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Abstract
The widely used Bisphenol A (BPA), triclosan (TCS) and nonylphenol (NP) are commonly encountered
as contaminants in wastewater and surface water as a result of their incomplete treatment in traditional
water treatment facilities. The presence of these compounds in our water resources poses direct threat to
aquatic species and potential health risk to humans. This thesis describes a systematic investigation of
BPA, TCS and NP oxidation by a green catalyst system. The catalyst system used is the FeIII-TAML/H2O2
(TAML = tetra-amido-macrocyclic ligand) catalytic oxidation system. The commercialized Fe-B* type of
the FeIII-TAML is utilized throughout this study. A three-stage investigation process was designed to
eliminate these compounds and build on the understanding of the likely reactions that would take place in
real life: 1) develop an understanding of the fate of each BPA, TCS and NP during treatment by FeIIITAML/H2O2 under varying pH and catalyst concentration; 2) study competition reactions among the three
substrates for available oxidant, monitoring substrate preferential selectivity by the oxidant; 3) monitor
the oxidation of BPA, TCS and NP by oxidant in the presence of natural organic matters (NOM).
The FeIII-TAML/H2O2 (4 nM/ 4 mM) oxidation of each BPA (43.8 µM), TCS (34.5 µM) and NP
(34.5 µM) were observed to be pH dependent within the range investigated (pH 6.0-10.5). The maximum
rate of oxidative loss of BPA, TCS and NP occurred at pH 9.5, 9 and 10, respectively. The oxidant system
is proposed to mediate one-electron oxidation of each compound, producing phenolic radicals which then
couple into dimeric products of each compound; increased FeIII-TAML concentration above 4 nM result
in oligomers, forming dimer, trimer and tetramer (as detected by the LC-Tof-MS under negative ion
mode). The 1H NMR analysis of BPA-dimer product suggest BPA phenolic radicals coupled via orthoposition C-C bonding, while the GC-MS analysis identified the C-C and C-O bonded BPA-dimers, at a
ratio approximately of 14:1. Suggesting relatively low C-O coupled dimer BPA as compared to C-O
coupled one. Density functional theory (DFT) predicted ortho position bonding of BPA phenolic radicals,
this was consistent with structure of BPA dimer analyzed by the 1H NMR and GC-MS analysis. Similar
coupling positions as BPA were predicted for NP dimers by the DFT calculations, while ortho and para
bonding positions were predicted for TCS coupled products.
The Oxidation energies for the transformation pathways obtained using the DFT calculations
suggest that anions (phenolates) of BPA, TCS and NP are more susceptible to oxidation than their
phenolic counterparts. DFT calculations show that BPA and NP require about similar amount of oxidation
energy, while TCS is the most difficult to oxidise. Energy calculations were observed to be consistent
with the selective nature of FeIII-TAML/H2O2, which suggest that easier to oxidize substrate was selected
over harder to oxidize ones.
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In the presence of natural organic matters (NOM) sourced from Suwannee River water. Results
suggest that at low concentration of NOM (1 mg/L DOC), enhanced removal of the 10 mg/L BPA (43.8
µM), TCS (34.5 µM) and 5 mg/L NP (34.5 µM) by FeIII-TAML/H2O2 (8 nM/ 4 mM) were observed at pH
8.5. In the presence of excess amount of NOM (> 10 mg/L DOC), competition by NOM reduced
substrates removal rates. It was proposed that presence of humic acid and cross-coupling between
substrate and phenolic moieties in NOM molecules caused the enhanced removals observed at low NOM
concentration. In the presence of excess NOM, excess competition from NOM molecules for available
oxidant and shielding by NOM molecules could have prevented substrates from assessing oxidant,
resulting in the reduced removals observed.
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CHAPTER 1
Introduction

1

1. Overview
Water is essential for the survival of all living organisms. Access to safe water is constantly reducing due
to continuous contamination of this limited resource by natural and synthetic pollutants. Of greater
concern are certain everyday chemicals found in our food, personal care products and pharmaceuticals
which were previously assumed to be safe that have now been discovered to be endocrine-disrupting
chemicals (EDCs) (Diamanti-Kandarakis et al. 2009, Liu et al. 2009). These chemicals get discharged
into our sewage lines either as leachate or waste by-products, eventually reaching sewage treatment plants
(STPs) (Fig. 1.1). Traditional STPs are now challenged with the treatment of these chemicals they were
not originally designed to handle. For this reason, many of these chemicals are released from STPs as
untreated effluent into surface water, where they could find their way back to us in the water and food we
consume (Kolpin et al. 2002, Liu et al. 2009, Murk et al. 2002).

Natural and synthetic
oestrogens released
from humans, animals
and industry

Sewage system
Influent to STP

Sewage treatment plant

Sludge phase

Aqueous phase

Effluent from STP

Sediment

Soil

Surface water

Ground water

Fig. 1.1 Channel of EDCs distribution in the environment, modified from Liu et al. 2009
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When EDC-contaminated water is consumed by human or animal, studies have shown that these
chemicals have the potential to mimic the actual hormones of the endocrine system as illustrated in Fig.
1.2, preventing “actual” hormones from binding to their receptors, hence sending false response from the
endocrine system (Fang et al. 2003, Katzenellenbogen et al. 1993). Since these “actual” hormones are
involved in the growth, development and wellbeing of humans and animals, EDCs have the potential to
cause growth and developmental disorders such as gender disorder, breast development in males and
prostate cancer etc. (Gould J.C. 1998, Maffini et al. 2006).

Source (Heindel 2009)

Fig. 1.2 Mode of reaction of EDCs with receptor genes of the endocrine system

1.1 Endocrine-Disrupting Chemicals Selected for this Study
More than 500 chemicals including natural substances, pharmaceuticals, pesticides, and industrial
chemicals have been tested for oestrogenic activity; it was observed that the presence of phenols /
phenolic moiety on the structure of chemicals is a positive contributor to oestrogenicity (Nishihara T et al.
2000). Similarly, a structural-activity relationship study for 230 chemicals sampled from natural,
synthetic and environmental oestrogens show that the phenol structure correlates positively with
oestrogenicity (Fang et al. 2001). To this end, three phenolic compounds, namely bisphenol A (a
plasticiser), nonylphenol (a surfactant) and triclosan (an antibacterial), were selected for the present study.
These three compounds have been previously reported as among the most frequently detected phenol
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contaminants in surface and ground water (Boyd et al. 2004, Kolpin et al. 2002, Kolpin et al. 2004).
Moreover, bisphenol A and nonylphenol are among the priority list (see Table 1.1) of hazardous
chemicals in New Zealand’s environment (Sarmah A. K et al. 2005).

Table 1.1 EDCs of highest priority to New Zealand, modified from Sarmah A. K. et al. 2005

The list above categorised each class of EDC from high to low concern, using criteria such as source of the EDCs, their potency,
environmental concentrations, mobility, removal during treatment, persistency and bio-accumulative potential (Sarmah A. K. et
al. 2005)

1.1.1 Bisphenol A (BPA)
Bisphenol A (BPA) is a very important commercial compound. It is used for the production of plastic
and resin materials, which are incorporated in food and drink containers, dental materials and coating for
pipes used in water supply systems (Sakurai et al. 2004). Selected physical and chemical properties of
BPA are in Table 1.2 below. This show the two phenol rings of BPA and its estrogenic properties. Due to
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the high usage of BPA products and the chemical’s resistance to treatment at STPs, BPA is one of the
most frequently detected EDCs in the effluent of sewage treatment plants (Ye et al. 2012) (see Table 1.3).
The endocrine-disrupting properties of BPA have been reported since 1930s (Dodds and Lawson
1936). In more recent reports, BPA is suspected to cause low sperm count, breast and prostate cancer,
abnormal penile/urethra development in males, and type 2 diabetes (Gould J.C. 1998, Maffini et al. 2006).
Based on the danger BPA pose to human wellbeing, Canada declared it as a toxic substance in September
2010, while Denmark introduced a ban on the use of BPA for baby bottles under the age of 3 years
(Gazette 13 October 2010).

Table 1.2 Structure and properties of Bisphenol A

HO

OH

Molecular weight (g/mol)

228

Aqueous solubility (25°C)

120a-300 mg/Ld

pKa

9.6-11.3

Melting point (°C)

153-157

LogKow Octanol-water partition

3.32e

Estrogenic Potency (YES)

6.7 X 10-4e

Estrogenic Potency (E-screen)

3 X 10-5e

E2 Relative potency (YES)

1.0 X 10-5b

E2 Relative potency (E-screen)

1.26 X 10-5c

Adapted from Campbell et al., 2006; Suárez et al., 2008; Teske and Arnold, 2008
a(Dorn et al. 1987),
b(Murk et al. 2002),
c(Leusch et al. 2006),
d(Teske and Arnold 2008)
e(Liu et al. 2009)
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Table 1.3 Summary of BPA concentration in various environmental systems
Environmental media

Concentration

Surface water

0.5–1000 (ng/L)

Groundwater (Contaminated)

3–1,410 (ng/L)

Drinking Water
WWTPS influent
WWTPs effluent

0.5–44 (ng/L)
250–5620 (ng/L)
6–4090 (ng/L)

Source: modified from C.G. Campbell 2006 , Liu et al. 2009

Table 1.4 Concentration of NP in environmental systems modified from Soares et al. 2008

Environmental media

Concentration

Sewage Sludge (mg/kg)

0.0195a–2530b

WWTPs Effluent (µg/L)

0.05c- 43.5d

WWTPs Influent (µg/L)

<0.02 e– <1.5f

Surface Water (µg/L)

0.0007h- 158i

Groundwater (contaminated)

0.1 (mg/L)j- 1.2(g/L)k

a

Johnson et al. (2005) Final sludge

b

Giger et al.(1984) Sludge anaerobically stabilized

C

Johnson et al. (2005)

d

Ahel et al. (1994a) Primary effluent

e

Sheahan et al. (2002)

f

Farre et al.(2002)

h

Bester et al. (2001)

i

Davi and Gnudi (1999)

l

Petrovic et al. (2003)

k

Kuch and Ballschmiter (2001)
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Table 1.5 Structure and properties of nonylphenol

OH

8
Molecular weight (g/mol)

220.35

Aqueous solubility (25°C) (mg/L)

4.9

pka

10.28c

Density at 25°C (g/cm3)

0.952a

LogKow Octanol-water partition

4.48

17β Relative potency (average)

0.023

Adapted from Mizota and Ueda (2006)
a

Fiege et al. (2000)

b

Tchounwou et al. (2001)

c

Belluck (1991)

1.1.2 Nonylphenol (NP)
Nonylphenol ethoxylates (NPnEs) are used in the manufacture of non-ionic surfactants in domestic and
industrial applications such as detergents, antioxidants, lubricants, oil additives, etc. (Ahel M 1996,
Guenther et al. 2006). Treatment of NPnEs in STPs is linked as the main source of the toxic nonylphenol
(NP) (Kuch and Ballschmiter 2001, Petrovic et al. 2003). Table 1.4 shows concentration of NP in
different environmental media. As shown, STP effluents generally have increased NP concentration as
compared to influent concentrations. Table 1.5 shows the structure and selected chemical properties of
NP, including its phenol ring. The structure of NP is similar to estradiol (a known EDC).
Research has now shown that NP is more toxic to aquatic life than its precursor NPnEs (Roberts
1998). NP is presumed to have the potential of mimicking the natural hormone 17β-oestradiol, thereby
initiating proliferation of breast tumour cells (Roberts 1998, Schroder 2001, Scrimshaw MD 2002). NP is
capable of interfering with the proper function of androgens that are essential for the normal development
of males and their reproductive systems (Robert J. Gilliom 2007). Based on the danger NP poses to living
organisms, the USA, European countries and New Zealand have designated nonylphenol and its
ethoxylates as priority hazardous substances (PHS) to be removed from water (EPA 1999, Sarmah A. K.
et al. 2005).
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1.1.3 Triclosan (TCS)
Triclosan (TCS) is widely used as antimicrobial agent incorporated in a wide range of personal care
products, hospitals and households cleaning products such as toothpaste, handwash, antiseptic,
disinfectant and soap, plastic kitchenware and footwear (Cabana et al. 2007). Selected properties of TCS
are presented in Table 1.6, showing its phenolic and hydrophobic nature. An estimate of 10-1,000 tonnes
triclosan is produced or imported yearly in European Union countries (EU) (Dye C et al. 2007 ). The high
usage of TCS products and its resistance to treatment at water treatment plants has made it one of the
most frequently detected contaminants in surface water and wastewater (see Table 1.7) (Arboleda et al.
2013, Cabana et al. 2007).
TCS possesses intrinsic estrogenic and androgenic activity with the potentials to cause human
breast cancer and other medical disorders (Fang et al. 2010). TCS metabolites during treatment have also
been reported as potential estrogen receptor antagonists, making it precursor EDCs (Ishibashi et al. 2004).

Table 1.6 Structure and chemical properties of triclosan

Cl

OH
O

Cl

Cl

Molecular weight (g/mol)

289.5

Aqueous solubility (25°C)

12000 mg/L

pKa

~7.9a

Relative density at 25°C (g/cm3)

1.55±0.04

LogKow Octanol-water partition

4.8

Modified from SCCS 2010
a

Jiang et al. 2009
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Table 1.7 Concentration of TCS in environmental systems, modified from SCCS 2010
Enviromental
matrix

Surface water

Triclosan
Concentration

1.4 ng/L - 40000 ng/L

Waste water influent

Waste water effluent

20-86161 ng/L

23 - 5370 ng/L

Reference
Kolpin et al. 2002, Linstrom et al.
2002, Lopez-Avila and Hites
1980, Kolpin et al. 2004, Zhang et
al. 2007, Chau et al. 2008,
Coogan et al. 2007, Coogan and
La Piont 2008
Linstrom et al. 2002, Remberger
et al. 2006, McAvoy et al. 2002,
Fair et al. 2009, Kumar et al. 2009
Linstrom et al. 2002, Kanda et al.
2003, Thompson et al. 2005, Fair
et al. 2009, Kumar et al. 2009

Data from SCCS 2010

1.2 Previous methods used for removal of EDCs from water
As mentioned earlier, EDCs are resistant to traditional treatment methods in waste water treatment plants,
resulting in the residual EDCs in effluents. Review of previous efforts to treat EDCs contaminated water
by previous researches is done in this section, highlighting laudable methods that have been developed
over time. Critiques of these methods show gaps in present knowledge, which if filled, can results in
better performance of these methods.
Broadly, methods available for removal of EDC compounds from wastewater can be categorized
into physical, biodegradation and chemical/ advanced oxidation process (AOP) methods (Liu, Kanjo et al.
2009).

1.2.1 Removal of EDCs by Physical Method
Removal of EDC compounds by physical method is mostly favoured by higher logKow of the compounds
(Choi, Kim et al. 2005; Liu, Kanjo et al. 2009; Yamamoto 2011). Physical methods using activated
carbon and membranes have been applied to remove these chemicals from water (see Table 1.8). As
shown in Table 1.8, compounds with high logKow are removed more by different physical techniques;
these led authors to suggest sorption of compounds on materials used as the main mechanism by which
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physical techniques remove EDCs from solution. Some of the major challenges with these methods
include reduced performance of activated carbon when at low concentration of pollutants (µg/L range)
present, while membrane techniques are challenged with membrane fouling, requiring further treatment or
re-generation of these materials after usage (Agenson and Urase 2007). In addition, these physical
methods screen EDCs out of water, thereby concentrating them. Hence further treatment such as
application of oxidant or biodegradation is required to mineralize EDCs, thus eliminating their harmful
effects. Synergetic applications of this method with AOP treatments or biodegradation are possible
treatment options that could re-generate these materials and treat the EDCs.

Table 1.8 Selected techniques for removal of EDCs by physical methods

Name of EDC

Removal Technique

Bisphenol A
Bisphenol A (BPA)
Estrone (E1)
Estriol (E3)
Androstenedione

Adsorption (GAC)
Adsorption (hemimicelles)
membranes (NF and UF )
membranes (NF and UF )
membranes (NF/UF )
Direct contact membrane
distillation
Membrane (micro-filtration)

17β-Estradiol (E2)
Estrone (E1)
Bisphenol A (BPA)

LogKow

membranes (RO)

3.32
3.32
3.13
2.45
2.75
4.01
3.13
3.32
4.01
3.32
4.9

17β-Estradiol (E2)
membranes (NF/RO)
Bisphenol A (BPA)
membranes (NF/RO)
4-n-nonylphenol
membranes (NF)
Data modified from Liu et al. 2009

Removal
(%)
≈ 90
>90
46-95
≈ 38
30–58
> 95

Ref
Abe (1999),
Gong et al. (2009)
Chang et al. 2003
Yoon et al. (2007)
Yoon et al. (2007)
Cartinella et al. (2006)

46–95

Chang et al. (2003)

≈ 93.4

Gomez et al. (2007)

20-90
18–83
50–95

Nghiem et al. (2004)
Kimura et al. (2004)
Jung et al. (2007)

1.2.2 Removal of EDCs by Biodegradation Method
Most EDC compounds can be biodegraded to benign level with concomitant loss of estrogenic activity.
However, the major challenge with this method is the slow kinetic, requiring extended contact time (see
Table 1.9) and large treatment ponds required to achieve appreciable degradation (C.A. Staples 1998;
P.M. Armenante 1999; Wang, Jiang et al. 2008). This would result in increased labour costs and overall
capital investment. The fast kinetics of oxidative treatment by AOP systems gives them an edge over
biodegrading.

10

Table 1.9 Selected techniques for removal of EDCs by Biodegradation Method

BPA

Initial
concentration
1 μg/g

BPA

0.05–10 μg/L

EDCs

E2
E2
NP
NP
NP

333 mg/L
3 mg/L
1 μg/g
5 mg/L
1–50 μg/L

Contact Degradation
Time
Eff (%)

Media
Aquifer material
Activated sludge
Activated sludge
Isolated bacteria
Aquifer material
Activated sludge
(Anaerobic)

Activated sludge
1–50 μg/L
Activated sludge
NP
(Anaerobic)
Data modified from (Liu, Kanjo et al. 2009)

70days

50

72h

72

14days
7days

60
75

7days

50

84days

≈85.5

72h

59–90

30days

17–21

Ref
Ying et al.
(2003)
Ogawa et al.
(2005)
Fuji et al. (2002)
Yu et al. (2007)
Ying et al.
(2003)
Chang et al.
(2005)
Ogawa et al.
(2005)
Ogawa et al.
(2005)

1.2.3 Removal of EDCs by Chemical and Advanced Oxidation Processes (AOP)
Fast oxidation kinetics by chemical and advance oxidation processes (AOPs) gives these methods an edge
over physical and biodegradation methods (Liu et al. 2009, Shappell et al. 2008). The essential
mechanism of AOP methods is the mineralization of pollutants in wastewater to CO2 or transformation of
pollutants to some other metabolite products by some strong oxidizers through oxidation–reduction
reactions. To increase the removal efficiency, some combinations such as ultraviolent ray (UV)/ ozone
(O3), UV/H2O2, UV/Fenton or addition of catalyst have been widely applied (Hu, Cheng et al. 2003;
Tanaka, Kawai et al. 2003; Alum, Yoon et al. 2004; Katsumata, Kawabe et al. 2004).
The general treatment goals for oxidants are fragmentation of aromatic rings and/or
transformation of parent structure into more benign compounds that lose the ability to bind with receptor
genes of the endocrine system (Barr et al. 2011, Kobayashi and Higashimura 2003, Lin et al. 2009).
Stoichiometrically, total mineralization reaction of EDCs such as BPA by a strong oxidizing agent should
degrade BPA into Co2 and water as estimated in Eq. 1.0 (Katsumata et al. 2004).

𝐶𝐶15 𝐻𝐻16 𝑂𝑂2 + 18𝑂𝑂2 → 15𝐶𝐶𝐶𝐶2 + 8𝐻𝐻2 𝑂𝑂 .

Eq. 1.0

Choosing the right oxidant(s) to achieve total degradation without any toxic by-product in an efficient
manner has always been the challenge. For example, mineralization of BPA had been research using
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different techniques such as oxidation by simple aeration (Dorn et al., 1987), microbial peroxidase
(Sakurai et al.2001), electrochemical means (Kuramitz et al. 2004, Tanaka et al. 2002), chemical
oxidation using chlorine, ozone, Fenton process, and other advance oxidation processes (AOP) (Alum et
al. 2004, Hu et al. 2003, Katsumata et al. 2004, Tanaka et al. 2003). As shown in Table 10.0, some of
these techniques have limitations of low pH range, high amount of catalyst required and production of
more estrogenic by-products (Hu et al. 2002). More detail on selected techniques:
Table 1.0 Degradation of BPA by different AOP techniques
Initial
Conc. of
BPA

AOP

3 mg/L

Air stripping/
photodegradation

7.3-8.3

500 ug/L

Chlorination

7.5

100 mg/L

Photo-Fenton

5

10 mg/L

Photo-Fenton

170
µM(40
mg/ L)

TiO2 photocatalytic

100nm

Chlorination

PH
Range

2.0–4.5

Estrogenicity
Testing of
byproducts

Conclusion
4 days to reduce
BPA conc. to below
detection limit
(0.1mg/L).

Estrogenic activity
increased 24 times

Chlorinated byproduct

NA

Irradiation increased
performance of
Fenton reagent
Complete
degradation of BPA
with 90% conversion
to CO2
BPA and products
were completely
degraded in 20 hrs

Estrogenic activity
distilled
was reduced to
water
less than 10%
Estrogenic byproducts

Ref.

Dorn et al.
(1987)

Hu et al.
(2002)
Tanaka et
al. (2003)
H.
Katsumata
et al.(2004)
Ohko et al.
(2001)
Alum et al.
(2004)

Chlorine treatment of EDCs has the advantage of fast kinetics and it can be applied within a wide
pH range (2 -11) (Gallard et al. 2004, Hu et al. 2002). For example BPA showed faster oxidation kinetic
of 0.5mg/L BPA within minutes (Hu et al. 2002). Similarly, oxidation of 1 µM BPA at near neutral pH by
184 µM chlorine recorded half-life less than 1.5 hr. It was noticed that optimum oxidation of BPA
occurred around its pKa (i.e around pH 9.6) (Gallard et al. 2004). However, the challenge with this
treatment method is that the oxidation occur mainly via substitution reactions, resulting in chlorinatedBPA products that were more toxic/ estrogenic than parent BPA. Similar toxic chlorinated by-products

have been reported for TCS and NP when treated by chlorination reactions (Fiss et al. 2008,
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Noutsopoulos et al. 2013). Therefore the effectiveness of chlorination to remove EDCs is viewed as
questionable and more research is required to guarantee safe wastewater reuse (Noutsopoulos et al. 2013).
Fenton process appears to be more benign in reaction, this process employs H2O2 and iron
catalyst to form hydroxyl radical as shown in Eq. 1.1 to oxidize EDCs. The process could be enhanced by
adding more iron salts (Wang et al. 2008) to enhance hydroxyl radical formation or Fenton reagent in
conjunction with UV as photo-Fenton (Eq 1.2) to enhance the formation of hydroxyl radicals (Katsumata
et al. 2004, Pei-Jen Chen et al. 2007).
𝐹𝐹𝐹𝐹(𝐼𝐼𝐼𝐼) + 𝐻𝐻2 𝑂𝑂2 → 𝐹𝐹𝐹𝐹(𝐼𝐼𝐼𝐼𝐼𝐼) + 𝐻𝐻𝑂𝑂 ∙ + 𝑂𝑂𝐻𝐻 −

𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)2+ + 𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝑡𝑡 → 𝐹𝐹𝐹𝐹(𝐼𝐼𝐼𝐼) + 𝐻𝐻𝑂𝑂 ∙

Eq. 1.1.
Eq. 1.2.

Rapid degradation of BPA have been reported for treatment by Fenton process (Katsumata et al. 2004).
Degradation pathway is through bonds breakage, resulting in total mineralization of BPA into CO2 and
water. Similarly, fast oxidation of 10 mg/L TCS by Fenton-like oxidation process have been reported
(Munoz et al. 2012). Complete conversion of TCS (10 mg/L) was achieved in less than 1 hr at 25 ºC by
applying 1 mg/L Fe3+ and (25 mg/L) H2O2. The major concern with TCS treatment is the possibility of
producing harmful dioxins as by-products (Munoz et al. 2012). Fenton agent with OH radicals such as

electro-Fenton degradation (Sirés et al. 2007) and Ferrate (Yang et al. 2011) can oxidize TCS to
produce harmful dioxins such as 2,4-dichlorophenol, 4-chlorocatechol, and chloro-pbenzoquione (Munoz et al. 2012). Raising serious health concern on application of such oxidants for
TCS treatment in water. Furthermore, the degradation process of EDCs by Fenton-like reactions are
strongly influenced by the pH, and initial concentrations of H2O2 and Fe catalyst (Katsumata et al. 2004).
These and other challenges have limited the application of Fenton process.
-Challenges with Fenton Process: the following are noted challenges:
1 Fenton reactions are limited to pH below 5 because of precipitation of Fe(OH)3 above pH 4.5
2 High concentration of Fe(II) catalyst in µM is used compared to study of Fe-TAML catalyst where
nM concentration are/were required.
3 Fe ions present in solution after reaction needs to be removed before discharge to avoid unwanted
growth of algae.

