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 Abstract 

The bioaccumulation of endocrine disrupting chemicals in water bodies is a problem affecting 

human health and the ecosystem. Estrogenic compounds are well known as endocrine disrupting 

chemicals in humans and aquatic life, and include 17α-ethinylestradiol (EE2), a widely used 

pharmaceutical. Human waste and animal agriculture are the major sources of this compound 

worldwide. The presence of EE2 in water bodies is due to the failure of wastewater treatment plants 

in treating and removing this micro-pollutant. The goal of the research described in this thesis was 

to investigate oxidation of EE2 by nano-sized zero valent iron (nZVI). It was decided to use nano-

sized rather than macro-sized zero-valent iron due to its reactivity in the degradation of a wide 

range of organic compounds. Commercial nZVI was utilised throughout this study.  

 

The first phase of this study sought to gain a better understanding of the degradation 

mechanisms of EE2 by nZVI at pH 3, 5 and 7 in nitrogen-purged, non-purged and oxygen-purged 

conditions. In nitrogen-purged conditions, the kobs values at pH 3 and pH 5 were 0.985 and 1.110 

min−1 respectively, while a significant decrease in removal rate (0.013 min−1) was observed at pH 

7. The results for radical scavenging and transformation products revealed that direct reduction of 

EE2 by nZVI was responsible for the removal of EE2 in nitrogen-purged conditions. In non-purged 

conditions, the most effective degradation occurred at pH 3 with kobs =1.546 min-1, followed by 

pH 5 (kobs = 0.145 min-1) and pH 7 (kobs = 0.064 min-1). It was also found that different reactive 

species acted as key factors at each pH (OH• radicals for pH 3, O2
•- radicals for pH 5, and Fe(IV) 

for pH 7). In air-purged conditions, kobs values at each pH were all lower than the corresponding 

values in the non-purged systems. However, the same radicals were present at each pH due to 

inhibition of reactive radical production and rapid surface oxidation of nZVI by the excess amounts 
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of O2 in the systems.  The results obtained from this study highlight that variations in oxygen 

content and pH can significantly influence the main drivers for the removal of organic 

contaminants by nZVI induced-Fenton reaction. 

 

The second phase of this study was built on the understanding of the degradation 

mechanism that would take place in real life in the presence of natural organic matter (NOM). The 

NOM used in this study was sourced from Suwannee River water. The results suggest that the 

degradation rate of EE2 in the presence of NOM decreased when increased NOM concentrations 

were observed at pH 3 and pH 5. A possible explanation is that the OH• radicals formed during the 

oxidation were scavenged by NOM. A different trend was observed in the presence of Bisphenol-

A (BPA) and NOM between pH 3 and pH 5. EE2 degradation was inhibited at pH 3 and 

significantly enhanced at pH 5 in the presence of 5mg L-1 NOM and 25mg L-1 NOM.  It is proposed 

that the presence of BPA, which has high hydrophobicity, and humic substances, which possess 

an apparent electron-donating capacity, may be involved in the formation of the O2
•- radical, 

thereby leading to the enhanced removals observed at low NOM concentration. This observation 

was supported by the excitation emission matrix, which showed the scavenging of most of the 

humic-like substances. In the presence of excess amounts of NOM, it was adsorbed onto Fe0 

surfaces and blocked the reactive sites, resulting in the reduced degradation observed.  
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CHAPTER 1 

INTRODUCTION 
 

1.1  Research Background 

There is increasing scientific evidence of the existence and persistence of anthropogenic 

endogenous hormone biochemicals in aquatic environments, and their possible effects on public 

health and ecosystem wellness.  These endogenous hormone biochemicals are also known as 

endocrine disrupting chemicals (EDCs). These chemicals, commonly found in our everyday foods, 

pharmaceuticals and personal care products, were once believed to be safe but their negative 

effects on the environment are now established (Diamanti-Kandarakis et al., 2009; Liu et al., 

2009).  

 

EDCs are widely used around the world and include 17α-ethynilestradiol (EE2), the active 

compound in the contraceptive pill.  Only 16.4% of prescriptions for the oral contraceptive pill are 

reported worldwide. Due to different laws and regulations around the world, the prescribing of the 

contraceptive pill is neither uniformly controlled nor monitored. EE2 has the potential to mimic 

the natural functions of human and animal endocrine hormones in regulating cell behaviour and 

physiology to maintain homoeostasis, mediate neural signalling and integrate the function of the 

nervous system, as illustrated in Figure 1.1 (Brooke and Thursby, 2005; Chang et al., 2009; Fang 

et al., 2010; Katzenellenbogen et al., 1993).  By mimicking the endocrine system, the action of 

EE2 may lead to alterations in cellular responses, potentially adversely affecting cell behaviours in 

humans and animals.  
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Figure. 1.1 Mode of reaction of 17α-Etinylestradiol (pink) with receptor genes (green) of 

the endocrine system (Source: Klein, 2007) 

The environmental concentrations of EE2 with potential to cause adverse effects on human 

and wildlife are relatively low. EE2 has been identified as potentially causing growth and 

developmental disorders in humans, such as oligospermia (Carlsen et al., 1992) and breast cancer 

(Wolff and Toniolo, 1995) among others. In addition, the presence of EE2 in water has been 

reported to affect aquatic wildlife by causing abnormalities in reproduction systems and abnormal 

sex ratios (Harries et al., 1997; Sumpter and Jobling, 1995). Snyder et al. (2003) reported that 2 

ng L-1 EE2, a concentration typically found in municipal wastewater effluent, could induced 

variations in fish reproduction.  There has been no recent revision of the EE2 concentration limit 
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for wastewater treatment effluent by the USEPA. However, an EE2 concentration limit of 0.035 

ng L-1 was set recently in Europe, as part of the European Union Water Framework Directive 

(Jarošová et al., 2015).  

 

The many endocrine disrupting compounds arrive in the environment through a variety of 

pathways. However, EE2 is a pharmaceutical that is prescribed exclusively to humans. Thus, the 

primary pathway by which this pharmaceutical reaches the environment is through wastewater 

treatment plants.  Sarmah et al. (2006) found levels of estrogenic compounds ranging between 4 

μg L-1 – 19 ng L-1 in dairy wastewater effluent in the Waikato region of New Zealand. After 

extensive sampling of water and wastewater effluent, specific concentrations for EE2 were 

identified and measured in the range 0.4 – 10.1 ng L-1 (Table 1.1).  

 

Table 1.1 Concentration of estrogen in dairy wastewater effluent samples, Waikato region, New 

Zealand (Sarmah et al., 2006)  

Compound 

Concentration (ng/L) 
Farm  

1 

Farm 

 2 

Farm  

3 

Farm 

4 

Farm 

6 

Piggery Goat Pukete Taupo Temple 

View 

17α-estradiol 40.0 592 458 1028 18.8 10.9 172 ND 9.5 ND 

17β-estradiol 28.8 28.9 147 331 ND 8.0 47.1 T 14.8 T 

Estriol  ND ND ND ND ND ND ND ND ND ND 

Estrone 66.9 3123 696 3057 40.9 27.3 157 T 84.7 19.0 

17α-ethynyl 
estradiol 

ND ND ND ND ND ND ND T ND ND 

Total 135.7 4004 1301 4416 59.1 46.2 376.1 - 109 19.0 
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Past research has shown that even when dairy wastewater has been processed through a 

wastewater treatment plant, the effluent still contains high levels of estrogenic hormones. Similar 

results have been reported by other studies of sewerage treatment plants (STPs) in various 

countries. The failure of conventional wastewater treatment processes for effectively removing 

EE2 has been widely reported as due to inefficiencies in the design of processing operations in 

wastewater treatment plants for treating micro-pollutants, especially in the case activated sludge 

treatment (Svenson et al., 2003; Ternes et al., 1999).  

 

Growing awareness of this micro-pollutant has motivated researchers to develop best 

practice techniques for overcoming the problem, such as membrane bioreactor (Melin et al., 2006), 

ferrates (Sharma, 2013) , photo catalysis (Huber et al., 2004), catalytic oxidation (Chen et al., 

2012) and Fenton’s reagent (Ifelebuegu et al., 2006). Among these approaches, the simplicity, low 

cost and ability of Fenton’s reagent to degrade a wide range of organic pollutants in water systems 

has made it an attractive treatment option (Domínguez et al., 2012). 

 

The classic Fenton reaction uses a combination of hydrogen peroxide (H2O2) and Fe2+ at low 

pH to produce hydroxyl radicals (OH•) (Equation 1.1), which can then oxidise several organic 

substances at near diffusion-controlled rates (Walling, 1975). The main limitation of the reaction 

is the requirement to maintain low pH to sustain the reaction by preventing Fe precipitation from 

solution as Fe(OH)3 (Bae et al., 213). An additional consideration is to avoid high concentrations 

of Fe2+ and H2O2 as this can induce radical scavenging and inhibit contaminant degradation (Lee 

et al., 2012). 
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These limitations can be overcome by using iron particles, such as nanoscale zero-valent 

iron (nZVI) or iron minerals, to initiate the Fenton reaction (Bae et al., 2013). It has been shown 

that nZVI can drive oxidation reactions by reducing the O2 on Fe0 surface leading to OH• radical-

induced oxidation in the absence of added H2O2 (see Equation 1.1 and Equation 1.2) (Feitz et al., 

2005; Lee et al., 2014). Reactive oxygen species (ROS) formed by nZVI induced Fenton reaction 

in the presence of O2 have been used to degrade inorganic (Katsoyiannis et al., 2008; Ramos et al., 

2009) and organic (Remucal et al., 2011; Stieber et al., 2011; Zha et al., 2014) pollutants such as 

estrogens (Cai et al., 2013), chloramphenicol (Xia et al., 2014), and ampicillin (Ghauch et al., 

2009). 

Fe0+ O2+2H
+
  → Fe2++ H2O2 Equation 1.1 

Fe2++ H2O2 → Fe3++ OH
•
+ OH

-
 Equation 1.2 

 

The application of nZVI for the removal of EE2 has attracted a lot of research attention due 

to its pairing of small particle size (1-100nm) with a significantly large specific surface area – an 

average 33.5 m2 g-1 for the nano-sized particles compared with 0.9 m2g–1 for the commonly used 

micro-scaled particles. This combination enhances its reactivity. In addition, nZVI enjoys other 

technological advantages in terms of its greater portability and ease of deployment in the field (Li 

et al., 2006). Because of these characteristics, nZVI technology is a promising approach for treating 

EDCs and PPCPs in various mediums, especially in wastewater treatment plants. In the 

environmental area, nZVI technology has been widely applied in Europe and the US, especially in 

soil and groundwater remediation (as summarised in Table 1.2 below).  
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Table 1.2 The application of various types of nZVI in the environment  

Site Contaminant Particle Type Media 

Uzin, CZ Cl-ethenes Nanofer Low Permeable aquifer 

Rozmital, CZ PCB RNIP, Nanofer Fractured bedrock 

Asperg, Denmark Cl-ethenes RNIP Fractured rock 

Biella, Italy TCE, DCE nZVI n.s. Porous aquifer 

 

Despite its advantages, nZVI faces challenges in relation to agglomeration of the reactive 

site. Extensive studies have been conducted into enhancing the mobility of nZVI using various 

surfactants, including polyacrylic acid (PAA) (Phenrat et al., 2009a; Wielant et al., 2007). 

Recently, PAA-modified nZVI was introduced commercially for groundwater remediation in 

Europe. 

 

Nano-scale zero valent iron therefore has great potential for application in wastewater 

treatment due its ability to degrade in both oxygenated and deoxygenated environments, depending 

on the contaminants. It works more efficiently than conventional iron catalysts and increases the 

rate of oxidant activity. Often the ZVI-induced transformation reaction involves the reduction of 

the contaminant, which is initiated by the direct electron transfer occurring through oxidative iron 

corrosion in the absence of oxygen (Kang and Choi, 2008). In the presence of oxygen, iron can be 

used to drive an oxidative reaction in the absence of H2O2 that generates OH• radicals, as shown 

in Equation 1.1 and Equation 1.2. The Fenton reaction is generated in situ in the nZVI suspension. 

Through this process, the nZVI system takes advantage of both reductive and oxidative reactions.  
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Although a variety of literature is available on the degradation of organic pollutants by 

nZVI, it is difficult to compare the results from different studies due to factors such as variations 

in the type of nZVI, dosage of nZVI, characteristics of the contaminant being treated, and in the 

experimental conditions applied. Consequently, a more detailed study is required to validate the 

suitability of nZVI for EE2 degradation. One such approach is to investigate the performance of 

commercial nZVI that has been through a surface modification under different pH levels and 

oxygen conditions, to reach a detailed understanding of the reaction mechanism occurring in nZVI 

for each experimental condition. Additionally, an understanding of the often-conflicting 

interactions between nZVI reactivity, EE2, co-contaminants and natural organic matter might be 

reached.  

 

 

1.2 Research objectives  

The overall objective of this research is the elimination and remediation of EE2 contaminants in 

water by nZVI. This study was carried out in sequential steps designed to lead to a deeper 

knowledge of the practical application of nZVI in wastewater treatment plants. The specific 

research objectives and steps undertaken to achieve this were: 

 

1. Evaluate the ability of nZVI to degrade EE2 in aqueous batch treatability experiments and 

assess the performance of nZVI under various experimental conditions.    

2. Investigate and understand the degradation mechanism for removal of EE2 under each 

experimental condition. 

3. Establish the effect of natural organic compounds on the oxidation performance of nZVI.  

 



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

9 

 

1.3 Thesis framework  

This thesis consists of five chapters including two journal manuscripts to be submitted for 

publication. As a result, the repetition of some materials is unavoidable. Details of the thesis outline 

are presented below. 

 

Chapter 1: Briefly introduces the background of the study including the sources of EDC 

contaminants in the environment, their mode of interaction with receptor genes and the possible 

negative health effects resulting from these interactions. This chapter highlights and explains 

technologies available for the removal of EDCs, especially EE2.  

 

Chapter 2: Provides a detailed summary of the research literature. This chapter introduces the 

literature on EE2 including its molecular properties and potential effects, the available treatment 

methods for degrading EE2. It also highlights the significance of nZVI in contaminant remediation, 

as well as the methods and mechanisms involved in nZVI systems and factors limiting nZVI 

performance.  

 

Chapter 3: Presents a manuscript that has been submitted to the Journal of Water Research, and 

which aimed to comprehensively evaluate the mechanisms of EE2 removal by commercially 

modified nZVI under different O2 and pH conditions. EE2 was selected as the target compound 

due to its persistency in the environment and its reported estrogenic effects on aquatic organisms, 

even at low concentrations. The effects of nitrogen purging, no purging, and air purging on EE2 

degradation in nZVI suspensions were also investigated at pH 3, 5 and 7. The degradation 

mechanisms for all conditions were assessed by monitoring Fe2+ and H2O2 formation, using radical 
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scavengers to identify the radicals involved and analysing the EE2 transformation products by high 

resolution accurate mass spectrometry. X-ray diffraction (XRD) and transmission electron 

microscopy with selected area diffraction (TEM-SAD) were used to monitor the behaviour of 

nZVI under the various conditions investigated.   

 

Chapter 4: Describes the investigation of the oxidation of EE2 in the presence of natural organic 

matter (NOM) (Suwannee River water) and a co-contaminant (BPA). The experiment was carried 

out at pH 5 and monitored by liquid chromatography-mass spectrometry (LC-MS); the oxidation 

of NOM was monitored with excitation-emission matrix (EEM). The main aim was to understand 

the effect of NOM on the performance of the oxidant system. The results from this study indicate 

that certain concentrations of NOM enhance removal of EE2, while excess amounts of NOM 

introduce competition, which then reduce EE2 removal rates. This suggests that application of the 

oxidant system in STP at the tertiary stage could result in enhanced performance of the oxidant 

system for EE2 removal, providing NOM concentrations are kept reduced to certain limits.  

 

Chapter 5: Summarises the results of this thesis and their significance for environmental research 

and industrial application, and provides overall recommendations and conclusions. Areas where 

further work is needed are highlighted and improvements suggested that could lead to optimised 

performance of nZVI in real life applications. 
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CHAPTER 2 

RESEARCH OVERVIEW 

 

 

2.1  Use of 17α-Ethinylestradiol (EE2) and its Potential Hazardous Effects 

The presence in the environment of endocrine-disrupting chemicals (EDCs) displaying 

estrogen-like behaviours has become a major issue in environmental research and policy. EDCs 

interfere with the endocrine system and may alter diverse physiological functions including 

reproduction and development in different species, including humans (Lange et al., 2009; 

Thorpe et al., 2003). EE2 (Figure 2.1) is a C18 steroid comprised of 18 carbon atoms forming 

three hexagonal (A,B,C) rings and one pentagonal (D) ring. The addition of an ethinyl group 

at C17 makes it a stable and resistant compound. The solubility of EE2 in water is 11.3 mg/L  

(He et al., 2003), however solubility in ultrapure water is 4.83 mg/L (Shareef et al., 2006). The 

octanol-water partition co-efficient (Kow) of EE2 is 4.15, reflecting its high hydrophobicity (Lai 

et al., 2000).  

