in 65% of the samples (0.2 to 4.0 ng.g-1) [210]. In another research,
water, sediment, and air samples from three Arctic lakes in Canada were analyzed for
the presence of PFOS precursors. PFSAs and PFCAs were detected in water and
sediment in all three Arctic lakes up to 69 ng.L-1 and 85 ng.g-1 d.w., respectively.
Moreover, FTOHs and FSAs were detected in air samples ranging from 2.8 to 29
pg.m-3. NEtFOSA and PFOSA were observed in air samples as well. PFOS had a
considerable higher concentration (5 to 26 ng.g-1) in comparison to PFCA (<1.4 to 3.5
ng.g-1) [211]. The same observation was reported in a study performed on the rivers
in Japan. The concentration of PFOS was higher than that of PFOA (<1.4 to 11 ng.g-1
PFOS, 1.3 to 3.9 ng.g-1 PFOA d. w.) [212]. However, sediments in southwestern
coast of Japan contained a higher concentration of PFOA (0.84 to 1.1 ng.g-1 d. w.)
than PFOS (0.09 to 0.14 ng.g-1 d.w.) [199]. Nonetheless, the results of sediment
analysis of three lakes in Canada in another research varied considerably, indicating
the presence of local contamination source. PFOS, PFOA and PFNA concentrations
were 85, 8 and 3 ng.g-1, respectively [211].
Occurrence of PFOS in water resources is of great importance since PFOS is
highly soluble and can transport from solid matrix (sediment or sludge) to water
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bodies easily. It has been reported that some local accidental discharges such as fire
fighting foam spill [213] or ECF manufacturing plant discharge may cause the rivers
become PFOS/PFOA polluted severely. Concentration of PFOS and PFOA in the
river in the vicinity of an ECF plant could reach up to 150

and 600 ng.L-1,

respectively [214].
Occasional accidents may contribute to the environment pollution greatly. Though,
more attention is paid to the persistent occurrence of these chemicals in the
environment due to their long term hazard risk. For instance, in lakes and rivers water
around NY State [201], surface water near the Canadian-US border in MN state
[215], freshwater in Sri Lanka [216]. PFA concentration in the aforementioned
studies are in the similar range however, some industrialized areas in Asia, such as
Osaka, Japan [217], Korea and Hong Kong [218–220] elevated level of PFA have
been observed. For example, PFOS and PFOA concentrations in an industrialized
area were 90 and 19 ng.L-1, respectively compared to 5, 2 ng.L-1 for a blank region
[218].
The evidences of widespread occurrence of PFOS have raised global concern
about PFC compounds. However, since its phase-out in 2000, the reports have shown
a descending trend in biota samples such as blood plasma [221,222]. Nevertheless,
PFOS persistency should not be taken for granted.

168

6.1.4. PFOS hazard assessment
PFOS is released to the environment either by industrial process such as fire
fighting foams or by biotic [223]/abiotic [224] degradation of precursor compounds
which are mostly polyfluorinated sulfonamides [209]. Once formed from a precursor,
PFOS does not undergo further degradation (extreme stability of C-F bonds) and due
to high lipophilicity, it will be easily accumulated in lipid-rich tissues. Various half
lives have been reported for PFOS such as 100 days in rats, 200 days in monkeys and
several years in humans [225]. Studies on oral toxicity have shown hepatotoxicity
and mortality in rats in 90 days including increase in liver enzymes, hepatic
vacuolization and hepatocellular hypertrophy, gastrointestinal effects, hematological
abnormalities, weight loss, convulsions, and death [226].
The carcinogenicity test on PFOS has shown that the hepatocellular adenomas in
males and females at the highest dose of 20 mg.L-1 PFOS increased significantly.
Moreover, an increase was observed in thyroid follicular cell adenomas and
combined thyroid follicular cell adenomas [191].