Photocatalytic degradation has also emerged as a viable treatment method for EDC contaminated water
(Chenzhong Jia et al. 2012, Maroga Mboula et al. 2013, Parra et al. 2004). In particular, the effectiveness
of titanium dioxide (TiO2) based photocatalytic degradation for treating EDCs has been reported in
previous studies. In general, photo-induced electrons (e -) and positive holes (h+) are produced
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from TiO2 surface under illumination of UV light (< 380 nm). These species can further produce
hydroxyl free radicals (OH), which contributes to the mineralization of EDCs into CO2 and H2O
(Chenzhong Jia et al. 2012). For example, photocatalytic degradation of BPA in aqueous solution under
UV irradiation with 253.7 nm, by nano TiO2 have shown fast kinetic and mineralization of BPA. The
removal efficiency of 10 mg/L BPA in the photoreaction process was more than 99%, at TiO2 dosage of
1.0 g/L, pH ≥ 9.5 after UV irradiation for 90 min (Chenzhong Jia et al. 2012). The high pH requirement
for fast kinetic is noted as a limiting factor for application of this process for BPA treatment. TCS is also
fragmented by this processes, however, there is also the fear of producing dioxin-type intermediates such
as dibenzo-dichloro-p-dioxin (DCDD) when TCS is treated by photolysis and TiO2 photocatalysis
reactions (Son et al. 2009).
Generally, removal of EDCs from wastewater by ozonation have yielded good results,
mineralizing compounds, but this process is viewed as expensive (Johnson et al., 2005; Johnson and
Sumpter, 2001; Jones et al., 2007; Spengler et al., 2001; Tanghe and Verstraete, 2001). In additions,
ozonation is prone to the formation of brominated by-products when applied to natural wastewater (Jiang
et al. 2009).
In conclusion, AOPs methods have high potentials for effective and benign removal of EDCs,
though each technique comes with its own limitations, researches are ongoing to understand and improve
these limitations. Based on the understanding that treatment of EDCs could result in more toxic treatment
by-products (Hu et al. 2002), it is therefore essential to select oxidants that could result in rapid removal
of EDCs and the oxidant itself should possess no estrogenic/ toxic properties, hence the preference for
green technologies for the removal of EDCs. The iron (III) tetra-amido-macrocyclic ligand (FeIII-TAML)
activators of peroxides (Scheme 1.1) are designed as a green option for peroxidase reactions (Horwitz et
al. 2006, Popescu 2007). Furthermore, hydrogen peroxide alone is not a selective or effective oxidant. It
requires high temperature and pressure, and longer reaction time to achieve appreciable oxidation. These
resulted in higher cost of energy, equipment and labour for the process. FeIII-TAML activators were
designed to meet these challenges (Parent ; Collins, Woomer et al. 1998). Reaction of FeIII-TAMLs with
peroxide form activated catalysts that are very reactive, but much more selective than the free radicals
formed during the normal decomposition of hydrogen peroxide (Hayes, Collins et al. 2002; Chanda,
Ryabov et al. 2006; Collins 2011). The selective nature of the reactive intermediate formed over hydroxyl
radicals is a particular advantage over AOPs. This system is also reactive at pH > 5, a particular
advantage over Fenton processes (Georgi et al. 2007). Moreover, this family of catalysts have displayed
impressive results for activating peroxide for a variety of environmentally important oxidation processes
which result in fast kinetics and benign removal of toxic compounds (Chanda et al. 2006a, Shappell et al.
2008). This has encouraged us to apply this alternative oxidant system for the present study.
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Scheme 1.1 Structure of Iron (III)-TAML activator in water, commonly known as Fe-B* (Lipinski et al.
2001, Polshin et al. 2008)

1.2.4

The FeIII-TAML Catalyst

Cytochrome P450 (P450) is a family of enzymes that have been identified in all domains of life, i.e. in
animals, plants, fungi and even bacteria. These P450 enzymes have been discovered to have the ability to
catalyse oxidation of steroidal hormones and xenobiotic substances such as drugs and other toxic
chemicals (Guengerich 2007). The FeIII-TAML activators are structurally designed to mimic P450
enzymes (Collins and Gordon-Wylie 1989, Collins et al. 1998). When the P450 enzymes are extracted
from the protein environments, the catalytic properties the FeIII porphyrin cofactors are inadequate; in
contrast, FeIII-TAML activators are exceptionally active. The second-order rate constants for the ratelimiting activation of H2O2 have been reported as high as 104 M-1 s-1 at 25 °C (Ghosh et al. 2003). These
activators are designed to have higher oxidation capacity, with better performance than cytochrome P450
enzymes; thereby reducing the long reaction time required by most biological systems. A variety of FeIIITAMLs have been reported (Ellis et al. 2009, Ghosh et al. 2008). The group of FeIII-TAML now
commercialised is the Fe-B* series. The type shown in Scheme 1.1 above is the most benign form with no
toxic functionalities attached to the structure. This is selected for this study. As shown in Scheme 1.1, the
Fe-B* type chosen has a central ferric iron coordinated to the cavity of the tetra-anionic tetra-amidomacrocyclic-ligand; the ligand is composed entirely of the principal biochemical elements: C, H, N and
O; and is devoid of any toxic functionality (Collins et al. 1998, Ghosh et al. 2008). Toxicity tests
employing yeast estrogenic assay (YES), luminescent bacterial toxicity assays, tests with Daphnia magna,
and tests with human cancer cells have all reported no toxicity problem with FeIII-TAML activators
(Collins 2011, Ellis et al. 2010).
Furthermore, the anionic-amido-N ligands of TAML possess a high donor capacity (acting as
Lewis bases). These four Lewis bases cause the TAML macrocycle to shift the iron’s redox chemistry
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with hydrogen peroxide away from the outer sphere processes called Fenton chemistry to inner sphere
processes. Thereby, the ferric metal is easily oxidized to one (FeIV) and two (FeV) units above the ferric
(FeIII) state, with concomitant formation of oxo-ligands (Chanda et al. 2006b, Collins 2002). Hence the
ligand system produce a suitable strongly donating electronic structure for enabling access to high valent
iron-oxo complex, but no so donating as to quench the oxidizing properties (Ghosh et al. 2008). FeIIITAML reaction is therefore different from Fenton process. The FeIII-TAMLs activate peroxide to form
activated catalysts (Ac) that are very reactive, but much more selective than the free radicals formed
during the normal decomposition of hydrogen peroxide (Chanda et al. 2006b, Collins 2011, Hayes et al.
2002). More details on the reaction mechanism of the catalyst system follow.

1.2.4.1 Mechanism for Activating Peroxide by Catalyst
In the solid state, FeIII-TAML activators exist as five-coordinated square-pyramidal species with the Fe
coordinated to one aqua ligand (see Scheme 1.1) (Ellis et al. 2010, Ryabov and Collins 2009). The base
amide Fe–N bonds are short (mean 1.885 Å) in length as compare to the Fe-O bond (2.097 Å). The iron
(III) is out of the plane by 0.364 Å toward the oxygen atom, this gives it the pyramidal shape (Ryabov
and Collins 2009). When dissolved in water, FeIII-TAML turns into six-coordinate specie of -1 charge
with two axial aqua ligands (Scheme 1.2 a). The elongated Fe–O bonds are readily cleaved by water to
afford the corresponding aqua/ hydroxo species. This is achieved by stepwise substitution of the aqua
ligand and coordination of another water molecule to the base of the Fe (as shown in Scheme 1.2 b). This
specie is represented as [FeL(H2O)2]- , where L represents the ligand of TAML. One of the aqua ligands
loses a proton (Ka) around the pKa to form the most reactive specie [FeL(OH)(H2O)]2- with -2 charge (pKa
of Fe-B* chosen falls ~ pH10) (Ellis et al. 2010, Popescu et al. 2008). The deprotonated and undeprotonated forms of FeIII-TAML react pairwise with deprotonated and un-deprotonated forms of
peroxide (pKa of H2O2 falls ~ pH11.5) shown as K1 through K4 pathways in Scheme 1.3 below. The K2
and K3 pathways have been reported to be the fastest and kinetically indistinguishable (Popescu et al.
2010). The rate constants K1 and K4 are a factor of 100 and 10 lower compared to K2 respectively (Ghosh
et al. 2008). This has been rationalised to explain the bell-shaped pH-rates profile for the activation of
peroxide by FeIII-TAML; where the pKa of FeIII-TAML determines the rise in rates with pH, while
deprotonating of peroxide cause the fall in rates at higher pH values, resulting in optimum rate around pH
10 for Fe-B*/ H2O2 chosen for the present study (Popescu et al. 2010).
Both the -1 and -2 charge species of FeIII-TAML activate peroxide in a stepwise mechanism
shown in Scheme 1.4 to form the intermediate reactive oxidant via the route 1 and 2 respectively (Ghosh
et al. 2008, Popescu et al. 2010). As suggested in Scheme 1.4, the centre iron atom loses one of the aqua
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ligands (K1), then coordinate to one oxygen atom of the peroxide (K2).The peroxide ligand deprotonation
associated with K3 should been enhanced by an increase in the Lewis acidity of the iron. Such a
deprotonation would result in a rehybridization of the coordinated O-atom and an increase in bonding
with iron favourable for a liberation of water or hydroxide by heterolytic cleavage of the O-O bond
(Ghosh et al. 2008). An alternative process whereby the proton on the coordinated O-atom tautomerizes
by moving to the uncoordinated O-atom to facilitate release of water is also possible, but this process is
unlikely during our reactions (at pH > 8), given that formation of the [Fe-O-OH2] species is most
expected to be quite acidic (Ghosh et al. 2008). Thus, cleavage of the O-O bond of peroxide releases H2O,
followed by formation of a very reactive intermediate (Ac) suggested to be the high-valent iron-oxocomplex Fe (V)=O complex (FeV-O) (de Oliveira et al. 2007, Ghosh et al. 2008). It is noteworthy that at
present the Fe (V)=O have only been characterized in non-aqeous media; it is presumed that once the Fe
(V)=O complex is formed in water, it is rapidly converted into iron (IV) species (Popescu et al. 2010).
Alternatively, the hydroxo ligand is still coordinated to the centre Fe (option 2 in Scheme 1.4), this specie
could also be deprotonated to give a trans-dioxo species. Actually, mechanistic studies for the pH
dependent rate of interactions between FeIII-TAML complex and H2O2 have suggested the presence of
more than one iron(V) reactive intermediate (Ryabov and Collins 2009). A third route (route 3 in Scheme
1.4) involving the -1 charge FeIII-TAML specie reacting with deprotonated peroxide is suggested by
Ghosh et al. 2008. This route will be a minor route in this study, considering the pKa of Fe-B* and H2O2
are more than a unit apart.

Solid

Water

OH2

OH

FeIII

FeIII

FeIII

OH2

OH2

Ka

OH

2
H

Scheme 1.2(a) Nature of Fe-B* catalyst in solid state and in water (Banerjee et al. 2009).
The

represent the ligand of TAML

Scheme 1.2(b) Stepwise substitution of water ligand to form 6 coordinate Fe-B* catalyst in water
(modified from Ryabov and Collins 2009)
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Kh

Ka
FeL(OH2)2

FeL(OH2)(OH)

FeL(OH2)2

H2O2

FeL(OH2)(OH)

2

H 2O 2

2

HO2

FeL(OH2)2

HO2

H ;

K3

K1
oxoFeIV(L)

K2

H2O2

K4
FeL(OH2)(OH)

2

H

HO2

Scheme 1.3 Stoichiometric mechanism of activation of H2O2 by FeIII-TAML in aqueous solution, which
is proposed to account for the bell shape pH profile, modified from Ghosh et al. 2008, Popescu et al. 2010
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Scheme 1.4 Proposed pathways in the formation of an Iron(V)oxo intermediate, modified from Ghosh et
al. 2008
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1.2.4.2 Overall Mechanism of FeIII-TAML /H2O2 Oxidation of Pollutants
The reactive oxo-complex (active catalyst Ac) does not only oxidise substrates in a peroxidase-like
fashion (KI) (shown in Fig. 1.3), but can also decompose peroxide in a catalase-like manner (KII).
Fortunately, the catalase-like chemistry which wastes hydrogen peroxide does not dominate over the
peroxidase-like chemistry. However, when the active catalyst is not able to attack “hard-to-oxidise”
substrates or in the absence of electron donor, competition from the catalase process (KII) might become
significantly high (Ghosh et al. 2008). Furthermore, the catalyst can be destroyed by medium-induced
degradation (Kd) such as hydrolysis, and also by intramolecular (Ki) and intermolecular (K2i) suicide
inactivation (Chanda et al. 2006b, Ghosh et al. 2008). The fact that FeIII-TAML reduces H2O2 to H2O; and
itself is degraded through Ki and K2i means no reactive treatment reagent would be released to the
environment as part of the effluent of treated waste water. This is a plus to FeIII-TAML’s environmental
application since the technology requires mixing of catalyst and peroxide with waste water for treatment
purpose.
The overall mechanism explained above can be represented by Eq. 1.3, assuming steady-state
applies to active catalyst (Ac), and applying mass-balance equation [FeIII]tot=[FeIII]+[Ac] (Chanda et al.
2006b).The medium-induced hydrolytic degradation Kd and intermolecular inactivation route K2i are
assumed kinetically insignificant (Kd and K2i≈0). Kd is kinetically insignificant at pH 8-11 used in the
present study (Ghosh et al. 2003), K2i is negligible at low catalyst concentration used (4-40nM) in this
study (Chanda et al. 2006b). Leaving intra-molecular inactivation of TAML Ki as the main pathway of
losing TAML.

Route 1, 2 or 3
Route -1, -2 or -3

Fig. 1.3 Overall mechanism of peroxide catalysis by TAML activator (Chanda et al. 2006b)
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[

]

K I K II Fe III [H 2 O2 ][Substrate ]
d [substrate ]
−
=
dt
K −1 + K I [ ] [H 2 O2 ] + K II [Substrate ]

1.2.5

Eq. 1.3

Applications of FeIII-TAML/H2O2 for degradation of organic pollutants

The FeIII-TAML/H2O2 catalyst systems have shown the possibility of removing organic pollutants in an
effective and efficient manner (Table 10.1). Even at low catalyst concentration of nM to µM and under
ambient conditions, they oxidised pollutants over a broad pH range (~ 3 to14) with high catalyst turnover
(Collins et al. 1990, Ellis et al. 2009, Ellis et al. 2010). Compared to other catalysts, FeIII-TAML
activators have the flexibility for both selective and non-selective processes, they are applicable in
aqueous solution, while other catalyst requires non-aqueous conditions (Marques 2007, Meunier 2000a,
b). Conclusively, for catalytic oxidative purification of large quantity of water, TAML compounds are
presumably the best catalyst option (Okazaki et al. 2002).
For the present research area of phenolic compounds, FeIII-TAMLs have recorded laudable achievements
(Table 10.1). Trace amounts of catalyst have successful oxidised phenolic compounds with concomitant
reduction in toxicity with high catalyst turnover. Even persistent chlorinated phenols (2,4,6-TCP and
PCP) were completely mineralized by the oxidant system without the usual toxic by-products (Gupta et
al. 2002). Pesticides Fenitrothion and Parathion, which contain the 4-NP unit have also been mineralized
by the catalyst system with production of four small aliphatic acids (Chanda et al. 2006). Recently, the
FeIII-TAML catalyst system was applied to oxidise mono- and dinitrophenols, under ambient conditions at
pH 8. Results show fast decontamination (reaction time ≤45 min) resulting mineralization of nitrophenols
into HCO2− and minerals, CO, CO2, NO2−, and NO3− with concomitant reduction in toxicity (Kundu et al.
2015). Furthermore, EDCs such as 17α- and 17β-estradiol, estriol, estrone, and ethinylestradiol were
oxidised with concomitant loss of estrogenic activity by trace amount of catalyst (Table 10.1). These
results have encouraged the present study of oxidising BPA, TCS and NP by the Fe-B*/H2O2 system.
However, at present there is not enough information focusing on how types of phenolic substrates affect
KI rates (Fig. 1.3), competition arising from combining EDC substrates in same solution and effect of
natural organic matters in real wastewater on performance of the oxidant system.
Furthermore, because of the optimised activation of peroxide by Fe-B* at pH 10 (Ellis et al.
2009), most works have applied the Fe-B*/ H2O2 system around pH 10 (as evident in Table 1.0.1).
However for phenol compounds, their phenolate counterparts are presumably easier to oxidise than their
undissociated phenolic counterparts (Kosky et al. 1991), because of higher electron density on the
phenolates (Du et al. 2012). This suggest a monotonic increase in the reaction rates as pH rises, which
differ from optimized rate at pH 10 reported for Fe-B*/H2O2 reactions. In addition, it was observed that
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application of Fe-B* catalyst at sub-optimal conditions due to either pH change or low Fe-B*
concentration could yield toxic intermediate products (Chanda et al. 2006a, Chen et al. 2012). This
indicates a possible change in degradation pathways at sub-optimal conditions. It is therefore essential to
fully establish the risk posed (if any) by oxidising BPA, TCS and NP by Fe-B* / H2O2 outside optimal
conditions of TAML systems.
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Table 10.1 Selected application for FeIII-TAML/peroxide treatment of contaminants in water

Pollutant

Initial
Conc.
Contamin
Turnover
FeTAML
ate conc.

PH

Time

%
Removal

Residual
Toxicity

Remark

Fenitrothion

1 mM

40 µM

25

Max
Oxidati
on pH
10

Estrone

80 µM

80 nM

1,000

8 or 10

15min

>95

5%±3.8

17β-E2

80 µM

80 nM

1,000

8 or 10

15min

>95

4%±1.2

estriol (E3)

80 µM

80 nM

1,000

8 or 10

15min

>95

0.02

17α-Estradiol

80 µM

80 nM

1,000

8 or 10

15min

>95

7%±2.4

EE2

80 µM

80 nM

1,000

8 or 10

15min

>95

0.07

catalyst: substrate
ratios 1:715 (7 µM: 5
mM)

714.28

10

9min

>99.5

No dioxins or other
toxic end product
were detected,

catalyst: substrate
ratios 1: 2000 (2.5
µM: 5 mM)

2,000

10

9min

>99.5

Coupling of products
was noticed.

PCP

2,4,6- TCP

2h

>95
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Different
10-fold
degradation pathway
reduction
and rate were noticed
in toxicity
at pH 8 and 12

concomitant loss of
estrogenic activity

Ref
Chanda et al.
(2006)

Shappell et al.
(2008)
Shappell et al.
(2008)
Shappell et al.
(2008)
Shappell et al.
(2008)
Shappell et al.
(2008)

Gupta et al.
(2002)

Gupta et al.
(2002)

1.3 Research objectives
The overall objective of this research is the elimination and remediation of BPA, TCS and NP
contaminants from water by the Fe-B*/H2O2 oxidation system. The present study aims at filling the
knowledge gaps mentioned above. This study has been designed in sequential steps that would lead to
deeper knowledge for practical applications of Fe-B*/H2O2 in wastewater treatment plants. The specific
research objectives and steps undertaken to achieve these are:

1. Evaluate the fate of BPA, TCS and NP during treatment by Fe-B*/H2O2 under varying
experimental conditions.

2. Develop an understanding that underpin Fe-B*/H2O2 selectivity of a substrate in a mixed solution
of substrates.
3. Establish effect of natural organic compounds on oxidation performance by Fe-B*/H2O2.
The treatment process in this study consist of application of the oxidant system under ambient conditions
close to that of real life waste-water treatment plants. The parameters varied in this work are mainly
catalyst concentration and pH, which are the two possible variables that could occur in a real-life situation
under ambient conditions.

1.4 Thesis framework
This thesis consist of three journal manuscripts (draft) to be submitted to for publication. As a result, the
repetition of some materials were unavoidable. Details of the thesis outline are presented below.

Chapter 1:
This chapter briefly introduces the various sources of EDCs contaminates in the environment, their mode
of interactions with receptor genes and the possible negative health effects resulting from these
interactions. The chapter further highlights the need to remove EDCs from water and explained the
reasons for selecting BPA, TCS and NP for the study. The challenges traditional STP face in treating
selected EDCs which result in untreated compounds in their effluents were also mentioned. A brief
review of the available alternative treatment options using oxidation processes were looked at, then the
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Fe-B*/ H2O2 oxidant system was introduced as a preferable green option for EDC removal. Mechanism of
Fe-B*/ H2O2 reactions, its selective nature and pH dependent reactivity were highlighted. Previous reports
on successive removal of steroidal hormones (Shappell et al. 2008) and phenolic (Gupta et al. 2002)
compounds by Fe-B*/ H2O2 were mentioned as some of the bases supporting the selection of the catalyst
system for the present study.

Chapter 2
Single substrates oxidation by Fe-B*/ H2O2 is were brought to focus in this chapter. The fate of BPA,
TCS and NP under varying pH and Fe-B* concentrations were investigated respectively. It was observed
that both Fe-B*/ H2O2 and substrates are affected by pH variations. Reactions were generally faster in the
alkaline solutions as compared to acidic solutions, while removal rates were optimized around the pKa of
each substrate.
We explored the effects of catalyst concentration at pH 8.5 on removal rates, treatment products,
oxidation pathways and estrogenicity of treated water using LC-MS, GC-MS, LC-ToF-MS, NMR and
yeast estrogenic bio-assay (YES) analysis. It was established that 40 nM Fe-B* activating 4 mM H2O2
was sufficient for over 95 % removal of 43.8 µM BPA, 32.5µM TCS and 22.7µM NP at pH 8.5 under
three hours. Oxidative coupling of compounds was generally identified as the major oxidation pathways.

Chapter 3:
This chapter present journal manuscript aimed at understanding the performance of Fe-B*/ H2O2 when
mixed substrates are present. The focus was on, investigating the selective/ preferential oxidation of
substrate in a solution with mixed substrates by the oxidant system. We employed density functional
theory calculations on the established oxidation pathways in chapter one to glean insight on the possible
reasons for the observed selectivity the oxidant system.
Experiments with binary systems consisting of BPA/TCS, BPA/NP, TCS/NP and ternary system
consisting of BPA/ TCS/NP oxidation by Fe-B*/ H2O2 were carried out. The results show that BPA was
oxidized more than TCS and NP in the mixed solutions. Thermochemical energy calculations using DFT
suggest lesser energy is required to oxidize BPA as compared to TCS and NP under the investigated
operating conditions. The conclusion for on this chapter is that there is a positive correlation between the
DFT calculations and selectivity of Fe-B*/ H2O2 which suggest the oxidant system preferentially select
compound that is thermochemical easier to oxidized among a mixture of alternative substrates.
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Chapter 4:
Oxidation of each of the three substrates in the presence of natural organic matter (NOM) (Suwannee
River water) was investigated. The removal of substrates was monitored with HPLC, while oxidation of
NOM was monitored on the EEM. The main aim was to understand the effect of NOM on performance of
the oxidant system and the possibility of concomitant degradation of NOM and substrates compounds in
water by Fe-B*/ H2O2. Results from this study suggest that certain concentration of NOM enhance
removal of substrates, while excess amount of the NOM introduce competition which reduce substrates
removal rates. This suggest that application of the oxidant system in STP at the tertiary stage could result
in enhanced performance of oxidant system for substrates removal, provided NOM concentration are
reduced to certain limits.