 

 

 

 

 

 

 

 

 

Figure 2.1 The chemical structure of EE2 consisting of three hexagonal rings (Ring A, 
B, and C) and one pentagonal ring (Ring D). 
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EE2 is a synthetic estrogen and major compound in the contraceptive pill and post-

menopausal hormone supplements, mimicking the function of 17β-estradiol. The diagram in 

Figure 2.2 describes the overall fate and pathway of EE2 in the environment. A major source 

of aquatic contamination by EE2 is the effluent from STPs and, as recently highlighted, animal 

manure. Stuer-Lauridsen & Kjølholt (2000) estimated (based on a mean excretion rate of 60%) 

that 720 kg of EE2 was excreted into the environment yearly through consumption of EE2 as a 

pharmaceutical product. In urine, EE2 is transformed to a water-soluble sulphate or biologically 

inactivate β-glucuronidase conjugate (Andrew et al., 2010). EE2 may be re-activated into its 

free-formed conjugate in STPs due to bacterial modification  (Atkinson et al., 2012). However 

in the activated sludge process, EE2 conjugates are relatively stable and difficult to breakdown 

and eliminate (Forrez et al., 2009). Larcher et al. (2012) explained that the treatment processes 

in STPs are incapable of removing micro-pollutants such as EE2 because they are designed to 

remove suspended solids. As a result, EE2 is available in water-bodies, especially reclaimed 

water. Numerous studies have reported the fate and transport of EE2 in low concentrations in 

sewerage effluent (Baronti et al., 2000), and into surface water (Kidd et al., 2007) and river 

water (Kolpin et al., 2002) in various countries around the world. Results are tabulated in Table 

2.1. The concentrations of EE2 observed in the environment are cause for concern because of 

its relatively high lipophilicity and persistence, leading to bioaccumulation and bio-

magnification in aquatic wildlife even at very low levels of EE2. The presence of EE2 in 

drinking water is a major public health concern. Concentrations of 0.5 ngL-1 have been found 

in German drinking water (Vulliet and Cren-Olivé, 2011).  A safe limit of 0.035 ng/L for EE2 

was set recently by the Environmental Quality Standards for drinking water, which is part of 

the EU water framework. 
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Figure 2.2 Fate and transport of EE2 in the environment (Aris et al. 2014) 
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Table 2.1 The concentrations of EE2 compounds in water bodies, as reported in several 

countries around the world. 

Location EE2 Concentration  
(ngL-1) 

Ref. 

Acushnet River estuary, USA 3.01 – 4.67 (Zuo et al., 2006) 

Buyukcekme watershed,  

Istanbul, Turkey 

11.70 – 14.00 (Aydin and Talinli, 2013) 

Surface water, Brazil ND – 25.00 (Sodré et al., 2010) 

Dan-Shui River, Taipei, Taiwan 7.53 – 27.40 (Chen et al., 2010) 

Jiazhou Bay, Qingdao, China 7.00 – 24.00 (Zhou et al., 2011) 

Surface water, Hyderabad, India 98.00 – 350.00 (Kumar et al., 2016) 

Surface water, The Netherlands <0.30 – 0.40 (Vethaak et al., 2005) 

Surface water, Iran 2.00 – 10 (Jafari et al., 2009) 

South East Queensland, Australia ND – 0.52 (Ying et al., 2009) 

Tianjin area, Northern China ND – 24.40 (Lei et al., 2009) 

Venice Lagoon, Bay of the Adriatic 

Sea 

<0.80 – 34.00 (Pojana et al., 2007) 

Wurm River, Germany <0.30-0.70 (Bögi et al., 2003) 

Surface water, Italy (Rome) 0.04 (Baronti et al, 2000) 

Surface water, The Netherlands <500 RIWA (2014) 
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Animal agriculture may also be a major source of estrogen, especially the large 

quantities of EE2 found in surface and groundwater (Lange et al., 2009; Sarmah et al., 2006). 

In certain cases, the contribution of animal waste to levels of estrogen exceeds that from human 

waste. For example, in one study sheep and poultry together were found to generate four times 

more estrogen than the human population of the UK (Johnson et al., 2006). Estrogen is used in 

animal agriculture to influence livestock growth and development and regulate reproductive 

cycles (Bartelt-Hunt et al., 2011; Noppe et al., 2007; Ying et al., 2002). Researchers have 

reported evidence of manurial estrogens infiltrating surface water and groundwater. The 

leaching of EE2 into the environment may also occur through run-off from manure and 

sewerage sludge that has been used as fertilizer in agricultural industries (Chen et al., 2010). 

Another important source of EE2 is aquaculture. EE2 is used as feeding additive and so 

discharged directly into the water-body (Bevacqua et al., 2011).  

 

In the past decade, awareness of the adverse effects of EE2 on wildlife and humans has 

been increasing. Researchers have found that EE2 is able to interfere with the endocrine systems 

of organisms at levels as low as a nanogram per litre (ng L-1). Some effects of EE2 on different 

aquatic species at different concentrations are reviewed in Table 2.2. An abundance of field 

and laboratory studies have provided evidence that EE2 interferes with the reproductive 

systems of aquatic wildlife near to effluent discharge points. Observed effects include 

vitellogenin induction in male fish, abnormal sex ratios, feminised animals and 

hermaphrodites, and altered gene expression profiles (Lange et al., 2009; Pojana et al., 2007; 

Singh et al., 2010; Vosges et al., 2008).  
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Table 2.2 Summary of studies on the effects of EE2 to animals 

Species Effects Conc. 
(ngL-1) 

Reference 

Wild fathead 

minnow 

 

- Feminisation of male and reduced gonadal 

development 

- Female produced vitellogenin beyond the 

normal breeding season 

5 – 6 

 

 

(Kidd et al., 

2007) 

Sida crystallina - Shortened juvenile phase 0.10 (Jaser et al., 

2003) 

Fathead 

minnow 

 

- Vertebral malformations 0.01 – 

0.10 

(Warner and 

Jenkins, 2007) 

- Failure to develop normal secondary sexual 

characteristic in males. Female: Male sex ratio 

/ 84:5 No testicular tissue observed. 

4 (Lange et al., 

2009) 

Salmon - Increased transcription of steroidogenic acute 

regulatory protein 

5 – 50 (Lyssimachou et 

al., 2006) 

Guppy - Decreased reproductive fitness and success 112 (Kristensen et al., 

2005) 

Bullfrog 

tadpoles 

- Xenobiotic exerts a direct effect on the heart 

muscle. 

- Ventricular strips of exposed animals present 

at higher contraction strength than control due 

to increase of transarcolemmal Ca2+ influx 

10 (Salla et al., 

2016) 

Zebrafish - Aggressive nipping behaviour decreased 

- Chasing and courtship behaviours decreased 

- Behaviourally dominant males exhibited 

paternal dominance 72 – 100% 

0.5 - 50 (Colman et al., 

2009) 

Gilthead 

seabream 

- Increase in vitellogenin gene expression 

- mRNA levels of ERα in the head kidney 

increased 

- in combination with immunisation – ERα 

transcript decreased 

5 - 50 (Cabas et al., 

2012) 

Zoarces 

viviparous eel 

- Increased maternal plasma calcium, decreased 

embryo calcium 

500 (Korsgaard et al., 

2002) 

Fathead 

minnow 

- Liver gene expression and induction of 

vitellogenin plasma protein in male fathead 

minnows 

- Increased production of plasma vitellogenin 

in the females 

0.47-3.92 (Armstrong et al., 

2016) 

Painted turtles 

(Chrysemys 

picta) 

-Improved spatial navigation learning and 

memory of juvenile turtles 

- Over-riding of temperature sex determination 

of the male gonad 

- Induced sex-dependent behavioural changes 

in turtles 

200 (Manshack et al., 

2016) 
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EE2 effects on aquatic wildlife are observed in the early embryonic and juvenile stages 

when there is higher vulnerability to the estrogenic activity of EE2, rather than the adult stages. 

A previous study observed that exposure of fertilised Mummichog eggs to 100 ngL-1 EE2 

shortened the reproductive period, and prolonged the survival period between hatching and the 

juvenile stage. However, the ratio of male sex decreased and gonadal male fish displayed 

secondary female sexual characteristics (Peters et al., 2010). Similar effects were found for 

other species such as the fathead minnow (Kidd et al., 2007; Lange et al., 2009), grey mullet 

fish (Aoki et al., 2011), mosquitofish (Angus et al., 2005), and zebrafish (Xu et al., 2008).  

 

Other studies have revealed increased levels of of vitellogenin in male aquatic wildlife 

exposed to low concentrations of EE2. Vitellogenin is an estrogen-induced yolk precursor 

protein produced by mature female fish (Humble et al., 2013). Larsson et al. (1999) found 

vitellogenin plasma present in juvenile Oncorhynchus mykiss exposed to EE2-containing 

wastewater effluent. Other researchers have observed that the amount of  vitellogenin plasma 

induced in male fish increases according to the length of exposure to EE2 (Humble et al., 2013; 

Larsson et al., 1999; Peters et al., 2010; Zha et al., 2008). Zha et al. (2008) found an immense 

increase in vitellogenin plasma concentrations in rare male Chinese minnows after three weeks’ 

exposure to EE2 at 4 ng L-1.  

 

EE2 exposure can also be very toxic to the adult aquatic organism. The mutagenic effect 

of EE2 on zebrafish is seen in increased hepatic tumours due to their decreased ability to repair 

DNA adducts. In addition, EE2 has been observed to affect the testis of adult male medaka by 

inducing testis-ova and increasing interstitial tissue and the presence of proteinaceous fluid. 

EE2 is believed to change dominance and courtship behaviours, theoretically posing a negative 

impact on the lifetime reproductive success of the exposed organism (Colman et al., 2009).  
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Several studies have indicated distortion of sex ratios in favour of females in aquatic 

amphibians as the most sensitive bioindicator of EE2 exposure. Evidence of the complete 

feminisation of wood frogs (Lithobates sylvaticus) was observed when they were exposed to 

7.7 µgL-1 EE2 during the larval stage (Tompsett et al., 2013). Similar effects have been 

observed in other amphibian species such as Xenopus tropicalis, Rana temporaria and the 

northern leopard frog (Berg et al., 2009; Hogan et al., 2008; Pettersson et al., 2006).  

 

There are other effects. A study on Xenopus tropicalia demonstrated that EE2 affected 

their central nervous systems by altering the estrogen receptor ERα mRNA in the brains of the 

adult frogs, and increased the frequency of individuals lacking oviducts (Pettersson et al., 

2006). In another study exposing bullfrog tadpoles to 10 ngL-1 EE2, the  EE2 acted directly on 

the cardiac muscle to increase cardiac force, which then elevated the demand for cardiac energy 

and reduced the energy available for their morphogenetic processes. This alteration lethargy 

makes the tadpoles more vulnerable to predators and less competitive in reaching the 

reproductive stage (Salla et al., 2016). 

 

The evidence for the disruptive effect of exogenous EE2 in the environment and on the 

development of wildlife and laboratory animals seems convincing. However, EE2 effects on 

humans were not considered in this study because the effects may manifest in different ways 

or with permanent consequences, and/or be delayed until the person reaches maturity or middle 

age. Furthermore, the level of exposure to exogenous environmental EE2 is less than the 

estrogenic activity provided by daily EE2 exposure in prescribed contraceptives. However, 

other experimental data suggest that EE2 may play a role in prostate carcinogenesis in humans 

by enhancing the development of lateral and anterior prostate tumours (Golden et al., 1998). In 

addition, an in vitro clinical study reported direct evidence for the inhibition of apoptosis due 
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to the effect of EE2 in increasing the production of anti-apoptotic protein through the interaction 

between estradiol and estrogen receptors, leading to increased incidence of human breast 

cancer (Wang and Phang, 1995). 

 

 

2.2  Available Technologies for Removal of EE2 from Contaminated Water 

Large amounts of EE2 have and are being produced to meet the global demand. The continuous 

production of the highly persistent compound has resulted in higher residues of EE2 entering 

the environment. Accordingly, several technologies have been investigated to improve the 

removal efficiency for EE2 in wastewater treatment.  Some of these technologies include 

biodegradation, physical removal, and advanced chemical oxidation processes. Table 2.3 

presents a summary of research on enhancing treatments for removal of EE2, both in pilot-scale 

and/or lab-scale studies.   

 

Conventional STPs  are designed to treat common compounds through processes such 

as biological oxygen demand, chemical oxygen demand and total suspended solids, but are 

inefficient for removing estrogenic compounds, especially EE2. Physicochemical properties of 

high Kow value and hydrophobic behaviour increase the stability of EE2 and it tends to be 

adsorbed onto sediment and accumulate in the environment (Auriol et al., 2006). Partial EE2 

removal has been observed in the activated sludge process (Table 2.3) (Fujii et al., 2002; 

Cargouët et al., 2004 ; Yoshimoto et al., 2004).  
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Table 2.3  Some examples of treatment technologies for EE2 removal 

Treatment Process Removal Efficiency 
(%) References 

Conventional & Advanced Biological Technologies 

Activated sludge 0 (Fujii et al., 2002) 

Activated sludge 34 – 45 (Cargouët et al., 2004) 

Activated sludge 77 – 98 (Johnson et al., 2006) 

Activated sludge 70 – 80 (Yoshimoto et al. 2004) 

Nitrifying activated sludge in batch 
cultures 

90 

(20 hrs reaction) 

(Shi et al., 2004) 

Pilot-scale MBR and Nano filtration ≥ 70 (J. Lee et al., 2008) 

Activated sludge and mixed culture 100 (Weber et al., 2005) 

Activated sludge coupled with UF/MF 60 – 70 (Camacho-Muñoz et al., 2012) 

Activated Sludge –MF-GAC-

Ozonation 

90 (Yang et al., 2011) 

 
Conventional & Advanced Physical Technologies 
GAC reactor 100 (Rudder et al., 2004) 

Packed activated carbon 95 (Kumar and Mohan, 2011) 

Packed granular activated carbon 100 (Grover et al., 2011) 

Single-walled carbon nanotube 95 – 98 (Joseph et al., 2011) 

Nano-filtration (labscale) 71 (Pereira et al., 2012) 

Nano-filtration 90 (Dudziak and Bodzek, 2009) 

Nano-filtration and RO 99 (Alturki et al., 2010) 

MF and RO 99 (James et al., 2014) 

 
Conventional & Advanced Chemical Technologies 
Coagulation and Flocculation 18 (Johnson et al., 2005) 

Photodegradation 40 (Liu et al., 2003) 

Ozonation 53.9 (Zhang et al., 2006) 

Ozonation/H2O2 96 – 100 (Guedes Maniero et al., 2008) 

Ozonation/UV 100 (Moreira et al., 2015) 

Ozonation 77.2 (Moreira et al., 2015) 

Chlorination 100 (Huber et al., 2005) 

Manganese oxide 75 - 93 (Forrez et al., 2009) 

Ultrasonic/Ozonation < 13.3 (Zhou et al., 2015) 
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EE2 is less likely to be removed and remains unchanged during its passage through the 

pathways in the ecosystem, and can be inherited in the biota. The only partial removal of EE2 

by conventional wastewater treatment plants signals the need to improve and/or replace the 

current technologies. However, this is difficult as EE2 is generally challenging to treat 

economically using conventional approaches and reliance on conventional STPs will not 

improve the quality of the effluent. Recent research effort has focused on employing secondary 

biological treatment processes and isolates of degrading bacteria from the environment. 

Increasingly, use of HRT is a drawback in current STPs technology. Accordingly, there has 

been a focus on improving membrane bioreactor technology or integrating activated sludge 

with secondary physical treatments such as membrane filtration, nano-filtration, ultra-filtration, 

and activated carbon. These combination treatments are considered a promising development 

in remediation of organic and inorganic compounds (Lee et al. 2008; Camacho-Muñoz et al. 

2012; Yang et al. 2011). However, the removal efficiency of EE2 in these treatments are ranges 

between 60 – 70% (Lee et al. 2008; Camacho-Muñoz et al. 2012), which indicates the 

integration of secondary physical treatments in STPs is not efficient in removing the EE2 in 

wastewater, most likely due to the presence of natural organic matter.  

 

Another possible biological removal pathway is using ammonia oxidizing bacteria 

(AOB) as the electron donors through heterotrophs or co-metabolism. Several investigations 

have reported that pure AOB cultures (Shi et al., 2004), enriched ammonia oxidizing cultures 

(Forrez et al., 2009b; Yi and Harper, 2007) and nitrifying activated sludge are able to bio-

transform EE2 in wastewater (De Gusseme et al., 2009). The researchers suggest the co-

metabolising of other organic substance and EE2 by the ammonium mono-oxygenase (AMO) 

enzyme enhanced the degradation. Khunjar et al. (2011) demonstrated that the combined 
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presence of AOB and heterotrophic cultures is able to enhance EE2 removal. However, Gaulke 

et al. (2008) reported pure cultures of AOBs, such as Nitrosomonas europaea and Nitrosospira 

(Ns.) multiformis, were unable to degrade EE2 at low concentrations. The apparent EE2 

degradation in previous studies was attributed to abiotic transformation and heterotrophs were 

deemed as more likely responsible for EE2  removal in a full-scale plant. 

 

The effectiveness of physical methods such as granular activated carbon (GAC) and 

membrane separation for removal of EE2 in synthetic and real wastewater have been studied 

extensively. Studies on the on the use of activated carbon have mainly focused on removal 

efficiency and factors that influence removal, such as the physiochemical properties of the 

contaminant and type of activated carbon produced. The adsorption capacity of activated 

carbon decreases over time due to decreases in micro-pore volume and specific surface area. 

For example, De Rudder et al. (2004) reported the complete removal of EE2 through adsorption 

by GAC, for low concentrations of EE2 (0.1 – 20 ngL-1). However, GAC has a low sorption 

capacity. The results indicated GAC has a short bed life, making the operational and 

maintenance costs high. In addition, the sorption capacity of GAC has been found to decrease 

in the presence of co-contaminants such as surfactants and natural organic matter (Zhang and 

Zhou, 2005). Apart from activated carbon, several other green absorbent materials have been 

studied for removal of EE2. Zhang and Zhou (2005) investigated the use of waste-derived 

carbonaceous adsorbent material to remove estrogen, but its sorption capacity was found to be 

lower than GAC.  