6.1.5. Environmental fate
Hydrolysis: hydrolysis test was in different pH conditions has shown no PFOS
loss at 50 OC, implying that PFOS is not likely to hydrolyze [184].
Photolysis: photolysis test has demonstrated no direct or indirect transformation
of PFOS under experimental conditions. The minimum half life for PFOS photolysis
in water was estimated to be >3.7 years [184].
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Aerobic biodegradation: a 35-day test has been carried out on municipal sludge
for biodegradability of PFOS salt. The result showed no evidence of PFOS aerobic
biodegradation in test period [184].
Anaerobic biodegradation: A series of tests has been performed to find out the
anaerobic biodegradability of PFOS salt. The municipal sludge was treated in an
anaerobic condition for 56 days. The concentration of PFOS did not change after
experiment implying no apparent anaerobic degradation[184].

6.2. Analysis of PFOS
Initially, the analytical method applied to the analysis of fluorinated organic
compounds was based on the combustion and formation of fluorine salt for
electrochemical detection and 19F –nuclear magnetic resonance (19F-NMR) structural
characterization [213]. 9F-NMR provides a powerful tool for obtaining information
about the chemical environment of fluorine atoms. However, it suffers from lack of
high sensitivity.
So far, LC and other relevant coupled systems such as LC-MS or HPLC have
been applied for qualification and quantification of PFOS. The advantages are that
the analysis is performed at ambient temperature for non-volatile compounds.
Besides, PFOS can be analyzed directly without any further tedious steps such as
derivatization. Many researchers have used LC for identification and determination of
PFOS in a variety of matrices. In a study by Hori et al., conductimetry was applied
for detection of PFCA and PFOS [227]. In order to increase the sensitivity, Ohya and
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coworkers employed fluorescence detection (LC-Flu) for analysis of PFAs in
biological samples. Since PFAs suffer from lack of chromophoric groups, an
additional derivatization step with 3-bromoacetyl-7-methoxycoumarin was necessary
[228].
With the development of MS and its ability to couple to LC, analysis of PFA
compounds became more applicable. Three MS spectroscopy approaches, ion-trap,
triple quadrupole and high resolution TOF have been compared by Berger et al. for
HPLC-MS analysis of perfluoroalkylated substances and fluorotelomer alcohols
[229]. They concluded that ion trap MS is a good choice for identification of
branched isomers, triple quadrupole MS-MS is a promising technique for quantitative
analysis of telomer alcohols and TOF-MS is a suitable method for PFAS
(perfluoroalkylsulfonates) analysis due to high selectivity and sensitivity.
Non-volatility of PFOS is a big challenge for direct analysis by GC system. Some
of neutral or volatile poly-fluorinated compounds such as precursors of PFOS and
PFOA,(sulfonamides, fluorotelomer alcohols and olefins) have been analyzed by GC
[230]. However, direct detection of PFOS by GC has not been achieved yet. To solve
this problem, it is possible to alter the volatility of PFC compound. This can be done
by derivatization which is a routine procedure in GC analysis. However,
derivatization of PFOS has rarely been succeeded and the derivatized products have
been hardly detected. This is due to two possibilities. Firstly, the supposed
derivatized product may not be formed because of bond stability of PFOS. Secondly,
the supposed product is too unstable to be detected by GC detector. So far, there is no
established method for GC-based detection and determination of PFOS.
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6.3. Scope of the research
Although LC-MS has been recognized as a well-established method for analysis
of PFOS [193,231], it has its own inherent drawbacks which delimitate the spread of
application for PFOS analysis, such as lower resolution power especially for PFOS
isomeric pattern, possible interference of perfluoro polymer parts, carryover and
contamination, higher possibility of contamination due to low working temperature
and elevated instrument cost. Therefore, utilizing GC-MS as a premier method to
overcome the LC system problems is promising.
Due to polarity and low volatility of PFOS, the molecule should transform to a
volatile species which can be analyzed by GC. This can be achieved by derivatization
prior to instrumental analysis to make the molecule amenable to GC analysis.
However, as mentioned before, derivatization of PFOS is problematic since the
derivative is neither formed nor stable in GC condition [232,233].
So far, the only report about the development of a method for identification of
PFOS belongs to Langlois who could qualitatively detect PFOS derivative by oncolumn derivatization [232]. In the current research, attempt was done to employ the
available derivatizing agents to investigate the possibility of derivatization of PFOS
so that to make PFOS qualitatively amenable to GC system. Derivatization can also
improve the sensitivity of analysis especially for trace analyses. Moreover, it can
improve separation of PFOS isomers in GC analysis since PFOS is generally exists in
various isomers with very small difference in structure thus exhibiting close behavior
(retention time) in GC system.
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6.4. Development of a method for derivatization of PFOS
Derivatization is basically focused on the active moiety site of the molecule. It can
be divided into:
- Silylation: is the substitution of the active hydrogen atom (in amino group,
hydroxyl and carboxyl group) by a silyl group in order to form the volatile silylation
compound. Silylation can be achieved by several silylating reagents. The reaction is
normally fast and easy however, the reagents are mostly sensitive to moisture. Thus,
care should be done to avoid any contact with moisture/water. Otherwise, it may
affect the derivative stability dramatically.
- Alkylation (esterification): reaction with an alcohol in case the analyte is an
organo-acid to form an ester. This reaction normally takes place in acidic condition
as a catalyst.
- Acylation: substitution of an acyl group (with the general formula of RCOCl) to a
molecule; the most reactive acylating reagent is acyl chloride.