Chapter 5:
This chapter summarizes the results in this thesis and their significance in environmental research and
industrial application, then concluded with overall recommendation and conclusion section. Highlighting
areas where further works is needed and improvements that might result in the optimized performance of
the catalyst system in real life applications.
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CHAPTER 2
Oxidative removal of aqueous contaminants bisphenol A,
triclosan and nonylphenol by H2O2 activated FeIII-TAML
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Chapter Abstract
Oxidative removal of the compounds bisphenol A (BPA), triclosan (TCS) and nonylphenol (NP) from
aqueous solution through treatment with the (FeIII-TAML)/H2O2 (TAML = tetra-amido macrocyclic
ligand) catalytic oxidation system was investigated. The maximum rate of oxidative loss of BPA (43.8
µM), TCS (32.5 µM) and NP (22.7 µM) on treatment withFeIII-TAML (4 nM) and H2O2 (4 mM) occurred
at pH 9.5, 9.0 and 10, respectively. Detailed studies of these oxidation reactions were carried out at the
more environmentally relevant pH of 8.5. At this pH, increasing the catalyst concentration from 4 nM
through to 40 nM increased the rates at which all the substrates were oxidised and at the highest catalyst
concentration (40 nM) each of the substrates was essentially completely removed in under 60 minutes.
Oxidative destruction of BPA and NP both resulted in concomitant reduction in the estrogenicity of the
treated water, as determined by yeast estrogen bio-assay method. The estrogenicity of the product mixture
formed on oxidation of TCS was not accurately determined because of the yeast lysing properties of
residual TCS. The main products detected in the oxidative treatment of BPA, TCS and NP with FeIIITAML (40 nM) and H2O2 (4 mM) were oxidatively coupled dimers, trimers and tetramers. These
coupled products were identified by GC-MS, LC-MS and NMR analysis. No significant amounts of
lower molecular weight products were detected in any of the reactions. In this respect, the FeIIITAML/H2O2 system mimicked the behavior of typical laccase peroxidase enzymes. It is proposed that
the oxidative coupling reactions proceeded via one-electron oxidation of the phenolic substrates followed
by coupling of the resulting phenoxy radicals.
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2.1 Introduction
The widely used phenolic compounds bisphenol A (BPA), triclosan (TCS) and nonylphenol (NP) are
commonly encountered contaminants in wastewater and surface water (Cabana et al. 2007, Kolpin et al.
2002). BPA serves as a material for the production of polycarbonates and epoxy resins that are
extensively used in household plastics and food packing (Huang and Weber 2005, Zhou et al. 2004). TCS
is an antibacterial agent that is incorporated into a wide range of personal care products such as deodorant
sticks, soap and hand wash (Adolfsson-Erici et al. 2002, Yang et al. 2011). The presence of NP in water is
linked to the degradation of nonylphenol ethoxylates, which are mainly used as surfactants for detergents
(Kuch and Ballschmiter 2001, Petrovic et al. 2003). These three phenolic compounds have been reported
as endocrine disruptors (EDs) (Cabana et al. 2007, Fang et al. 2001). BPA is suspected to cause reduced
sperm production in males, as well as testicular and breast cancer (Arboleda et al. 2013, Kabiersch et al.
2011). Triclosan has intrinsic estrogenic and androgenic activity that can potentially cause human breast
cancer and other medical disorders (Fang et al. 2010). The structure of NP shows some similarity to that
of the known ED, estradiol. NP is presumed to initiate the proliferation of breast tumour cells because it
has the potential to mimic the natural hormone 17β-estradiol (Scrimshaw MD 2002.). It is also capable of
interfering with the proper function of androgens that are essential for the normal development of males
and their reproductive systems (Robert J. Gilliom 2007).

Fig. 2.1 Structure of the iron TAML catalyst, Na2[FeB*(Cl)], (denoted FeIII-TAML) used in this study
(Chen et al. 2012)

Phenolic compounds have shown resistance to physical and/or chemical treatment processes in
water and waste water treatment plants, and this has resulted in the presence of untreated phenolic
compounds remaining in the treated effluent streams (Huang and Weber 2005, Liu et al. 2009). A number
of oxidizing agents including chlorine (Deborde and von Gunten 2008), ozone (Garoma and Matsumoto
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2009), Fenton’s reagent (Georgi et al. 2007) and hydrogen peroxide in the presence of catalytic amounts
of FeIII-TAML (see Fig. 2.1) (Gupta et al. 2002) have been investigated for the treatment of water
contaminated with phenols. Among these oxidants, the FeIII-TAML/H2O2 system shows excellent promise
as a viable green technology solution. The iron TAML catalysts themselves are non-toxic, and they
contain no inherently toxic elements (Ellis et al. 2010). They are water-soluble and at sub-mg/L
concentrations effectively activate hydrogen peroxide at room temperature and over a broad pH range (~
3 to 14) (Chanda et al. 2006a). Oxidation systems using these catalysts have been successfully employed
to rapidly and effectively remove from aqueous solution endocrine disrupting chlorinated phenols as well
as a number of steroidal hormones with concomitant reduction in estrogenicity of the solutions (Gupta et
al. 2002, Shappell et al. 2008).
The removal of phenolic compounds by natural peroxidase enzymes has also been well
documented as a potentially benign processes (Kobayashi and Higashimura 2003). In particular, the
removal and detoxification of BPA (Huang and Weber 2005, Uchida et al. 2001) TCS and NP (Cabana et
al. 2007, Murugesan et al. 2010) by this method has been reported. However, the isolation of these
peroxidase enzymes on a large scale for commercial use is very expensive (Ellis 2010). Since the FeIIITAML/H2O2 catalytic oxidation system can mimic the activity of peroxidase enzymes, we were therefore
prompted to investigate whether FeIII-TAML/H2O2 could be used as an oxidative treatment for the
effective removal of BPA, TCS and NP from aqueous solution. In this paper we report that: (i) the
phenolic compounds BPA, TCS and NP all undergo oxidation on treatment with the FeIII-TAML/H2O2
catalytic oxidation system, (ii) changes to the pH and catalyst concentrations influence the oxidation
reactions, (iii) the major oxidation products were identified and, (iv) measurements of the BPA and NP
solutions showed that estrogenicity decreased to very low levels as the oxidation reactions progressed.

2.2 Materials and methods
2.2.1- Materials
Details of the synthesis of FeIII-TAML activators have been reported by (Horwitz et al. 2006). The FeIIITAML used in this was Na2[FeB*(Cl)] (structure is given in Fig. 2.1). Bisphenol A (GC grade > 99 %),
4-nonylphenol (GC grade > 98 %) were purchased from Sigma Aldrich. Triclosan (GC grade > 98 %)
was obtained from Fluka analytical. Hydrogen peroxide (~30% v/w) was purchased from Ajax
FineChem. Reagent grade H2O2 (30% w/v) was purchased from Fluka as aqueous solution and was used
as received. Regenerated Cellulose (RC) 15 mM syringe filters (0.2 µm dia) were supplied by
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Phenomenex. Deionized Milli-Q water (Millipore) and solvents of HPLC grade were used in all
preparations.

2.2.2- Details of the catalytic oxidation reactions
The general procedure used for the catalytic oxidation experiments described in Section 2.2.2a, 2.2.2b and
2.2.2c is as follows. Aliquots of stock solutions of BPA, TCS and NP (all 10,000 mg/L) in methanol were
added to the required volumes of 0.01 M buffer solution (acetate buffer for pH 6.0, and sodium
carbonate/bicarbonate buffer for reactions at pH 8.5 and above) to give solutions with final concentrations
of 10 mg/L BPA and TCS (43.8 μM and 34.5 μM respectively), and 5 mg/L NP (22.7 μM). Aliquots of a
stock solution of FeIII-TAML (40 µM, prepared in deionised water) were added to the buffer solutions
containing the substrates to give the required final concentration (4 – 40 nM). The oxidation reactions
were initiated by adding an aliquot of H2O2 to the buffer solution containing the substrate and catalyst so
that the overall concentration of H2O2 was 4.0 mM. After the required time intervals, aliquots of the
oxidation reactions were removed and the reaction terminated by the addition of catalase (12,000 units of
bovine liver catalase, which is 60 times the concentration capable of destroying 2.0 mL of H2O2 at a
concentration of 4.0 mM in one minute) to rapidly destroy the hydrogen peroxide.

(a) Determination of the effect of pH and catalyst concentration on the rates at which BPA,
TCS and NP are oxidised by FeIII-TAML/H2O2
The general procedure used for these catalytic oxidation experiments was as follows. In a 500 mL
volumetric flask containing 250 mL of the appropriate buffer (0.020 M), aliquots of the standard substrate
and catalyst solutions were added so that when the volume was made up to 500 mL with deionized water.
The final concentrations were 43.8 μM (10 mg/L) for BPA, 34.5 μM (10 mg/L) for TCS and 22.7 μM (5
mg/L) for NP, 4.0 – 40 nM for FeIII-TAML and 0.01M for the buffer. In a typical oxidation reaction, a
120 mL aliquot of the substrate and catalyst mixture in buffer was added to a 500 mL conical flask. The
oxidation reaction was initiated by adding 4 mM H2O2 (0.054 mL of a standard solution 8.821 M) with
rapid and thorough mixing. The reaction mixture was then continuously agitated in a mechanical shaker
(IKA KS 260) at 150 rpm for 180 minutes.
At regular intervals during the 180 minutes, a 2.0 mL sample was withdrawn and transferred to a
test tube. The oxidation reaction was terminated by adding catalase. After stirring for at least 5 minutes,
the solution was filtered through an RC syringe filter into an HPLC vial (2.0 mL). The sample was then
analysed using liquid chromatography-mass spectrometry (Shimadzu LC-MS model 2020) with a
Phenomenex MAX-RP C12 column (2.0 x 150 mm), operated at 30 °C; equip with electrospray
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ionization (ESI). For each analysis, 10 µL of the solution was injected onto the column. The mobile phase
was 80% organic solvent (acetonitrile/methanol, 2/3 v/v) and 20% deionized water with a flow rate of 0.2
mL min-1. BPA, TCS and NP were monitored at (ESI-MS) m/z 227, 288 and 219, respectively, under
isocratic elution for 20 min, in the negative selected ion monitoring mode (SIM). Under these conditions,
peaks for BPA, TCS and NP were detected at retention times of 5, 7 and 12 minutes respectively.
For the kinetic study comparing rates at different pH values, the initial rate method was applied,
in line with previous studies of the FeIII-TAML/H2O2 oxidation kinetic of substrates at different pHs
(Chanda et al. 2006b, Ghosh et al. 2008b). This is because nature of Fe-TAML changes in varied pH
regimes (7-12) (Kundu et al. 2012). The reduction in concentration of substrates with time was used, by
calculating the slope of a linear portion of the concentration vs time plot (for the initial 10 min), the rate
constant (Kini) was obtained for each reaction. Control experiments without FeIII-TAML or H2O2 added to
the reaction mixtures were also carried out. Each oxidation experiment was carried out in triplicate. Stock
solutions of H2O2 were standardised using the molar extinction coefficient of H2O2 at 230 nM (ε = 63
mol-1 L cm-1) and checked by titration (see appendix Data). The amount of hydrogen peroxide remaining
in the oxidation reactions at set time intervals was determined using a standard literature procedure (Long
et al. 1999). The amount of FeIII-TAML remaining after quenching the reactions by the addition of
catalase was determined indirectly by measuring the rate of oxidation of the azo dye, Orange II by the
remaining catalyst (see appendix information for Chapter 2 for more details).

(b) Determination of the residual estrogenic activity of solutions after oxidation
In separate experiments that used the same conditions described in Section 2.2.2a, 2.0 mL samples were
withdrawn at set intervals and the estrogenicity assessed after terminating the reactions with catalase. The
four-hour yeast estrogen screen (YES) bioassay was employed (Heather A. Balsiger et al. 2010), to
measure the estrogenicity of the samples. This method allowed for the screening of multiple samples in a
short amount of time without the need for sample preparation (Routledge E.J. and Sumpter J. 1996). The
procedure for preparing the yeast culture, growth medium and the testing regime for each 2.0 mL sample
is detailed elsewhere (Heather A. Balsiger et al. 2010). All sample solutions and the blanks (without
substrate) were evaluated by measuring the hormone-induced chemiluminescent signal on a Xenogen
IVIS-200 optical in vivo imaging system. The chemiluminescent signals from solutions collected prior to
the addition of FeIII-TAML or H2O2 were normalized to 100% estrogenicity, and this served as a reference
point for subsequent screening test during the reaction.

39

(c) Determination of the products formed vs time during the BPA oxidation reactions
Oxidation reactions of BPA in 0.01M carbonate buffer at pH 8.5 using FeIII-TAML (4.0 – 40 nM) were
carried out as described in Section 2.2a. Aliquots (2.0 mL) were withdrawn at set intervals, quenched by
the addition of catalase and analyzed by LC-MS in the selected ion monitoring mode (SIM).

(d) Identification of products formed in the catalytic oxidation reactions of BPA, TCS and
NP
Buffer solutions (500 mL, 0.01 M, pH 8.5) containing the substrate (i.e. BPA, TCS or NP) and catalyst
were made-up using the procedure described in Section 2.2.2a, H2O2 added to give an overall
concentration of 4 mM and the reaction mixture stirred for 180 min. The solution was then concentrated
by solid phase extraction (SPE) using 500 mg hydrophilic-lipophilic balance (HLB) cartridges from
Waters Corp. The cartridges were preconditioned with 2 mL methanol followed by 2 mL Milli-Q water
before loading the sample onto the cartridge at a flow rate of 10.0 mL min-1. The SPE cartridge were then
dried under high vacuum and then eluted with 5.0 mL methanol at a flow rate of 3 mL min-1. The eluate
was collected and dried by exposure to a slow stream of nitrogen gas. Methanol (2.0 mL) was used to
dissolve the residue which was then analyzed by high resolution (HR) mass spectrometry (Bruker microToF-QII, Bruker Daltonics, Germany) coupled with a Dionex Ultimate 3000 HPLC with autosampler
(Dionex, Germany) following the procedure described previously (Chen et al., 2012). Samples were
scanned within the range m/z 50-1500 in both the positive and negative ESI modes. Pure samples of each
substrate and Fe-TAML were similarly analyzed.
In the case of the BPA oxidation reaction, the methanol sample eluted from the SPE cartridge was
dried under a gentle stream of nitrogen and derivatized for GC-MS analysis by treatment with 150 µL of
BSTFA+TMCS for 2 hrs at 60 ºC. The sample was then dissolved in benzene (350 µL), and 1 µL was
injected into GC-MS for analyses on an Agilent GC 7890A gas chromatogram equipped with a mass
spectrometer (MS) (Agilent 5975C inert XL MSD) with a Triple-Axis detector. The column used was a
Restek RXi-5ms (30 x 0.25 mM x 0.25µm). The samples were analysed by GC-MS according to
literature procedures (Lin et al. 2009). 1H NMR analysis (Bruker AVIII-400 MHz spectrometer) was
carried out on a sample obtained by SPE extraction of a BPA oxidation reaction after the methanol eluent
had been evaporated to dryness under a gentle stream of nitrogen and the products dissolved in CD3OD.
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2.3 Results and discussion
2.3.1 Effect of pH on the rates at which BPA, TCS and NP are oxidised by FeIIITAML/H2O2
It is well documented that the rate at which the catalytic FeIII-TAML/H2O2 system oxidizes organic
substrates is very dependent on the pH of the solution (Chanda et al. 2006b, Ghosh et al. 2008).
Therefore, our initial catalytic studies determined how changes in the pH influence the rates at which each
of the substrates BPA, TCS and NP are oxidized. To obtain these preliminary data, the rates of oxidative
degradation of dilute solutions of each of the substrates BPA (43.8 µM), TCS (32.5 µM) and NP (22.7
µM) by hydrogen peroxide (4 mM) in the presence of the catalyst FeIII-TAML (4 nM) were determined at
pH values of 6.0 – 10.5. Plots of Ct/Co of the organic substrates BPA, TCS and NP vs time under these
conditions are given in Fig. 2.2(a), 2.3(a) and 2.4(a), respectively. The initial rates (Kini) obtained from
these data are plotted vs pH in Fig. 2.2(b) – 2.4(b). The rate constants for substrate loss were calculated
using the initial-rate method, because this has been shown to be the preferred method for measuring FeIIITAML oxidation rates (Chanda et al. 2006b, Ghosh et al. 2008). As expected, it was found that the
oxidation rates are strongly pH dependent. In each case essentially no oxidation was observed at pH 6,
while exponential oxidative removal was observed at pH 8.5 or higher. For each of the three substrates
BPA, TCS and NP the rates of oxidation increase with increasing pH until a maximum is reached and
then decline as the pH is increased still further. The maximum rates of oxidative degradation were
observed at pH 9.5 for BPA, at pH 9.0 for TCS, and at pH 10.0 for NP. The pH at which the maximum
rate was observed for each substrate was either close to (BPA and NP), or higher than (TCS), the pKa of
the substrate (see Table 2.1). This suggests that the maximum rate of oxidation for each phenolic substrate
is only achieved after the corresponding phenolate anions are formed through deprotonation (Du et al.
2012). This is a general observation that has been reported previously for many different phenols with a
range of different oxidants including permanganate (Du et al. 2012, Jiang et al. 2011), chlorine (Rule et
al. 2005), ozone, ferrate (Yang et al. 2011) and horseradish peroxidase (Sakurai et al. 2004, Zhang and
Nicell 2000).
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Fig. 2.2(a) Plots of Ct/C0 vs time for BPA at different pH values (conditions: BPA (initial) (43.8 µM),
FeIII-TAML (4 nM), H2O2 (4 mM), temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data points
are each the mean of triplicate runs with the estimated 3SD limits indicated.
(b) Plot of initial rate of oxidative removal of substrate vs pH (data obtained from plots in (a) with
estimated 3SD limits indicated).

Fig. 2.3(a) Plots of Ct/C0 vs time for TCS at different pH values (conditions: TCS (initial) (32.5 µM),
FeIII-TAML (4 nM), H2O2 (4 mM), temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data points
are each the mean of triplicate runs with estimated 3SD limits indicated.
(b) Plot of initial rate of oxidative removal of substrate vs pH (data obtained from plots in (a) with
estimated 3SD limits indicated).

42

Fig. 2.4(a) Plots of Ct/C0 vs time for NP at different pH values (conditions: NP (initial) (22.7 µM),
FeIII-TAML (4 nM), H2O2 (4 mM), temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data points
are each the mean of triplicate runswith estimated 3SD limits indicated.
(b) Plot of initial rate of oxidative removal of substrate vs pH (data obtained from plots in (a) with
estimated 3SD limits indicated).

Table 2.1 Comparison of the pH at which the rate of oxidation reached a maximum with the pKa values
for each of the substrates BPA, TCS and NP.

Compound

Optimum
pH

pKa of
substrate

BPA

9.5

9.6

Reference for pKa
(Lee et al. 2005,
Sakurai et al. 2004)

TCS

9

7.9

Jiang et al. 2011

NP

10

10.25

Yu et al. 2008

For substrates that do not exhibit pH dependent ionization and are not good ligands for iron, the
rate of oxidation by the FeIII-TAML/H2O2 system usually reaches a maximum at approximately pH 10.5.
This appears to be the pH at which the active iron oxidizing species is formed at the fastest rate in
aqueous solution in the absence of other competing processes. There are a large number of reactions
under equilibrium that contribute to the formation of the active iron oxidizing species. For example, at
very high pH, reversible coordination of hydroxide to the iron centre most likely reduces the rate at which
the active oxidant is formed and this in turn results in the observed reduced substrate oxidation rates
(Chen et al. 2012, Ryabov and Collins 2009). In the case of phenolic substrates, coordination of the
corresponding phenolate anions to iron is expected to be a further factor that influences the pH at which
the maximum rate of oxidation is observed. This is in line with the results of a recent study which
investigated oxidation of nitrophenols by the FeIII-TAML/H2O2 system. Authors observed inhibited
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oxidation at high pHs (above pKa of substrates), which

they associated to reversible binding of

III

nitrophenolate anions to the iron(III) center of the Fe -TAML catalyst; this compromised the catalyst’s
reactivity toward H2O2 at such high pHs (Kundu et al. 2015). Given the number of different reactions and
competing equilibria involved in the catalytic oxidation reactions, it is very difficult to predict the pH at
which the rate of oxidation for each of the substrates BPA, TCS or NP will reach a maximum.

2.3.2 The effect of FeIII-TAML concentration on the Oxidation of BPA, TCS and NP
Since natural waters are normally found in the pH range 6-8.5 (Ellis et al. 2010, EPA 2013), and within
this pH range, the FeIII-TAML/H2O2 catalytic oxidations of BPA, TCS and NP all occur the fastest at pH
8.5, all subsequent reactions were carried out at this pH. In the first instance, the oxidative degradation of
BPA was investigated at a range of different FeIII-TAML concentrations (4 – 40 nM) at pH 8.5 (0.01 M
NaHCO3/Na2CO3 buffer) while the remaining variables (BPA (43.8 µM), H2O2 (4 mM), temperature
(25ºC)) were held constant at the levels used in section 2.3.1. Plots of Ct/C0 (BPA) vs time at catalyst
concentrations of 4, 8, 12, 16, 24 and 40 nM are presented in Fig. 2.5(a). As expected, increasing the
catalyst concentration increased the rate and amount of oxidation. Thus, while less than half of the BPA
was oxidized after 3 hours using FeIII-TAML at 4 nM, nearly complete removal occurred after 2 hours
with FeIII-TAML at 8 nM. Essentially complete removal occurred after just 1 hour with FeIII-TAML
concentrations of 12 or 16 nM, and only 30 minutes was required for nearly complete removal with FeIIITAML at 24 or 40 nM. For the reaction catalysed by FeIII-TAML at 24 nM, the catalyst turnover number
is >1800 and the BPA concentration was lowered to well below the 1 mg/L (4.38 µM) harmful limit for
aquatic organisms (Kabiersch et al. 2011) after 30 minutes.
Measurements of the peroxide remaining in solution vs time revealed that in all cases >50% of
the total added peroxide remained unused over the 3 hour period (Appendix Data Fig. A2.2). Therefore, a
large excess of hydrogen peroxide versus added catalyst was always present in the reactions and this was
not a limiting reagent. In contrast, the half-life of the catalyst under these reaction conditions is only
approximately 15-20 mins (Chanda et al. 2006b) and it is this relatively fast catalyst loss that is primarily
responsible for the slowing rate of BPA oxidation with time. This effect is especially evident in the
oxidation reaction with FeIII-TAML at 4 nM concentration.
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Fig. 2.5 (a) Plots of Ct/C0 vs time for BPA at different concentrations of FeIII-TAML (conditions: BPA
(initial) (43.8 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data
points are each the mean of triplicate runs with estimated 3SD limits indicated.
(b) Residual estrogenic activity vs time for oxidation reactions with different FeIII-TAML concentrations
(conditions as described for Fig. 2.5(a)).

While the results depicted in Fig. 2.5(a) clearly show that levels of BPA in solution can be
lowered to nearly zero by this oxidative treatment, it is essential to show that the oxidised products
formed do not themselves have estrogenic activity. This very important point was illustrated by a recent
study in which it was demonstrated that removal of EE2 from solution through partial oxidation produced
products that have similar estrogenic activity as EE2 itself (Chen et al. 2012). Therefore, the residual
estrogenic activities of the BPA solutions after oxidation with FeIII-TAML at concentrations of 4, 16, 24
and 40 nM were measured at time 0 and after 10 and 60 minutes. The results are depicted in Fig. 2.5(b).
In all cases the estrogenic activity was reduced, with the higher catalyst levels producing faster and more
significant drops in activity. After 60 minutes the solutions resulting from reactions with catalyst
concentrations of 16, 24 and 40 nM had almost no residual estrogenic activity while the reaction with
FeIII-TAML at 4 nM concentration showed approximately 75% activity. It is noteworthy that in all cases
the residual estrogenic activity correlated well with the amount of BPA remaining in solution. Therefore,
for this oxidative treatment system it appears that the products of oxidised BPA have no activity and the
BPA remaining can serve as an indication of residual estrogenicity of the treated solution.
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Fig. 2.6 Plots of Ct/C0 vs time for TCS at different concentrations of FeIII-TAML (conditions: TCS
(initial) (32.5 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data
points are each the mean of triplicate runs with 3SD limits indicated.
Attention was then turned to the effect that different FeIII-TAML concentrations have on the
oxidative degradation of TCS using the same reaction conditions described in section 2.2.2 (TCS (32.5
µM), H2O2 (4 mM), pH 8.5, temperature 25ºC). Plots of Ct/C0 (TCS) vs time at catalyst concentrations of
4, 8, 12, 16, 24 and 40 nM are presented in Fig. 2.6. As was found for the BPA catalytic oxidation
reactions, increases in the catalyst concentration caused increases in the rate of oxidation. At all catalyst
concentrations essentially complete oxidative removal of the TCS was observed after 2 hours. Even after
one hour >90% oxidative removal of TCS was achieved for all the catalyst concentrations except the one
at 4 nM. Unfortunately the yeast lysing properties of TCS at the concentration we used (Cabana et al.
2007) prevented accurate determination of estrogenicity of treated solutions.
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Fig. 2.7 Plots of Ct/C0 vs time for NP at different concentrations of FeIII-TAML (conditions: NP (initial)
(22.7 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). Data points are
each the mean of triplicate runs with estimated 3SD limits indicated.