 

Membrane separation processes are gaining a lot of attention in the removal of 

micropollutants, microorganisms and salts from water and wastewater. Membrane separation 

technologies also show remarkable promise for the highly efficient removal of low 
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concentration contaminants, viruses and microbes. Research on EE2 removal by membrane 

separation has developed rapidly in recent years (Pereira et al, 2012,  Lee et al., 2008). There 

are two types of membrane technologies available: low-pressure (MF and UF) and high-

pressure (RO) systems. The efficiency of membrane separation processes relies on parameters 

including the physical properties of the membrane such as hydrophobicity, the molecular 

weight cut-offs and surface roughness physicochemical behaviours of the contaminants, and 

ion selectivity (Barbosa et al., 2016). The major disadvantages of membrane separation 

technology for the removal of EE2 are membrane fouling and accumulation of concentrated 

contaminants on the surface of the membranes/adsorbents with no reduction in their harmful 

effects  

 

Coagulation and flocculation processes are applied in water treatment plants to yield 

high removal efficiencies for particulate matter and microorganism inactivation. With regard 

to removing micro-pollutants like EE2, the coagulation-flocculation process is the least 

efficient technology (Johnson et al., 2005), even when a physical treatment is employed in the 

process. Similarly, Lima et al. (2014) found that only 40% of EE2, at an initial concentration of 

10 µg L-1, was removed by the integrating the processes of coagulation and flocculation with 

PAC.  

 

Different treatments have been investigated to overcome the disadvantages of physical 

and biological degradation processes, and mainly involve advanced oxidation processes 

(AOPs). AOPs such as ultraviolet (UV) radiation, ozonation (O3), chlorination and Fenton-

based reactions have gained attention in recent years due to their effectiveness in breaking 

down organic contaminants into less complex compounds, or achievement of complete 

mineralisation (Andreozzi, 1999).  Accordingly, AOPs have advantages in treating persistent 
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organic compounds with high chemical stability and/or low biodegradability. AOPs are 

considered clean technologies in wastewater treatment as they produce reactive oxygen radicals 

which attach to the organic contaminants. Removal efficiency is based on the formation of the 

reactive radicals at a rate dependent on oxidation, the chemical structure of the contaminants 

and oxidant dosage (Klavarioti et al., 2009). However, when incomplete mineralisation is 

achieved, a post-treatment may be necessary before final disposal. Another shortcoming often 

found in the application of AOPs for wastewater treatment is the frequent presence of radical 

scavengers in the wastewater that limit the attacks of radicals to the organic pollutants.  

 

Ozonation technology is the most studied of the AOPs and is widely used in WWTPs 

in Switzerland and Germany, integrated with oxidation or/and physical treatments (Schröder 

et al., 2016). Ozonation depends strongly on the pH of the water since the decomposition rate 

of ozone increases as the pH arises. The OH- ion initiates a series of reactions of ozone 

decomposition as follows (Von Gunten, 2003): 

𝑂3 + 𝑂𝐻− → 𝑂2 + 𝐻𝑂2
−                 𝑘 = 70 M−1s−1  Equation 2.1 

𝑂3 + 𝐻𝑂2
− → 𝑂𝐻• + 𝑂2 + 𝑂2

•−       𝑘 = 2.8 x 106 M−1s−1 Equation 2.2 

𝑂3 + 𝑂2
•− → 𝑂3

•− + 𝑂2                      𝑘 = 1.6 x 109 M−1s−1 Equation 2.3 

𝑂3
•− + 𝐻+ ↔ 𝐻𝑂3

•                               𝑘 = 5 x 1010 M−1s−1  Equation 2.4 

 

Decomposition of ozone then leads to the transformation of contaminants via two strong 

oxidants: molecular O3 and OH•. This involves direct or indirect oxidation of organic 

contaminants via formation of OH• radicals (Gerrity and Snyder, 2011). At high pH values, 

there is a higher concentration of OH- that enhances the decomposition of O3 by a complex 

chain mechanism into OH•, which is able to react faster and less selectively than O3 (Ikehata 
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and Gamal El-Din, 2006). The OH• reacts less selectively with micro pollutants whilst ozone 

has higher selectivity and will only react with amines, phenols and double bonds aliphatic 

compounds (Haag and Yao, 1992). OH• radicals react 106 – 1012  times faster than O3 and 

preferentially attacks electron-rich organic moieties (Munter, 2001). Researchers have reported 

removal efficiencies for estrogens by ozone treatment of >90%, depending on pH, with a 

second-order rate constant of 3 x 106  M-1s-1 (Huber et al., 2005). The estrogenicity of estrogen 

disappeared at pH 3, but remained at pH 7 and above due to the formation of daughter 

compounds with unknown estrogenic activity (Huber et al., 2005; Ternes et al., 1999).  EE2 

removal by ozonation is affected by the initial concentrations of EE2 and the presence of other 

co-contaminants. OH•  radicals are more prone to being consumed by the co-existing 

compounds when their concentrations in the environmental water are relatively high. Other 

researchers have reported that the formation of transformation compounds contributes to 

environmental risks and carcinogenicity and/or mutagenicity (Auriol et al., 2006; Moriyama et 

al., 2004). An additional post-treatment is required to further reduce the estrogenic activity of 

these by-products (Luo et al., 2014). Membrane technologies such as UF, NF and RO are often 

integrated with ozonation to achieve complete oxidation of pollutants in water and wastewater 

(Luis et al., 2011). 

 

Irradiation with ultraviolet light (UV) is another effective AOP for removing EE2. UV 

is used to transform some EE2 through light absorption on photoactive groups. There are two 

types of photolysis: direct photolysis through absorption of light, and indirect photolysis which 

generates reactive oxygenated radicals through absorbed dissolved natural organic matter 

(Rosenfeldt and Linden, 2004). Numerous studies have described the degradation of EE2 by 

UV at rates up to 100% in lab-scale and pilot-scale experiments (Rosenfeldt and Linden, 2004; 

Silva et al., 2012). One laboratory study showed that during direct photolysis by UV- A and 
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UV-C, E1 and E2 undergo breakage and oxidation of ring A to produce compounds containing 

carbonyl groups (Liu and Liu, 2004). This is consistent with a study by Mazellier et al. (2008) 

which found the gradual degradation of EE2 under UV polychromatic irradiation formed 

numerous primary and secondary products that correspond to hydroxylated phenolic or 

Quinone type compounds. However, the utilty of laboratory studies is limited when they do 

not take into account the conditions found in the natural environment, particularly the presence 

of dissolved and suspended substances. Atkinson et al. (2011) highlighted that the presence of 

natural organic matter (NOM) decreased rates of degradation of E1 and EE2 under UVB 

radiation due to  competitive inhibition. In addition, they found that the estrogenic activity of 

E1 and EE2 did not reduce, suggesting that the photo-transformation products may also have 

estrogenic potency. In contrast, Canonica et al. (2008) reported  EE2  photolysis was enhanced 

in the presence of NOM compared to direct photo-transformation. They hypothesised that 

NOM acts as a photosensitiser, producing excited triplet states and radicals that react with the 

estrogens.  

 

Heterogeneous photo-catalysis is another process that has been extensively investigated 

for water and wastewater treatment. This technology relies on the use of wide band-gap 

semiconductors which lead to the formation of electrons and holes (and subsequent chain 

reactions including OH•) due to excitation of an electron from the valence band initiated by 

light absorption (Fujishima and Honda, 1972). The fate of the separated electron and hole can 

follow several pathways if the OH•  radical is considered as the main oxidant, including the 

oxidation of an electron donor on the surface of the semiconductor particle, diffusion of 

acceptor and reduction on the surface of the conductor, and recombination in the volume or on 

the surface (Linsebigler et al., 1995). The catalyst in the reaction needs to be chemically- and 

photo-stable, have good band gap energy and preferably low cost and low toxicity (Hoffmann 
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et al., 1995; Kabra et al., 2004). There are a number of photo catalysts available, including 

titanium dioxide (TiO2), zinc oxide (ZnO), zinc sulfide (ZnS), ferric oxide (Fe2O3), silicon (Si),  

tin oxide (SnO2) and cadmium sulfide (CdS). However, TiO2 is the most widely cited photo 

catalyst in the literature because it is highly stable, environmentally friendly and low cost 

(Augugliaro et al., 2006). For instance, Ohko et al. (2002) who used TiO2 photo-catalysis to 

remove the natural and synthetic estrogen in wastewater reported the removal of estrogenic 

activity was due to oxidation of the phenol moiety of E2. A similar observation was reported 

by Sun et al. (2010) who suggested photocatalytic degradation involving the phenolic moiety, 

aliphatic carbon linked to the aromatic ring at pH 7, and isomerization of EE2  in the presence 

of methanol at pH 7. Another semiconductor attracted research attention in photocatalysis is 

ZnO. ZnO has higher electronic mobility conductivity compared with TiO2 (Barbosa et al., 

2016). However, ZnO is subject to photo-corrosion in certain conditions. The efficiency of 

photocatalytic technology is dependent on the loading and composition or type of photo 

catalyst, the nature and concentration of target compounds, the type of irradiation and solution 

pH. However, the need to suppress the recombination of photo generated charge carriers, high 

operational and maintenance costs, and formation toxic by-products are major shortcomings in 

the application of UV for wastewater treatment.  

 

Various review papers have highlighted the common use of Fenton-technology AOPs 

to investigate the treatment of micropollutants in real matrices, which include water and soil 

(Brillas et al., 2009; Pignatello et al., 2006). The classic homogeneous Fenton process employs 

H2O2 and a precursor of iron to generate OH• radicals at room temperature and pressure, and 

does not require special equipment (Andreozzi, 1999). The net reaction in the Fenton process 

can be defined as the dissociation of H2O2 in the presence of Fe, which clearly denotes that 

acidic conditions are required to completed the reaction. 
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𝐹𝑒2+ + 𝐻2𝑂2 + 2𝐻+ → 2𝐹𝑒3+ + 2𝐻2𝑂  Equation 2.5 

 

Fe acts as catalyst by changing form between Fe2+ and Fe3+.  The Fenton process is highly 

efficient with relatively low operational and maintenance costs. No energy is required to 

activate H2O2. Fenton technology has been quite effective for the treatment of industrial 

wastewater containing recalcitrant organics, especially estrogen. Nakrst et al. (2011) found that 

ozonation and Fenton’s oxidation at an Fe2+: H2O2  ratio of 1:20 were both very effective in 

removing both E2 and EE2; however the Fenton’s process showed a slower degradation rate. 

Despite being slower, the Fenton’s process is preferable due to better removal of estrogenic 

activity. In addition, classic Fenton and modified Fenton have the advantage of simplicity and 

flexibility, enabling easy implementation as a stand-alone or hybrid system which facilitates 

easy integration in existing water and wastewater treatment processes like coagulation, 

flocculation, filtration and biological oxidation (Brillas et al., 2009). Nonetheless, the major 

drawbacks of this process are the rapid consumption of Fe2+ in comparison with the 

regeneration rate, and the complexation of some iron species and possible waste of oxidants. 

Unfortunately, this process also generates secondary waste and requires low pH (2.5 – 3.0) for 

optimal operation (Barbosa et al., 2016).   

 

To improve the oxidation efficiency of the classic Fenton process, various 

modifications have been examined. Researchers have investigated integrating the process with 

UV light irradiation to accelerate the regeneration of Fe2+ from Fe3+ complexes and photo-

decarboxylation of ferric carboxylates (Umar et al., 2010), in what is called the photo-Fenton 

process. The presence of UV irradiation in the Fenton process affects the degradation rate due 
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to the photo reduction of Fe3+ to Fe2+ to produce more  OH• and regenerate Fe2+ in the system  

(Ruppert et al., 1993) : 

𝐹𝑒3+ + 𝐻2𝑂 + ℎ𝑣 → 𝐹𝑒2+ + 𝐻+ + 𝑂𝐻•  Equation 2.6 

Fe3+ oxalate complexes are used due to their broad absorption range of up to 570 nm and higher 

quantum yield of Fe2+ compared to Fe2+ hydroxyl complexes. Pignatello et al. (2006) suggested 

that the enhanced contaminant removal in photo-Fenton is likely due to photo reduction of Fe3+ 

to Fe2+, photo-decarboxylation of ferric carboxylate complexes and photolysis of H2O2 . 

However, no full-scale application of this technology has been studied. Other disadvantages 

are low pH operating conditions and high operating costs due to pH adjustment and lamp 

maintenance. Further, the presence of photo-inactive hydroxide complexes in the iron sludge 

reduces light penetretation with thick sludge concentration which leads to self-scavenging of 

OH• radical by organic ligands (Brillas et al., 2009).   

 

Alternatively, other studies have investigated other hybrid systems such as electro-

Fenton (EF). EF technology is based on an electrochemical process whereby the continuous 

electro-generation of H2O2 at a suitable cathode fed with O2 or air produces OH• radical on the 

addition of iron catalyst. EF technology has shown significant recent development in the 

treatment of organic contaminants. In EF technology, the soluble Fe3+ can be cathodically 

reduced to Fe2+, known as electrochemical catalysis, where Eo = 0.77 V/SHE (Equation 2.7) 

(Oturan et al., 2010): 

𝐹𝑒3+ +  𝑒−  →  𝐹𝑒2+  Equation 2.7 
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The rapid generation of Fe2+ by this reaction increases the formation of OH• radical 

via the Fenton reaction, which enhances the decontamination of organic compounds. The major 

advantages EF are in-situ production of H2O2, higher degradation of organic pollutants due to 

regeneration of Fe2+ at the cathode, and relatively low cost (Brillas et al., 2009).   

 

Xu et al. (2013) investigated the feasibility of a bio-EF system equipped with a Fe2O3 

/ non-catalysed carbon felt (NCF) composite cathode for the removal of E2 and EE2. The 

authors reported that 81% of E2 and only 56% of EE2 were removed through oxidation by OH• 

radicals from the Fenton reaction and zero-valent iron / O2 system, and adsorption onto the 

reactor and electrodes. On the other hand, the oxidation of contaminants by EF system only 

can be achieved at acidic conditions which is offset by the cost to maintain at acidic conditions.  

 

To circumvent the pH-limitation and other effects of homogenous Fenton and modified 

Fenton processes,  heterogeneous Fenton-like technology using goethite (Ortiz de la Plata et 

al., 2010a, 2010b), magnetite (Xue et al., 2009; Zhang et al., 2009) and zero-valent iron (ZVI) 

(Bae et al., 2013; Che et al., 2011; Gunawardana et al., 2011; Hanna et al., 2008) has been 

introduced. Several studies have investigated the use of the ZVI-induced Fenton reaction in the 

presence of O2 to degrade organic (Feitz et al., 2005; Remucal et al., 2011; Stieber et al., 2011; 

Zha et al., 2014) and inorganic (He et al., 2013; Katsoyiannis et al., 2008; Ramos et al., 2009) 

contaminants through the formation of reactive oxygen species (ROS). The ZVI-induced 

Fenton reaction has been used to remove pharmaceuticals and EDCs such as estrogens (Cai et 

al., 2013), chloramphenicol (Xia et al., 2014), metronidazole (J. Chen et al., 2012; Fang et al., 

2011), and amoxicillin and ampicillin (Ghauch et al., 2009). Rapid corrosion by ZVI forms 
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Fe2+ and H2O2, which then react to produce reactive species such as OH•, O2
•- and Fe(IV)O2+ 

(Keenan and Sedlak, 2008a; Sung et al., 2005).   

 

 

2.3  Nanoremediation 

Recently, remediation by nano-sized materials has gained attention for application in the 

detoxification of contaminants. Nanomaterials and nanostructures have nanoscale dimensions 

that range from 1 to 100 nm and often exhibit novel and significantly changed physical, 

chemical, and biological properties. Nano-sized materials may have the same chemical 

structure as bulk forms but their innovative surface coating and small size creates more 

reactivity due to the greater surface area per unit of mass (Rickerby and Morrison, 2007), 

allowing the particles to remain suspended in groundwater and allowing them to travel further 

and achieve wider distribution (Tratnyek & Johson, 2006). Different types of nanomaterial 

have been investigated for use in remediation, such as nanoscale zeolites, metal oxides, carbon 

nanotubes and fibres, enzymes, various noble metals, and titanium. Each of these nanomaterials 

possesses unique functionalities that are potentially applicable to the remediation of industrial 

effluents, groundwater, surface water and drinking water.  

 

Adsorption based water treatment processes are mainly driven by the adsorption of 

pollutant into the layers/sheets of a solid material owing to the operation of surface forces. 

Nanomaterial show remarkable adsorbent properties because of its extremely high specific 

surface area, high reactivity, and large number of active sites for interaction with different 

pollutants. Nanomaterials used for water and wastewater treatments are developed from nano-

crystalline zeolites, metal oxides such as iron oxides and manganese oxides and nano-sized 

polymers. For instance, the application of nano-size iron oxides such as magnetite, maghemite 
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and hematite have been widely studied due to their high ratio of surface area to volume and 

super-paramagnetism (Afkhami et al., 2010), the versatilty of being able to control and 

manipulate their atomic scale (Boyer et al., 2010), and their low cost and toxicity,  as well as 

reusabily (Xu et al., 2012). Numerous studies have reported on the removal efficiency of 

organic compounds using nano-sized iron oxide as adsorbent (Luo et al., 2011; S. Zhang et al., 

2010). Iram et al. (2010) found that a magnetite hollow nano-sphere has high efficiency in 

removal of red dye with the maximum adsorption capacity of 90 mg g-1. Ma et al. (2005) also 

reported magnetite can easily be recycled and reused after high saturation magnetization and it 

can be separated using a magnet.  

 

Carbon Nano-tubes (CNTs) have attracted much research attention due to their structure 

and large surface area to weight ratios. CNTs are composed of concentric arrangements of 

many cylinders and can reach diameters of up to 100 nm (Iijima & Ichihashi, 1993). Perfect 

CNTs have all carbons bonded in a hexagonal lattice except at their ends. CNTs are 

characterised into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) which create a carbonaceous particle with an extremely high aspect 

ratio and high surface area per weight (Tuzen and Soylak, 2007). In comparison to activated 

carbon, CNTs have higher adsorption capacities for a variety of contaminants, including heavy 

metals (Li et al., 2005; Wang et al., 2005), phenols (Lin and Xing, 2008) and other organic 

chemicals (Yang et al., 2006). Lu et al. (2005) reported SWCNTs and MWCNTs both showed 

high adsorption capability to removed trihalomethanes from water in disinfection processes 

compared to activated carbon, and at wide pH variation. Similarly, Joseph et al. (2011) 

demonstrated high removal efficiencies of BPA and EE2 from landfill leachate using SWCNTs. 