6.5. Experimental
6.5.1. Reagents and chemicals
PFOS acid (Perfluorooctanesulfonic acid, 98%) and PFOS (potassium salt) were
purchased from Sigma-Aldrich. and TCI-Shanghai respectively. MSTFA, BSTFA,
MTBSTFA, MSTFA activated III were supplied by Sigma-Aldrich. Ethanol,
iso-Propanol, MeOH, cyclohexane, THF, ACN, DCM, chloroform and toluene were
from TEDIA Company Inc. except n-Hex which was from LabScan, Anal Science,
Thailand. Triphenylphophine (PPh3), diethyl diazodicarboxylate (DEAD), sulfuric
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acid (98%) and sodium hydroxide were of analytical grade. Stock solution of PFOS
standard was prepared by dissolving 2.0 mg PFOS in 20 mL of MeOH.

6.5.2. GC-MS analysis
Instrumental analysis was performed with a Gas Chromatograph-Mass
spectrometer Agilent 6890 with 5975B MSD. A HP-5MS GC column (30 m × 250
µm internal diameter) 0.25 µm film thickness, (5%-Phenyl)-methylsiloxane) was
used for PFOS analysis. Applied temperature programming and MS condition for
GC-MS analysis is shown in Table 6.2.
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Table 6.2 GC-MS condition for PFOS analysis.
GC condition

Characteristic

Inlet temperature

280 OC
Initial temperature 80 OC, held for 1 min

Temperature programming

Ramp: 15 OC.min-1 to 280 OC, held for
10 min

Detector temperature

300 OC

Carrier gas

He

Flow rate

1.4 mL.min-1

Solvent delay

5-6 min

Injection volume

1 µL

Injection mode

Splitless/split

Sample injection mode

autosampler

MS condition

Characteristic

Mass mode

EI

Mass ionization potential

70 eV

Transfer line

300OC
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6.6. Results and discussion
6.6.1. Silylation
Four different silylation agents including MSTFA, BSTFA, MTBSTFA and
MSTFA activated III which were available, were examined. Various reaction times
from 1 to 12 hrs and temperature conditions with considering the boiling points of the
solvent/reagent were tested. The reagent structures can be seen in Table 6.3.
The silylation agents have the ability to be used solely as solvent. Therefore,
various reaction conditions including solvent and solvent-free reactions were
examined. In case of non-solvent experiment, solvent delay was adjusted in a way
that the silylation reagent or its by-products were eluted before data collecting to
avoid detector damage.
Since MeOH is not compatible with the silylation agent, certain aliquot of PFOS
standard solution was first dried over a gentle stream of N2. Then, 100 µL of
silylating reagent was added directly to the residue or to the reconstituted solution in
a solvent. The reaction vial was sealed and heated in a water bath for a definite time
in a temperature range from 25 to 70 OC. Oven heating was used for comparison as
well. Reaction time varied between 1 to 12 hr. 1 µL of sample was then injected to
GC-MS and TIC and SIM modes were run for data collection. Expected fragment
ions were not detected in TIC in all the reactions. Therefore, it was concluded that
either silylating agents are not capable to derivatize PFOS or the derivative product is
unstable to be detected by GC-MS.
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Table 6.3 Silylating agents employed for PFOS derivatization.
Silylating reagent