The effect of changing FeIII-TAML concentrations on the oxidative degradation of NP was also
briefly investigated. Again, the same reaction conditions described in section 2.3.1 were used (NP (22.7
µM), H2O2 (4 mM), pH 8.5, temperature 25ºC). Plots of Ct/C0 (TCS) vs time at catalyst concentrations of
4 and 40 nM are presented in Fig. 2.7. In this case even the reaction with FeIII-TAML at a concentration
of 4 nM gave almost 90% oxidative removal after one hour. As expected, the higher FeIII-TAML
concentration resulted in much faster oxidative loss of NP. Preliminary YES assay screening results
showed the estrogenic activity of the solutions decrease as the amount of remaining NP in solution
decreases. This indicates that the oxidised products formed have minimal estrogenicity.

2.3.3 Identification of products formed in the catalytic oxidation reactions of substrates.
For these studies the FeIII-TAML catalyzed oxidation reactions of BPA, TCS and NP were carried out on
a 500 mL scale. After 180 minutes, the excess hydrogen peroxide was destroyed by the addition of
catalase, the solutions were filtered and the organic products collected by solid phase extraction (SPE).
The collected organic material was eluted with methanol and the major products identified by a
combination of HR-ESI-MS, GC-ESI-MS and NMR spectroscopy. The results obtained for each
compound are discussed in turn below.
On treatment of BPA (43.8 µM) with H2O2 (4 mM) in the presence of FeIII-TAML (4 nM) at pH
8.5 (0.01 M NaHCO3/Na2CO3 buffer) for 180 minutes, HR-ESI-MS (negative ion mode) of the crude
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product collected by SPE (see Fig. 2.8a) showed the presence of two major signals, one corresponding to
unreacted BPA (m/z 227.1082 [M-H]-; calcd. for C15H15O2 227.1067) and the other to an oxidatively
coupled dimer of BPA (m/z 453.2076 [2M-H]-; calcd. for C30H29O4 453.2060). Previous studies of the
oxidation of BPA have determined that the route to oxidatively coupled dimers initially proceeds by one
electron oxidation, either of BPA itself or the phenolate anion of BPA, to produce the corresponding
phenolate radical species (see Scheme 2.1). The radicals can then couple in a number of different ways to
give higher molecular weight products (Arboleda et al. 2013, Kabiersch et al. 2011). For example, it has
been reported that for the horseradish peroxidase catalysed oxidation of BPA, the observed product
distribution can be rationalised if coupling primarily occurs between C1 and O’ (the O’ denoting the
oxygen of a second BPA radical) to give an intermediate that quickly breaks down to give 4isopropenylphenol. This key intermediate is then involved in the formation of higher molecular weight
products. The highest molecular weight products (MW 680) detected were oxidatively coupled trimers of
BPA (Huang and Weber 2005). In another study the oxidation of BPA by manganese dioxide produced
11 products that could be identified (Lin et al. 2009). The highest molecular weight compounds were the
two oxidatively coupled dimers depicted in Scheme 2.1. These isomers are formed by the coupling of
BPA phenolate radicals through C3 and C3’ or C3 and O’. Oxidation of BPA by the hyper lignindegrading fungus Phanerochaete sordida YK-624 has been reported to give the two oxidatively coupled
dimers depicted in Scheme 2.1 as the only products (Wang et al. 2013). These compounds were both fully
characterised, including by NMR spectroscopy.
In the present study, the nature of the oxidatively coupled dimer that was observed by HR-ESIMS at m/z 453 was investigated further. The crude material that was obtained from the catalytic oxidation
reaction was silylated and analysed by GC-MS. Two major peaks were observed in the GC (See Fig.
A2.3). The first peak had a retention time of 51.4 minutes and in the mass spectrum gave a molecular ion
at m/z 742 [M]+. This corresponds to the silylated form of the C-C oxidatively coupled product A depicted
in Scheme 2.1. A further peak with retention time 53.79 minutes gave a signal in the MS at m/z 670 [M]+
and this corresponds to the silylated form of the C-O oxidatively coupled isomer B depicted in Scheme
2.1. From the GC trace, the relative integrals of these two peaks are approximately 46.9 x 108 : 3.3 x108.
Since authentic samples of these silylated compounds were not available, standard response curves could
not be generated for them. However, if it is assumed the responses are very similar, the ratio of A:B
formed in the catalytic oxidation reaction is approximately 14:1. Further support that the C-C oxidatively
coupled product A is formed in larger amounts than the C-O coupled isomer B comes from the 1H NMR
spectrum of the crude reaction product before silylation. Although the signal to noise ratio of the
spectrum was very poor due to the small amounts of material involved, signals assigned to the C-C
coupled product were clearly visible at 6.78 (d, 8.2), 7.05 (d.d, 8.2, 2.4), 7.05(d, 8.6), 6.68(d, 8.6) and
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1.57(s) mg/L whereas the signals corresponding to the C-O coupled isomer could not be clearly discerned
from the background noise (Fig. A2.4).

Fig. 2.8 High resolution ESI mass spectra (negative ion mode) of (a) the reaction products collected by
SPE after treatment of BPA with the FeIII-TAML (4 nM) oxidising system; (b) the reaction products
collected by SPE after treatment of BPA with the FeIII-TAML (40 nM) oxidising system. Conditions in
both cases: BPA (43.8 µM), H2O2 (4 mM), pH 8.5 (0.01 M NaHCO3/Na2CO3 buffer), 180 minutes, 25 °C)
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Scheme 2.1 Proposed mechanism for the oxidative coupling of BPA.
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Fig. 2.9 Plots of the amount of the oxidatively coupled dimer of BPA detected in solution versus time
when BPA is treated with the FeIII-TAML/H2O2 oxidising system with the concentration of FeIII-TAML
set at 4, 8, or 16 nM (conditions: BPA (43.8 µM), H2O2 (4 mM), pH 8.5 (0.01 M NaHCO3/Na2CO3
buffer), 180 minutes, 25 °C). Data points are each the mean of triplicate runs with estimated 3SD limits
indicated.

The influence of catalyst concentration on the amount of the oxidatively coupled products A and
B (Scheme 2.1) formed vs time in the catalytic oxidation of BPA was then investigated. The same general
conditions described above (BPA (43.8 µM), H2O2 (4 mM), pH 8.5) were utilised, with the concentration
of the FeIII-TAML catalyst set at 4, 8 or 16 nM. The reactions were monitored directly (i.e. without SPE)
at set time intervals by LR-ESI-MS (negative ion, m/z 453) in the selected ion monitoring mode (SIM).
The data obtained is presented in Fig. 2.9. For the reaction catalysed by FeIII-TAML at a concentration of
4 nM, the amount of the oxidatively coupled products A and B (Fig. 2.9) rises to a maximum after 60
minutes and then declines slightly over the next 120 minutes. Increasing the catalyst concentration causes
the amount of A and B to rise more rapidly (to approximately the same level), but then also decline more
steeply, ultimately reaching nearly zero within the detection limit of the instrument under these
conditions. For these reactions, the rapid decline of the signal at m/z 453 from its maximum values with
time suggests that the oxidatively coupled products are themselves converted to other products as the
reaction proceeds.
In order to learn more about the products formed in the BPA oxidation reactions that utilise
higher concentrations of catalyst, oxidation reactions using an FeIII-TAML concentration of 40 nM were
investigated under the same general conditions (BPA (43.8 µM), H2O2 (4 mM), pH 8.5 but with the
reaction volume of 500 mL and the products collected by SPE. The HR-ESI mass spectrum obtained for
the products is presented in Fig. 2.8(b). The major peaks are due to the oxidatively coupled BPA dimer
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(m/z 453.2095 [2M-H]-; calcd. for C30H29O4 453.2060), and the oxidatively coupled trimer (m/z 679.3084
[M-H]-; calcd. for C45H43O6 679.3054). Much smaller peaks are observed for the oxidatively coupled
tetramer (m/z 905.4111 [M-H]-; calcd. for C60H57O8 905.4048) and the oxidatively coupled pentamer (m/z
1131.4995 [M-H]-; calcd. for C75H71O10 1131.5042) (data not shown) while very little unreacted BPA
(m/z 227.1120 [M-H]-; calcd. for C15H15O2 227.1067) was detected. These results can be compared with
the HR-ESI mass spectrum of the corresponding oxidation reaction of BPA that utilised the FeIII-TAML
catalyst at a concentration of 4 nM (Fig. 2.8a). In this case only unreacted BPA, the oxidatively coupled
dimer and a very small peak for the oxidatively coupled trimer were observed. Therefore, it appears that
the level of oxidative polymerisation of BPA can be controlled, at least to some extent, by the
concentration of the FeIII-TAML catalyst. However it should be noted that the magnitude of the peaks
observed for the oligomers in Fig. 2.8(b) may not accurately reflect the actual amounts that were formed
in the oxidation reaction because elution of the higher molecular weight oligomers from the SPE
cartridges is unlikely to be quantitative. It is noteworthy that the data in Fig. 2.9 shows that even at a
catalyst loading of 16 nM, most of the oxidatively coupled dimer of BPA is converted to other products
over a period of 3 hours. Superficially, it might appear that the data in Fig. 2.8(a) is inconsistent with this
result. The ESI mass spectrum in Fig. 2.8(b) shows that at the much higher catalyst loading of 40 nM, the
predominant product eluted from the SPE cartridge was the oxidatively coupled dimer. Lesser amounts of
the coupled trimer and tetramer were also present, while essentially no unreacted BPA or lower molecular
weight products were observed. If the reasonable assumption is made that any low molecular weight
fragments resulting from oxidative cleavage of BPA would have been eluted from the SPE cartridge, an
obvious conclusion is that higher molecular weight oligomers or even polymers are formed in
considerable amounts through oxidative coupling, but they are not eluted efficiently from the SPE
cartridge.
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Fig. 2.10 High resolution ESI mass spectra (negative ion mode) of (a) the reaction products collected by
SPE after treatment of TCS with the FeIII-TAML (4 nM) oxidising system; (b) the reaction products
collected by SPE after treatment of TCS with the FeIII-TAML (40 nM) oxidising system. Conditions in
both cases: TCS (34.5 µM), H2O2 (4 mM), pH 8.5 (0.01 M NaHCO3/Na2CO3 buffer), 180 minutes, 25 °C)

Fig. 2.11 High resolution ESI mass spectra (negative ion mode) of the reaction products collected by SPE
after treatment of NP with the FeIII-TAML (4 nM) oxidising system. Conditions: NP (22.7 µM), H2O2 (4
mM), pH 8.5 (0.01 M NaHCO3/Na2CO3 buffer), 180 minutes, 25°C)
As discussed above in section 2.3.2, treatment of TCS (34.5 µM) with H2O2 (4 mM) at pH 8.5 in
the presence of FeIII-TAML at concentrations of either 4 nM or 40 nM resulted in essentially complete
removal of TCS from solution. In the HR-ESI mass spectrum (negative ion mode) of the crude product
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collected by SPE from the reaction carried out with catalyst concentration of 4 nM, the major peaks
corresponded to unreacted TCS (m/z 286.9435 [M-H]-; calcd. for C12H6Cl3O2 286.9506) and the
oxidatively coupled dimer of TCS (m/z 574.5761 [M-H]-; calcd. for C24H11Cl6O4 574.8755) (see Fig.
2.10a). For analogous reactions performed with the FeIII-TAML catalyst concentration at 40 nM, in
addition to these two peaks in the HR-ESI mass spectrum, significant peaks were also observed for the
oxidatively coupled trimer (m/z 862.8085 [M-H]-; calcd. for C36H16Cl9O6 862.8085) and tetramer (m/z
1150.7394 [M-H]-; calcd. for C48H21Cl12O8 1150.7417) of TCS (Fig. 2.10b). This observation that the
main peaks in the HR-ESI mass spectrum are due to oxidatively coupled oligomers mirrors the situation
observed for BPA. It is noteworthy that significant amounts of lower molecular weight compounds such
as 2,4-dichlorphenol, which would result from cleavage of the ether bond in TCS, were not detected. In
contrast, it has been reported that ferrate ion oxidation of TCS predominantly produces low molecular
weight fragmentation products, including 2,4-dichlorphenol and 3-chlorophenol (Yang et al 2011). These
same products were also reported to form in addition to oxidatively coupled dimers and trimers when
TCS is oxidised with Fe(III)-saturated Montmorillonite over a period of days (Liyanapatirana 2010). In
another study, laccase enzymes were found to form oxidatively coupled dimers, trimers and tetramers of
TCS as the primary products products after a 6 hour incubation period (Arboleda 2013). It therefore
appears that the FeIII-TAML/H2O2 catalytic oxidation products more closely resemble those formed by the
laccase enzymes than those formed by the other iron-based chemical oxidants. We have not determined
the structures of the oxidatively coupled dimers, trimers and tetramers formed, but many isomer
possibilities involving coupling of C-C or C-O bonds are possible (Liyanapatirana 2010). The mechanism
of oligomer formation almost certainly involves initial one-electron oxidation of either TCS itself or,
more likely, the corresponding phenolate anion of TCS, to give the phenol radical which undergoes
oxidative coupling reactions to form the observed products (see Fig. 2.1b). Two possible isomers of the
oxidatively coupled dimers are depicted in this Scheme 2.2.
The products formed in the catalytic oxidation of nonylphenol were also briefly investigated. NP
(22.7 µM) was treated with H2O2 (4 mM) at pH 8.5 in the presence of FeIII-TAML (4 nM). Under these
conditions, most of the NP was oxidatively removed after 60 minutes (see Fig. 2.7). The HR-ESI mass
spectrum (negative ion mode) obtained of the crude product collected by SPE is presented in Fig. 2.11.
The major peaks observed are from unreacted NP (m/z 219.1734 [M-H]-; calcd. for C15H23O 219.1743)
and the oxidatively coupled dimer of NP (m/z 437.3421 [M-H]-; calcd. for C30H45O2 437.3414). Trimers
and higher oligomers were not observed under these conditions, although on the basis of the oligomeric
products formed in the reactions with BPA and TCS with higher catalyst loadings it might be expected
that they could be formed by the FeIII-TAML oxidation system. The structures of the oxidatively coupled
dimers were not determined, but a reasonable pathway for the formation of two possible isomers is
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presented in Scheme 2.3. Treatment of NP with laccases has been reported to form oxidatively coupled
dimers, trimers tetramers and pentamers (Cabana et al. 2007) and so again the products formed by the
FeIII-TAML/H2O2 catalytic oxidation bear some resemblance to those formed by laccase enzymes.
Preliminary yeast estrogen screen (YES) bioassay of the products formed by the FeIII-TAML oxidation
system show that the estrogenicity decreases in concert with the removal of NP, indicating that the
oxidized products do not have significant estrogenic activity themselves.

Scheme 2.2 Proposed mechanism for the oxidative coupling of TCS
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Scheme 2.3 Proposed mechanism for the oxidative coupling of NP

56

2.4 Chapter conclusion
The catalytic FeIII-TAML/H2O2 oxidation system effectively removes BPA, TCS (each 10 mg/L) and 5
mg/L NP from water at catalyst:substrate ratios lower than 1:1,000 in much less than one hour at pH 8.5.
The predominant products detected were the higher molecular weight, oxidatively coupled dimers,
trimers, etc. formed by coupling of the corresponding phenolate radicals. In this respect the FeIIITAML/H2O2 oxidation system behaves in a similar manner to the laccase peroxidase enzymes which also
predominantly form coupled products of this type. These observations indicate that a common mechanism
operates for the oxidation of these phenolic compounds, and it is proposed this involves one electron
oxidation of the phenolate anions of the substrates, followed by coupling of the resulting radicals.Yeast
estrogen screen (YES) bioassays demonstrated the products derived from BPA and NP showed very little
estrogenicity. This bioassay could not be carried out for the products derived from TCS because of
interference by residual TCS. For further work, it is recommended that formation of phenoxyl radicals
that are precursor dimer formation be monitored be employing electron paramagnetic resonance (EPR),
and the dimer formed by recorded in-situ using Raman spectroscopy technique. These two techniques
could help increase knowledge on each reaction pathways that led to observed products.
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CHAPTER 3
Oxidative removal of bisphenol A, triclosan, and
nonylphenol by FeIII-TAML/H2O2: competition in mixtures
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Chapter Abstract
This chapter describe investigation on the competitive oxidation of bisphenol A (BPA), triclosan (TCS)
and nonylphenol (NP) by FeIII-TAML /H2O2 (TAML = tetra-amido-macrocyclic ligand) catalytic
oxidation system. The catalyst system was applied to oxidize BPA (43.8 µM), TCS (34.5 µM) and NP
(34.5 µM) in single, binary and ternary mixtures of substrates within the pH range 6 -11. Results show
that oxidation of the three substrates are pH dependent, maximum degradation occurs at pH close to the
pKa of the substrate (for single systems).The most suitable pH for oxidation of the three chemicals is
around pH8.5-9.0. During reactions in this pH range, BPA was preferentially degraded over TCS and NP
in binary and ternary mixtures. Reducing initial BPA to half (22.7 µM) did not change the preferential
selectivity for BPA by FeIII-TAML /H2O2. Oxidation energies for the transformation pathways obtained
using density functional theory (DFT) suggest that phenolates of BPA, TCS and NP are more susceptible
to oxidation than their phenol counterparts. DFT calculations show that BPA and NP require similar
oxidation energy, while TCS is the most difficult. The energy calculations were observed to be consistent
with the selective nature of FeIII-TAML/H2O2, which suggest that easier to oxidize substrate was selected
over harder to oxidize ones. The lower pKa of BPA (pKa 9.6) as compared to NP (pKa 10.2) favored its
selection over NP by the oxidant system at pH 8.5 and 9.0. The study provides new insight into the
degradation of phenols under different pH conditions and the competition of oxidant for substrate present
in mixtures.
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3.1 Introduction
As a result of widespread usage, phenols such as bisphenol A (BPA), triclosan (TCS) and 4-nonylphenol
(NP) are common contaminants of surface water and wastewater (Arboleda et al. 2013, Cabana et al.
2007). BPA is used to produce polycarbonates and epoxy resins incorporated in household plastics and
food packing (Cabana et al. 2007, Kabiersch et al. 2011a), while TCS is an antibacterial agent used in
personal care products (PCP) such as soap and hand wash (Murugesan et al. 2010). NP arises from the
degradation of nonylphenol ethoxylates used as surfactant in detergents (Cabana et al. 2007). BPA is a
known endocrine disrupting chemical (EDC) with the potential to cause low sperm count, breast and
prostate cancer, type 2 diabetes, and other medical disorders (Gould J.C. 1998, Krishnan et al. 1993,
Maffini et al. 2006). Studies have reported TCS to possess intrinsic estrogenic and androgenic activity
with the potentials to cause human breast cancer and other medical disorders (Fang et al. 2010). NP is
capable of interfering with the proper function of androgens that are essential for the normal development
of males and their reproductive systems (Robert J. Gilliom 2007).
Phenolic compounds are resistant to physical/chemical treatment processes in water and waste water
treatment plants, which result in untreated phenol compounds in their effluents (Huang and Weber 2005,
Liu et al. 2009). Phenols in water have been treated by various chemical oxidants including chlorine
(Deborde and von Gunten 2008), ozone (Broséus et al. 2009), Fenton’s reagent (Georgi et al. 2007) and
iron (III) tetra-amido-macrocyclic ligand (FeIII-TAML) /H2O2 (Gupta et al. 2002). Among these oxidants
FeIII-TAML/H2O2 stands out as an alternative green technology (Ellis et al. 2010) which has the potential
of degrading EDCs with concomitant removal of estrogenicity (Shappell et al. 2008). In addition, FeIIITAML self-destroy after degrading pollutants, resulting in environmentally benign effluent (Chanda et al.
2006, Ghosh et al. 2008). The FeIII-TAML system functions by activating the peroxide to form a reactive
intermediate which then oxidise substrates (Popescu et al. 2010). The reactive intermediate is very
reactive even at low catalyst concentration (nM to µM) and more selective than hydroxyl radicals in its
reactivity towards organic compounds (Georgi et al. 2007, Gupta et al. 2002).
The selective nature of Fe-TAML / H2O2 oxidant system was demonstrated in the degradation of
benzene (5mM) and 2,4,5-trichlorophenols (5mM) at pH 10 (Georgi et al. 2007). Authors reported
complete degradation of 2,4,5-trichlorophenols (TCP) in less than 5 min, while only 40 % benzene was
removed in 150 min. Overall, factors that dictates substrate selectivity by FeIII-TAML / H2O2 is yet to be
fully understood. This selective nature of the oxidant is a potential advantage when selective degradation
of organic pollutant among co-existing chemicals is the target, especially in the natural water with a
myriad of chemicals. In the present study we investigate the selective nature of oxidant by observing the
oxidation of BPA, TCS and NP in isolation and in competition for available FeIII-TAML/H2O2. We
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evaluate properties of substrates and how changes in operation conditions cause oxidant to change
targeted substrate for selective oxidation among co-existing chemicals. Variable operating conditions
tested were solution pH, Fe-TAML concentration and number of substrates competing for available
oxidant in solution.

3.2 Materials and Methods
3.2.1 Materials
Details on production of FeIII-TAML activators is in previous study by (Horwitz et al. 2006). Bisphenol A
(GC grade > 99 %) was purchased from Sigma Aldrich. Triclosan (GC grade > 98 %) was obtained from
Fluka Analytical, 4-nonylphenol (GC grade > 98 %) from Sigma Aldrich. Hydrogen peroxide (30 % v/w)
was purchased from Ajax FineChem. Deionised Milli-Q water (Millipore) and solvents of HPLC grade
were used in all preparations.

3.2.2 Reaction Setup
The general procedure used for the catalytic oxidation experiments described is as follows. Aliquots of
stock solutions of BPA, TCS and NP (all 10,000 mg/L) in methanol were added to the required volumes
of 0.01 M buffer solution (acetate buffer for pH 6.0, and sodium carbonate/bicarbonate buffer for
reactions at pH 8.5 and above) to give solutions with final concentrations of 10 mg/L BPA and TCS (43.8
μM and 34.5 μM respectively), and 5 mg/L NP (22.7 μM). Aliquots of a stock solution of FeIII-TAML (40
µM, prepared in deionised water) were added to the buffer solutions containing the substrates to give the
required final concentration (4 – 8 nM). The oxidation reactions were initiated by adding an aliquot of
H2O2 to the buffer solution containing the substrate and catalyst so that the overall concentration of H2O2
was 4.0 mM. After the required time intervals, aliquots of the oxidation reactions were removed and the
reaction terminated by the addition of catalase (12,000 units of bovine liver catalase, which is 60 times
the concentration capable of destroying 2.0 mL of H2O2 at a concentration of 4.0 mM in one minute) to
rapidly destroy the hydrogen peroxide.
Each experiment was performed with 120 mL solution containing 43.8 μM BPA, 34.5 μM TCS
and 22.7 μM NP, in combination or in separate reactors, along with required amount of FeIII-TAML and 4
mM H2O2 at required pH. Experiments were performed in triplicate at a temperature of ～25 ℃.
Reactions were initiated by adding H2O2 to mixture solution of FeIII-TAML and the substrate chemicals

(BPA, TCS and/or NP). The solution was continuously agitated in a mechanical shaker (IKA KS 260) at
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150 rpm. 2mL samples were withdrawn at regular intervals for 180 min. Reactions were terminated by
adding catalase.

3.2.3 Samples Analysis
Substrate concentrations were determined using a liquid chromatograph mass spectrometer (Shimadzu
LC-MS model 2020) with an electrospray ionization (ESI) source. Ten µLs samples were injected into
Phenomenex MAX-RP C12 column (2.0 × 150 mm), operated at 30 °C. The mobile phase was 80%
organic solvent (acetonitrile/methanol, 2/3 v/v) in deionized water at a flow rate of 0.2 mL min-1. BPA,
TCS and NP were monitored at m/z 227, 288 and 219 respectively, under isocratic elution for 20 min, in
the negative selected ion mode (SIM) of the LC-MS machine.