However, removal efficiencies reduced as pH increased from pH 3 to 11, and with the age of 

the leachate, hydrophobicity of the contaminant and the presence of NOM. Jiang et al. (2017) 



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

34 

 

found that EE2 adsorption capacity of SWCNT decreased in the presence of NOM due to pore 

blockage caused by the NOM which decreased the adsorption capacity of EE2. After four days 

the amount of NOM adsorbed on CNTs was high. Another study reported the high cost and 

difficulty of collecting CNTs from their dispersing media as a disadvantage of the technology 

(Theron et al., 2008).  

 

Nanoscale semiconductor photo catalysts are another type of nanomaterial used in 

environmental remediation, especially remediation of groundwater and wastewater. The 

majority of semiconductor photocatalysts studied have been metal oxides such as TiO2 and 

ZnO and chalcogenides such as CdS, ZnS and CdSe (Porambo et al. 2010), because of their 

physical and chemical stability, lower cost and resistance to corrosion. Titanium Oxide (TiO2) 

is a widely used photocatalyst due to its ability to remove a wide range of organic and inorganic 

contaminants (Augugliaro et al., 2012). In order to decompose contaminants, TiO2 requires 

UV-light at higher energy than its band-gap energy to generate electrons (e-) in the conduction 

band and positive holes (h+) in the valence band. The entrapment of water and hydroxyl ions 

by the holes produces strong oxidising agents that react with molecules adsorbed on the 

photocatalyst surface, resulting in hydroxylation, oxidation and mineralisation to carbon 

dioxide and water (Carp et al., 2004; Linsebigler et al., 1995). However, there are 

disadvantages to applying TiO2 in practice. A high band-gap energy of approximately 3.2 V 

requires UV illumination to photo activate this semiconductor (Zaharescu et al., 2009). Other 

disadvantages of using TiO2 in photo-catalytic processes are the rapid conglomeration and 

recombination of the generated electron-hole pairs, which contribute to a decrease in the 

effective surface area resulting in low catalytic efficiency (Kashif & Ouyang, 2009). 
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Zero-valent iron nanoparticle (nZVI) is widely recognised for its potential in 

groundwater treatment and on-site remediation. Zero-valent iron nanoparticle is a non-toxic 

metal, which is inexpensive (Hardy & Graham, 1996), easily oxidised by organic compounds 

without additional reactant, and able to reduce highly mobile oxidations (UO2
2+) and oxyanions 

(CrO4
2-, MoO4

2-) into insoluble forms. It is also highly reductive to many halogenated 

hydrocarbons (Cantrell and Kaplan, 1997). The greatest research focus for nZVI is the 

reactivity of its core-shell nanoparticles driven by oxidation of the nZVI core (Liu et al., 2005a). 

Compared with the bulk-size zero valent iron, nZVI has higher reactivity, which is attributed 

to its greater density and intrinsically more highly reactive surfaces (Theron et al., 2008; Zhang 

et al., 2009).  Other advantages of using nZVI over micro-sized ZVI are its complete 

mineralisation of organic contaminants, so avoiding the formation hazardous transformation 

products, and faster transportation, which make it more effective for groundwater treatment 

(Keane and Giulio, 2009). 

 

In-situ treatment with nZVI offers unmatchable advantages, such as its applicability to 

source zones in deep aquifers or to areas where the land is occupied, shorter remediation times, 

faster transportation and chemical reactivity and it also helps to relieve surface oxidation 

problems (Nadagouda et al., 2009). In relation to the high cost of other nanomaterial products, 

nZVI is reasonably low cost, as shown in Table 2.4 below which summarises the prices of 

nanomaterials of interest to the water sector. Due to the advantages described above, many 

pilot studies and large-scale in-situ applications have been carried out (Liu et al. 2009). The 

only disadvantage with nZVI is the decrease in iron reactivity over time due to the formation 

of oxide layers on the particle surface during the reaction, or upon contact with air (Li et al., 

2006a). To overcome the rapid aggregation of the particles, various organic coating are used, 
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such as emulsions, polymers and polyelectrolytes, to limit the reactivity and mobility of nZVI 

(Ponder et al., 2001). 

 

Table 2.4   Prices of Nanomaterials of interest to the water sector 

Nanomaterial Price in 2010 (USD / grams) 
nZVI 0.14 

n-TiO2 0.18 

Nano-magnetite 0.44 

Nano Iron-oxide 1.20 

Nano Silver 19.60 

Fullerenes (C60) 330.00 

(Source : Brame et al. (2011) 

 

2.4  Nanoparticle Zero Valent Iron (nZVI): Processes and Mechanism of Organic 

Contaminant Removal 

The morphology of nZVI exhibits a core shell structure consisting of zero valent iron and an 

outside shell comprising iron oxides/hydroxides/oxyhydroxides, formed due to the oxidation 

of the core-shell (Li et al., 2006).  In water, nZVI demonstrates its reactivity in metal-like or 

ligand-like coordination, depending on the environmental conditions. In general, nZVI 

corrosion corresponds to an electrochemical mechanism. The core-shell structure of nZVI is 

important in determining its chemical properties. The core-shell has very effective electron 

donating properties that hold its reducing power, and the oxide coatings exhibit sorption 

characteristics which are significant in the remediation of contaminants (Mukherjee et al., 

2016).  
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In general, the reaction at the nZVI surface involves many steps including mass 

transport of molecules to the surface and electron transfer from the nZVI to the surface 

adsorbed molecules. Due to its high reactivity and instability under various environmental 

conditions, nZVI serves as an electron donor by undergoing a series of corrosion reactions in 

the nZVI/H2O system through an electrochemical mechanism. The corrosion of nZVI occurs 

in an anodic process (nZVI dissolution) and cathodic process through the release of hydrogen 

(Noubactep, 2008). Sung et al. (2005) indicated that oxidation of nZVI by H+/O2 may initiate 

the formation of Fe2+ following Equation 2.8 and Equation 2.9 (anaerobic) or Equation 2.10 

(aerobic), as listed in Table 2.5 below. At neutral pH, Fe2+ may hydrolyse and form Fe (OH)2 

on the nZVI surface (Equation 6).  Researchers often anticipate that the presence of oxygen 

will result in passivation of the nZVI core-surface by forming the iron oxide layer in higher 

oxidation states. Further, the Fe2+ oxidation rate by O2 increases with elevating pH to form 

Fe3+. Fe3+ precipitates and transforms to various (hydr)oxides on the nZVI surface (Equation 

2.12 – Equation 2.14) (Mielczarski et al., 2005). However, several studies have reported the 

presence of oxygen can in fact lead to the enhancement of contaminants by nZVI (Feitz et al., 

2005; Harada et al., 2016; Liu et al., 2014). 

 

Table 2.5  Summary of possible reaction pathways occurring in the nZVI/H2O system 

Reactions No. 

Fe0  +  2H+ →  Fe2+  +  H2  (Equation 2.8) 

Fe𝟎 +  2H2O    ↔  Fe2+ +  H2 +2OH
-
 (Equation 2.9) 

Fe0 +  2H2O +  O2   ↔   2Fe2+  +   4OH
-
 (Equation 2.10) 

Fe0 +  2H2O → Fe(OH)
2
↓ +  2H

+
 (Equation 2.11) 

6Fe
2+

 + O2 + 6H2O → 2Fe3O4 ↓  + 12H
+
  (Equation 2.12) 
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4Fe
2+

 + O2 + 10H2O → 4Fe(OH)
3 

↓ + 8H
+
  (Equation 2.13) 

4Fe
2+

 + O2 + 6H2O → 4FeOOH ↓ + 8H
+
  (Equation 2.14) 

Fe0 + O2 + 2H
+
 → 2Fe

2+
+  H2O2  (Equation 2.15) 

Fe2+ + H2O2 → Fe3+ + OH
•
 +  OH

-
  (Equation 2.16) 

Fe2+ + O2  → 2Fe
3+

+  O2
•-

  (Equation 2.17) 

Fe2+ +  H2O2  →  Fe(IV)(FeO
2+) +  H2O (Equation 2.18) 

 

The efficiency of nZVI in degrading contaminants in the presence of oxygen may 

depend on the pH of the solution. Keenan & Sedlak (2008a) reported that in the presence of 

oxygen, nZVI oxidation to Fe2+ is accompanied by the production of H2O2 from the reduction 

of O2 (Equation 2.15). In low pH conditions, a strongly reactive OH• radical can be generated 

in the system through the two-electron oxidation of Fe0, followed by the Fenton reaction 

(Equation 2.16). Moreover, other ROS can be generated as pH increases (Equation 2.17 and 

Equation 2.18) (Hug and Leupin, 2003).  

 

On the other hand, some researchers have proposed that the precipitation of amorphous 

and crystalline iron oxyhydroxides (Fe3O4, Fe2O3, FeOOH, Fe(OH)2, etc) on the nZVI core 

shell is largely responsible for removal of contaminants by the adsorption process (Campbell 

et al., 1997; Noubactep, 2008; Noubactep and Schöner, 2010), as they are adsorbed onto 

nascent iron oxyhydroxides and entrapped (co-precipitate) (Guan et al., 2015).  
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2.5  Nanoparticle Zero Valent Iron (nZVI): Factors Affecting nZVI reactivity 

In the nZVI /H2O system, nZVI efficiency in decontaminating pollutants is dependent on 

various environmental conditions. Complex chemical interface surface reactions occur 

concurrently and/or consecutively on the iron surface during the remediation process.  Many 

parameters are believed to influence the performance of nZVI including its intrinsic 

characteristics, pH, dissolved oxygen, iron-pre-treatment and natural organic matter.  The 

effects of these factors on nZVI reactivity are discussed and summarised in Table 2.6.  

 

The pH plays most the important role in corrosion of iron, thus influencing the 

degradation of contaminants (Bae and Hanna, 2015). In the nZVI/H2O system, nZVI may react 

with H2O and oxygen to form Fe2+. Fe2+ will then be hydrolysed to form Fe(OH)2, or oxidised 

to Fe3+ ready for hydrolysis. It then precipitates and forms a layer of iron oxides. These 

corrosion processes certainly cause changes in nZVI reactivity. Changes in pH are believed to 

decrease the reactivity of nZVI, especially in the presence of oxygen. Katsoyiannis et al. (2008) 

observed a significant change in pH during nZVI corrosion. The corrosion of the nZVI core 

shell was able to generate ROS in the nZVI/H2O/O2 system following the Fenton reaction. 

Research on the nZVI/H2O/O2 system has reported that degradation of organic and inorganic 

contaminants is pH-dependent; the degradation rate increases as pH decreases (Feitz et al., 

2005; Katsoyiannis et al., 2008; Keenan and Sedlak, 2008a; Pang et al., 2011).  At low pH, the 

corrosion of nZVI is accelerated and the increase in rate of iron oxide dissolution from the 

passivation layer positively affects the performance of nZVI. On the other hand, at high pH 

nZVI performance decreases due to the precipitation of iron oxides and formation of oxide 

layers on the nZVI core-shell surface, which inhibits mass transfer (Bae et al., 2013). For 

instance, Song & Carraway (2005) reported that the reduction of (1,1,2,2-TeCA) by nZVI 

decreased with pH increasing from 6.5 to 9.0. On the other hand, other researchers have 
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observed that increasing the pH of the solution can favour removal of some inorganic 

contaminants by improved adsorption to iron oxides, or precipitation as metal hydroxides 

(O’Carroll et al., 2013). Recently, Bae and Hanna (2015) proposed that improved 4-NP 

reduction at high pH values in controlled and uncontrolled pH suspensions at lower iron dosage 

was associated with the preservation of solid Fe phases, and/or increase in formation of iron 

oxide on the non-reactive sites of nZVI. The influence of pH on nZVI reactivity can be 

complicated, depending on variations in surface charges, the distribution of iron 

hydroxides/oxides, pKa values and solubility, speciation, and the complex formation 

tendencies of metal or metalloid contaminants (Noubactep and Schöner, 2010). 

 

DO is another significant influence on nZVI corrosion and performance. The role of 

DO in the removal of contaminants can be complex. Calderon & Fullana (2015) reported 

complete removal of cadmium and nickel in the presence of oxygen due to the creation of 

reductive conditions and formation of oxides on the nZVI surface. Other researchers have also 

observed incremental changes in rates of contaminant removal with increasing of DO 

concentration (Guo et al., 2016; Im et al., 2011). This is due to the formation of iron oxides 

that act as adsorption sites due to rapid formation of dissolved and/or surface-bound Fe2+ (Liang 

et al., 2014; Luo et al., 2014). Further, Sun et al. (2016) reported the formation of strong 

oxidants in the nZVI/H2O/O2 system which drive the intensive iron corrosion by attacking the 

iron surface and assisting the removal of many heavy metals. However, other researchers have 

reported discrepancies in nZVI performance in the presence of DO, due to the greater chance 

of it forming a protective film and/or its ability to compete for electrons. For example, Lee et 

al. (2007) suggested that the presence of dissolved oxygen creates a synergistic competition 

with 1,1,1-trichloropropanone for the nZVI reactive site, causing the rate of degradation to 

slow. Recently, Tang et al. (2015) observed both enhancement and suppression of the removal 
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rate for three chloroacetic acids by nZVI. They proposed that under low oxic conditions, the 

formation of a lepidocrocite layer and accumulation of reducing agents increase the removal 

of CAA. However, under excessive oxygen conditions, oxygen competes for the reducing agent 

and lepidocrocite growth passivates the reactive site.  

 

Apart from the abovementioned conditions, one of the most thoroughly studied factors 

under real conditions is the presence of other co-contaminants, such as in natural organic matter 

(NOM). NOM is rich with redox-active functional aromatic groups and abundantly present on 

earth, especially in surface water and groundwater aquifers. The effects of NOM on nZVI 

processes remain unclear, and often seem conflicting. The accumulation of NOM in the 

nZVI/H2O system may adversely affect the overall process by blocking the surface sites of 

nZVI (Giasuddin et al., 2007; Xie and Shang, 2005). However, several researchers have 

observed that NOM increases the rate of degradation by acting as an electron shuttle in 

association with the quinone moieties in NOM (Doong et al., 2001; Kang and Choi, 2008). 

According to Tratnyek et al. (2001) there are four modes of interaction between NOM and 

nZVI: 

I. Solubilisation of contaminants by segregation to micelles or other surfactant 

aggregates in the solution phase;  

II. Enhanced absorption of contaminants by partitioning to the hydrophobic layer 

formed by surfactants that adsorb to the Fe0 particle surfaces;  

III. Synergetic competition between surfactants and contaminants for the surface 

sites where reaction occurs; and 

IV. Catalytic activity to remove contaminants by mediating redox-active 

surfactant electron transfer at the particle-water interface. 
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It is important to consider the effect of NOM in the nZVI/H2O system as it will 

influence the efficiency and life of nZVI, particularly before making decisions around 

employment of nZVI in groundwater and wastewater.    

 

2.6 Implications of the Literature 

EE2 is a synthetic hormone widely used in human medication and as a growth enhancer for 

livestock. It is found extensively in the environment due to its high resistance to degradation 

and its tendency to absorb onto organic matter, and bio-accumulate and bio-magnify. Studies 

have reported the ability of EE2 to alter sex ratios, interrupt sexual adulthood, and affect the 

secondary sexual physiognomies of wildlife exposed at low concentrations (ng/L). The 

removal of EE2 remains challenging, but nZVI is an emerging passive remediation method.   

 

The preceding literature review illustrates the significant amount of research carried out 

on environmental remediation using nZVI. The removal of contaminants by nZVI occurs 

concurrently and/or consecutively in complex interface reactions on the iron surface. The 

performance of nZVI depends on many factors including its intrinsic characteristics, pH, 

dissolved oxygen, natural organic matter and so on. The literature highlights solution pH, 

dissolved oxygen and the presence of co-contaminants as critical factors affecting EE2 

degradation by nZVI, but there are conflicting findings. Accordingly, an extensive study is 

required into the efficiency and suitability of nZVI for EE2 removal. It is crucial to extend 

understanding of the effects of oxygen on contaminants under different conditions.  

Furthermore, a more detailed understanding is required of the reaction mechanism and 

contribution of the reactive oxidation-reduction species and iron oxide formation to nZVI 

treatment. In addition, it is unclear how these changes affect the formation of daughter 

products.  
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Table 2.6   Factors influencing nZVI reactivity 

Conditions Effects Reference 

Surface area Provides larger reactive sites on which reactions occur. Increases nZVI performance (Cope and Benson, 2009; 

Wang and Zhang, 1997) 

 

Iron oxides layer Diminishes nZVI performance when thicker layer formed acts as barrier for electron 

transfer. 

(Scherer et al., 1998; 

Tratnyek et al., 2001) 

 

 Enhances nZVI performance (presence of magnetite, lepidocrite, etc.) 

 Acts as coordinating surface containing sites of Fe2+ 

 Facilitates more contaminant removal by adsorption. Increases the reactive sites.   

(He et al., 2016; Liu et al., 

2014) 

pH nZVI performance – enhanced at low pH 

 H+ direct involvement 

 Increases the corrosion rate and iron oxide dissolution from nZVI surfaces 

(Katsoyiannis et al., 2008; 

Matheson and Tratnyek, 

1994; Song and Carraway, 

2005) 

nZVI performance – enhanced at high pH 

 Increased surface-bound Fe2+ on the surface 

 Slow loss of Fe phases 

(Bae and Hanna, 2015) 

Decreased nZVI performance. 

 Excessive accumulation of hydrogen bubble 

 Passivation of reactive site  

 Ability to out-compete the electron 

 

(Agrawal and Tratnyek, 

1996; Dong et al., 2010) 
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Dissolved oxygen 
 

Decreased nZVI performance by increased the growth of iron oxide layer and/or out-

competing for electron.  