Structure

MSTFA

Remarks
Highly reactive, more volatile
than BSTFA, volatile byproducts

(1%TMCS )

Highly reactive and volatile,
volatile by-products, good
solvent properties

BSTFA

More reactive and stable than
BSTFA and MSTFA, good for
carboxylic acids, acts as a
solvent

MTBSTFA

MSTFA
Activated with imidazole. Very
powerful silylating agent

activated (III)

6.6.2. Esterification
6.6.2.1. Mitsunobu reaction
Inspired by Mitsunobu reaction [234], sulfonation of isopropyl alcohol by PFOS
acid was examined. Mitsunobu is a powerful reaction (Fig 6.2) between an organoacid and an alcohol (primary or secondary). The reaction can be used for dehydration
of esterification reaction for the purpose of removing water as a by-product. In this
case, DEAD and TEA are used to sequester the water. DEAD and TEA play a
catalytic role in the reaction progress. Though, the Mitsunobu reaction mechanism is
still under debate.
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Figure 6.2 Mitsunobu reaction.

Molar ratios were selected based on the reaction stoichiometry. 0.02 mmol PFOS
acid and 0.022 mmol PPh3 were dissolved in 5 mL toluene. After cooling down the
solution to 20 OC, 0.022 mmol DEAD was added gently followed by 0.04 mmol
iso-Propanol and 0.01 mmol TEA. The solution was stirred overnight and then dried
under gentle stream of N2 to evaporate any possible volatile organic by-products. The
residue was finally reconstituted in cyclohexane for GC analysis. Expected fragment
ions were not detected in TIC of the GC-MS chromatogram after testing various
reaction times. Therefore, esterification of PFOS with iso-Propanol under Mitsunobu
reaction did not show satisfactory result.

6.6.2.2. MeOH, Ethanol, and iso-Propanol
For esterification reaction, three different alcohols were examined. 1.0 mg of
PFOS acid was dissolved in 2 mL of alcohol followed by adding 40 µL H2SO4 (2%
v/v). The solution was shaken at 35 OC for 8 hr and then extracted with 500 µL
cyclohexane and 200 µL DI water. The supernatant was separated and washed with
3×300 µL distilled water to remove the remaining acid. Then, it was dried over
anhydrous sodium sulfate for water removal. After centrifugation and removing
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sodium sulfate, 1 µL of the extract was injected to GC. Since the esterification is a
reversible reaction, excess amount of reagent improves the reaction efficiency.
Addition of alcohol in excess provides two advantages. Firstly, it acts as a solvent for
the reaction and secondly, it can drive the reaction to completion based on Le
Chatelier's principle. Sulfuric acid present in the solution catalyzes the esterification
reaction.
It was observed that among three alcohol agents, iso-Propanol resulted in the ester
product of PFOS. The presence of PFOS derivative was confirmed by comparing the
experimental fragmentation pattern with the theoretical fragmentation pattern in TIC
mode.
A summary of the examined procedures for derivatization of PFOS with various
agents is given in Table 6.4.
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Table 6.4 Summery of the examined procedures for derivatization of PFOS.