3.2.4 Reaction Pathway and Metabolites
For analyzing reaction pathways, the substrate in aqueous samples obtained after 180 min of reaction
were concentrated by solid phase extraction (SPE) using 500-mg hydrophilic-lipophilic balance (HLB)
cartridge from Waters Corp. The cartridges were preconditioned with 2 mL methanol followed by 2 mL
Milli-Q water. The sample solution was loaded onto the preconditioned cartridge at a flow rate of 10.0
mL min-1. The cartridge was dried under high vacuum and then eluted with 5 mL methanol at a flow rate
of 3 mL min-1. The eluate was then collected, dried, and then dissolved in 2 mL methanol for analysis
with Bruker micro-ToF-QII (Bruker Daltonics, Germany) coupled with a Dionex Ultimate 3000 HPLC
with autosampler (Dionex, Germany) following the procedure described previously (Chen et al., 2012).
The ToF analysis provided the probable molecular formula for byproducts.

3.2.5 Computational methods
The geometry optimisation and energy calculations were performed with Gaussian 09 software suite
using unrestricted DFT (Frisch et al. 2009). The non-local B3LYP functional hybrid method was
employed (Becke 1988, 1993, Lee et al. 1988) with the standard 6-31+G(d,p) basis set(Hariharan and
Pople 1973, Frisch et al. 1984). Zero-point energies were scaled according to Wong (0.9804) (Wong
1996). All the normal modes showed no imaginary frequencies, indicating that they represent minima on
the potential energy surface. The subsequent energy calculations were performed with the larger 6-311+G
(2df,p) basis set. The water simulations were performed with the same method as previously described
using the polarized continuum model (IEFPCM) (Tomasi et al. 2005). The ionisation potentials and
proton affinities were calculated as described in Forseman and Frisch (Foresman and Frisch 1996). The
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dimerization and hydrogen shifts were calculated by subtracting the ZPE corrected energies of the
reactants from the products, i.e., the energy difference (∆𝐸𝐸) for each reaction was obtained by applying
eqn (1) (Reynisson and Steenken 2002):

∆𝐸𝐸 =

� 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

�

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(3.1)

The results are given in Tables A3.1 – A3.3 in the Appendix. Results for calculated thermochemical
energy difference (∆𝐸𝐸) for each step along the oxidation pathways are shown in Fig. 3.6, 3.7 and 3.8 for
BPA, TCS and NP oxidation respectively. The spin densities were derived according to Mulliken
(Mulliken 1962).

3.3 Results and discussion
3.3.1 Effect of pH on oxidative removal of the individual substrates
There was minimal change in concentration of BPA when treatment was carried out by either H2O2 or the
FeIII-TAML catalyst alone (shown in A3.0), similar trend was observed for TCS and NP. Activation of
H2O2 by 4 nM FeIII-TAML catalyst resulted in rapid substrates removal in alkaline solutions (at pH 8.5
and above) as shown in Fig. 3.1. As shown, the percentage BPA removal (at 180 min) increased steadily
from about 5% at pH 6 to a maximum at pH 9.5 (> 50 % removal). Increasing pH above 9.5 caused
reversals of this trend. A similar trend as for BPA removal was observed for TCS removal, however a
more rapid increase in removal percentage was observed at pH 8.5 as compared to pH 6 removal.
Optimum TCS removal was observed at pH 9 (> 90% removal) before the reversals of trend at higher pH.
NP degradation increased rapidly from ~ 8% at pH 6 to ~ 85% at pH 8.5, and was relatively flat between
pHs 9 and 10.5. Previous oxidation studies have shown similar pH-dependent trend for BPA removal,
resulting in deceased removal at pH above 9.6 (i.e., BPA pKa) when treatment was done with chlorine,
permanganate and ozone oxidants (Jiang et al. 2011, Zhang et al. 2013). Similar trend was observed
during peroxidase treatment of BPA by horseradish enzyme (Sakurai et al. 2004). TCS degradation
optimized around pH 8 have also been reported for treatments by permanganate (Mn (VII)) (Jiang et al.
2009) and ferrate (Fe(VI)) (Yang et al. 2011). Previously, pH trend has been observed for FeIII-TAML/
H2O2 treatment of 17α-ethinylestradiol (EE2) (Chen et al. 2012), results show optimized removal at pH
10.2 before the reversals in rate constants at higher pHs.
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Fig. 3.1 The pH dependent removal of (a) BPA, (b) TCS, and (c) NP. Bars show the mean + standard
deviation of triplicate measurements. Reaction conditions are [BPAinitial] = 43.8 µM, [TCSinitial] = 34.5
µM, [NPinitial] = 22.7 µM, FeIII-TAML/H2O2 (4nM/4mM), and temperature ~25ºC.
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Fig. 3.2 FeIII-TAML/H2O2 (8nM/4mM) degradation of  43.8 µM BPA,  34.5 µM TCS and  22.7 µM
NP at pH 9. Markers show the mean values and vertical bars show the ± Standard deviations from
triplicate measurements.
It is however important to note that activation of H2O2 by FeIII-TAML is a precursor for the
formation of the reactive intermediate complex that oxidize substrates. Studies have shown that the
deprotonated form of FeIII-TAML is the most reactive specie in activating peroxide (Collins 2011,
Ryabov and Collins 2009) and for the FeIII-TAML type used here (pKa 10), reactivity is optimal at pH 10
(Ellis et al. 2010, Ryabov and Collins 2009). The reactive species has been characterized as Fe(V)=O
complex in non-aqeous media, while the precise nature of the reactive complex in water is not known
with certainty (de Oliveira et al. 2007, Popescu et al. 2010). Above pH 10, rate of formation of the
reactive intermediate decline due to deprotonation of H2O2 (pKa 11.2-11.6 (Jones 1999)). This suggests
that substrates properties and reactivity of the oxidant are a pH-dependent. Possible reason for the
observed optimized removal of BPA and TCS at pH lower than the pH reported for the optimized
reactivity of FeIII-TAML/H2O2 (i.e., pH 10) have been elaborated elsewhere (Chapter 2).
As the degradation of BPA, TCS and NP is high at pH 9, but decreased for TCS and BPA at higher
pHs, subsequent experiments were conducted at pH 9. Increasing the catalyst concentration from 4 nM to
8 nM led to over 90% removal of the three substrates. The time course removal of individual substrate
(single system) by FeIII-TAML/ H2O2 (8nM/4mm) is shown in Fig. 3.2 above. As shown, rapid removal of
the three substrates were detected within the first 30 min, followed by a slower removal up to 180
minutes. Over 50% BPA was removed within the first 30 min, while over 80 % TCS and NP was
removed within the same period. Reducing the BPA concentration to half (22 µM) caused complete
removal by FeIII-TAML/ H2O2 (4nM/4mm) with 3 hrs (data not shown). Similar increase in removal rates
of BPA, TCS and NP due to increased FeIII-TAML concentration have been reported at pH 8.5 (Chapter
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2), indicating the ratio significant of the catalyst to substrate ratio for complete removal of substrates
under investigation.

3.3.2 Oxidative removal of BPA, TCS and NP in binary systems by FeIII-TAML/H2O2
Selectivity for target organic compound by FeIII-TAML/H2O2 in singles systems have previously been
reported (Georgi et al. 2007). Preferential selectivity for either BPA, TCS or NP by the FeIII-TAML/H2O2
system (8nM/4nM) was investigated in binary solutions; thereby introducing competition among
substrates at pH 9 for available oxidant. The time-course degradation of binary mixtures consisting of
BPA/TCS, BPA/NP and TCS/NP are shown in Fig. 3.3(a) – 3.3(c). Generally, rapid removal of BPA
within the first 30 min is observed in the presence of TCS (Fig. 3.3a) or NP (Fig. 3.3b). BPA removal was
only slightly affected by the presence of either TCS or NP as compared to BPA removal in single system
(Fig. 3.2). In both binary systems (Fig. 3.3a & 3.3b), over 50% BPA was removed within the first 30 min,
which is close to what is observed in the single system. However, we observed about 10% BPA residual
at 180 min in the binary systems as compared to < 5% residual in the single system of Fig. 3.2 above,
suggesting some level of competition of TCS and NP with BPA for available oxidant. On the other hand,
the degradation of TCS and NP was observed to be greatly affected by the presence of BPA as shown in
Fig. 3.3(a) and Fig. 3.30(b) respectively. The percentage TCS and NP removed (at 180 min) was lowered
by > 60% in the presence of BPA. Over the 180 min time-course, only about ~10% of TCS and ~30% of
NP were degraded. These results indicate selectivity for BPA by FeIII-TAML/H2O2 over TCS and NP
under the experimental conditions. In a binary mixture of TCS/NP (Fig. 3.3c) the removal of both
compounds was more rapid in the first 30 min as compared to their removal in the presence of BPA. The
percentage residual of TCS and NP were ~60 % and ~80 % respectively at 180 min, a significant
improvement as compared to their removal in the presence of BPA. However, their individual removal
rate here is clearly lower as compared to the single system (Fig. 3.2). Result in Fig. 3.3 (c) clearly show
preference for TCS over NP by the oxidant system.
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Fig. 3.3 Oxidation in binary mixtures (a) BPA and TCS, (b) BPA and NP, and (c) TCS and NP by FeIIITAML/H2O2 (8 nM/4 mM). Initial conditions:  BPA (43.8 µM),  TCS (34.5 µM),  NP (22.7 µM) at
pH 9 and temperature ~ 25ºC.

3.3.3 Substrate removal in ternary systems by FeIII-TAML/H2O2
Moving closer to a real situation, degradation of a ternary mixture (BPA/TCS/NP) by FeIII-TAML/H2O2
(8 nM/4 nM) at pH 9 investigated. The degradation results for the three substrates are presented in Fig.
3.4 showing BPA time dependent removal (Fig. 3.4a) and percentage residual of TCS and NP at 180 min
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(Fig. 3.4b). To evaluate the effect of initial BPA concentration on the oxidation process, the 43.8 µM
BPA was then reduced to half (22.0 µM), while concentration of TCS and NP were unaltered. Under both
conditions (i.e., 43.8µM and 22.0 µM of BPA), we observed rapid BPA removal within the first 30 min,
followed by a more gentle removal over the next 150 min (Fig. 3.4a). TCS and NP removal were
relatively minor over the entire 3 hrs reaction time (data not shown). As shown in Fig. 3.4(a), competition
from both TCS and NP resulted in slower and incomplete BPA (43.8 µM) degradation as compared to
BPA removal in the binary mixtures. Similarly, the degradation of both NP and TCS were also lowered
(to below 10%) as compared to the binary mixtures. It is clearly evident that the 43.8 µM BPA is
degraded more than the TCS (34.5 µM) and NP (22.7 µM) by FeIII-TAML/H2O2. Reducing BPA
concentration to half initial concentration (22 µM) resulted in virtually complete BPA degradation;
accompanied by higher degradations of NP and TCS (40% of NP and 20% of TCS was degraded).
Although TCS and NP removal increased due to reducing initial BPA concentration, it is evidently clear
that BPA is oxidized more than TCS and NP. Suggesting selectivity for BPA over TCS and NP is not
mainly based on the initial concentration of BPA.

Fig. 3.4 Effect of BPA concentration on degradation of TCS and NP in ternary mixture by FeIIITAML/H2O2 at pH 9. (a) Plots for  BPA (43.8 µM) and  BPA (22.0 µM). (b) TCS and NP residual at
180 min in presence of BPA (43.8 µM) and half BPA (22.0 µM). Initial conditions: BPA, TCS (34.5 µM)
and NP (22.7 µM), and [FeIII-TAML/H2O2] = 8nM/4mM.

The pH of the solution is known to affect properties of phenol compounds (Kosky et al. 1991) and
their oxidation rates, as observed in Fig. 3.1 and in previous study (Du et al. 2012). Dissociation of
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phenol compounds is well-known to make their oxidation easier than un-dissociated counterparts because
of higher electron density on the phenolates than that of phenols (Banoo and Stewart 1969, Du et al.
2012). We examine the role of substrates ionization on the degradation process in the ternary mixture
using 22.0 µM initial BPA concentration at pH 8.5 (Fig. 3.5) below. Hence making only TCS (pKa 7.9) in
the phenolate form, while BPA (pKa 9.6) and NP (pKa 10) are un-dissociated. Under this condition, BPA
(22.0 µM) degradation in the ternary mixture was slightly lower as compared to pH 9 (Fig. 3.4a), while
removal of TCS and NP increased to ~80 % and 90 % respectively as compared to their removal under
similar condition at pH 9 (Fig. 3.4). Rapid degradation of BPA and NP were observed within the first
hour, before removal of both compound plateau for the remaining 2 hours. Time-course removal of TCS
show a comparatively gentle process for the first hour (~ 10 % removal), followed steep removal over the
following hour, resulting in over 50% removal, followed by the plateau for the following hour (120180min). This observed targeted selectivity by FeIII-TAML/H2O2 for organic pollutant was also observed
in a related study, where benzene (5 mM) and 2,4,5-trichlorophenol (TCP) were oxidized by FeIIITAML/H2O2 (2.5µM/ 500mM) at pH 10 (single system). Over 90 % removal of TCP was observed
within 10 min, while residual 70 % benzene was reported at 150 min reaction time (Georgi et al. 2007).
Similar selectivity for BPA and NP over TCS by laccase enzyme at pH 5 in single systems have been
reported (Cabana et al. 2007). Authors observed complete removal of BPA (22 µM) and NP (22.7µM),
while only 65 % of the initial TCS (17.3 µM) was oxidized by 1, 10 and 100 UL-1 (enzyme unit)
respectively of laccase activity. Though different concentration of the laccase activity was employed, it is
evident that TCS removal was the most difficult. It is noteworthy that similar reaction products of BPA,
TCS and NP identified for treatment by FeIII-TAML/H2O2 (Chapter 2) were reported for laccase activity,
indicating similar substrates reaction pathways.
Effort to oxidize the three as dissociated substrates at pH 7 (below pKa of TCS) resulted in minimal
degradation of all substrates (< 5% removal) in the single and mixed systems (data not presented).
Degradation of BPA (43.8 µM), TCS (34.5 µM) and NP (22.7µM) in ternary systems at pH 7, 10 and 11
by FeIII-TAML/H2O2 (8nM/4mm) is shown in the appendix (Fig. A3.1). Minimal change in substrates
concentration was observed at pH 7, at higher pH values (10 and 11), BPA removal was above 50 %,
while TCS and NP removal remain low (< 30%). BPA residual was 20 % (at 180 min) at pH 10, this
increased to 40 % at pH 11. Indicating reduced performance of the system at lower and higher pH levels.
The low performance of the oxidant system at neutral pH and at high pH values (> 10) has been explained
earlier. This prevented further investigation on the activity of substrate ionization on their selectivity by
the oxidant system. However, within the observed limits, it is clear that ionization of substrates correlate
positively to their selective oxidation by the oxidant system, while type of substrate is a dominant factor
that dictates substrate selectivity by FeIII-TAML/H2O2 system.
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Fig. 3.5 Substrate degradation by FeIII-TAML/H2O2 (8nM/4mM) at pH 8.5 in ternary mixture of  BPA
(22 µM),  TCS (34.5 µM) and  NP (22.7 µM). Values shown are the mean + SD of triplicate.

3.3.4 Quantum chemical calculations on the oxidation cascades
In our previous study, we identified higher molecular weight treatment products for BPA, TCS and NP
(single system) treated with FeIII-TAML/H2O2 under the conditions investigated here (see Chapter 2).
Products identification by mass spectrometric analysis using LC-MS, high resolution LC-Tof-MS, GCMS suggest dimers of each compound were formed, which could form trimer and further polymerized
products at higher catalyst concentrations (i.e., > 8 nM FeIII-TAML). The GC-MS analysis of derivatised
sample of treated BPA, in conjunction with 1H NMR analysis of treated BPA indicates two dimers were
formed via C-C and C-O coupling, both via carbon atoms at the ortho positions on the phenyl ring. Based
on these results, it is proposed that FeIII-TAML/H2O2 mediated one-electron oxidation of phenol
compounds via peroxidase reactions by the catalyst to form BPA oligomer products. Similar TCS and NP
oligomer products were identified after treatment with FeIII-TAML/H2O2, which suggest similar oxidation
pathways as with BPA treatment. Similar coupled products of BPA, TCS and NP have been reported for
oxidation by peroxidase reactions by natural enzymes (Cabana et al. 2007, Caza N et al. 1999, Sakuyama
et al. 2003), which support the peroxidase-like reactions of FeIII-TAML (Ghosh et al. 2008).
Based on these experiments it is possible to propose a reaction pathway for the compounds with
the aid of quantum chemical calculations. The proposed oxidation pathway for BPA oxidized by FeIIITAML/H2O2 is shown in Fig. 3.6 below. This shows pathways BPA’s phenol and phenolate species,
simulating oxidation at low and high pHs respectively. BPA (phenol specie) one-electron oxidation lead
to the formation of the reactive phenoxy radicals, followed by deprotonation from the relevant O-H sites
to form more stable neutral radicals (as compare to the phenoxy radicals). On the other hand, phenolate
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BPA is directly oxidized to form the neutral radical. Coupling of neutral radicals could then occur,
followed by proton shift (tautomerization), where aromaticity is regained. Time dependent product
formation monitored on the LC-MS suggests BPA dimer is the first intermediate formed which led to
formation of oligomers (Chapter 2). For simplicity, only details of dimer formation are presented in the
pathway, while oligomer could occur by coupling of more neutral radicals. Similar pathway is proposed
for TCS (Fig. 3.7) and NP (Fig. 3.8) oxidation. These proposed pathways are consistent with previously
reported peroxidase reactions pathways for phenols mediated by enzymatic reactions (Cabana et al. 2007,
Kabiersch et al. 2011b, Murugesan et al. 2010).
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Scheme 3.1 Structures of the neutral radical of a) BPA, b) TCS and c) NP showing the spin density of
carbon atoms available for coupling; Calculated by Mulliken method
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Predicting dimers’ structure from the reactions discussed above is dependent on accurate location
of the most reactive carbon atoms of neutral radicals which take part in the coupling reactions. Optimized
structures for these radicals are shown in Scheme 3.1 above showing the spin density values for the
different C atoms. BPA has two aromatic rings, each contain hydroxyl group located at C3 and C13, a
mirror opposite position to the methylene group at C6 and C10 positions. As expected, it was found that
the spin density was evenly distributed around each phenolic moiety of the phenoxy radicals prior to
deprotonating (due to the symmetrical nature of the compound). Upon deprotonating, spin density was
redistributed, which cause the deprotonated aromatic ring to have significantly higher spin densities
associated with the ring as compared to the un-deprotonated ring. The electron density at positions C2, C4
and C6 and the O atom (oxygen) of BPA radical are 0.322, 0.263, 0.436 and 0.362 respectively, which are
the highest value for all the atoms of the neutral radical (Scheme 3.1). Given the steric hindrance to the
methylene group C6 for coupling to occur with another BPA radical, it can be anticipated that coupling of
carbon atoms to that position is less likely to occur. Carbon positions C2 and C4 and the O have relatively
little steric hindrance, these positions are therefore the most favourable site for coupling with another
BPA radical. The identified two BPA dimer products (C-C and C-O coupled products) by the GC-MS
analysis and the coupled C-C BPA dimer product (via ortho position) identified by 1H NMR analysis in
Chapter 2 is consistent with coupling occurring at C2 and C4 and O positions. Similarly, BPA dimer
formed via C-C and C-O ortho-positions coupling have been identified by 1H proton NMR analysis for
BPA treated by hyper lignin- degrading fungus Phanerochaete sordida (Wang et al. 2013). Similar C-C
ortho-position coupled BPA dimer have been identified by NMR analysis for BPA treated by laccase
enzyme from Trametes villosa (Uchida et al. 2001). All these results are consistent with our DFT
predicted location of reactive C atoms taking part in the coupling reaction to form BPA dimer. It is
noteworthy that the calculated spin density for the neutral BPA radical here is a perfect match to
calculations in previous DFT calculation (Lin et al. 2009) at the same level of theory. This support the
calculations done here, which afford us the opportunity to use BPA calculations as an internal standard
that support spin density distributions calculated for TCS and NP radicals in Scheme 3.1 (at the same
level of theory as for BPA).
TCS has two aromatic rings, one of which has hydroxyl group located at C2 and a chlorine atom
at meta position C5. The second aromatic ring has two chlorine atoms attached at C12 and C15. DFT
calculations suggest spin densities are higher around the deprotonated ring as compared to non-phenolic
ring (Scheme 3.1). The spin density are highest at positions C1 (0.302), C3 (0.185) and C6 (0.333) and the
O (0.333). As suggested earlier for BPA radical, carbon C1 (methylene group) is sterically hindered from
taking part in the coupling reactions that could have formed observed TCS dimer, it is therefore
anticipated that C at the para and ortho positions in conjunction with the O atom take part in the coupling
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reactions between two TCS neutral radicals. Spin density distribution for NP neutral radical show
similarity to that calculated for BPA. For the available C atoms, highest spin densities occur at the two
ortho positions C2 (0.264) and C4 (0.265). The O (0.405) equally has high spin densities. Indicating most
favoured positions for radical coupling. At present, we have no NMR results suggesting the exact C
locations which coupled for the formation of TCS dimer and NP dimer, however, considering the good
prediction observed for BPA dimer, it is logical to expect that calculations for TCS and NP can also
accurately suggest coupling positions for their neutral radicals.
The DFT based solution is able to provide guidance with respect to where reactions occur by
accurate location of the spin densities on atoms because DFT accounts for the electron-electron
interactions more rigorously than other theoretical calculations such as the Unrestricted Hartree-Fock
(UHF) method (Barr et al. 2011). DFT has been successfully used to predict physical and chemical
properties of organic compounds (Reynisson and Steenken 2002) and their reaction pathways (Reynisson
and Steenken 2005) with close correlation with experimental results (Drew and Reynisson 2012).
Moreover, similar method used here have been successively used to predict cytochrome P450 (P450)
mediated one electron oxidation of organic compounds (Fe-TAML is designed to mimic P450) (Drew and
Reynisson 2012). This supports that DFT calculations are reliable to infer what occurred during
laboratory experiments.
Thermodynamic investigation of energy difference between each step of the reaction pathways
for the phenol and phenolate specie of BPA, TCS and NP is shown in Fig. 3.5, 3.6 and 3.7 respectively.
Calculated energy difference in vacuum (Vac) and water solvent (Aqu) is shown for all cases,
simulating reaction in vacuum and in water. As shown in the reaction pathways for the three compounds,
the ionization potential (oxidations) and the proton abstraction steps are the two stages that are
endothermic in the pathways for the three compounds, while dimerization and proton shift are all
exothermic. This indicate that energy is required for these two initial steps (i.e., ionization and proton
abstraction). By our calculations, ionization energy required for the oxidation of phenolates BPA, TCS
and NP are 35, 33 and 39 kcal mol-1 easier as compared to their un-deprotonated phenol counterparts
respectively. The proton abstraction reactions are endothermic, requiring +259.6, +252.7 and +255.8 kcal
mol-1 for BPA, TCS and NP’s phenoxyl radicals respectively to be converted to neutral radical; however
these values are less than the H+ hydration energy (ΔE= -263.9 kcal mol-1) (Tissandier et al. 1998). This
indicate that the proton abstraction processes can occur spontaneously after one-electron oxidation of
parent compounds.
The reduced ionization energy for phenolate as compared to phenol species of substrate is
expected due to the increase electron density around phenolates. In the laboratory experiments (Fig. 3.1a 3.1c), we observed increased removal percentage of the three substrates as pH rises, especially moving
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from slightly acidic solution (pH 6) to highly alkaline solution. This increments in substrate removal with
pH rise is consistent with the reduction in ionization energy for phenolate. It is possible that this increased
reaction rate with pH increment is contributed by the deprotonating of substrates, in addition to catalyst
deprotonating effect explained earlier. Similar ionization energy calculations using the B3LYP method by
DFT were done for organic substrates such as Guanosine (Reynisson and Steenken 2002), it was observed
that the present method underestimated ionization energy by some 5%. Because the B3LYP method tend
to over-correlate electrons(Bally and Sastry 1997). Similarly, 5% underestimation of ionization energy
was observed for adenine by this method as compared to experiment results (Reynisson and Steenken
2002). Indicating a possible 5% underestimation of ionization energy for all our calculations. However,
since all calculations are done at the same B3LYP level of theory, it is safe to compare relative results.
The displayed selectivity for BPA over TCS and NP at pH 9 is consistent with DFT calculated
ionization energy. According to the DFT calculations, energy spent to oxidize phenol and phenolate
species of BPA are +134.2 kcal mol-1 and + 99.8 kcal mol-1, this is lower than the +142.5 kcal mol-1 and
+109.8 kcal mol-1 for the TCS counterparts respectively. The oxidation energy require for NP phenol and
phenolate (+ 137.8 kcal mol-1 and + 98.8 kcal mol-1 respectively) is close to calculated values for BPA.
However, considering the difference between the pKa of BPA and NP, the phenol form of NP compete
mainly with phenolate BPA at pH 8.5 and 9. We hypothesize that the preferential oxidation of BPA over
TCS and NP by FeIII-TAML/ H2O2 at pH 9 is therefore due to the lower energy required to oxidize BPA
(ionized and unionized forms) as compare to TCS and NP. Similarly, the DFT estimates support the
observation in Fig. 3.2(c); at pH 9 TCS deprotonation makes it favorable for degradation over
undissociated NP (pKa 10.3). Although it may be argued that higher initial concentration of TCS as
compare to NP favored its selective oxidation in Fig. 3.2(c). The decreased BPA removal and enhanced
TCS and NP removal at lower pH (from 9 to 8.5) in Fig.3.4 support present hypothesis. Which suggest
lowering the pH reduced BPA to mainly phenol specie, this afford better competition from NP (phenol
specie) and TCS (mainly phenolate) with BPA. The fact that BPA and NP were equally degraded (100%)
while only 65% TCS was degraded at pH 5 by laccase enzyme treatment (Cabana et al. 2007) support that
TCS is harder to oxidizes, while BPA and NP (phenol species) have close oxidation requirement. This is
consistent with present DFT calculations.
There is need to highlight that thermochemical energy calculations approach was used here to
help explain reactions kinetics and the preferential selectivity of substrates by the catalyst system. These
energy calculations appear to fit and give insight to kinetics and the preferential selectivity observed in
laboratory experiments. Furthermore, oxidation pathways represented in Fig. 3.6 to 3.8 are for the
oxidation of single substrate, it is plausible that in the presence of multiple substrates the reaction
pathways becomes more complex, i.e. reactions between substrates.
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For reactions between substrates, it is possible that after the formation neutral radicals (step 4 in
Fig. 3.6, 3.7 and 3.8), cross-coupling between two or more phenoxyl radicals of substrates could occur in
the binary and ternary solutions, producing more complex products. For this study, it is important to
highlight that while pathways that could lead to formation of cross-coupled products is highly likely, the
most important endothermic steps (steps 1-4) are precursor for cross-coupling process too. Hence, even
cross-coupling pathways would have negligible effect on the preferential selectivity of the oxidant system
as explained here. However, complexity in kinetic could occur where large amount of these neutral
radicals for BPA, TCS and NP are produced by the oxidant within it’s 60 min active life time, while
these radicals continue to cross-couple long afterwards. This could explain the reason for the slow
removal of TCS in Fig. 3.5 within the first hour, while possible cross-coupling between radicals of TCS
with BPA or NP radicals could have resulted in the fast removal of TCS after one hour. Similar
explanation is applicable for the relatively slower removal of NP within the first 30 min as compare to
BPA removal (Fig. 3.5). It is logical to expect cross-coupling between BPA and NP to be easier as
compared to either cross coupling with TCS, this further support the trend of substrate removal BPA>
NP> TCS shown in Fig. 3.5. It is recommended that further in-depth study monitoring of formation of
neutral radicals and their coupled/ or cross-coupled product be done, in order to have more insight on the
reaction mechanism taking place in multi-substrate reactions. For future work, it is recommended that
electron paramagnetic resonance (EPR) technique is employed to monitor phenoxyl radicals formation,
and coupled products formed is study in-situ (during reactions) using Raman spectroscopy technique.