(Choe et al., 2001; Tang et 

al., 2015; Zhang and 

Huang, 2006) 

Enhance performance due to :  

 Increased iron corrosion 

 Formation of reactive oxidation-reduction species 

 Formation of more reducing conditions 

(Guo et al., 2016; Keenan 

and Sedlak, 2008a) 

Temperature The mass transport increased due to high activation energy and saturated hydrogen 

absorbed.  

(Bransfield et al., 2007; Lai 

et al., 2014) 

Anion – Cl-  Complexation with iron centres to demolish the oxide film and increase the 

removal 

 Competitive sorption with nitrate or perchlorate reduction/decreased the removal 

of contaminants 

(Hernandez et al., 2004; 

Hwang et al., 2015) 

Anions – NO3-  Forms passive oxide film and deactivates nZVI performance 

 Acts as reactant and can compete for reactive sites with contaminant 

(Farrell et al., 2000; 

Klausen et al., 2001) 

Cation – Mg2+, Fe2+, 
Mn2+, Zn2+ 

 Enhanced electron transfer  

 Dissolution of iron oxide into the solution and increased nZVI reactivity  

(Bae and Hanna, 2015; 

Tang et al., 2015) 

NOM  Competing and blocking of reactive site, hence decreased the removal rate by 

nZVI 

 Enhances nZVI performance by acting as electron-shuttling mediator  

(Chen and Pignatello, 1997; 

Kang and Choi, 2008) 

 

 



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

45 

 

To represent real environmental conditions, Suwannee River NOM and BPA were 

chosen as the model co-contaminants in the second part of this research. BPA is a mass-

produced component of plastics and widely prevalent in aquatic and terrestrial habitats 

(Manshack et al., 2016). The research literature has also highlighted the importance of further 

establishing the impact of NOM on the efficiency and life of nZVI in H2O systems because it 

is difficult to predict the net effect of NOM on the kinetics of contaminant removal. Moreover, 

more detailed and comprehensive studies are imperative to determine the effect of co-

contaminants on nZVI efficiency in degrading EE2 and understand the reaction mechanism and 

interaction between the reactive oxidation-reduction species and NOM.  
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CHAPTER 3 

DEGRADATION OF 17Α-ETHINYLESTRADIOL BY NANO ZERO VALENT IRON 

UNDER DIFFERENT pH AND DISSOLVED OXYGEN LEVELS 

 

3.1 Chapter Abstract 

This chapter was published online in Water Research, 12 August 2017 

https://doi.org/10.1016/j.watres.2017.08.029 

 

The catalytic properties of nanoparticles (e.g., nano zero valent iron, nZVI) have been used to 

effectively treat a wide range of environmental contaminants. Emerging contaminants such as 

endocrine disrupting chemicals (EDCs) are susceptible to degradation by nanoparticles. Despite 

extensive investigations, questions remain on the transformation mechanism on the nZVI surface 

under different environmental conditions (redox and pH). Furthermore, in terms of the large-scale 

requirement for nanomaterial in field applications, the effect of polymer-stabilization used by 

commercial vendors on the above processes is unclear. To address these factors, we investigated 

the degradation of a model EDC, the steroidal estrogen 17α-ethinylestradiol (EE2), by 

commercially sourced nZVI at pH 3, 5 and 7 under different oxygen conditions. Following the use 

of radical scavengers, an assessment of the EE2 transformation products shows that under nitrogen 

purging direct reduction of EE2 by nZVI occurred at all pHs. The radicals transforming EE2 under 

the non-purged and air-purged conditions were similar for a given pH, but the dominant radical 

varied with pH. Upon air purging, EE2 was transformed by the same radical species as the non-

purged system at the same respective pH, but the degradation rate was lower with more oxygen – 

most likely due to faster nZVI oxidation upon aeration, coupled with radical scavenging. The 

dominant radicals were OH• at pH 3 and O2
•- at pH 5, and while neither radical was involved at 

https://doi.org/10.1016/j.watres.2017.08.029
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pH 7, no conclusive inferences could be made on the actual radical involved at pH 7. Similar 

transformation products were observed under both non-purged and air-purged conditions.  

 

 

3.2  Introduction 

Detections of endocrine disrupting chemicals (EDCs) are increasingly common in natural and 

engineered aquatic environments. Their presence in surface water, groundwater and even drinking 

water is attributed to the growing use of pharmaceuticals, pesticides, plasticisers and surfactants 

worldwide (Li and Zhang, 2014). Among these EDCs, 17α-ethinylestradiol (EE2) is the major 

contributor to estrogenic activity in the environment, due to its high resistance to degradation 

processes and tendency to bind with organic compounds and so bio-accumulate and bio-magnify 

(Aris et al., 2014). Many studies have reported the presence of EE2 in the influent and effluent of 

sewage treatment plants (STPs) and receiving water bodies (Table S1-Supporting Information). 

Various treatment processes, including ozonation (Sun et al., 2010), chlorine dioxide (Deborde et 

al., 2008), catalytic oxidation (Chen et al., 2012) and, in particular, Fenton’s reagent (Ifelebuegu 

et al., 2006) have been used to degrade these chemicals in wastewater. The simplicity and low cost 

of Fenton’s reagent, and ability to degrade a wide range of organic pollutants in water systems 

make it an attractive treatment option (Domínguez et al., 2012).  

 

The classic Fenton reaction uses a combination of hydrogen peroxide (H2O2) and Fe2+ at 

low pH to produce hydroxyl radicals (OH•) (Equation 1), which can oxidise several organic 

substances at near diffusion-controlled rates (Walling, 1975). The need to maintain low pH to 

sustain the reaction by preventing Fe precipitation from solution as Fe(OH)3 is the main limitation 
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of the reaction (Bae et al., 213). An additional consideration is avoiding high concentrations of 

Fe2+ and H2O2 as they can induce radical scavenging and inhibit contaminant degradation (Lee et 

al., 2012). 

𝐹𝑒2++ H2O2 → Fe3++ OH
-
+ OH

•
 k = 76 M-1 s-1 Equation 3.1 

 

These limitations can be overcome by using iron particles, such as nanoscale zero-valent iron 

(nZVI), or iron minerals to initiate the Fenton reaction (Bae et al., 2013). Nanoscale zero-valent 

iron can drive oxidation reactions by reducing the O2 on Fe0 surfaces, leading to OH• radical-

induced oxidation in the absence of added H2O2 (Feitz et al., 2005; Lee et al., 2014). Reactive 

oxygen species (ROS) formed by nZVI induced Fenton reaction in the presence of O2 have been 

used to degrade  inorganic (Katsoyiannis et al., 2008; Ramos et al., 2009) and organic (Remucal 

et al., 2011; Stieber et al., 2011; Zha et al., 2014) pollutants such as estrogens (Cai et al., 2013), 

chloramphenicol (Xia et al., 2014), and ampicillin (Ghauch et al., 2009). In the presence of H2O2, 

nZVI is rapidly corroded to produce ROS such as OH•, O2
•- and Fe(IV)O2+. Previous studies have 

typically used freshly synthesised nZVI to achieve high initial reactivity by avoiding the 

passivation of nZVI surface by Fe3+ and Fe oxides formed in the presence of O2 (Guan et al., 2015), 

or the decrease in reactivity caused by nanoparticle aggregation (Sun et al., 2006). However, the 

requirement for large quantities of nanoparticles in field applications necessitates the use of 

commercially sourced variants. To avoid loss in nZVI reactivity during storage, commercial 

vendors generally stabilize nZVI with organic surfactants or polyelectrolytes (Chen et al., 2011; 

Phenrat et al., 2009b). However, evidence on the effect of these stabilizing substances (e.g., 

organic polymers) on nanoparticle reactivity is lacking in the current literature. 
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Although nZVI corrosion in oxygenated water can enhance pollutant degradation via the 

formation of different ROS radicals at different pH, ZVI oxidation can also inhibit the reaction by 

forming iron oxides that passivate the iron surface. Despite extensive investigations, questions 

remain about the transformation mechanism on the nZVI surface under different redox and pH 

conditions. Stabilization of ZVI could alter the above dynamics, but the effect of oxygen and pH 

on the formation of radicals and iron oxides by commercially sourced nZVI has not previously 

been reported – and is not well understood. Furthermore, the effect of nZVI stabilization on the 

formation of daughter products under the above conditions is also unclear.  

 

Due to its persistence in the environment and reported estrogenic effects on aquatic 

organisms at low concentration (Cevasco et al., 2008; Fang et al., 2001; Lange et al., 2009), we 

used 17α-ethinylestradiol (EE2) in this study as a model EDC to investigate the transformation 

mechanisms of commercially sourced nZVI under different pH and O2 levels. Specifically, we 

investigated the effects of different dissolved oxygen levels after nitrogen purging, non-purging 

and air purging on EE2 degradation in nZVI suspensions at pH 3 to pH 7. We inferred the radicals 

involved by monitoring the concentrations of Fe2+ and H2O2. Radical scavengers were used to 

suppress specific reactions, and EE2 transformation products analysed using high-resolution 

accurate mass spectrometry. This assessment was further supported by using X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) image analysis with selected area diffraction 

(SAD) to characterize the changes in the nZVI surface.  
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3.3 Methodology 

3.3.1 Materials.  

Analytical grade 17α-ethinylestradiol (EE2) at 98% purity was obtained from Sigma-Aldrich (New 

Zealand) and applied without further treatment. NANOFER 25S, an nZVI with an average particle 

size of 50 nm, average surface area of 20–25 m2/g and iron content in the range 80–90 wt.% was 

obtained from NANO IRON, S.R.O., Czech Republic. Other chemicals used in the study were also 

of analytical grade and purchased from Sigma-Aldrich (New Zealand). Milli-Q water with a 

resistivity higher than 18.2 M.cm at 25 °C was used in all experiments.  

 

3.3.2 Removal of EE2 by nZVI 

500 mL of buffered solution was spiked with 750 µL of 3.37 mM EE2 to yield 0.01 mM EE2. 

Buffering was carried out using 0.1 mM acetate for solutions with pH 3 (490 mL of 0.1 mM acetic 

acid to 10 mL 0.1mM sodium acetate) and pH 5 (180 mL of 0.1 mM acetic acid to 320 mL 0.1 

mM sodium acetate), and 1.5 mM piperazine-N,N’-bis(ethanesulfonic acid) (PIPES) was used for 

the pH 7 solution (Keenan and Sedlak, 2008b). The reaction was initiated by adding 60 µL of 89.5 

mM nZVI to the 60-mL glass bottle reactors (0.09 mM), which were shaken at 200 rpm for 90 min. 

Oxygen-free nitrogen and Oxygen (BOC, New Zealand) gases flowing at 24 mL/min were used to 

purge the reactors for 30 min prior to the reaction and over the course of the entire experiment to 

create different levels of dissolved oxygen, while open-to-air reactors were used for the non-

purged conditions.. Water samples were withdrawn intermittently and passed through 0.2 µm 

regenerated cellulose (RC) membrane filters (Phenomenex, New Zealand). The reaction in the 
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filtrate was stopped by adding sufficient catalase (12,000 units – 60 times the concentration 

capable of destroying 4 mM H2O2 in 1 min) to decompose H2O2. Three separate tests were 

performed for all three oxygen conditions and the data analysed by averaging the results from the 

triple assays. Reactors of EE2 solution without nZVI were used as a control. EE2 concentration 

was determined using a liquid chromatography mass spectrometer (Model LCMS-2020, 

Shimadzu) equipped with a C-12 Synergy Max-RP reverse phase column (2.0 x 150mm) 

(Phenomenex, New Zealand) and electrospray ionization (ESI); operated at 30 °C. 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% degassed deionized water with a flow rate of 0.2 

mL min-1. EE2 levels were monitored at (ESI-MS) m/z 295 under isocratic elution for 20 min in 

negative ion-monitoring mode (SIM). The standard curve of EE2 showed linearity and a regression 

coefficient of 0.999 with a recovery of 99.22% ±1.03%.  

 

For the scavenging experiments, 125 mM 2-propanol and 125 mM chloroform were used 

as scavenging probes for OH• and O2
•- radicals respectively (Bae et al., 2013; Buxton et al., 1988). 

The kinetic parameters and 95% confidence intervals of the EE2 degradation were determined by 

fitting experimental data with the following pseudo-first-order kinetic model (Equation 3.2), as 

well as to determine the significance of differences in the estimates by performing one-way 

ANOVA followed by Tukey’s Post Hoc test using GraphPad Prism Version 6 (CA, USA) software 

(Jho et al., 2010): 

 

C = (1- Cres) e-kt+ Cres  Equation 3.2 
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where C is the EE2 concentration at time t (min) normalized with the initial concentration, 

EE2/EE2initial (non-dimensional); Cres is the normalized concentration of the residual EE2 remaining 

unreacted in the reactor, EE2 residual/EE2 initial (non-dimensional); and k is the observed first-order 

rate constant (min−1).  

 

 

3.3.3 Measurement of H2O2, Fe2+ And Dissolved Oxygen (DO) Concentrations 

The H2O2 concentration in reactors was determined using the FOX-2 method (Nourooz-Zadeh et 

al., 1995). Approximately 90 µL of the sample taken from the reactor was added to 900 µL of 1 

mM xylenol orange reagent and supplemented with 10 µL of HPLC grade methanol. The mixture 

was allowed to react for 30 min at room temperature to achieve the endpoint. Absorbance was 

measured in a UV-Vis spectrophotometer (Shimadzu UV1202) at 560 nm. Under these conditions 

the limit of detection (LOD) and quantitation (LOQ) were 3.276 µM and 10.921 µM respectively. 

The recovery of the samples was 100.37% ± 6.80%. The concentrations of Fe2+ were determined 

according to the Ferrozine method (Stookey, 1970), by mixing 1 mL of filtered sample, 1 mL of 

3.6 M of H2SO4, 1 mL 4.9mM Ferrozine solution and 1mL acetate buffer (38.6g ammonium 

acetate + 34 mL of 25% NH3 aqueous + 100mL water) in sequence. The resulting solution was 

immediately analysed by UV-Vis spectroscopy (UV-2700, Shimadzu) at 562 nm. For Fe2+ 

measurements, standard calibration curves were prepared for 0.5 µM – 50 µM and 10 µM – 50 

µM; both calibration curves were linear with regression coefficients of 0.999. The LOD were 0.014 

mM and 0.03 mM with recoveries of 99.81% ± 1.8 and 100.91% ± 3.5, respectively. DO 

concentration during the degradation reaction was measured using an optical oxygen sensor DO 

meter (Hamilton, New Zealand) to record values every 5 sec for 90 min.  



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

54 

 

3.3.4 Identification of transformation products 

The transformation products of EE2 degradation were identified with an electrospray ion trap 

Fourier transform ion cyclotron resonance mass spectrometer (ThermoFinnigan LTQ-FT, Thermo 

Fisher Scientific, Germany) in negative ESI mode, using Xcalibur 2.0 SR1 software (Thermo 

Fisher Scientific). The accurate mass data obtained from the LTQ-FT were used to identify the 

transformation products. They were verified by MS2, MS3 and MS4 data collected in the ion trap 

detector. Approximately 50 mL of each sample was filtered through a 0.2 µm RC membrane filter 

(Phenomenex, New Zealand) for analysis. The filtered samples were concentrated using solid 

phase extraction with a 500 mg hydrophilic-lipophilic balance cartridge (HLB Cartridge, Waters 

Corp), pre-conditioned with 5 mL of methanol and 2 mL of deionized water at a flow rate of 10 

mL min-1. The cartridge was dried under vacuum and then eluted with 5 mL methanol at a flow 

rate of 3 mL min-1. The eluate was then infused into the electrospray ion source at 10µL min−1 to 

obtain full-scan FTMS data collected at a resolution of 100,000 at m/z 400 over the m/z range of 

75–600. The capillary temperature was set to 275°C and a nitrogen sheath gas flow of 12 units, 

auxiliary gas flow of 5 units and sweep gas flow of 1 unit applied. The source voltage was 3.8 kV, 

the capillary voltage 13 V and the tube lens voltage -100 V. A normalized collision energy of 35eV 

was used with He as the collision gas for MSn fragmentation in the ion trap.  

 

3.3.5 Characterization of nZVI 

Before and after the reaction, the nZVI suspensions were characterised by X-ray diffraction (XRD) 

with a D8 BRUKER diffractometer. At the end of the reaction, the samples were transferred to a 

glove box (JACOMEX) filled with oxygen-free N2. Solid samples were carefully separated from 
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the supernatant by gravitational precipitation. The supernatant was removed and the solid sample 

washed three times with 2 mL de-aerated ethanol. The samples were transferred to an XRD holder 

and dried in the glove box. The dried samples were treated with 1:1 (v/v) glycerol in water solution 

to prevent oxidation of the nZVI surface during XRD analysis. Afterwards, the samples were 

scanned at 2θ ranging between 10° to 70° at a scan speed of 1° min−1. The morphology of nZVI 

before and after the reaction was observed by TEM-SAD (JEM-2100, JEOL). For the TEM 

analyses, only samples prepared at pH 7 for the three different DO conditions were used as they 

showed differences in the XRD analyses. The solid samples prepared in ethanol for XRD analysis 

were sonicated for 2 min. A droplet of the suspension was placed on Cu-carbon TEM grids and 

the samples analysed by TEM at an operation voltage of 200 kV.   

 

3.4 Results & Discussion 

3.4.1 EE2 removal by nZVI 

We first examined the effect of pH on removal rate of EE2 under the three different DO conditions. 