Derivatization
reaction

Reagent

O

Solvent

Temp. C

Reaction
time

Product
observation

(hr)
MSTFA,
(TMCS)
BSTFA
(TMCS)
Silylation
MTBSTFA

MSTFA,D
CM, ACN,
Pyridine

25, 30, 35,
40, 50, 60,
70

1, 6, 12

1

BSTFA ,
THF,DCM

30, 40,50

1, 6 , 12

ND

30, 40,50,
60

1, 6, 12

ND

30, 40,50,
60, 70

1, 6, 12

ND

25, 30, 40

1 , 6, 8,
12

ND

ND

THF,
DCM,
CHCl3,

ND

ACN
MSTFA
(activated
III)

MSTFA,
DCM,
ACN

Methanol

Methanol

Ethanol

Ethanol

25, 30,
40,50

1, 6, 8
,12

isoPropanol

isoPropanol

25, 30,
40,50, 60

1, 6, 12

Mitsunobu

Toluene

20

1, 6, 8,
12

Esterification

1

ND: Not detected, 2D: Detected
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2

D

ND

Figure 6.3 and 6.4 show the chromatogram and TIC spectrum for PFOS derivative.

Figure 6.3 Chromatogram of PFOS derivative in GC-MS.

Figure 6.4 Full scan mass spectrum of PFOS derivative.
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Attempt was done to find out the optimum condition for the reaction with highest
efficiency. Several parameters such as temperature, reaction time and acid amount
were examined. Experiment result was an average from triplicate analysis of three
sets of samples.

6.6.2.2.1. Reaction temperature
It was observed that increasing temperature to 35

O

C slightly improved the

recovery. However, no further improvement in reaction efficiency was observed for
higher temperatures (Figure 6.5).
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Figure 6.5 Effect of temperature on the efficiency of PFOS derivatization
reaction. PFOS conc.: 1 mg, acid conc.: 2%, reaction time 8 hr.
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6.6.2.2.2. Reaction time
Reaction time was observed to affect the reaction efficiency. As reaction time
increased from 1 to 8 hr, the efficiency of the reaction was enhanced accordingly.
However, no significant change was observed for longer reaction time (Figure 6.6).
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Figure 6.6 Effect of reaction time on the efficiency of PFOS derivatization
reaction. PFOS conc.: 1 mg, acid conc.: 2%, temperature 35 OC.

6.6.2.2.3. Acid concentration
The reaction recovery was studied in various acid ratios. No derivative was
observed in the absence of acid, indicating that the reaction did not proceed
considerably. Increasing acid concentration up to 2% showed mild increase in
reaction efficiency. However, no significant change was observed for higher acid
concentration. (Figure 6.7)
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Figure 6.7 Effect of acid ratio on the efficiency of PFOS derivatization reaction.
PFOS conc.: reaction time: 8 hr., temperature 35 OC.

6.7. Discussion and conclusion
The derivatization reaction can be presented as below equation:
H+

C8F17-SO3-1 + HO-CH(CH3)2 → C8F17-SO2-OCH(CH3)2
Fragmentation pattern was in good agreement with the literature [232]. Molecular
ion was not detected. The base peak at m/z 463 can be attributed to the loss of a
methyl group followed by SO2 loss from the derivative ester molecule and
rearrangement to give [C8F17-O-CH-CH3]+. This ion can lose a [-O-CH-CH3] group
to result in [C8F17]+ with m/z 419. Further fragmentation is related to fluorine and
carbon atoms loss from the molecule.
Separation of 6 isomers of PFOS was observed in the chromatogram. The isomers
were further confirmed by the fragmentation pattern comparison (Figure 6.8). The
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retention times varied from 9.6-10.6 min with the most intensive peak at 10.2 min
which is supposed to be the linear form PFOS as the most abandoned isomer.

Figure 6.8 Separation of 6 PFOS derivative isomers in GC-MS.