3.4 Chapter Conclusions
The following conclusions can be drawn from this study:
•

Phenolates are more susceptible to oxidation than phenols; this is consistent with ionization energies
calculated by DFT.

•

The selectivity sequence for FeIII-TAML is similar to selectivity sequence of laccase enzyme (is BPA
~ NP > TCS).

•

DFT is able to guide in predicting structure of treatment products for BPA, TCS and NP reactions by
FeIII-TAML catalyst system.

•

Results here suggest FeIII-TAML oxidant system selectively degraded easier to oxidize substrates
over harder ones, and DFT calculations could guide towards knowing which substrate is easier to
oxidize at different pH values.
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CHAPTER 4
Oxidative removal of phenol compounds by FeIII-TAML /
H2O2 in the presence of natural organic compounds
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Chapter Abstract
The influence of natural organic matter (NOM) on the oxidation of bisphenol A (BPA), triclosan (TCS)
and nonlyphenol (NP) by iron (III) tetra-amido-macrocyclic ligand (Fe-TAML)/ H2O2 oxidant system was
investigated. The Fe-TAML/ H2O2 mediated oxidative removal of BPA, TCS and NP in the presence of 1
to 25 mg L-1 NOM was studied. The removal of the 10 mg L-1 BPA (43.8 µM) was enhanced in the
presence of 1 mg L-1 NOM. However, in the presence of higher NOM concentration (≥ 5 mg L-1), BPA
removal reduced. Similar trend for BPA removals was observed for the 10 mg L-1 TCS (34.5 µM), and
the 5 mg L-1 NP (22.7 µM). Detailed studies of NOM constituent and their interactions with BPA, TCS,
NP and Fe-TAML/ H2O2 was then carried out. The excitation-emission matrix (EEM) analysis show that
the NOM is rich in humic acid. The NOM molecular structure is mainly aromatics, rich with phenolic
moieties. The EEM analysis showed that the humic constituent of NOM were been oxidized by the FeTAML/ H2O2. Oxidation of BPA, TCS and NP by oxidants in the absence of NOM resulted in selfcoupling, forming oligomers. In the presence of NOM, possible cross-coupling of NOM molecules
having phenolic moieties with BPA, TCS and NP were explored using guaiacol as surrogate NOM. The
high resolution mass spectra (MS) show molecular ions corresponding to cross-coupled products of
guaiacol-substrates. Suggesting that NOM molecules with phenol functionalities could part take in crosscoupling with BPA, TCS and NP molecules. Based on our analysis, it was therefore proposed that in low
NOM concentration, the presence of humic acid and the cross-coupling between NOM and substrates
could enhance removal. In the presence of excess NOM concentration, competition by NOM molecules
for available oxidant hinders oxidation of substrates.
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4.1 Introduction
Phenol structure has hydrophobic effect on properties of compounds, this enables phenolic compounds
escape the physical/ chemical treatment processes in traditional waste water treatment plants (WWTP)
(Huang and Weber 2005, Liu et al. 2009). As a result, untreated phenol compounds are released to the
environment in a continuous mode, raising concern on the health implication of these compounds. Studies
have shown that presence of phenolic moiety on the structure of natural and synthetic compounds show
positive correlation with oestrogenicity (Fang et al. 2001). While the hydrophobic nature of phenol
compounds enable them to bio-accumulate in the cell of organisms to an acute concentration (AdolfssonErici et al. 2002, Uguz et al. 2003). Hence, even at very low environmental concentration, these chemicals
are still detrimental to humans, animals and aquatic lives (Jiang et al., 2005). Phenol compounds such as
bisphenol A (a plasticiser), nonylphenol (a surfactant) and triclosan (an antibacterial) are among the most
frequently detected phenolic contaminants in surface and ground water; mainly resulting from effluents of
traditional WWTP (Boyd et al. 2004, Kolpin et al. 2002, Kolpin et al. 2004). Research have shown that
these three compounds are endocrine disrupting compounds (EDCs) with the potential to cause breast and
prostate cancer, sex disorder and many other medical disorders (Arboleda et al. 2013, Fang et al. 2010,
Kolpin et al. 2002). This pose a direct threat to aquatic species in the contaminated water and a potential
health risk to humans. The water and wastewater industry is therefore challenged to develop an effective
and practical means of eliminating these compounds from water and reduce exposure to living organisms.
Because of the negative health effects of phenol compounds, various researches are currently ongoing to find the most effective means of reducing and removing these chemicals from water bodies.
Chemical oxidants such as chlorine (Deborde and von Gunten 2008) and ozone (Broséus et al. 2009),
Fenton’s reagent (Georgi et al. 2007) have been applied to treat phenolic compounds. Treatment by
chlorine is challenged by the potential of producing more toxic chlorinated by-products (Rule et al. 2005).
Ozone process is costly due to the requirement of high energy and reagent input. Fenton process
application is limited to pH below 5, as Fe(III) could precipitate as hydrous oxyhydroxides Fe2O3.nH2O
at pH >5 (Georgi et al. 2007). Enzymatic reactions mediated by natural enzymes (Caza N et al. 1999,
Sakuyama et al. 2003) and enzymes-like process of iron (III) tetra-amido-macrocyclic ligand (Fe-TAML)
/ H2O2 (Collins 2011, Gupta et al. 2002) are alternative treatment processes which have been reported to
produce benign products and have been proffered as feasible alternatives for phenol compounds removal
from water (Kobayashi and Higashimura 2003). Oxidative coupling process of phenol compounds
mediated by natural enzymes have been proposed as a cost-effective means of removing certain micropollutants (Lu and Huang 2009). In particular, oxidative coupling process mediated by laccase enzyme
have been used to remove BPA, TCS and NP from water (Cabana et al. 2007). This process have
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successively removed BPA and its estrogenic activity when treated with horseradish (Sakurai et al. 2004,
Sakuyama et al. 2003).
The FeIII-TAML activators are water-soluble peroxide activating catalyst which are structurally
designed to mimic P450 enzymes (Collins and Gordon-Wylie 1989, Collins et al. 1998). The FeIII-TAML
catalysts are effective at low parts-per-million concentrations at room temperature over a broad pH range
(Chanda et al. 2006a). These activators are designed to have higher oxidation capacity, thereby reducing
the long reaction time required by most biological systems. Fe-TAML catalyst systems have been applied
for rapid and effective removal of phenol contaminates in water and eliminate their estrogenic properties
(Gupta et al. 2002, Shappell et al. 2008). Furthermore, BPA, TCS and NP removal via oxidative coupling
process mediated by Fe-TAML / H2O2 treatment have been reported in Chapter 2 (unpublished). The selfcoupling process show the ability for effective removal of compounds with concomitant reduction in
estrogenic activity. Transferring this treatment technique to real wastewater treatment plant is challenged
be the presence of natural organic matters (NOM) and the presence of multitude phenolic compounds in
the real waste water. For example, BPA removal by photo-electro-catalysis reduced by 50% in secondary
treated effluent due to competition by NOM molecules (Frontistis et al. 2011). Similarly, the NOM
molecules compete with BPA for ferrate, resulting in a declined removal rate (Lee et al. 2005). The
reactive intermediates of enzyme and enzyme-like reactions of Fe-TAML / H2O2 have been reported to be
more substrate selective as compared to hydroxyl radicals, suggesting reduced competition from NOM
molecules for available oxidant (Georgi et al. 2007, Mao et al. 2008), this could lead to a relative better
performance. This is evident in the polymerization process of estrogens (E1, E2, E3, and EE2) mediated
by laccase enzyme in wastewater (Auriol et al. 2007). Authors reported that enzyme’s performance was
not affected by the presence of water matric. Acetaminophen removal by oxidative coupling mediated by
laccase enzyme actually increased in the presence of natural organic matter (Lu and Huang 2009).
Authors suggested the that enhanced removal was due to cross-coupling between acetaminophen and
NOM molecules, brought about by the presence of phenolic moieties in the structure of acetaminophen
and NOM molecules. Because NOM is ubiquitous in water and phenolic micro-pollutants are often
present at concentrations orders of magnitude lower than NOM (AWWA 1999), it becomes important to
evaluate the effect of NOM on performance of oxidation reactions. In the present study, we evaluate the
effect of NOM presence on the oxidative coupling reactions of BPA, TCS and NP mediated by the FeTAML / H2O2 system.
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4.2 Materials and Methods
4.2.1 Materials
The details on production of FeIII-TAML activators is in previous study by (Horwitz et al. 2006). All
reagents used were ACS grade. Bisphenol A (GC grade > 99 %) and guaiacol (GC grade > 98 %) was
purchased from Sigma Chemicals Co. (New Zealand). Triclosan was purchased from Fluka Analytical,
while 4-nonylphenol was from Supelco (USA). Hydrogen peroxide (30 % v/w) was purchased from Ajax
FineChem (New Zealand). Water used was purified and deionised by Milli-Q water system (Millipore).
All solvents used were high-performance liquid chromatography (HPLC) grade. The aquatic NOM
(Suwannee River NOM) was purchased from International Humic Substances Society. Additional
information about the Suwannee River is found in (https://ihss.humicsubstances.org/orders.html).

4.2.2 Reaction Set up
The initial reaction conditions for each experiment were: 10 mg/L BPA (43.8 μM), 10 mg/L TCS (34.5
μM) and 5 mg/L NP (22.7 μM), Fe-TAML (4-16 nM), H2O2 (4 mM), 0.01M sodium carbonate buffer (pH
9), ambient room temperature ～25 ℃. Compounds coupling reactions mediated by the Fe-TAML

catalyst system were carried out in NOM (1-25 mg/L DOC) and NOM free control solutions. All

reactions were done in triplicate. 5 mg/L NP is used because this is the maximum solubility of NP in
water.
Reactions commenced by the addition of H2O2 to the mixture of 20mL substrate chemicals (BPA,
TCS and NP) and Fe-TAML solutions, incubated in 50mL flasks (with or without NOM). Mixtures were
continuously agitated using mechanical shaker made by IKA (KS 260) at 150 rpm. Sampling of solution
was done at 10 min regular intervals for 180 min. In all cases, we ensured there are residual H2O2 after all
reactions by checking with peroxide strips. Control experiments were also carried out that contain
substrate (BPA, TCS or NP) in NOM solution in the absence of Fe-TAML and peroxide. No substrate
loss was observed in these control samples after 180min of reaction time.

4.2.3 Samples Analysis
Residual substrates in each samples solution were monitored on a Shimadzu liquid chromatography mass
spectrometry LC-MS (series model 2020, Japan) with an electrospray ionization (ESI) source. Ten µLs
samples were injected into Agilent C18 column (3.5 µM dia, 2.1 x 100 mm), operated at 30°C. The
mobile phase for BPA analysis (A: 80% methanols and B: 20% water), TCS (A: 80% acetonitrile and B:
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20% water), NP (A: 95 % methanol and B: 5% water), was used at a flow rate of 0.1 mL min-1. Isocratic
elution was done for 10 min.
Degradation rate of substrates was studied by monitoring rate of reduction of chromatogram peak
areas measured for the three compounds over time using LC-MS. BPA, TCS and NP were monitored at
m/z 227, 288 and 219 respectively on the negative single ion mode (SIM). Only the peak area of BPAdimer was successfully monitored with time on the LC-MS, this can then be normalized to the highest
chromatogram peak area obtained during the reactions.

4.2.4 Interaction between NOM and catalyst system
Interaction between NOM and the catalyst system were induced by adding 8nM Fe-TAML only or FeTAML/H2O2 (8nM/4 mM) to 20 mL of NOM of desired concentration without the substrate BPA, TCS or
NP. The reaction mixture was then transferred to a 1 cm quartz cuvette (10 mm× 10 mm× 70 mm).
Fluorescence intensity of the solution was then measured using aqualog spectrophotometer made by
Horiba Scientific. Emission scans were performed from 200 to 600 nm, with excitation wavelengths from
200 to 600 nm, each at 5 nM intervals. The uncorrected spectra were combined to form an excitationemission matrix (EEM). The UV absorbance spectrum of the solution was obtained before correcting for
inner filter effect and Rayleigh effect. More details on the excitation-emission matrixes (EEMs) analysis
is in appendix for chapter 4.

4.2.5 Reaction Pathway and Metabolites
Oxidative coupling reactions were induced by adding Fe-TAML/H2O2 (8nM/4 mM) each to a 500 mL
solution of BPA, TCS and NP mixed with 40 µM guaiacol as model NOM compound with phenolic
moiety. After 180 min reaction time, each solution was concentrated using solid phase extraction method
(SPE) employing Waters Oasis HLB (500mg-Hydrophilic-lipophilic-balanced) cartridges. Cartridges
were conditioned by passing 5 mL of methanol and 2 mL of deionized water at a flow rate of 10 mL min-1
before passing samples through the cartridge. The cartridge was dried under high vacuum and then eluted
with 5 mL methanol at a flow rate of 3 mL min-1. A control experiment containing guaiacol without
phenol substrates was also tested following the same procedure as above.
The eluate was then collected, dried, and then dissolved in 2 mL methanol for analysis with Bruker
micro-ToF-QII (Bruker Daltonics, Germany) coupled with a Dionex Ultimate 3000 HPLC with
autosampler (Dionex, Germany) following the procedure described previously (Chen et al., 2012). The
ToF analysis provided the probable molecular formula for byproducts.
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4.3 Results and Discussion
4.3.1 Effect of NOM on oxidative coupling reactions by Fe-TAML/ H2O2
BPA removal rates by Fe-TAML /H2O2 in the absence of NOM, and in the presence of 1-5 mg L-1 NOM
showed rapid removal rate within the first 60 min, followed by a much slower removal rate. As shown in
Fig. 4.1(a), in the absence of NOM about 75 % BPA removal was achieved within the first hour. With the
presence of l mg L-1 NOM, removal increased slightly, resulting in about 85% removal within the first 60
minutes. Further increase in NOM concentration above 1 mg L-1 however reduced BPA removal rate.
This is evident with the presence of 5 mg L-1 NOM, only ~70 % removal was achieved at 1 hour; meaning
about ~15 % reduction as compared to removal in the presence of l mg L-1 NOM. The presence of 25 mg
L-1 NOM caused BPA removal to further reduce below 40 % (at 3 hours). It is noteworthy that the rapid
BPA removal within the first hour is consistent with the typical life-time of FeIII-TAML catalyst type used
here (Chanda et al. 2006b). Hence, it is presumable that the plateaued removal rate after 1 hr reaction time
is due to the active oxidant been exhausted. Furthermore, in the presence of 25 mg L-1 NOM, rapid BPA
removal was only observed within the first 30 minutes, suggesting that at such high concentration, the
NOM molecules shield BPA from accessing the active oxidant within the one hour life-time of the
catalyst.
We have shown that Fe-TAML /H2O2 oxidizes BPA via one-electron oxidation to form phenoxyl
radicals, these radicals then self-couple to form dimer as intermediate product before further
polymerization occur (Chapter 2). The time dependent BPA removal which is accompanied by dimer
formation is shown in appendix Fig. A4.1 (for BPA treated by different catalyst concentration). The
trimer and tetramer products of BPA were too small for a proper time dependent measurement by the LCMS machine, samples had to be concentrated and analysed by the high resolution MS (LC-Tof-MS) to be
able to detect higher oligomers of BPA. Product M454 (molecular ion m/z 453 under ESIMS mode) have
been verified as BPA dimer using 1H NMR and GC-MS analysis (Chapter 2). As shown in Fig. A4.1(b),
peak area of BPA dimer has an initial increase with time, before the peak area decreased. This initial
increase signifies the transformation of BPA into dimer, while the later decrease suggest further
transformation of BPA dimer into trimer, tetramer and possibly further polymerized products (detailed
discussion is in Chapter 2). It is noteworthy that maximum dimer formation was at 60 min when 4 nM
Fe-TAML was used, while higher concentration of Fe-TAML reduced the time to around 10 min, which
is consistent with BPA removal rates in Fig. A4.1(a). The dimer transformation process is observed to
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ceases at the same time that BPA removal stopped in aqueous solutions; suggesting oxidation of parent
BPA into phenoxy radicals is necessary for the transformation of the dimer to polymerized products via
more radicals coupling onto the dimer structure. In the present study, the BPA dimer formation in the
presence of NOM was monitored with time (Fig. 4.1b). In a similar pattern as of Fig. A4.1 (b), dimer
formation in the presence of NOM initially increased with time to maximum, followed by a latter
decrease in peak area (Fig. 4.1b). Dimer formation reached maximum around first 10 min in the presence
for 0- 5 mg L-1 NOM concentration. While in the presence of higher NOM concentration (25 mg L-1) the
dimer formation rate was slower and the maximum reached plateaued from around 40 min till around 120
minutes. Comparatively, for 0- 5 mg L-1 NOM concentrations, the rate of decline in dimer peak area is
consistent with BPA removal. Furthermore, BPA dimer decline ceased with BPA removal for reactions in
the presence of 0 to 1 mg L-1 NOM. While the decline in dimer in the presence of 5 mg L-1 NOM is rapid
till about 120 min, which is after BPA removal have ceased at around 80 minutes. This suggests that in
the presence of 5 mg L-1 NOM, there is further dimer transformation which did not require parent BPA to
be oxidised into phenoxyl radical. This is more evident in the presence of 25 mg L-1 NOM, where the
decline in dimer is observed to occur after 100 min reaction time (Fig. 4.1b), even though BPA removal
stopped around 60 minutes (Fig. 4.1a). It is also important to note that the decline occurred after the
typical one hour lifetime of the catalyst, indicating the transformation is mainly triggered by the presence
of NOM. We therefore hypothesized that BPA and substrate molecules in NOM were equally oxidised by
Fe-TAML/H2O2, these oxidised NOM substrates contribute to the oxidative transformation of BPA
dimer; possibly via NOM-BPA dimer complex formation.

(b)

(a)

Fig. 4.1 Evaluating effect of NOM on a) BPA removal and b) formation of product M454 with time.
Values are the mean + SD of triplicate. Reaction conditions are [BPAinitial] = 43.8 µM, FeIII-TAML/H2O2
(8nM/ 4mM), pH 8.5 and temperature ~25ºC, NOM measured in terms of dissolved organic carbon
(DOC) in mg L-1.
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(b)
(a)

Fig. 4.2 Evaluating effect of NOM on a) TCS removal b) NP removal with time, values are the mean +
SD of triplicate. Reaction conditions are [TCSinitial] = 34.5 µM, [NPinitial] = 22.7 µM, FeIII-TAML/H2O2
(8nM/ 4mM), pH 8.5 and temperature ~25ºC, NOM measured in terms of dissolved organic carbon
(DOC) in mg L-1.

Fig. 4.2(a) show the effect of NOM on TCS oxidation rates by Fe-TAML/H2O2. As shown, TCS
removal display exponential decrease within the first hour in absence and presence of NOM, generally,
removal starts to plateau after the first hour. It was observed that removal was relatively faster in absence
of NOM and in the presence of 1 mg L-1 NOM. TCS removal rate reduced due to the presence of ≥ 5 mg
L-1 NOM. Furthermore, > 95 % , ~ 50% and less than 40 % TCS removal was observed in the presence
of 1, 5 and 25 mg L-1 NOM respectively (at 60 min reaction time). Comparatively, NOM presence
reduced TCS removal rates more its effect on BPA removal rates. As shown above in Fig. 4.1(a), at 60
min reaction time, the presence of 5 mg L-1 NOM caused 5 % reduction in BPA removal, but over 30 %
reduction in TCS removal (as compared to removal in the absence of 1 mg L-1 NOM).
Effect of NOM presence on NP removals mediated by Fe-TAML/H2O2 is illustrates in Fig. 4.2
(b). As shown, there is only a slight increase in NP removal rate (for the first 30min) in the presence of 1
mg L-1 NOM. While increasing the NOM concentration to 5 mg L-1 had a negative effect on NP removal
rate, resulting in about 30 % reduction (at 180 min). Increasing the NOM concentration to 25 mg L-1
resulted in further reduced NP removal rate. The overall plot for NP removal with time under varying
NOM concentrations (Fig. 4.2b) display similar pattern as for BPA (Fig. 4.1a) and TCS (Fig. 4.2a). The
coupled products of TCS and NP during treatment was was below the detection limits of the low
resolution LC-MS machine, hence products were only detected on the high resolution LC-Tof-MS
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machine. Therefore, their time dependent formation was not obtained on the LC-MS machine. However,
we presume similar partner observed for BPA dimer (Fig.4.1b) occur for TCS and NP dimer formation.
Comparatively, the presence of NOM affected removal rate of BPA the least among the three
substrates tested. Possible reason for this is due to that fact that among the three substrates, BPA require
the least oxidation energy for the one-electron oxidation process to form phenoxyl radicals of BPA, TCS
and NP each, for the oxidative coupling reactions to take place at pH 8.5. Table 4.1 show the energy
requirement to oxidise each compound in the un-ionized and ionized form (as calculated by DFT in
Chapter 3). Furthermore, in Chapter 3 we have discussed that Fe-TAML/ H2O2 is selective in its oxidation
reactions, it preferentially selected the easier to oxidise BPA among the mixture of BPA, TCS and NP for
oxidation reactions. It is presumable that in the presence of NOM molecules, the comparatively harder to
oxidise TCS and NP will have more competition from NOM molecules as compared to BPA at pH 8.5.
This could explain the reason why the presence of 5 mg L-1 NOM affected TCS and NP more than BPA.
It is noteworthy that the higher initial concentration of BPA as compared to TCS and NP could be a
contributing factor that favoured more BPA removal. However, the fact that 5 mg L-1 NOM caused about
30 % reduction in the removal of both TCS (34.5 µM) and NP (22.7 µM), suggest that the energy
requirement is a more dominant factor over initial concentration; among factors that could affect
substrates competition with NOM molecules for available oxidant.