The removal rate of EE2 by nZVI was determined at pH 3, 5 and 7. The control showed negligible 

loss of EE2. After 90 min of reaction under nitrogen purging conditions (Figure 3.1a), EE2 loss 

from the vials was 99.4 ± 0.1% and 99.2 ± 0.1% at pH 3 and pH 5, respectively. At pH 7, only 

27.4% ± 0.8 % of EE2 was removed by nZVI. In Figure 3.1b, removal rate decreased from 99.4 ± 

0.1% at pH 3, to 69.3 ± 2.1% and 83.1 ± 3.4% respectively at pH 5 and pH 7 under  non-purged 

conditions. However, under  air-purged conditions (Figure 3.1c), EE2 removal efficiency decreased 

to 85.8 ± 1.7%, 41.0 ± 1.9% and 32.4 ± 3.9% at pH 3, 5 and 7, respectively. Clearly, EE2 removal 

can occur in the absence or presence of oxygen; however, EE2 removal efficiency decreased at 
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higher pH and oxygen concentrations. In all the studied systems, sorption to ZVI (see Figure S1-

Appendix A) was negligible (< 0.008% of EE2), leaving degradation as the mechanism primarily 

responsible for the observed decrease in EE2. A pseudo first-order reaction (Equation 2) was used 

to assess the kinetics of EE2 degradation by nZVI. The correlation coefficient (R2) of greater than 

0.9 indicates that EE2 degradation was well fitted by the model. The parameter estimates obtained 

by best fitting the experimental data are shown in Figure 3.2. 

 

EE2 was rapidly degraded by nZVI under  nitrogen purging  conditions at pH 3 (k = 0.985 

± 0.050 min−1, Cres = 0.006 ± 0.001, R2=.999) (mean ± S.E.M) and pH 5 (k = 1.110 ± 0.069 min−1, 

Cres = 0.008 ± 0.001, R2=.999). However, removal was slower and incomplete at pH 7 (k = 0.012 

± 0.026 min−1, Cres = 0.726 ± 0.008, R2= .980). A similar trend has been reported previously for 

the kinetics of trichloroethylene degradation by nZVI at higher pH under anaerobic conditions (Liu 

and Lowry, 2006). The decrease in rate of EE2 degradation and increasing Cres values found may 

indicate a decrease in nZVI performance, due either to surface passivation by the formation of iron 

oxides, or a change in the type of radicals produced. Stieber et al. (2011) reported lepidocrocite 

formation at high pH as affecting the degradation of pharmaceuticals and diagnostic agents in their 

study. It is thought that complete degradation at low pH may result from acid washing of iron 

oxides on the ZVI surface (Gunawardana et al., 2011).  
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Figure 3.1  EE2 degradation by nZVI experimental data fitted to pseudo-first order (best-fit value ± 95% confident interval (CI)) at pH 

3 (○), pH 5 (□) and pH 7 (∆) under (a) anaerobic  (b) ambient oxygen and (c) saturated oxygen conditions. Data are shown for 3 replicates 

of runs with 89.5 mM nZVI and 0.01 mM EE2. Symbol (▼) represent the controls of the experiments.  

 
Figure 3.2 EE2 degradation (a) reaction rate constants (best-fit value ± 95% CI) and (b) Cres value by nZVI at pH 3, pH 5 and pH 7 

under various oxygen conditions.  Values followed by the same alphabetical letter do not differ significantly (P-value > .05) by ANOVA 

with Tukey’s post-hoc test. Error bars, s.e.m
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In the non-purged reactors we observed complete EE2 removal at pH 3 (k =1.546 ± 0.040 

min-1, Cres = 0.006 ± 0.001, R2 = 0.999) within 20 min, but only partial removal at pH 5 (k = 0.145 

± 0.022 min-1, Cres = 0.308 ± 0.021, R2 = 0.971) and pH 7 (k = 0.071 ± 0.011 min-1, Cres = 0.169 ± 

0.034, R2 = 0.970) – even over 90 min. The k values at pH 5 and 7 did not differ significantly (p > 

0.05). The presence of oxygen led to faster degradation at low pH, with decreasing k and increasing 

Cres as pH increased. This could be attributed to H2O2 formation at low pH and the oxidation of 

Fe0 to Fe2+. The continued oxidation of Fe2+ by H2O2 is known to lead to formation of the oxidant 

OH• radical and Fe3+ (Ramos et al., 2009); at circumneutral conditions a similar reaction occurs, 

but at a kinetically slow rate. These changes in EE2 degradation indicate the involvement of 

different ROS at different pH, and are consistent with the formation of the non-selective oxidant 

OH• radical at low pH, and the long-lived but less reactive radicals O2
•- and/or Fe(IV)O2+ at high 

pH, previously proposed (Hug and Leupin, 2003).  

 

In the reaction under  air purging , k rate at pH 3 was high (k = 0.327 ± 0.03 min−1, Cres = 

0.142 ± 0.167, R2=.944), but degradation was slower at pH 5 (k = 0.030 ± 0.01 min−1, Cres = 0.590 

± 0.019, R2=.979) and pH 7 (k = 0.016 ± 0.005 min−1, Cres = 0.676 ± 0.039, R2=.984). The presence 

of saturated oxygen resulted in a lower removal rate than for  the corresponding nitrogen-purged 

and non-purged vials, most likely due to rapid surface oxidation by O2. EE2 removal efficiency by 

nZVI without stabilizer has been reported as ~30–60% (after 1 h reaction) for nZVI concentrations 

of 2-6 g/L (Jarošová et al., 2015). In comparison, we observed ~70–100% removal (after 1 h 

reaction with 5 g/L of nZVI) at different pH in the non-purged reactors. The higher EE2 removal 

efficiency by modified nZVI can be attributed to an increase in reactive Fe sites (i.e., the 
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availability of larger free surface) due to the presence of a surfactant, resulting in enhanced nZVI 

reactivity. 

 

 

3.4.2 EE2 removal by nZVI 

The dynamic outline of Fe2+ and H2O2 production was monitored to investigate the role of redox 

radicals on EE2 degradation under nitrogen purging (Figures 3.3a and 3.3b). Due to enhanced 

anaerobic corrosion of nZVI at pH 3 and 5 (Bae and Lee, 2014), a significant increase in Fe2+ was 

observed over the course of the reaction, while at pH 7, Fe2+ dissolution decreased within 40 min 

and disappeared after 40 min. The disappearance of Fe2+ at pH 7 is due to precipitation of Fe as a 

form of iron hydroxide and/or re-adsorption of Fe2+ onto the surface oxide coating, which then 

increases the electron density of the adsorbed Fe2+. A previous study reported the adsorption of 

Fe2+ on iron oxide (e.g. magnetite and hematite) occurring at a pH ≥7 (Bae and Hanna, 2015). In 

our study, no H2O2 production was present at any pH after nitrogen purging , thereby ruling out 

oxidative degradation of EE2. The contribution of redox radicals was further examined using 

scavenging probes for OH• and O2
•- radicals (Figures 3.3c, 3.3d, 3.3e). EE2 degradation rates in 

the scavenging experiments at all pH values were similar to rates in the experiments without 

scavengers, therefore excluding the contribution of oxidising and reduction radicals in EE2 

degradation. 
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Figure 3.3 (a) Fe2+ and (b) H2O2 concentrations from nZVI at pH 3 (), pH 5 () and pH 7 (); 

radicals scavenged during EE2 degradation by nZVI at (c) pH 3, (d) pH 5, and (e) pH 7 under 

nitrogen-purging condition. (Data shown for triplicate analyses with 89.5 mM nZVI, 0.01 mM 

EE2, 125 mM 2-propanol and 125 mM chloroform). Symbols in (c – e) represent: (○) reaction with 

scavengers added; (∆) reaction with 2-propanol added to scavenge OH• radicals; and (□) reaction  

with chloroform added  to scavenge O2
•- radicals. 

 

The potential structures of EE2 transformation products obtained using high accuracy 

mass spectrometry, together with supportive assignments from low-resolution MSn data, are 

summarised in Tables 3.1 and Table S2 (Appendix A). At pH 3 after nitrogen purging, three 

transformation products were detected as negative ions at m/z 295 (MW: 296, C20H24O2; molecular 

weight and atomic composition of the uncharged species), m/z 297 (MW: 298, C20H26O2) and m/z 

299 (MW: 300, C20H28O2), along with trace amounts of an oxidative product at m/z 311 (MW: 

312, C20H24O3).
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Table 3.1  Molecular Species Resulting from the Degradation of EE2 and Supporting Fragmentation Analysis by Tandem Mass 

Spectrometry 

Precursor  
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M
S3  

(m
/z
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295 

 

C20H23O2 295.1705 

 

0.56 9.5 277 (∆18) 

267(∆28)* 

209(∆86) 

185(∆110) 

 

159(∆108) 

 

297 C20H25O2 297.1862 0.66 8.5 279(∆18) 

253(∆44) 

235(∆62) 

209(∆88) 

183(∆114) 

 

 

119 (∆116) 

 

299 

 

C20H27O2 299.2019 0.69 7.5 283(∆16) 

281(∆18) 

 

265 (∆16) 

 

311 C20H23O3 311.1655 0.74 9.5 293(∆18)* 

283(∆28) 

267(∆44) 

NA 
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313 C20H25O3 313.1812 0.77 8.5 295(∆18)* 251 (∆44) 

 

327 C20H23O4 327.1605 0.84 9.5 309(∆18)* 

301(∆26) 

299(∆28) 

297(∆30) 

283(∆44) 

265(∆62) 

245(∆82) 

 

265(∆44) 

 

343 C20H23O5 343.1554 0.94 9.5 325(∆18)* 

307(∆36) 

299(∆44) 

285(∆58) 

271(∆72) 

 

 

 

 

283(∆16) MS4 

265(∆18)  

Dimers and/or ether linked conjugates 591 C40H47O4 591.3486 1.01 17.5 NA NA 

        

Dimers and/or ether linked conjugates 593 C40H49O4 593.3644 1.360 16.5 NA NA 

        

Dimers and/or ether linked conjugates 595 C40H51O4 595.3801 1.321 15.5 NA NA 

        

*  Dominant ion present in MS1 spectrum. Number in brackets denotes mass loss from precursor.   

#  Number of rings and double bonds based on atomic composition of the parent ion.    

NA    not performed or no resulting spectra 
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Transformation products at pH 5 and 7 could not be identified and some were outside the minimum 

threshold limit set, apart from m/z 297 (MW:298, C20H26O2) – a reduction related product 

identified at pH 7. Significant levels of putative homo- and heterogeneous dimers and/or ether 

conjugates were detected, corresponding to m/z 591 [(296 × 2) – 1], m/z 593 [(298 + 296) – 1]), 

m/z 595 [(298 + 298) – 1; or (296 + 300)] and m/z 597 [(298 + 300) – 1]. No target compounds 

were detected at either pH 5 or 7 due to polymerization and precipitation during the reaction and 

preparation of samples; these reaction products proved difficult to characterize (Cabana et al., 

2007; Keenan and Sedlak, 2008a; Lloret et al., 2013; Nicotra et al., 2004). 

 

Figure 3.4 shows one possible pathway based on the transformation products identified. 

In previous studies, the reaction was initiated by the addition of hydrogen and the concomitant loss 

of double bonds in ring A (phenolic structure of EE2) during direct or indirect reduction by nZVI 

particles (Qu et al., 2013; W. Sun et al., 2010) to form products via m/z 295 → m/z 297 → m/z 299. 

Direct reduction can occur by electron transfer from core nZVI to the organic compound, leading 

to the formation of a thin iron oxide layer (a mixture of FeO and Fe(OH)2) on the nZVI surface at 

pH < 3 (Matheson and Tratnyek, 1994). Further, more stable iron oxides such as hematite, 

maghemite and lepidocrocite can form on the nZVI surface at higher pH (Gunawardana et al., 

2011). In contrast to direct reduction, indirect reduction occurs by the formation of chemisorbed 

hydride complexes on the nZVI surface (Equation 3) (Brewster, 1954), and Fe2+ and H2 production 

by anaerobic corrosion of nZVI (Equation 4). 

 

Fe0 + 2H+ → Fe2+ + 2Hads  Equation 3.3 
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Fe0 + 2H2O → Fe2+ + 2OH- + H2 Equation 3.4 

 

The direct and indirect reactions contributing to EE2 reduction by nZVI after nitrogen 

purging, could not be determined due to the presence of homo- and heterogeneous dimers. These 

dimers are likely formed by initial deprotonation of EE2 transformation products through electron 

abstraction from –OH, which then form free radicals that undergo coupling. 

 

 
 
Figure  3.4   Proposed mechanism for EE2  degradation by nZVI under nitrogen purged conditions. 
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Formation of isomeric dimers by covalent bonding of C–C or C–O between radical intermediates 

has been reported previously (Lloret et al., 2013; Tanaka et al., 2009). These ions could also result 

from ether formation, particularly under acidic conditions. For example, the negative ion m/z 591 

could form by coupling MW 296 + 314 and dehydrating the product [296 + 314 – 18 – 1] (Table 

S2 – Appendix A). They could also result from negative ion dimer formation in the source for the 

mass spectrometer [2M – H]- when parent ion concentrations are high.   

 

XRD analyses of samples showed only two main peaks for α-Fe0 at 2θ = 44.5° and 65.0° 

at pH 3 and 5, indicating no significant oxidation of nZVI during the reaction (Figure S2a – 

Appendix A). A small peak appeared at 2θ = 35.4° at pH 7, corresponding to the (311) plane of 

magnetite (Fe3O4)/maghemite (γ-Fe2O3), or the (110) plane of hematite (α-Fe2O3). This 

observation provides evidence for the inhibition of EE2 removal at pH 7; possibly due to the 

formation of iron oxides on the reactive surface of nZVI. Images from TEM characterization of 

nZVI at different stages are presented in Figure S3(a-i) - Appendix A. The TEM images of the 

initial nZVI aggregates of non-uniform nanoscale particles (30–70 nm) show them covered with 

organic and inorganic phases, presumably added by the vendor to stabilize the particles (Figure S3 

a-b – Appendix A). After completion of the reaction at pH 7, the nZVI aggregation is visible with 

the organic and inorganic phases now absent, likely due to the washing of the particles following 

the reaction (Figure S3 c-d -  Appendix A). We did not detect any iron oxide forms after the 

reaction at pH 7, presumably because they were only present in low amounts. 
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3.4.3 Mechanism of EE2 removal under non-purged conditions 

The concentrations of Fe2+ and H2O2 at pH 3, pH 5 and pH 7 under non-purged conditions are 

shown in Figure 3.5. The Fe2+ and H2O2 concentrations increased over time at pH 3, but stagnated 

or decreased at pH 5 and 7. The formation of OH• can be adversely affected by its short lifespan 

(Keenan and Sedlak, 2008a), or the depletion of DO (Sung et al., 2005).  

 

 
 

Figure 3.5  (a) Fe2+ dissolution and (b) H2O2 concentrations from nZVI at pH 3 (), pH 5 () 

and pH 7 (); radicals scavenged during EE2 degradation by nZVI at (c) pH 3, (d) pH 5, and (e) 

pH 7 under nambient oxyygen condition. (Data shown for triplicate analyses with 89.5 mM nZVI, 

0.01 mM EE2, 125 mM 2-propanol and 125 mM chloroform). Symbols in (c – e) represent: (○) 

reaction with scavengers added; (∆) reaction with 2-propanol added to scavenge OH• radicals; and 

(□) reaction with chloroform added to scavenge O2
•- radicals. 
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DO measurements (Figure S4 – Appendix A) show an initial decrease in oxygen followed 

by recovery in the levels. For pH 3 and 5, the DO rapidly dropped to almost zero, consistent with 

earlier reports of similar decreases accompanying the corrosion of nZVI and formation of ROS 

(Keenan and Sedlak, 2008a). The recovery in DO reflects O2 diffusion from the headspace, 

indicating nZVI passivation from the formation of an iron oxide layer on the surface. The low Fe2+ 

detected at pH 7 indicates the magnitude of the decrease in DO was smaller, suggesting that lower 

amounts of iron oxide were formed. The lowering of DO could have significant effects on EE2 

degradation as it can lead to formation of both oxidative and reductive transformation products 

(Xia et al., 2014). 

 

The involvement of OH• radical at pH 3 was confirmed by the significant inhibition of 

EE2 degradation upon the addition of 2-propanol, but not for chloroform (Figure 3.5c). At pH 5, 

on the other hand, the addition of 2-propanol did not affect EE2 degradation, but chloroform 

significantly inhibited degradation (Figure 3.5d), showing a shift from OH• to O2
•- radicals. The 

production of O2
•- at pH 5 could occur by Fe2+ reacting with O2 (Equation 5) through a series of 

single-electron transfers (Kehrer, 2000). 

Fe2+ + O2→ Fe3+ + O2
•-       Equation 3.5 

Under non-purging conditions, transformation products were detected as negative ions at 

m/z 295 (MW: 296, C20H24O2; molecular weight and atomic composition of the uncharged 

species), m/z 297 (MW: 298, C20H26O2) and m/z 299 (MW: 300, C20H28O2) at pH 3, along with 

significant levels of m/z 311 (MW: 312, C20H23O3), m/z 313 (MW: 314, C20H25O3), m/z 327 (MW: 
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328, C20H23O4), m/z 343 (MW: 344, C20H24O5) and m/z 591 [(296 × 2) – 1]. The structural features 

observed for a few products relevant to the pathway proposed for EE2 degradation are summarized 

in Figure 3.6.   

 

Figure  3.6    Proposed mechanism for EE2  degradation by nZVI under non-purging and air 

purging conditions. 
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Degradation may be initiated by an attack of OH• at ring A (aromatic ring) forming the 

m/z 311 ion. The fragment ion at m/z 293 [M – 18 – H]– was observed in MS2 spectra, indicating 

loss of a water molecule (Mazellier et al., 2008; Sun et al., 2010). A subsequent attack on the EE2 

structure at ring A by OH• radicals formed m/z 313 (MS2 spectra indicate the loss of H2O and CO2). 