The fragmentation pathway which has been suggested by Langlois et al. is as follows
[232]:

Among various derivatization reaction examined, only esterification with isoPropanol resulted in the detection of PFOS derivative in GC-MS. Optimization of
reaction condition did not show considerable effect on the efficiency of the reaction.
Therefore, the developed method is applicable to monitoring PFOS for the purpose of
qualification and identification.
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6.8. Chapter summery
PFOS is known as a persistent organic pollutant in the environment. PFOS is
resistant to degradation due to strong C-F bonds which makes it difficult to be
affected by the environmental degradation processes. The established methods for
determination of PFOS are based on LC analysis. However, LC has its own
drawbacks such lower resolution especially for PFOS isomeric pattern, possible
interference of perfluoro polymer parts, carryover and contamination, higher
possibility of contamination due to low working temperature and elevated instrument
cost. Therefore, GC-MS platform can be a promising technique to overcome these
problems. Due to non-volatility and high polarity of PFOS, derivatization should be
applied to this compound prior to instrumental analysis to make it amenable to GC
analysis. However, derivatization is problematic due to low volatility and high
stability of the molecule. The derivative is neither formed nor stable in GC condition.
Attempt was done to develop a method for derivatization of PFOS to be amenable
to GC-MS analysis. Available derivatizing agents such as silylating and esterification
agents were examined with a wide range of experimental conditions. Among
available agents used for derivatization of PFOS, iso-Propanol gave fairly satisfactory
result. The formation of PFOS derivative was confirmed by theoretical fragmentation
profile and the literature while the molecular ion m/z 542 was not observed in mass
profile in GC-MS. In addition, separation of derivatives of 6 PFOS isomers was
achieved. The reaction condition was optimized in terms of acid concentration,
temperature and reaction time. The optimum condition was defined in the presence of
2% v/v sulfuric acid at 35 OC for 8 hr. The developed method is applicable to PFOS
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screening for qualitative purposes. The developed method is applicable to PFOS
screening at a certain level when GC-MS analysis is intended.
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Chapter 7:
General Conclusion

TCS has increasingly become a concern for environmental scientist as the
compound has widely showed endocrine disruption effect. Moreover, TCS can
transform to other compounds that are presumed to be carcinogenic or persistent in the
environment. TCS mass balance was aimed to investigate TCS fate in the wastewater and
sludge as the initial receiver of TCS in the environment. The fate of the compound was