Table 4.2 DFT calculations showing energy required to oxidize the phenol and phenolate compounds of
substrates

BPA

TCS

NP

( Kcal /

( Kcal /

( Kcal /

mol)

mol)

mol)

Phenol compound

134.2

142.5

137.8

Phenolate compound

99.8

109.8

98.8

While the comparable low energy required by BPA (at pH 9) in Table 4.1 is consistent with its
preferential removal over TCS and NP; it does not explain the observed improved BPA, TCS and NP
removals observed when low NOM concentrations is present. We therefore turned our attention to the
NOM characteristic constituent that could influence interaction with BPA, TCS and NP during reactions.
It is known that NOM molecules are rich in humic substances, and this can be sub-grouped into the more
soluble fulvic acid fraction, and the less soluble larger humic acid fraction (AWWA 1999, Chin et al.
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1994). In a previous study, the oxidative removal of BPA by permanganate was enhanced by the presence
of humic acid (HA) within the range 0 to 7.5 mg C L-1 ; while HA above 7.5 mg L-1 reduced BPA
removal due to significant competition by HA for available oxidant (Zhang et al. 2013). Studies have
shown that there is the formation of π-π interactions between mono-aromatic ring of phenols and HA
aromatic components (Nanny and Maza 2000). The π-π interactions with HA enhanced the density of the
electron cloud of phenol compounds, this could make electron withdrawal easier by oxidant (Zhang et al.
2013). The NOM used in this study contain high level of HA (see Section 4.3.3 below), this is expected to
contribute to the increased oxidation rate of substrates by Fe-TAML/ H2O2 is expected. Thus, this could
have contributed to the observed enhanced BPA, TCS and NP removal in the presence of low NOM
concentration shown above.

4.3.2

NOM reaction with Fe-TAML/ H2O2

Apart from NOM molecules interacting with BPA, TCS and NP, it could also interact with the oxidant
itself. Depending on the source, NOM molecules could contain aromatic moieties with varying structural
functionalities which include carbonxyl and hydroxyl carbonyl groups (Conrad and Huck 1996, Piccolo
2002). These compounds in NOM molecules have been suggested to be able to complex (couple) with
each other during oxidative coupling reactions mediated by natural enzymes (Piccolo et al. 2000). The
potential for Fe-TAML/ H2O2 to initiate coupling reaction between NOM molecules in the absence of the
three substrate compounds was investigated by the differential UV absorbance method described in (Lu
and Huang 2009). The differential UV absorbance spectrum for NOM treated with Fe-TAML (only) and
Fe-TAML/ H2O2 are presented in Fig. 4.3 below for the different concentration of NOM used. The
differential UV absorbance is obtained by using Eq. 4.1 to quantify the NOM spectral changes.

∆Aλ = Aλ − Aλinit

Where
the

(4.1)

Aλinit is initial absorbance before adding the Fe-TAML or H2O2 and Aλ absorbance after reactions;

∆Aλ

is the differential UV absorbance at that wavelength (Lu and Huang 2009). Meaning the

primarily the contribution of the Fe-TAML/ H2O2 system which is not included in

∆Aλ

is

Aλinit . At NOM

concentration of 1 mg L-1 in Fig. 4.3(a), it was observed that the presence of Fe-TAML (only) had
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minimal effect on the differential absorbance spectrum. Activating peroxide with catalyst (i.e., Fe-TAML/
H2O2) caused absorbance around 472 nM to increase. By increasing the NOM concentration to 5 mg L-1,
absorbance peak around 472 nM increased for both activated peroxide and solution with catalyst only
(Fig. 4.3b). A major absorbance increase is noticed around 472 nM for solution with Fe-TAML only,
while solution with activated peroxide showed negative absorbance around this region. Further increase in
NOM concentration to 25 mg L-1 showed similar but enhanced pattern as with 5 mg L-1. Spectra change
around 320 nM using this method have been associated with changes to structural features related to
aromaticity, while changes around 472 nM have been associate to long-range conjugation of electrons
Thus results in Fig 4.3 suggest presence of catalyst only result in changes to structural features related to
aromaticity, increase the NOM concentration increases this changes. Addition of peroxide (activation of
catalyst) has a negative effect. While both catalyst (only) and Fe-TAML/ H2O2 systems appear to favour
long-range conjugation of electrons.
Based on above analysis, the increase in absorbance 472 nM is most likely due to the presence of HA in
the NOM. The large increase in absorbance around 320 nM when NOM is treated with Fe-TAML reflect
reactivity of aromatic compounds of NOM molecules with the catalyst. This could indicate Fe-TAML
coordinating with aromatic compounds of the NOM, reducing available catalyst for activating peroxide at
high NOM concentration. This is consistent with data presented above in Fig. 4.1 & 4.2, in which
removal rate of BPA, TCS and NP was reduced at higher NOM concentration (≥ 5 mg L-1). While the
reduced absorbance at 320 nM in the presence of Fe-TAML/ H2O2 is possibly due to oxidation of
aromatic compounds of NOM.

99

(a)

(b)

(c)

Fig. 4.3 Differential UV absorbance of different NOM concentration treated with the catalyst system, a) 1
mg/L DOC b) 5mg/L DOC and c) 25mg/L DOC. Reaction conditions are: TAML means FeIII-TAML initial
= 8 nM, [H2O2initial] = 4 mM , pH 8.5 and temperature ~25ºC, NOM measured in dissolved organic
carbon (DOC) in mg/L.
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4.3.3 The EEM analysis of NOM interactions with oxidant

We then turn to excitation-emission matrixes (EEMs) for analysing NOM interactions with the catalyst
system. The EEMs are the results of merging series of emission scans from excitations over a range of
wavelengths; this tool have been successively used to characterize NOM in water by decomposing the
fluorescence matrices into different independent fluorescent component (Stedmon et al. 2003). Recently,
this tool was used to monitor formation of NOM-pesticide complex in water (Beale et al. 2013). Fig. 4.4
show EEM florescence spectra for water spiked with 1 mg L-1NOM and Fe-TAML/ H2O2 (8nm/4mm).
The contour plot in Fig. 4.4(a) show the presence of fluorophore signatures at Ex-260/ Em-380-460 for
humic-like matter, Ex-350/Em-420-480 from humic and fulvic; Ex-275/Em-340 for tryptophan-like
matter and low presence of tyrosine-like matters at Ex-275/Em-310 (Beale et al. 2013). Addition of 8 nM
Fe-TAML appears to have minimal change on the fluorophore signatures (Fig. 4.4b), however addition of
peroxide (i.e., Fe-TAML/ H2O2) is observed to transform the fluorophore signatures (Fig. 4.4c). The FeTAML/ H2O2 system caused a reduction in spectra associated with the humic and fulvic presence, while
there is an evident increase in Ex-275/Em-310 associate tyrosine-like matters (see Fig. 4.4c). Similar
changes in fluorophore signatures observed with 1 mg/L DOC was also noticed for 5 mg L-1 NOM
(appendix Fig. A4.2) and 25 mg L-1 NOM (Fig. A4.3). Increasing NOM concentration increased
intensities of fluorophore signatures.
The mechanism of FeIII-TAML catalyst activating organic peroxide is known to be via the centre
iron atom in the TAML structure co-ordinating to oxygen atom on the peroxide structure (H-O-O-H); this
complex subsequently form the very reactive oxidative entity suggested as a high-valent iron-oxocomplex Fe (V)=O complex, which then oxidises substrates (Chahbane et al. 2007, Popescu et al. 2010).
It is known that NOM contain structurally varied organic matter with varied R=O functional groups
(where R represent any atom). These groups are available for the TAML structure to co-ordinate to their
oxygen atoms. It is therefore possible for the catalyst to coordinate to NOM molecules. This could be one
of the contributing factors for the increased

∆Aλ

around 320 nM and 472 nM in Fig. 4.3 above in the

absence of peroxide. Suggesting FeIII-TAML coordinates to aromatic compounds in NOM. The observed
reduction in

∆Aλ

around 472 nM observed in Fig. 4.3 and the changes in fluorophores observed in Fig.

4.4, in the presence of Fe-TAML/ H2O2 is indicative of oxidation of NOM molecules by the oxidant.
Indicating the oxidant is partly used up by NOM molecules, competing with BPA, TCS and NP in the
system for available oxidant.
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(a)

(b)

(c)

Fig. 4.4 Excitation-emission matrix scan for a) 1 mg L-1 NOM b) 1 mg L-1 NOM + TAML c) 1 mg L-1
NOM + TAML + H2O2,; showing changes in contour plots due to oxidation by the Fe-TAML/ H2O2
system [treatment time 3 hrs, Fe-TAML/ H2O2 (8 nM / 4 mM) at pH 8.5, plots obtained after correcting
for inner filter effect and Rayleigh effect]
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4.3.4 Oxidation products
In a previous study, the oxidative coupling process for acetaminophen (50 µM) mediated by laccase
enzyme showed enhanced removal in the presence of 2-8 mg L-1 NOM (Lu and Huang 2009). Authors
suggested the improved removal was caused by oxidation of phenolic functionalities in NOM to form free
radicals, these radicals can then either react with acetaminophen through hydrogen exchange mechanism
to convert acetaminophen to free radicals for coupling process, or/ in addition the phenolic radicals in
NOM could cross-coupled with acetaminophen.
Because of the complexity and uncertainty of NOM molecular structures, model chemicals with
well-defined structures have been used to represent the reactive moiety in NOM molecules (Conrad and
Huck 1996, Norwood et al. 1980). In a previous work, surrogate humic constituents have been used to
investigate cross-coupling of sulfonamide to humic constituent in NOM (Bialk et al. 2005). For BPA,
TCS and NP self-coupling process mediated by Fe-TAML/ H2O2, the phenolic moieties of each compound
are the important active sites (Chapter 2 & 3). Therefore, we investigated possible cross-coupling between
the phenolic moieties of substrate compounds to those in NOM molecules to have NOM-substrate
complex formation. In a related study, guaiacol had been used as model phenolic constituent of NOM to
investigate possible cross-coupling reactions between acetaminophen and NOM phenolic compounds,
mediated by laccase enzyme (Lu and Huang 2009). Similarly, in this study guaiacol was used to evaluate
possible cross-coupling reactions with substrate compounds and NOM’s phenol functionalities. The high
resolution mass spec (LC-ToF-MS) analysis for guaiacol treated with Fe-TAML/ H2O2 in the absence of
substrate compounds is in Fig. 4.5(a). As shown treated guaiacol contained molecular ions at m/z 245 and
367 (mass increment of 122). Such mass distribution is likely as a result of guaiacol self-coupling,
forming dimer and trimer. Similar mass distribution have been reported for laccase mediated selfcoupling of guaiacol (Lu and Huang 2009). Other observed molecular ions such as m/z 283, 311, 325 and
339 are associated with fragments from Fe-TAML catalyst, see fragment ions for pure Fe-TAML (see
appendix Fig. A4.4). When BPA was reacted with guaiacol (Fig. 4.5b), molecular ions at m/z 227, 367
and 349 were observed among the spectra. The m/z 227 is associated to BPA. It was observed that the
peak at m/z 349 is absent for the system without BPA (Fig. 4.5a), suggesting it is a product of BPA and
guaiacol interaction. The molecular ion at m/z 349 corresponds to cross-coupling between BPA and
guaiacol, suggesting cross-coupling between the two compounds mediated by Fe-TAML/ H2O2.
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(a)

(b)

Fig. 4.5 High resolution ESI-MS spectra from LC-Tof-MS machine for a) Guaiacol (40µM) as control b)
BPA (43.8 µM) treated with guaiacol (40µM) as NOM model compound [SPE extract after 3 hrs reaction
of compounds by 8 nM Fe-TAML/ 4 mM H2O2, at pH 8.5])

Furthermore, the presence of BPA enhanced the self-coupling of guaiacol, with the relative
intensity for guaiacol trimer increasing more than the peak for guaiacol-dimer product. For laccase
enzyme mediated self-coupling of guaiacol, mainly higher molecular weight polymerized products at m/z
489, 611, 733, 855 were identified (Lu and Huang 2009); which is different from the dimer and trimer
noticed in Fig. 4.5(a). In addition, the presence of acetaminophen suppressed m/z 489, 611, 733, 855 with
respect to dimer (m/z 247). This trend is opposite to the trend observed in Fig. 4.5(b) where the presence
of BPA enhanced trimer formation with respect to dimer (m/z 247). This show the intrinsic difference
between the reactions of Fe-TAML/ H2O2 and the laccase enzyme. The ESI (+) MS scan for TCS and
guaiacol treated by Fe-TAML/ H2O2 have molecular ions at m/z 413 (Fig. A4.5). This was absent in the
spectra of pure TCS or guaiacol (data not shown), indicating this is a product of TCS and guaiacol
interaction. This molecular ion (m/z 413) corresponds to cross-coupling between TCS and guaiacol,
which is similar to BPA-guaiacol cross-coupled product suggested above (m/z 349). These results support
that Fe-TAML/ H2O2 reactions mediate cross-coupling reactions between substrates and guaiacol. At
present, we have not been able to identify cross-coupled product of NP-guaiacol, possibly because of
fragmentation of the nonyl tail chain of NP during reactions or analysis. The high hydrophobic nature of
NP a pH 8.5 could reduce its interaction with guaiacol, coupled with the comparative lower initial
concentration of NP as compare to BPA and TCS. All these complicates NP products interpretations
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during mass spec analysis. Fragment of the side chain of deprotonated NP resulting in sequential loss of
CH2 groups (m/z 14) have been reported after treatment (treatment include ozonation, chlorination and
active carbon filtration) (Petrovic et al. 2003). However, these results support the possibility of crosscoupling reaction between BPA, TCS and NP and compounds with phenolic moiety in NOM molecules.
Based on results above, it is proposed that in a mixed reaction containing guaiacol and substrate
compounds, the Fe-TAML/ H2O2 system oxidises both via one electron oxidation. These results into
phenoxyl radicals of which losses a proton, followed by self-coupling and cross-coupling reactions of
each compound. A possible cross-coupling reaction pathways between BPA and guaiacol mediate by the
catalyst system is shown in Fig. 4.6(a), while that for TCS and guaiacol is in Fig. 4.6(b). Similar pathway
is expected for NP and guaiacol (data not shown). It is noteworthy that products structures shown in these
pathways are just one of the possible isomers involving C-O bonding, while it is possible bond formation
from C-C and C-O interactions. Moreover, bond formation could occur at any of the carbon atoms of
substrate compound and guaiacol. Further study using DFT calculation could glean more insight into the
most reactive sites on each compound for the cross coupling process, while NMR analysis could support
this for more accurate identification of products structures
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(a)

(b)

(c)

Fig. 4.7 High resolution ESI-MS spectra from LC-Tof-MS machine for TCS and NP reactions a) full scan
b) m/z range 220-300 and c) m/z range 350-800 [SPE extract after 3 hrs reaction of compounds by 8 nM
Fe-TAML/ 4 mM H2O2, at pH 8.5]

4.3.5 Cross coupling of substrates
In line with observed cross-coupled products for substrates with guaiacol above, we investigated possible
cross-coupling between BPA, TCS and NP during the Fe-TAML/ H2O2 treatment in deionized water. Fig
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4.7 show the high resolution ESI (-) MS scan for TCS and NP mixture treated by the catalyst system. The
mass spectra shows major intermediate products with molecular ions m/z 162, 283, 441, 485, 598, 669
and 721 (Fig 4.7a). The molecular ion peak with m/z of 161 has a minor fragment ion m/z 162, this peak
corresponds mass of 2,4-dichlorphenol (2,4-DCP). Indicating possible cleavage of the ether bond of the
TCS compound. The identification of minor molecular ion peak m/z 321 (data not shown), indicate
dimerization of the 2,4-DCP. In a similar reaction, oxidation of TCS by ferrate is accompanied by
cleavage of ether bond of TCS structure to form the 2,4-DCP (Yang et al. 2011), while oxidation by
Fe(III)-Saturated Montmorillonite yield 2,4-DCP and dimer 2,4-DCP (Liyanapatirana et al. 2009).
Interestingly, in the self-coupling reactions of TCS mediated by Fe-TAML/ H2O2 treatment, this products
was noted detected (Chapter 2), indicating that the presence of NP in solution with TCS alternated the
reaction pathways. This is significant because product 2,4-DCP had been reported to be carcinogenic
(Latch et al. 2005, Liyanapatirana et al. 2009). Indicating the benign self-coupling reactions of TCS
mediated by Fe-TAML/ H2O2 which avoided 2,4-DCP in Chapter 2 now produce carcinogenic product. It
is noteworthy that 2,4-DCP was not detected in the self-coupling of TCS mediated by laccase enzyme
from white rot fungus (Cabana et al. 2007). Furthermore, the mass difference between m/z 507 and ions
at m/z 485 and 441 are 22 and 44 respectively, suggesting the loss of CO22+ (doubly charged molecular
ion), and CO2 from product m/z 507. While product mass of m/z 507 corresponds to molecular weight for
cross-coupled product of TCS (m/z 288) and NP (m/z 219). In a related experiment, Fe-TAML/ H2O2
mineralized both pentachloro-phenol PCP (45 %) and 2,4,6- tricholorophenol TCP (35 %) to yield CO2,
CO and organic acids (Gupta et al. 2002). Further study is needed to establish which bond is cleaved on
the TCS-NP cross coupled product to yield the CO22+ and CO2. Molecular ion peaks at m/z 421 is
associated with cross coupled product of TCS-NP having 6 alkyl chain fragmented from the NP tail chain.
Similar fragmentation of NP tail chain have been reported for treatment by cytochrome P450 enzyme,
which the Fe-TAML is structurally designed to mimic (Tezuka et al. 2007). The product ion peak at m/z
598 is assigned to cross coupled product of TCS-dimer NP, mostly likely derived from dimer NP (that
lost one of its tail chain) coupling to TCS. The detection of molecular ion peak m/z 721 suggest
deprotonated TCS-dimer NP with the NP tail chain intact. The ion peak m/z 576 is associated to dimer
TCS self-coupling, similar product have been reported TCS dimerization mediated by Triclosan by
Fe(III)-Saturated Montmorillonite (Liyanapatirana et al. 2009). Other unspecified molecular ions peaks
are most likely fragmentations of NP, TCS and their coupled or cross-coupled products. Specifically, ions
m/z 255 and 283 have been reported as fragment ions corresponding to palmitic acid and stearic acid
respectively (Marto et al. 1995).
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Based on these products identified, a plausible reaction pathway for Fe-TAML/ H2O2
oxidation of TCS/NP mixture was proposed in Fig. 4.8. The proposed pathway (1) shows that TCS
oxidation by Fe-TAML/ H2O2 caused the scission of the ester bond to produce 2,4 DCP. Two 2,4 DCP
can then couple together via C-C or C-O to form dimer, possible isomer of the dimer 2,4 DCP is
illustrated in pathway (2) of Fig. 4.8. Furthermore, TCS and NP is one-electron oxidized, followed by
deprotonation to form reactive phenoxyl radicals of TCS and NP, which could then cross-couple
(pathway 3). Further oxidation of TCS-NP cross-couple product by the oxidant could possibly mineralize
the product to yield carbon dioxide and water, and fragment the nonyl tail chain of NP, as shown in
pathway 3. The reactive phenoxyl radicals of TCS and NP in solution could also further polymerize in
larger cross-coupled products as proposed in pathway (3) for m/z 598 and pathway 4 for product m/z 721.
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Due to the presence of chlorine atoms on the TCS structure (see Chapter 3 for details), TCS is expected to
have more steric hindrance as compared to NP, hence more NP could easily take part in the crosscoupling process, resulting in the TCS-dimer NP product. At present, it is not clear if these reactions
occurred via C-O or C-C pathways, hence structures shown in Fig. 4.8 only represents possible isomers of
each product. Further analysis using NMR could assist in proposing more accurate structure of each
product. However, the DFT calculations in Chapter 3 have shown that the unsaturated electrons are
mostly localized on the deprotonated phenol moiety of TCS and NP, hence making then the most reactive
group. Furthermore, spin density calculations have shown that carbon atoms at the ortho-positions of NP
and the para-positioned C of TCS are the most reactive, hence cross-coupled products of TCS-NP
proposed in Fig. 4.80 made use of these reactive carbon atoms.
On the basis of the above results, it is proposed that similar cross-coupled products of TCS-BPA, BPANP and BPA-TCS-NP would occur in the binary and ternary mixtures of these compounds. In a
preliminary experiment, BPA-TCS-NP treated products analysed (data not shown), shows the presence of
molecular ions m/z 437 (dimer NP), 452 (dimer BPA dimer), 576 (dimer TCS). Fragment ions
corresponding to cross-coupled products of TCS-dimer NP, and fragmented BPA cross-coupling to TCS
and NP were observed. However, further detailed analysis using NMR is necessary. Results here however
have shown the possibility of substrates compounds fragmenting and cross-coupling with each other
during their oxidation by Fe-TAML/ H2O2 for treatment of mixed solution of substrates. Importantly,
these results indicate the need to assess the toxicity of treated water due to the presence of mixed
compounds in the water solution.