Further oxidation of the aromatic compound obtained at m/z 313 led to the opening of ring A and 

formation of products at m/z 327; believed to be 2-formyl monoacid of EE2 (Sun et al., 2010).  The 

MS2 and MS3 spectra (Table S2 – Appendix A) indicate the presence of aldehyde/ketone and 

carboxyl groups in the molecular structure of this EE2 derivative (Sun et al., 2010). A further attack 

on the transformation product at m/z 327 by OH• radicals then forms a product at m/z 343, 

tentatively identified as muconic EE2 (Huber et al., 2004; Y. Lee et al., 2008). As observed in  

nitrogen purged conditions, at pH 5 the transformation products detected correspond to reduction 

transformation products and dimers, along with significant levels of m/z 311 (MW: 312, 

C20H24O3), m/z 327 (MW: 328, C20H24O4), m/z 343 (MW: 344, C20H24O5) and m/z 591 [(296 × 2) 

– H]-. EE2 is thought to reductively lose a double bond at ring A to form a transformation product 

with m/z 297, which is then attacked by an O2
•- radical to form an aliphatic product with m/z 327. 

Further reaction of the product at m/z 327 by the addition of an O2
•- radical then creates a 

transformation product at m/z 343. 

 

At pH 7, neither OH• nor O2
•- appear to play a role in EE2 degradation as both 2-propanol 

and chloroform showed no effect. As no reductive transformation product was detected at pH 7, 

no conclusions can be drawn. We suspect that EE2 removal involves radicals such as Fe(IV) or 

Fe(IV)O2+ – the latter can form under neutral pH by Fe2+ reacting with H2O2 (Equation 6), 

particularly when Fe2+ concentration is low (Lee et al., 2014). At pH 7, nZVI surface reactivity 
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towards H2O2 is reduced due to passivation and co-precipitation. When reactivity of nZVI towards 

O2 is lowered, H2O2 is more likely involved in the Fenton reaction to produce Fe(IV)O2+ in 

accordance with Equation 6 (Lee et al., 2014)  

Fe2++ H2O2 → Fe(IV)O
2+

+H2O  Equation 3.6 

A shift in ROS from OH• to Fe(IV) as pH changes from acidic to neutral has been suggested (Hug 

and Leupin, 2003; Katsoyiannis et al., 2008; Keenan and Sedlak, 2008a). The slow dissolution of 

Fe2+ from nZVI contributes to increased Fe(IV) formation by lowering the Fe2+ induced loss of 

Fe(IV). 

 

The XRD diffractograms of reacted nZVI at pH 3 and pH 5 show peaks identical to those 

seen in non-purging conditions, i.e., two peaks of α-Fe0 at 2θ = 44.5° and 65.0° (Figure S2b – 

Appendix A), indicating that no significant change occurred on the nZVI surface. While previous 

studies have indicated that the formation of iron oxides (such as magnetite, ferrihydrite, and 

lepidocrocite) could lead to Fe(IV)O2+ formation (Katsoyiannis et al., 2008; Pang et al., 2011), the 

absence of significant ZVI oxidation suggests that Fe(IV)O2+ may not be greatly involved in EE2 

degradation. At pH 7 an additional peak at 2θ = 62.6° was observed, and attributed to the (440) 

plane of magnetite/maghemite, or the (214) plane of hematite. The TEM images obtained at pH 7 

show the formation of hexagonal single crystals (200–500 nm) (Figure S3e and S3f – Appendix 

A) similar to the hematite synthesised by FeCl3.6H2O and urea (Chaudhari et al., 2009). The SAD 

pattern (Figure S3g – Apppendix A) confirmed the crystals as hematite (α-Fe2O3). While the 

mechanism of the EE2 degradation at pH 7 is not clear, it is suspected that reactions of iron oxides 

with H2O2, or Fe2+ with H2O2 to form Fe(IV)O2+ (Pang et al., 2011) are involved. Ferryl groups 
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have been reported as occurring on hematite surfaces (Lemire et al., 2005), and any increase in 

crystallinity (say, from the conversion of amorphous Fe2O3 to α-Fe2O3) would enhance the 

catalytic conversion of organic compounds (Hermanek et al., 2007).  

 

3.4.4 Mechanism of EE2 removal under air purging 

 

EE2 degradation in the air-purged vials was much lower than in the non-purged vials, 

even though the observed transformation products were almost identical in both systems (Table 

S2 – Appendix A). Under  air purging, the decrease in degradation rate is caused by rapid nZVI 

oxidation (Equation 3.3), accompanied by an observed initial rapid increase in Fe2+ and H2O2, 

followed by a lowering of their concentrations (Figure 3.7).  

 

At pH 3, the higher Fe2+ and H2O2 concentrations could have compounded the effect of 

oxidation by promoting the self-scavenging of OH• (Equation 7 and 8). These changes along with 

greater oxidation of the nZVI surface (see XRD diffractogram in Figure S2c – Appendix A) could 

account for the decrease in EE2 removal. 

 

Fe2++ OH
•
 → Fe3++ OH

-
 Equation 3.7 

H2O2+ OH
•
 → HO2

•
+ H2O Equation 3.8 
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Figure 3.7 (a) Fe2+ and (b) H2O2 concentrations from nZVI at pH 3 (), pH 5 () and pH 7 (); 

radicals scavenged during EE2 degradation by nZVI at (c) pH 3, (d) pH 5, and (e) pH 7 under 

saturated oxygen. (Data shown for triplicate analyses with 89.5 mM nZVI, 0.01 mM EE2, 125 mM 

2-propanol and 125 mM chloroform). Symbols in (c – e) represent: (○) reaction with scavengers 

added; (∆) reaction  with 2-propanol added to scavenged OH• radicals; and (□) reaction with 

chloroform added to scavenge O2
•- radicals.  

 

The use of scavengers confirms the dominant contribution of OH• radical to EE2 

degradation at pH 3 (Figure 3.7), consistent with earlier reports (Keenan and Sedlak, 2008a). 

However, over time the reactivity of nZVI can decrease due to iron oxide formation on the nZVI 

surface (Sung et al., 2005). Similarly to the results from the non-purged reactors, at pH 5 (Figure 

3.7d) the scavenging action of chloroform shows that O2
•- radicals are responsible for EE2 
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degradation, while at pH 7 (Figure 3.7e) the use of scavengers suggests that neither OH• nor O2
•- 

play a pivotal role. We again surmise that at pH 7 Fe(IV)O2+ may be involved in EE2 degradation. 

 

Upon  air-purging the EE2 transformation products observed at pH 3 were m/z 311, m/z 327 

and m/z 343 ions, indicating the oxidation of EE2 through a series of attacks by OH• at ring A. At 

pH 5, three major transformation products were observed corresponding to m/z 311, m/z 327 and 

m/z 343; all indicating reactions with O2
•- radicals. The transformation products observed and 

degradation pathway proposed (Figure 3.6) are the same as for  non-purged conditions. At pH 7, 

the three major transformation products observed at m/z 295, m/z 311 and m/z 591 [(296 × 2) – H]- 

were not detected in the non-purged conditions.  

 

The XRD diffractogram of the nZVI from the pH 3 reactor shows the disappearance of α-

Fe0 peaks and the appearance of peaks corresponding to lepidocrocite (Figure S2c – Appendix A), 

indicating that all of the nZVI surfaces have been oxidized to lepidocrocite; as similarly found in 

a study by He et al. (2013). At pH 5, the peaks for lepidocrocite increased and the peaks for α-Fe0 

further decreased. At pH 7, the peak intensities of lepidocrocite were much lower than at pH 5. 

However, the TEM-SAD shows the formation of needle-shaped crystals (200–400 nm) at pH 7 

(Figure S3h – Appendix A). These features are characteristic of lepidocrocite morphology (Liu et 

al., 2014) – and the presence of lepidocrocite at pH 7 is confirmed by the SAD pattern presented 

in Figure S3i – Appendix A. The formation of lepidocrocite is clearly indicated as the main 

oxidised product on the nZVI surface in an oxygen rich environment. Thus, continuous oxygen 

supply and the presence of Fe2+ provide favourable conditions for the formation of (oxyhydr)oxide 

polymorphs (Boland et al., 2014). 
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3.5  Summary 

We investigated the effect of pH and O2 on EE2 removal by organically stabilized nZVI. In 

nitrogen purging conditions, EE2 degradation at all three pH levels occurred via direct or indirect 

reduction on ZVI surfaces. Under aerobic conditions, there was a shift with pH in the radicals 

responsible for EE2 degradation; OH• dominated at pH 3, and O2
•- at pH 5. Neither of these radicals 

was detected at pH 7, when EE2 degradation is attributed to other radicals such as Fe(IV)O2+. 

Aeration did not affect the oxidation mechanism, but did affect the rate and extent of nZVI 

oxidation and EE2 transformation. Compared to  air purged reactors, EE2 degradation in the non-

purged reactors was faster and the residual amount of EE2 smaller. Further, in the non-purged 

reactors nZVI oxidation at pH 3 and pH 5 was minimal. At pH 7, the nZVI was oxidised to 

hematite, while saturated oxygen led to the formation of lepidocrocite at all three pH levels.  In 

nitrogen purged conditions, EE2 was reductively transformed and homo- and heterogenous dimers 

identified at pH 3. Similar transformation products of EE2 were observed under ambient as well as  

air-purged conditions. These observations have particular relevance to the use of nZVI in 

environments where oxygen is limited (e.g., groundwater), or present in excess (e.g., aerated 

surface waters). While our study reinforces the potential for using oxygen, in addition to pH, as a 

strategic method for contaminant degradation by nZVI, further work is needed to determine the 

oxygen levels in which degradation is enhanced. 
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CHAPTER 4 
EFFECT OF NATURAL ORGANIC MATTER AND BIPHENOL A ON THE NANO-

SIZE ZERO VALENT IRON DEGRADATION PERFORMANCE. 

 

This chapter will be submitted to Water Research. 

 

4.1 Chapter abstract 

In an extended study of EE2 degradation, this chapter presents findings on how the presence of 

NOM in water treatment by nZVI impacts the efficiency and lifetime of nZVI and then 

discusses the implications for the design and operation of nZVI based systems. Natural organic 

matter (NOM) is the main component of natural colloidal matter and is of major concern in 

water treatment due to well-documented issues. Its influence on the oxidation of the 

biologically persistent synthetic estrogen ethinyl estradiol (EE2) by an iron-induced Fenton 

system was been investigated in this study under various pH conditions. Suwannee River fulvic 

and humic acids were used in order to evaluate the effect of increasing NOM concentrations 

(5–50 mg L-1). The interaction of NOM and BPA (10 µM), as co-contaminant, on EE2 (3 mg 

L-1 , 10.1 µM) removal by nano-sized zero-valent iron (nZVI) was quantified at pH 3, pH 5 and 

pH 7. The production of H2O2 and Fe2+ and the resulting radicals formed were all explored. At 

low NOM concentration (≤ 25 mg L-1), EE2 removal at pH 5 was slightly enhanced from 0.063 

± 0.007 min-1 to 0.106 ± 0.016 min-1 due to increased yield O2
•− leading to self-coupling of 

EE2 . EE2 degradation at pH 3 was inhibited and there was no effect at pH 7.  The presence of 

combination of BPA with NOM enhanced EE2 degradation rate at pH 5 from 0.041 ± 0.010 

min-1 to 0.094 ± 0.011 min-1 (5 mg L-1) and 0.076 ± 0.013 min-1 (25 mg L-1). The continuous 

Fe2+ formation observed was due to the presence of NOM which enhanced the release of 

dissolved Fe2+ to form Fe-NOM complexes stabilising fine Fe-hydroxide colloids, which may 

suppress iron corrosion products from the ZVI surface. The transformation product suggests 
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EE2 degradation was enhanced as a result of the self-coupling and/or cross-coupling between 

guaiacol and BPA. This result indicates that low concentrations of NOM actually improve the 

efficiency of the oxidation of emerging containments by iron induced Fenton reaction, as it 

serves as an electron donor to promote prolonged oxidative radical production. 

 

 

4.2 Introduction 

The bioactive synthetic estrogen, 17α-Ethynylestradiol (EE2), is used as an oral contraceptive. 

It is a major environmental threat as it has regularly been detected in lakes and rivers and has 

proven adverse effects on ecosystem functioning and the health of fauna (Aris et al., 2014). 

EE2 induced reproductive disorders have been detected in animals such as the African clawed 

toad, fathead minnow and laboratory rats (Cevasco et al., 2008; Howdeshell et al., 2008; Lange 

et al., 2009). The chemical structure of EE2 includes ethinyl and phenolic groups which make 

EE2 more hydrophobic and therefore able to escape physical/chemical treatment processes and 

be released into the environment.  

 

In recent years, there has been growing interest in nano-sized zero valent iron (nZVI) 

due to its capacity to degrade organic (Fang et al., 2011; Matheson and Tratnyek, 1994; Xia et 

al., 2014) and inorganic (Hug and Leupin, 2003; Leupin and Hug, 2005; Ramos et al., 2009) 

compounds. ZVI offers high reactivity at low cost and has the flexibility to react with 

contaminant through both reductive and/or oxidative reactions (Feitz et al., 2005; Keenan and 

Sedlak, 2008a; Stieber et al., 2011). However, under actual environmental conditions, the 

degradation of organic compounds by nZVI processes becomes more complicated due to their 

dependency on factors such as pH, presence of anions and natural organic matter (NOM) 

(Lipczynska-Kochany and Kochany, 2008).  
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NOM is present as a heterogeneous mix of aromatic and aliphatic organic compounds 

that affect particle stability, metal complexation, production of disinfection by-products and so 

on. Many researchers have made significant contributions to explaining the removal 

phenomenon with well-accepted theories now established. However, the effects of NOM on 

the nZVI process remain unclear and somewhat controversial as nZVI has complex surface 

chemical interface reactions. The interaction of Fe0 and NOM can be described according to 

the following mechanisms: (1) increased contaminant absorption capacity by partitioning to 

the hydrophobic layer formed by surfactants that adsorb to Fe0 particle surfaces; (2) 

competition between surfactants and contaminants for the surface sites where reactions occur; 

and (3) catalyst contaminant reduction by redox active NOM acting as mediators for electron 

transfer at the particle-water interface (Tratnyek et al., 2001). The presence of NOM has been 

found to show inhibitory effects on the reduction of organic (Matheson and Tratnyek, 1994) 

and inorganic (Wang et al., 2011) compounds in nZVI-induced systems due to NOM being 

adsorbed onto the surface of ZVI and blocking the active surface site. In contrast, Straub et al. 

(2001) observed that the presence of NOM alters the redox potential of Fe2+ and Fe3+ as they 

form complexes with NOM, hence enhancing the degradation of pollutant. Kang and Choi 

(2008) proposed that NOM acts as an electron shuttle mediator, enhancing the production of 

Fe2+ and H2O2 to initiate OH• radical oxidation. Several studies have suggested the enhanced 

redox reaction in the presence of NOM is related to the formation of quinone-containing 

compounds, which act as electron mediators (Chen and Pignatello, 1997; Tratnyek et al., 2001; 

Xie and Shang, 2005). However, there has been little focus on understanding how NOM may 

interact dynamically in EE2 degradation by nZVI systems in the presence of other endocrine 

disrupting chemicals, especially phenolic-like compounds. The performance of nZVI and 

efficiency of the transformation in the presence of NOM and other contaminants needs to be 

fully understood to inform the design of wastewater treatment plant. These are the crucial 
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factors influencing Fenton and/or Fenton-like processes because EDC concentrations in water 

are usually at a lower magnitude than for NOM. Accordingly, this study was conducted with 

the aim of addressing how the presence of NOM and co-contaminant may impact the oxidation 

of EE2 at various pH levels. Bisphenol-A (BPA) was introduced as an EDC co-contaminant in 

the presence of NOM. BPA was chosen because it is a component of mass-produced plastics 

and widely prevalent in aquatic and terrestrial habitats (Manshack et al., 2016). It is necessary 

to explore the formation of organic radicals in the iron-induced system in the presence of NOM 

and co-contaminant, as there is enormous potential significance for the environmental fate and 

transformation of trace organic pollutants. Moreover, the current study may provide the 

degradation kinetics through monitoring Fe2+ dissolution and H2O2 accumulation, and the 

associated transformation products, to elucidate the interaction of NOM and BPA. 

 

 

4.3 Methodology 

4.3.1 Materials.  

EE2 (purity > 98%) and Bisphenol A (GC grade > 99 %) were purchased from Sigma 

Chemicals Co. (New Zealand) and applied without further purification. Other chemicals and 

solvents used in this study were reagent grade and HPLC grade, respectively. All experiments 

were performed using Milli Q water with a resistivity higher than 18.2 MΩ.cm at 25 °C. Nano-

sized zero-valent iron with an average particle size of 50 nm, an average surface area of 20–25 

m2/g and iron content in the range 80–90 wt.% was obtained from NANO IRON, S.R.O., Czech 

Republic. The aquatic NOM (Suwannee River NOM) was purchased from the International 

Humic Substances Society. Additional information about the Suwannee River NOM can be 

found on their website (https: //ihss.humicsubtances.org/orders.html).  
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4.3.2 Degradation of EE2  by nZVI  

All batch experiments were conducted under non-purged conditions at room temperature with 

continuous shaking (200 rpm) for 90 minutes. The reaction solutions were buffered to maintain 

pH during the reaction. A 0.1mM acetate buffer (containing 0.1mM ammonium acetate and 

0.1mM acetic acid) was used to achieve pH 3 and pH 5, with 1.5 mM piperazine-N,N’-

bis(ethanesulfonic acid) (PIPES) used for the pH 7 solution (Keenan and Sedlak, 2008b). The 

reactions commenced with the addition of 89.5 mM nZVI to the three different substrate (EE2, 

BPA or a mixture of EE2 and BPA) chemical solutions containing concentrations of Suwanee 

River NOM ranging from 5 to 50mg L-1. The mixtures were continuously agitated as described 

above. Samples were withdrawn at certain time intervals and filtered through 0.2 µm 

regenerated cellulose (Phenomenex) syringe membrane filter. Control experiments were also 

carried out on the different substrates (EE2, BPA and a mixture of EE2 and BPA) in NOM 

solution in the absence of nZVI. No substrate loss was observed in these control samples after 

90 min of reaction time.  