studied in different wastewater and sludge treatment practices and the
adsorption/degradation rates and the presence of degradation products were probed.
Elementary experiment showed the presence of TCS in wastewater and sewage
sludge from three STPs in Hong Kong. In order to investigate the fate of TCS in the
wastewater and sludge, two methods were developed and validated for simultaneous
determination of TCS and its degradation products including 2,4-DCP, 2,8-DCDD
and MTCS in wastewater and sludge samples. Several parameters were examined and
optimized for extraction and cleanup. Methods were well validated in terms of figures
of merit. Satisfactory detection limit, accuracy, precision and recovery were obtained
for both wastewater and sludge samples with more complicated matrix. Mean
recoveries were obtained as 91(±4)-106(±7)%, 82(±3)-87(±4)%, 86(±6)-87(±8)%,
88(±4)-105(±3)% in wastewater and 88(±5)-96(±8)%, 84(±2)-87(±3)%, 84(±7)89(±4)% and 88(±3)-97(±5)% in sludge samples for TCS, 2,4-DCP, 2,8-DCDD and
MTCS, respectively. In addition, MDL was 10.0, 4.0, 6.0, and 5.0 ngL-1 in
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wastewater and 10.0, 1.0, 3.0, and 5.0 ngg-1 in sludge for TCS, 2,4-DCP, 2,8-DCDD
and MTCS, respectively.
The developed analytical methods were validated against wastewater and sludge
samples collected over 5 campaigns from three wastewater treatment plants. TCS
elimination in each plant was a factor of treatment technology. Biological treatment
was the most effective treatment due to biodegradability of TCS while CEPT and
primary treatment were the next effective treatments. In wastewater treatment
process, TCS transformation products including 2,4-DCP, 2,8-DCDD and MTCS
were detected based on the treatment applied. Chlorination and UV irradiation
disinfection could cause TCS transformation to 2,4-DCP and 2,8-DCDD,
respectively. Moreover, MTCS was detected as the TCS biological transformation
product.
Mass balance analysis of TCS showed that for STP (I), 77.6% of the entering
TCS mass flux to the plant was directly discharged to the environment. The mass that
was settled along with the sludge underwent aerobic digestion treatment of which
52.2% was aerobically degraded in the digester. However 5.4% of the TCS in the
sludge was observed to be transformed to MTCS and 47.8% was remained in the
dewatered sludge to be disposed of to landfill. Sedimentation process appeared to be
more effective in STP (II) (25.5%) compared to STP (I). Furthermore, chlorination
could cause 5.3% of TCS loss during disinfection process. Nevertheless, still 68.7%
of the loading TCS was discharged to the environment through wastewater.
Dewatered sludge containing comparable TCS mass flux to primary sludge was
discharged to the environment. For STP (III), 14.2% and 8% of initial TCS mass flux
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was adsorbed to P.S. and S.S., respectively. Mass balance between TCS lost in the
biological treatment, the mass adsorbed to the sludge and the effluent revealed that
44.0% of the initial TCS mass flux was biodegraded in biological treatment of which
19.8% was transformed to MTCS. In addition, 10.3% of TCS mass was lost in UV
irradiation disinfection unit of which 90.8% was transformed to 2,8-DCDD.
Significant TCS mass loss (20.6%) was observed in anaerobic digestion of sludge and
the remaining mass in dewatered sludge was disposed of to landfill. No other
degradation product was observed in the dewatered sludge except MTCS that showed
insignificant change in mass flux after anaerobic digestion.
Kd was calculated for TCS, MTCS and 2,4-DCP in P.S. and S.S. and it was
observed that the value was higher for TCS and MTCS than 2,4-DCP. Temporal
variation of TCS mass flux in primary sedimentation implied a relationship between
influent concentration and elimination for STP (I) and (III). However, no relationship
could be found for STP (II). Strong correlation was observed between the mass flux
associated with the particulates and the elimination efficiency in primary
sedimentation, suggesting that sorption to the sludge is the major process in
elimination of TCS in primary treatment. The difference between TCS mass flux in
water phase of the sludge and the effluent of the primary sedimentation unit was
examined and it was found that TCS mass fluxes in both are comparable. Thus, data
obtained for one sample might be expanded to both samples, to facilitate sample
analysis.
The adsorption behavior of TCS and two encountered degradation products,
MTCS and 2,4-DCP to the P.S. and S.S. was investigated. A method was developed
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for extraction and cleanup of the samples. pH, temperature and adsorbent
concentration were effective parameters on the sorption of target compounds to the
sludge. Among three sorption models, linear, Freundlich and Langmuir, Linear and
Freundlich models fitted the sorption data better than Langmuir model based on the
regression coefficient comparison. Kd values derived from the batch experiments
were in good agreement with those obtained from the full scale for TCS and MTCS
however Kd values in batch scale were slightly higher than full scale. In case of 2,4DCP, Kd value was considerably higher in full scale. Kinetics study showed that
pseudo-second order kinetics model was well fitted to the sorption data for TCS and
MTCS and 2,4-DCP. The interpretation was based on the linearity of the regression
curve as well as the minimum relative errors between the calculated and the
experimental equilibrium sorption capacity. This implies that the sorption of TCS and
MTCS on to the inactivated dried sludge predominantly follows pseudo second order
kinetics.
In an independent study, attempt was done to develop a method for derivatization
of PFOS. Available derivatizing agents such as silylating and esterification agents
were examined. Derivatization of PFOS with available agents did not give
satisfactory results except for derivatization with iso-Propanol. The formation of
PFOS derivative was confirmed by theoretical fragmentation profile and the
literature. In addition, separation of derivatives of 6 PFOS isomers was achieved. The
reaction condition was optimized in terms of acid concentration, temperature and
reaction time. The optimum condition was defined in the presence of 2% v/v sulfuric
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acid (as catalyst) at 35 OC for 8 hr. The developed method can be applicable to PFOS
qualitatively monitoring in the environmental samples.
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