4.4 Chapter conclusion
Removal of BPA, TCS and NP by Fe-TAML/ H2O2 is observed to be affected by the presence of NOM.
While low concentration of NOM could actually enhance removal rates, excess NOM concentration can
actually shield substrates from oxidants, reducing substrate removal rates. At low NOM concentration, the
presence of HA in NOM molecules is postulated as making one-electron oxidation of selected phenolic
substrates easier. Oxidized NOM molecules having phenolic moiety could possibly cross-couple with
BPA, TCS and NP, resulting in NOM-substrate complex, which could resulting in improved removal
rates and extended transformation reactions after the one hour active lifetime of the catalyst system.
Interaction of the catalyst system with NOM is understood as having two demands on the Fe-TAML/
H2O2 system. Firstly, NOM molecules with R=O functional groups is proposed to coordinate with the Fe-
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TAML, reducing amount of catalyst available to activate peroxide and secondly, the activated oxidant is
competed for by NOM molecules.
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CHAPTER 5
Summary, Conclusion, Recommendation and Future works
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The Fe-TAML catalyst is relatively new in the market, though work on the design of TAML started about
20 years ago, till now researchers have focused more on its stability in water and enhancement of its
properties. In this thesis, focus was shifted more on the application of the catalyst system for the
oxidation of three phenolic EDCs. In preparation for Fe-TAML’s real life application, the initial and
logical steps were taken to investigate the feasibility of applying this catalyst system in water/ wastewater
treatment (WWT) plants to tackle the ever increasing concern of emerging contaminates (in this case
phenolic EDCs). As could be expected, this green catalyst system has its own advantages and limits.
Understanding these two ends is crucial for the successful application of the catalyst system in water
treatment plants, while the observed limitations open new research field for the enhancement of the
properties of the catalyst itself. This section of the thesis highlight these two ends and recommendation
are also made for further study on the application of the catalyst system.
As with every new water treatment technology, its cost of application as compared to other
available AOP options such as ozone, UV/ photocatalysis, Fenton comes into focus. As mentioned earlier
in Chapter one, the Fe-B* used in this study is now commercially available, however, only the Institute
for Green Science (IGS) at Carnegie Mellon University has the patent right for this catalyst. The cost of
Fe-B* has not been standardized, for large quantity industrial usage, Fe-B*could be around ~ $ 15.00/ Kg
(rough estimate), this made accurate cost comparison with other AOP process a big challenge. However,
the price of Fe-B* it is expected to decline with time, as large scale industrial production is expected to
reduce the cost. In addition, the fact that nM - µM range of the catalyst is usually used, resulting in about
10, 000 catalyst turnover, the future (on cost basis) looks bright for this green technology.
The Fe-B* used in this study has optimal reactivity at pH 10. Above pH 10 reactivity of the
catalyst system is known to drop mainly due to ionization of Fe-TAML and H2O2. This appeared to be a
major challenge for the system since its optimum pH is outside the pH range for natural water. In the
present work, results show that the Fe-B* could be applied at pH 8.5 to achieve over 95 % removal of
BPA, TCS and NP within the first hour, at catalyst to substrate ratio 1: ~1000, 1: ~900 and 1: ~600
respectively; which implies the effectiveness of the system at pH 8.5. It was however observed that the
performance of the Fe-TAML/ H2O2 system was remarkably improved at pH 10. The pH-dependent
performance of the oxidant was investigated within the pH range 6- 11 for BPA, TCS and NP removal.
Results imply that the oxidant’s reactivity and substrate removal rate are all pH dependent. Generally,
substrates removal rates increased as from ≥ pH 8.5 to a maximum pH, then declined. This resulted in the
optimized removal of BPA, TCS and NP around pH 9.5, 9 and 10 respectively. TCS optimum removal at
pH 9 shows a slight shift to the right from its pKa (pH ~8), indicating the effect of the catalyst’s pKa (pH
~10) on its removal kinetic rates. Similar effect is observed for BPA and NP removal. This highlights the
effect of substrate ionization on Fe-TAML/ H2O2 performance. The ionization effect is more pronounced
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by the decline in removal rates of the three compounds at pH above 9.5, 9 and 10 for BPA, TCS and NP
respectively. At present, it is not clear what mechanism caused this decline and further studies on the
interaction between Fe-TAML/ H2O2 and deprotonated phenol compounds is recommended. However, it
is postulated that the Fe-TAML catalyst possibly co-ordinate to the deprotonated hydroxyl group C=O,
reducing the available catalyst. It is however clear that the performance of Fe-TAML/ H2O2 for BPA,
TCS and NP removal is influenced by ionization of substrate and catalyst, this could be extended to other
phenol compounds removal. It is encouraged that for future application of the oxidant system, effect of
substrates ionization on performance of Fe-TAML/ H2O2 at elevated pH should be put into consideration.
Based on identified treatment products, the FeIII-TAML /H2O2 is proposed as mediating oxidation
reactions like a typical peroxidase enzyme. The catalyst system mediate oxidative self-coupling of BPA,
TCS and NP via one-electron oxidation, transforming substrates into dimer, trimer, tetramer and possibly
other heavier polymerized products that are not identified by the mass spectrometry and 1H NMR analysis
done in the present study. Interestingly, increasing the FeIII-TAML concentration did not cause
fragmentation of polymerized products of BPA, TCS and NP, rather the polymerizations process is
further enhanced with longer polymer chains. This led to the conclusion that phenol compounds
treatments (in general) by FeIII-TAML /H2O2 is via one-electron oxidation, transforming substrates into
phenoxyl radicals that could then self-couple to form polymerized products. It is proposed that the formed
polymers can then be easily removed from water using physical methods such as membranes or
adsorbents techniques. Further study on the actual removal of these polymerized treatment products by
membranes or adsorbents techniques is recommended. The oxidative polymerization of selected
compounds by FeIII-TAML /H2O2 opens doors of opportunity for further studies on using the catalyst
system as an initiator for polymerization reactions in industries and also material recovery from waste in
industries where a single type of phenol compound is used for the manufacturing process.
Competition studies employing the catalyst system for oxidative removal of BPA, TCS and NP in
binary (BPA/TCS, BPA/NP, TCS/NP) and tertiary (BPA/TCS/NP) systems reveals the selectivity of the
oxidant system for targeted pollutant. Application of DFT calculations was helpful in evaluating energy
(thermochemical energy) needed to oxidize each substrate (both the ionized and un-ionized form).
Overall, DFT results in combination with laboratory results suggest that ionization of each compound
make it relatively easier to oxidize as compare to un-ionized form. However, among the three compounds
investigated, BPA is relatively easier to oxidize at pH 8.5 and 9 (pH at which experiments were
conducted). This resulted in the preferential selection of BPA over TCS and NP for oxidation by the FeIIITAML /H2O2 system. On the bases of DFT calculations and laboratory results, it is concluded that the
catalyst system have the potential for selective oxidation of substrate and easier to oxidize substrates are
selected over harder ones. This therefore suggests that FeIII-TAML /H2O2 could be employed for selective
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oxidation of targeted substrate in a solution of mixed substrates. The application of DFT calculation is
found to be helpful in estimating which substrate the oxidant could find easier to oxidize and ultimately
predict its substrate selectivity pattern under varying pH values. Further work using DFT to predict
selectivity of pollutants in a mixture of other substrates is recommended, to extend knowledge on the
preferential selectivity by the catalyst system. Furthermore, the possibility of cross-coupling between
BPA, TCS and NP during treatment by FeIII-TAML /H2O2 was investigated. Further investigation on
cross-coupling between phenol compounds is recommended; toxicity/ estrogenicity resulting from such
cross-coupled products need to be ascertained before application of the catalyst system in real life
wastewater treatment plants. Furthermore, considering the fact that reaction pathways for oxidation of
phenol compounds are underpinned by phenoxyl radical formation, it is highly recommended that in-situ
monitoring of phenoxyl radicals formation employing electron paramagnetic resonance (EPR) method by
incorporated into future work. Knowledge of phenoxyl radicals formation in binary and ternary mixture
could shed more light on preferential oxidation of each compounds into phenoxyl radical, the crosscoupling process and the selectivity reactions processes.
Natural organic matter (NOM) has been observed to have the ability to enhance and hinder
oxidative removal of BPA, TCS and NP depending on the concentration (in mg L-1) of the NOM. At a
lower NOM concentration as compare substrate concentration (in mg L-1), the presence of NOM
molecules could increase substrate removal rates. This is likely due to NOM-substrate cross-coupling,
enhanced electron density on phenol compounds due to π-π interactions with humic acid (HA) and
hydrogen exchange oxidation of substrates by oxidized NOM molecules. However, at higher NOM
concentration, the =O functional groups present in NOM molecular structures is proposed to coordinate
with the Fe-TAML, reducing amount of catalyst available to activate peroxide and the activated oxidant is
competed for by NOM molecules. At excess NOM concentration, substrate BPA, TCS and NP are
hindered by NOM from accessing oxidant resulting in low removals. This therefore implies that in the
application of FeIII-TAML /H2O2 in real life WWT plants, the NOM concentration has to be reduced to
minimal. It is therefore recommended that the catalyst system be employed at the tertiary stage of
treatment at WWT plants, where NOM concentration have been reduced to minimal.
Residual estrogenic activities measured in this study indicate that self-coupled products of BPA
and NP are less estrogenic than parent compounds. The yeast lysing properties of TCS prevented accurate
measure of residual estrogenicity of coupled products by yeast bio-assay method. It is however postulated
that polymerization reactions led to reduction in estrogenicity of self-coupled products of the three
compounds. In the case of oxidation in mixed solutions of substrates, it is not certain how cross-coupling
of products will affect estrogenicity. More so, estrogenic activity of NOM-substrate cross-coupled
complex needs detail study.
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The Fe-B* catalyst used in this project is one type of FeIII-TAML, other types of the catalyst with
lower pKa close to neutral pH are being developed. Since FeIII-TAML catalysts generally have the same
reaction mechanism, the pKa mainly affects the pH dependent reactivity of the system. Results from this
project serve as background knowledge to plug-into for application of other types of FeIII-TAML for
desired applications for targeted phenol compounds treatment.
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Appendix information for Chapter 2
(A) Standardisation of hydrogen peroxide stock solution
Hydrogen peroxide stock solution was made by diluting reagent grade ~30% w/v solution to
approximately 2.5% v/v with deionised water and stored in a volumetric flask covered in aluminium foil
to avoid photo-induced degradation. Solutions of hydrogen peroxide were standardized by (a) UV-Vis
absorbance measurements and by (b) standard thiosulphate titration described below. The hydrogen
peroxide stock solution was diluted in triplicate by pipetting 1.00 mL aliquots into 10.00 mL volumetric
flasks and made up to the mark with deionised water. The absorbance at 230 nM (ε = 63 mol-1 L cm-1) in
a quartz cuvette cell was measured using a UV-Visible spectrometer. The concentration used is the
average of the three samples.

Standardisation of hydrogen peroxide with 0.0250 M sodium thiosulphate: Potassium Iodide (10.00 mL,
0.0160 M) deionised water (30.0 mL) and sulfuric acid (5.00 mL, 2.0 M) solutions were added to a
conical flask (100 mL), followed by saturated ammonium molybdate solution (5 drops). Then hydrogen
peroxide (2.00 mL, ~0.25% w/v) was added. After two minutes of stirring an orange-brown solution
formed. This was then titrated against the standardised Hach sodium thiosulphate solution (0.0250 N)
until the solution was very pale yellow. A microspatula of starch was then added, forming a blue-black
solution. The sodium thiosulphate solution was carefully added drop-wise until the solution in the conical
flask reached the colourless endpoint. This was repeated at least three times. The titration results were
averaged and the accurate concentration of the hydrogen peroxide solution was calculated (approximately
75.0 mM).

(B) Determination of the residual amount of FeIII-TAML present at the conclusion of the
catalytic oxidation reactions
A calibration curve for determining the residual amount of FeIII-TAML present at the conclusion of

the catalytic oxidation reactions was obtained as follows. Stock solutions of orange II (0.25 mM),
H2O2 (40.0 mM), buffer solution (0.01 M sodium carbonate/hydrogen carbonate buffer, pH 8.5), and FeTAML (4 µM) were used for generating the calibration curve. The drop in the absorbance of the Orange
II as it was oxidised (bleached) was measured with time by UV/visible spectroscopy at 483 nM (λ
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max).

Solutions of Fe-TAML and orange II dye (0.25 mM) were added to a dry 10.00 mL volumetric flask and
made up to the mark with a pH 8.5 carbonate buffer giving Fe-TAML concentrations of (1.25, 6.25, 12.5
and 25.0 nM) and orange II dye concentrations of 0.025 mM. An aliquot of this solution (2.00 mL) and
0.25 mL of carbonate buffer was added to a quartz cuvette (path length 1.00 cm). An aliquot of hydrogen
peroxide solution (0.25 mL, 40 mM) was added to the cuvette cell giving a [H2O2] of 4.00 mM, and the
absorbance at 483 nM was recorded immediately and after 15 minutes. Triplicate samples were obtained
for each experiment (RSD = 0.59). The relationship between % decolourisation and catalyst concentration
is shown in Fig. A2.1.

% Reduction

20
y = 0.7992x + 0.5869
R² = 0.9998

15
10
5
0
0

5

10

15

[Fe-TAML]/10-9

20

25

M

Fig. A2.1. Calibration curve involving the % reduction in absorbance of orange II vs [Fe-TAML] for the
determination of residual Fe-TAML in the substrate oxidation reactions.
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(C) Residual hydrogen peroxide and catalyst vs time

a

b

Fig. A2.2 -  Residual hydrogen peroxide and catalyst vs time for experiments with different initial FeIIITAML concentrations a) 4 nM FeIII-TAML and b) 40 nM FeIII-TAML. Values are the mean + SD of
triplicate (Conditions: BPA (initial) (43.8 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M
NaHCO3/Na2CO3 buffer).

(D) Method on LC-MS Machine
Liquid chromatography tandem mass spectrometry machine (Shimadzu Series model LC/MS 2020,
Japan) used is equipped with degasser, binary pump, an auto sampler, and a column oven. The injection
volume of the sample was 10µL. The analytical column to be used is a C12 polar reversed-phase silica
packed (2.0 mm i.d., 15 cm in length, 4µm in particle diameter),operated at 30 °C (by synergi MAX-RP,
Phenomenex).
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Method developed for BPA analysis: the mobile phase composition was 80% organic solvent
containing acetonitrile/methanol (2:3, v:v) and water at a flow rate of 0.2 mL min-1 for BPA analysis.
Mass spectrometry was operated in the negative-ion mode of the quadrupole mass spectrometer under full
scan mode m/z 50-1000. The nebulizer gas (>98.5% pure N2) at a flow rate of 35 L/min was supplied
from N2-Mistral LC-MS nitrogen generator. The machine was produced by LNI-schmidlin Ag
(Switzerland). Similar method was developed for TCS and NP using conditions shown in Table A. 1.0
below.
(e) Method on Agilent semi-preparative (HPLC) Machine (used for BPA product analysis only):
Degradation products noticed by LC-MS machine were further analysed with semi-preparative HPLC
system. Agilent semi-preparative high-performance liquid chromatography (HPLC) with online UV diode
array detection (HP 1100; Agilent Technologies) will be employed.
Method being developed for BPA analysis: same analytical column used with LC-MS machine
was used here. 20µL of sample was injected into the column at 30°C. Samples were eluted by mobile
phase at a flow rate of 0.5mL/min. Infusion elution was used with 10% water and 90% (methanol/
acetonitrile 2:3 ratio). BPA and by-products were detected at a wavelength of 254nm. Retention time of
each product was recorded. The analytical column used is then be changed to a semi-preparative column
with bigger diameter, but same material with analytical column. The semi-preparative column enables
more samples to be analysed with time. The new flow rate is calculated by Eq. A.1.0. The new sample
loading rate is calculate by Eq. A.1.1.

Flow _ rate prep

loading prep

 Dia prep
= Flow _ rateanalytical 
 Dia
analytical


 Dia prep
= Loading analytical 
 Dia
analytical


2






2

  L prep
 x
 L
  analytical

Eq. A.1.0






Eq. A. 1.1

Where: prep is for semi-preparative column and analytical is for analytical column, Dia is diameter of column, L is
length of column

BPA and by-products eluting from the column is collected in 2 ml vials using a fraction collector.
The retention times of products are checked in triplicate prior to fraction collection. Collected samples are
verified by LC Tof MS machine before drying by N2 gas and resolving in D2O for NMR analysis. [ Note:
results from HPLC analysis were not presented in the main body of the thesis because concentration of
by-products collected were too small (below detection limit) for accurate NMR analysis.]
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Table A. 1.0 Conditions on the LC-MS for detecting substrate EDCs
M/Z ratio

Acquisition
mode

Retention
time
(min)

Total flow
rate

Sampling
Speed

Mobile
phase A

Mobile phase B
(2:3 ACN/MeoH)

Oven
Tempt

DL Vol
(V)

Qarray
DC (V)

Qarray
RF (V)

Dect.
Volt (abs)

BPA

227

Neg. SIM

5

0.2ml/min

15µL/Sec

10%

80%

30-90°C

2.0

2.0

38.0

0.95

NP

219

Neg. SIM

12

0.2ml/min

15µL/Sec

10%

80%

30-90°C

2.0

2.0

36.0

0.95

TCS

288

Neg. SIM

7

0.2ml/min

15µL/Sec

10%

80%

30-90°C

50.0

3.2

34.0

0.95

Chemical ID
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(F) Method on High Resolution Ms (LC Tof MS) Machine: A Bruker micro TOF-QII (Bruker
Daltonics, Bremen, Germany) coupled with a KD Scientific syringe pump (KD Scientific, Holloston
Massachusetts, USA) was employed. EDC samples were introduced into the syringe pump at 180 uL/hr
into an ESI source (negative ionisation mode, capillary voltage 3200V) using nitrogen as a
drying/nebuliser gas (nebuliser 0.5 bar, drying gas 5.0 l/min, 180 degrees). Spectra were acquired for
three minutes and averaged over this time using the compass processing software (Version 1.3, Bruker
Daltonics, Bremen, Germany). Peaks obtained for each sample analysed were identified by the machine,
and their molecular formula were suggested.
(G) Method on GC-MS Machine
The methanol sample of BPA eluted from the SPE cartridge was dried under a gentle stream of nitrogen
and derivatized for GC-MS analysis by treatment with 150 µL of BSTFA+TMCS. Immediately after

the addition of the silylation reagent (i.e. BSTFA+TMCS), the vial was crimped with a cap with
Teflon-lined septum and the silylation reaction was held for 2 hrs at 60 °C. Benzene (350 µL)
was then added into the vial to dissolve the silylated products. Aliquots (2-µL) of silylated and
non-silylated extract were analyzed on an Agilent GC 7890A gas chromatogram equipped with a
mass spectrometer (MS) (Agilent 5975C inert XL MSD) with a Triple-Axis detector. The column used
was a Restek RXi-5ms (30 x 0.25 mM x 0.25µm column), this was employed for separation and

analysis of reaction products. The inlet temperature was 260 °C, and the detector temperature
was 320 °C. The oven temperature started at 80 °C, held for 3 min, then increased to 300 °C at
3°C/min and held for 30 min. The carrier gas helium was at 1.0 mL/min flow rate. 2-µL sample
was injected by an Agilent autosampler (Agilent 100 Technologies) in the pulsed splitless mode
and the split mode was turned on after one min. The temperatures of transfer line, ion source, and
MS detector were 280, 230, and 150 °C, respectively as stated by Lin et al. (2009). The MS
detector was operated in the electron impact mode with 70 eV of ionization energy and the mass
spectra were acquired in the full scan mode with m/z ranging from 50 to 1000.
(G) Estrogenicity/ Toxicity Test Set-up
Yeast-two-hybrid assay will be employed for toxicity testing following the procedure of Heater et al.,
2010 shown in Scheme A.1 below. 9.750 µL sample solution was mixed with 250 µL suspended yeast
cells (DSY 219). The mixture is to be transferred to an opaque 96-well. Blanks was prepared with
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deionized water and treated in the same manner as samples. After 2hrs incubation in the presence of
hormone, 100μL of Tropix Gal-Screen in Buffer B (Applied Bio-systems, Foster City, CA) was added to
each well and the plate will be incubated for an additional 2 hrs at room temperature. The hormoneinduced chemiluminescent signal will then be measured on a Luminoskan Ascent microplate luminometer
(Thermo Fisher Scientific Inc., Waltham, MA). The signal of the blank was used as base reference for
estrogenic activity of samples. The relative residual activity of each sample measured was calculated
following Eq. A.1.2 Where 𝐸𝐸𝑅𝑅𝑅𝑅 relative estrogenic activity of each sample, 𝐸𝐸𝑡𝑡 is the estrogenic activity at

time t.

Scheme. A.1.Scheme of YES protocol developed by (Heather A. Balsiger, Roberto de la Torre et al. 2010)

𝐸𝐸 −𝐸𝐸

𝐸𝐸𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑡𝑡−𝐸𝐸𝐷𝐷𝐷𝐷 𝑋𝑋100
𝑖𝑖

𝐷𝐷𝐷𝐷
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Eq. A. 1.2

(I) GC-MS spectra of TMS derivatised sample of treated BPA

a

b

Fig. A2.3- GC-MS spectra of TMS derivatised sample of treated BPA (reaction conditions: BPA (initial)
(43.8 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M NaHCO3/Na2CO3 buffer). (a) MS of GC peak
with RT of 51.40 minutes and (b) MS of GC peak with RT of 53.79 minutes
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(J) 1H NMR spectrum of BPA sample after catalytic oxidation

Fig. A2.4- 1H NMR spectrum of BPA sample after catalytic oxidation for 180 minutes and isolation of
products by SPE(conditions: BPA (initial) (43.8 µM), H2O2 (4 mM), pH 8.5, temperature 25ºC, 0.01 M
NaHCO3/Na2CO3 buffer)
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Appendix information for Chapter 3
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Fig. A3.0 Residual BPA concentration vs time under control conditions a) absence of peroxide and b)
absence of catalyst. Values are the mean + SD of triplicate. Reaction conditions are: [BPAinitial] = 43.8
µM, temperature ~25ºC, pH 8.5
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Fig. A3.1 - Ternary mixture oxidation of at a) pH 7, b) pH 10 and c) pH 11. Values are the mean + SD of
triplicate. Reaction conditions: [BPAinitial] = 43.8 µM (10 mg/L), [TCSinitial] = 34.5 µM (10 mg/L),
[NPinitial] = 22.7 µM (5 mg/L), Fe-TAML/ H2O2 (8 nM / 4mM), ambient room temperature ~ 25ºC.
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Table A3.1 The single point and zero point vibration energies (ZPE) of the structurally
optimized molecules for BPA in Hartrees (a.u). The molecular structures are shown in the
pathways of Fig. 3.6
System
1 (vac.)
1 (water)
2 (vac.)
2 (water)
3 (vac.)
3 (water)
4 (vac.)
4 (water)
5 (vac.)
5 (water)
6 (vac.)
6 (water)
7 (vac.)
7 (water)
8 (vac.)
8 (water)

Energy / a.u.
-731.9160713
-731.9281363
-731.3532817
-731.4458657
-731.6477781
-731.7151297
-731.2735636
-731.2880943
-1462.5626198
-1462.5889672
-1462.6302932
-1462.6517800
-1462.5776942
-1462.6009624
-1462.6133889
-1462.6341969

ZPE / a.u.
0.2738360
0.2737550
0.2594090
0.2597380
0.2746190
0.2746050
0.2609800
0.2609540
0.5266390
0.5258810
0.5279130
0.5273420
0.5265880
0.5266210
0.5274490
0.5272790

Table A3.2. The single point and zero point vibration energies (ZPE) of the structurally
optimized molecules for TCS in Hartrees (a.u). The molecular structures are shown in the
pathways of Fig. 3.7
System
1 (vac.)
1 (water)
2 (vac.)
2 (water)
3 (vac.)
3 (water)
4 (vac.)
4 (water)
5 (vac.)
5 (water)
6 (vac.)

Energy / a.u.
-1992.8076328
-1992.8177240
-1992.2764960
-1992.3497779
-1992.5218864
-1992.5903511
-1992.1657437
-1992.1751145
-3984.3576728
-3984.3713801
-3984.3896296
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ZPE / a.u.
0.1599830
0.1601420
0.1465950
0.1467790
0.1600280
0.1599300
0.1471860
0.1471430
0.2994950
0.2990880
0.2999900

6 (water)
7 (vac.)
7 (water)
8 (vac.)
8 (water)

-3984.4012663
-3984.3436869
-3984.3697457
-3984.4088617
-3984.4281569

0.2997410
0.2994520
0.2993680
0.3000550
0.2999500

Table A3.3 The single point and zero point vibration energies (ZPE) of the structurally
optimized molecules for NP in Hartrees (a.u). The molecular structures are shown in the
pathways of Fig. 3.8
System
1 (vac.)
1 (water)
2 (vac.)
2 (water)
3 (vac.)
3 (water)
4 (vac.)
4 (water)
5 (vac.)
5 (water)
6 (vac.)
6 (water)
7 (vac.)
7 (water)
8 (vac.)
8 (water)

Energy / a.u.
-661.5102806
-661.5171434
-660.9444414
-661.0343867
-661.2255577
-661.2984921
-660.8680792
-660.8775242
-1321.7427264
-1321.7594228
-1321.8140995
-1321.8272054
-1243.1127463
-1243.1256729
-1243.1502433
-1243.1605297
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ZPE / a.u.
0.3592940
0.3587650
0.3449000
0.3456510
0.3593380
0.3596980
0.3465240
0.3461850
0.6980100
0.6968630
0.6986220
0.6979340
0.6417340
0.6404350
0.6417680
0.6407830

Appendix information for Chapter 4
Excitation-Emission Matrixes (EEM) Analysis

All fluorescence spectra were recorded on an Aqualog–UV-C spectrofluorometer (Horiba
Scientific, Japan) equipped with a xenon lamp as the excitation source. The 3.0 mL sample was
placed in a square quartz cuvette cell (10 mm path length). An EEM of the blank solution was
subtracted from each sample in order to remove most of the Raman scatter peaks. Fluorescence
spectra were corrected for inner filter effects and Rayleigh scatter effects were also removed
from the data set. A wavelength step size of 3 nm was used for the collection of EEM spectra.
The excitation wavelength range was from 240 to 600 nm, and the emission wavelength range
was from 200 to 600 nm. The scans were normalised using a quinine sulphate standard.

(b)

Fig. A4.1- The catalyst dependent a) BPA removal and b) product M454 formation with time. Values are
the mean + SD of triplicate. Reaction conditions are [BPAinitial] = 43.8 µM, FeIII-TAML/4 mM H2O2, pH 9
and temperature ~25ºC.
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Fig. A4.2 Excitation-emission matric scan for a) 5 mg L-1 NOM b) 5mg L-1 NOM + TAML c) 25 mg L-1 NOM + TAML + H2O2
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Fig. A4.3 Excitation-emission matric scan for a) 25mg L-1 NOM b) 25 mg L-1 NOM + TAML c) 25 mg L-1 NOM + TAML + H2O2
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Fig. A4.4 ESI(-) MS spectra of Fe-TAML in methanol from high resolution LC-ToF-MS analysis

Fig. A4.5- High resolution ESI+MS spectra from LC-ToF-MS machine for TCS-guaiacol interaction
[SPE extract after 3 hrs reaction of compounds by 8 nM Fe-TAML/ 4 mM H2O2, at pH 8.5]
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