 

4.3.3 Sample Analysis  

EE2 and BPA concentrations were determined using a liquid chromatograph mass spectrometer 

equipped with an electrospray ionisation (ESI) source (Shimadzu Model LCMS-2020), and a 

C-18 Zorbax Eclipse column (3.5 µM particle diameter, 2.1 x 100 mm, Agilent). Samples of 

15µL were injected into the column at 30°C. The mobile phase for EE2 and BPA analysis was 

80% 2:3 v/v methanol : acetonitrile and 20% water at a flow rate of 0.1 mL min-1 to perform 

isocratic elution for 10 min duration. The degradation rate of the substrates was studied by 

monitoring the rate of reduction of the chromatogram peak areas for each of the three 
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compounds over time using LC-MS. EE2 and BPA were monitored at m/z 296 and 227 

respectively using single ion monitoring (SIM) in negative mode. 

 

4.3.4 High-resolution accurate mass tandem mass spectrometry LC-MS/MS.   

Samples from the representative reaction mixes were subjected to high-resolution accurate 

mass tandem mass spectrometry using a Thermo Finnigan LTQ-FT ion cyclotron resonance 

mass spectrometer operating under electrospray conditions.  Undiluted 10 µL aliquots chilled 

at 4 °C in a Surveyor auto sampler were injected directly onto a Phenomenex Luna C-18 

column (150 x 2mm, 5 µm particle diameter) held at 30 °C and eluted with a 5-95% aqueous 

acetonitrile (containing 0.1% formic acid) gradient over 40 min using a Surveyor HPLC pump 

set at 100 µL/min.  The eluent passed into the IonMax source of the LTQ-FT operating at 3.2 

kV in negative ion mode and 4.0 kV in positive ion (two separate runs) mode, using a sheath 

nitrogen flow of 20 units and an auxiliary flow of 2 units; the capillary temperature was 275 

°C. A top 3x3 experiment was performed on the samples. The top three most intense parent 

ions from each full scan spectrum, recorded at a resolution of 100,000 at m/z 400 and above a 

threshold intensity of 10000, triggered MS/MS events in a data-dependent manner. The three 

most intense ions in each MS2 spectrum were then selected for further fragmentation (MS3) 

before returning to another full scan event. Collision induced dissociation was undertaken with 

helium as the collision gas and a setting of 35% normalised collision energy.  Analysis of the 

MSn data was aided by the use of HiChem MassFrontier v7. 
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4.3.5 Measurement of H2O2 and Fe2+ Concentrations 

The H2O2 in the reactors was determined using the FOX-2 method (Nourooz-Zadeh et al., 

1995). Approximately 90 µL of the sample taken from the reactor sample and was added to 

900 µL of 1 mM xylenol orange reagent and supplement with 10 µL of HPLC grade methanol. 

The mixture was allowed to react for 30 min at room temperature to achieve the endpoint. 

Absorbance was measured in a UV-Vis spectrophotometer (Shimadzu UV1202) at 560 nm. 

The concentrations of Fe2+ were determined according to the Ferrozine method (Stookey, 1970) 

by mixing 1 mL of filtered sample, 1 mL of 3.6 M of H2SO4 , 1 mL 4.9mM Ferrozine solution  

and 1mL acetate buffer (38.6g ammonium acetate + 34 mL of 25% NH3 aqueous + 100mL 

water),  in sequence. 

 

4.3.6  3D Excitation Emission Matrix (EEM) Measurement 

EEM spectra were recorded using a fluorimeter (Aqualog, Horiba-Jobin Yvon) with the xenon 

lamp voltage kept constant at 700V. Samples were analysed in a standard 1-cm quartz cuvette. 

The fluorimeter was set up as follows: the excitation wavelength was incrementally increased 

from 240 to 450 nm at 3 nm intervals while the emission wavelength was monitored from 250 

to 550 nm at 3 nm intervals for each excitation wavelength. The second-order Rayleigh 

scattering was found by calibrating the EEM spectra using the Quinine Sulfate (QS) standard.  

The QS Standard was also used to observe the stability of energy emitted by the xenon lamp in 

the fluorimeter. To account for the Rayleigh scattering and light absorbance by the NOM, an 

inner filter and second-order Rayleigh correction was applied to these data. 
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4.4 Results & Discussion 

4.4.1 Effects of NOM and co-contaminant (BPA) in Oxidation of EE2 by nZVI 

We selected EE2 as the main target compound at three different pH levels under non-purging 

conditions because our previous study had demonstrated that EE2 was degraded by three 

reactive oxidant species formed under these experimental conditions. In this study, the removal 

of 0.01 mM EE2 was evaluated using 89.5 mM commercial nZVI with different NOM 

concentrations (0, 5, 25 and 50 mg L-1), and in the presence of the co-contaminant Bisphenol 

A (BPA) at similar concentration to EE2 at pH 3, pH 5 and pH 7.  

 

Figure 4.1a – 4.1c shows EE2 removal by nZVI in the presence of NOM for different 

pH levels. EE2 removal by nZVI after 90 min reaction was badly affected by the presence of 

NOM at pH 3 and pH 7. The removal efficiency reduced from complete removal to 65% ± 

3.5% (5 mg L-1 NOM), 50.3% ± 2.7% (50 mg L-1 NOM) and 36.8% ± 2.7%. At pH 5, the 

removal efficiency for EE2 increased from 83.1 ± 3.4% to 89.1% ± 2.5% at 5 mg L-1 NOM and 

then decreased with further increasing NOM concentration to 82.9% ± 0.8% (25 mg L-1 NOM) 

and 76.1 ± 0.7% (50 mg L-1 NOM). Meanwhile, at pH 7 EE2 removal decreased from 69.3 ± 

2.1% to 39.5 ± 2.0% (5 mg L-1  NOM), 27.9 ± 1.8% (25 mg L-1 NOM) and 29.5 ± 1.6% (50 

mg L-1  NOM).  

 

Figure 4.1d shows that EE2 removal was also affected by NOM and BPA in 

combination. The presence of BPA in the reaction without NOM perplexed the oxidation of 

EE2, reducing efficiency from a complete reaction to 63.1 ± 2.7% at pH 3, 83.1 ± 3.4% to 62.5 

± 4.4 %  at pH 5, and 69.3 ± 2.1% to 58.2 ± 11.1 % at pH 7. The presence of both BPA and 
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 Figure 4.1 EE2 degradation by nZVI experimental data fitted with pseudo-first order in the presence of various NOM concentrations: (a) NOM at pH 

3, (b) NOM at pH 5, (c) NOM at pH 7, (d) NOM & BPA at pH 3, (e) NOM & BPA at pH 5 and (f) NOM & BPA at pH 7. Data are shown for 3 replicates 

of runs with 89.5 mM nZVI, 0.01 mM EE2 (a – c) and 0.01 mM BPA (d – f) as co-contaminant. Symbols (●) represent no NOM, 5 mg L-1  NOM (□), 

25 mg L-1  NOM (∆) and (◊) 50 mg L-1  NOM.  
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NOM further reduced the reaction at pH 3 to 46.6 ± 5.8% (5 mg L-1 NOM), 40.1 ± 20.2% (25 mg 

L-1 NOM) and 27.9 ± 2.2% (50 mg L-1  NOM). A similar trend was observed at pH 7 where 

removal efficiency reduced to 45.6 ± 4.4% (5 mg L-1  NOM), 39.2 ± 8.8% (25 mg L-1  NOM) and 

17.9 ± 5.0% (50 mg L-1  NOM). However at pH 5, the removal of EE2 increased to 88.4 ± 2.1% (5 

mg L-1 NOM) and 82.5 ± 0.7% (25 mg L-1 NOM), but then decreased at 50 mg L-1 NOM to 61.2 

± 4.7%. This observation was most likely a result of the interaction with NOM which involved the 

reactive oxidants and radicals generated under non-purging conditions at different pHs playing an 

important role in the performance of nZVI in EE2 degradation.  

 

In our previous report, the degradation kinetic of EE2 by nZVI was described by the 

pseudo-first order kinetic model (Equation 4.1) : 

C = (1- Cres) e-kt+ Cres  Equation 4.1 

 

The data of EE2 degradation in the presence of NOM and co-contaminant, BPA are also fitted in 

Equation 4.1, such that the corresponding regression results are observed with r2 values (see Table 

S1 – Appendix B). The results clearly show that NOM in the reaction inversely affected the EE2 

degradation for various pH conditions, with high correlation coefficient r2 values ranging between 

0.8 – 0.9. As shown in Figure 4.2, at pH 3 NOM inhibited EE2 degradation from 1.430 ± 0.038 

min-1 to 0.059 ± 0.012 min-1 (Cres : 0.350 ± 0.035), 0.053 ± 0.010 min-1 (Cres : 0.497 ± 0.027) and 

0.073 ± 0.022 min-1 (Cres : 0.632 ± 0.027). Similarly at pH 7, the EE2 degradation rate decreased 

in the presence NOM from 0.144 ± 0.022 min-1 to 0.086 ± 0.026 min-1 (Cres :0.689 ± 0.019), 0.077 

± 0.023 min-1 (Cres :0.705 ± 0.022 ) and 0.059 ± 0.026  min-1 (Cres : 0.721 ± 0.090) respectively. 
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Figure 4.2  (a) EE2  removal rate and (b) Cres value of EE2 removal by nZVI at pH 3, pH 5 and 

pH7 in the presence of NOM and NOM with Bisphenol A. Error bars, s.e.m (b) Cres value by nZVI 

at pH 3, pH 5 and pH 7 under various oxygen conditions. 
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A similar trend was observed in the presence of BPA and NOM in the reactor at pH 3 and 

pH 7. The inhibition of EE2 degradation by nZVI at pH 3 and pH 7 is most likely due to the 

accumulation of NOM on the iron-air interface, thereby passivating the Fe0 surface and inhibiting 

iron corrosion. The EE2 degradation rate reduced as the NOM concentration increased. The results 

obtained are in agreement with observations from other studies indicating that NOM may scavenge 

OH• radicals during the reaction (Tratnyek et al., 2001), thus out-competing EE2.  

 

While NOM deactivated nZVI performance at pH 3 and pH 7, an incremental increase in 

the EE2 degradation rate was observed at pH 5 in 5 mg L-1 of NOM (Figure 4.2), from 0.145 ± 

0.022 min-1 to 0.148 ± 0.016 min-1 (Cres : 0.109 ± 0.025). However as the NOM concentration 

increased, the EE2 degradation rate decreased to 0.044 ± 0.009 min-1 (Cres : 0.171 ± 0.008) (25 mg 

L-1 NOM) and 0.036 ± 0.007 min-1 (Cres : 0.239 ± 0.007) (50 mg L-1 NOM). A similar trend was 

observed in the combination of BPA and NOM in the reaction. In the presence of BPA (without 

NOM), the EE2 removal rate declined to 0.041 ± 0.010 min-1 (Cres : 0.37 5± 0.044). When NOM 

was  added in the reaction, the EE2 removal rate inclined to 0.094 ± 0.011 min-1 (Cres : 0.116 ± 

0.021) (5 mg L-1), 0.076 ± 0.013 min-1 (Cres :0.176 ± 0.007) (25 mg L-1) and declined at 50         

mgL-1 to 0.040 ± 0.010 min-1 (Cres : 0.389 ± 0.047). The decreasing removal rate is likely due to 

the target substances binding to NOM, which then blocks the reaction between radicals and 

substrates. It has been suggested by other researchers that the presence of NOM inhibits the 

degradation of organic pollutnats by Fenton-like reactions (Bissey et al., 2006; Lindsey and Tarr, 

1999).  
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The slight increase in EE2 removal rate is likely due to the redox-active moieties in iron-

NOM complexes acting as reductants to reduce EE2 or serving as electron shuttles between Fe0 

and EE2. NOM molecules bearing phenolic functionalities may oxidise to form free radicals that 

then induce the formation of ROS and/or further react with EE2 through a hydrogen exchange 

mechanism to convert them to free radicals, resulting in enhanced removal of EE2. For instance, 

Qin et al., (2016) proposed that the formation of semiquinone radicals from comportionation of 

hydroquinone and benzoquinone could transfer electrons to oxygen to form O2
•- and OH• radicals 

and H2O2 which contribute to the oxidation of As(III). Further, Xie & Shang (2005) suggested the 

complexation of Fe(III)-humic acid on the outer oxide layer, or in solution, may regenerate reactive 

Fe(II) to reduce bromate.  

 

To investigate the mechanisms involved in the presence of NOM and BPA, an adsorption 

test (Appendix B - Figure S2) was run under the same conditions. The amounts of EE2 and BPA 

adsorbed on nZVI were found to be negligible (< 0.120 µM). Additionally, reactions between 

NOM, EE2 and BPA over 90 min without nZVI indicated that no complexation between EE2-NOM 

and EE2-BPA-NOM occurs without nZVI in the reaction. Thus, we will next explore further 

enhancement of the EE2 removal mechanism occurring at pH 5 in the presence of NOM and 

BPA/NOM, by observing the formation of the reactive oxygen species responsible for Fe2+ 

dissolution, H2O2 accumulation and formation of various transformation products. 
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4.4.2 EE2 Removal in NOM/ZVI system 

The experimental results indicate that the presence of NOM in the system can both inhibit and 

incrementally increase the EE2 removal rate depending on pH conditions and NOM concentrations. 

Figure 4.1 shows that the reactions under pH 3 and pH 7 were significantly retarded and seemed 

to be slowing down as the NOM concentration increased.  Figure S1 (see Appendix B) shows the 

involvement of OH• radicals when 125mM 2-propanol and 125mM chloroform probes were 

employed to scavenge the OH• radicals and O2
•- radicals (Bae et al., 2013; Buxton et al., 1988) at 

pH 3 and 5, and 25 and 50 mg L-1 of NOM. The presence of 2-propanol should have mostly 

scavenged the OH• radicals. However, EE2 degradation was seen to be almost completely inhibited 

which implies that EE2 removal in the nZVI system can be mainly ascribed to the formation of 

OH• radicals.  

 

The presence of NOM created a major oxidant sink for the OH• radicals due to the 

interaction of the oxidants with the redox-active functional groups. The inhibition of nZVI 

reactivity is due to the presence of functional moieties outcompeting the contaminants for the 

reactive sites (Tratnyek et al., 2001). Other researchers have also observed that NOM inhibits the 

removal of organic pollutants by Fenton-like reactions where the target substances are bound to 

NOM, which then blocks the reaction between OH• radicals and substrates (Bissey et al., 2006; 

Lindsey and Tarr, 1999). Figures 4.3 (a) and 4.3 (d) show Fe2+ dissolution and H2O2 formation 

under pH 3 and pH 7 respectively, in the presence of NOM. The Fe2+ decreased rapidly from 0.80 

– 5.45 mM to 0.71 – 0.65 mM for all NOM concentrations. A similar trend was observed for H2O2 

accumulation, which declined rapidly from 2 – 7 uM to 0.70 – 0.91 uM throughout the reaction. 
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Figure 4.3  Fe2+ in the reaction system in the presence of NOM at (a) pH 3, (b) pH 5 and (c) pH 7, H2O2 accumulation in the reaction 

system in the presence of NOM at (d) pH 3, (e) pH 5 and (f) pH 7. (Data is shown for triplicates analyses with 89.5 mM nZVI, 0.01 mM 

EE2) 
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A possible explanation is the complexation of NOM on the nZVI surface, resulting in the 

agglomeration and passivation of nZVI which hinders the corrosion of Fe0 and electron transfer 

process forming Fe2+ and H2O2 (Keenan and Sedlak, 2008a), as described in Equation 4.2. The 

resulting reduction of these key reactants in the solution could influence OH• radical formation, 

hence decreasing removal efficiency as described in Equation 4.3.   

 

Fe0 + O2 + 2H+ → Fe2+ + H2O2 Equation 4.2 

Fe2+ + H2O2 → Fe3+ + OH• + OH− Equation 4.3 

  

The XRD diffractograms of reacted nZVI at pH 3, pH 5 and pH 7 show peaks identical 

to those seen in non-purging conditions, i.e., two peaks of α-Fe0 at 2θ = 44.5° and 65.0° (Figure 

4.4) indicating that no significant changes occurred on the nZVI surface in the reaction without 

NOM presence. In the presence of NOM, two peaks of α-Fe0 reduced intensity in the presence of 

5 mg L-1 NOM and disappeared when the NOM concentration increased.  

 

At higher NOM concentrations, the appearance of additional peaks corresponding to 

hematite was observed. The formation of hematite clearly indicates the inhibition of the EE2 

removal  in the presence NOM, possibly due to the formation of iron oxides to which the slowing 

down of EE2 removal can be attributed. The NOM accumulated on nZVI core surfaces may be 

formed by the adsorption of NOM and Fe-NOM complexation in the solution which leads to NOM 

aggregation. The agglomeration of NOM has previously been reported as affecting sorption and/or 

reduction of contaminants in Fe0 systems (Sun et al., 2016; Xie and Shang, 2005). 
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The positive effect of NOM is observed at pH 5. However, as the NOM concentration 

increases the EE2 removal rate slows due to the nZVI surface becoming saturated and passivised. 

Our results indicate that pH may have a reverse effect on the performance of nZVI towards EE2. 

These trends have not previously been reported in other nZVI studies. Scavenger probes were used 

to investigate whether the O2
•− radical was still involved in enhancing oxidation. The addition of 

125 mM chloroform to the system inhibited EE2 removal, which implies that O2
•− radical 

involvement can possibly be ascribed to the increased EE2 removal at 5 – 25 mg L-1 of NOM (as 

shown in Figure S1 – Appendix B).  

 

Figure 4.3b shows Fe2+ dissolution was higher without the presence of NOM, however it 

decreased over time. Higher concentrations of NOM decreased Fe2+ dissolution. Similarly, H2O2 

accumulation was significantly higher without the presence of NOM (Figure 4.3e). These results 

indicate that the presence of NOM in the system is likely to increase the formation of ROS through 

electron shuttling, possibly increasing the formation of O2
•− radicals leading to the increased EE2 

removal rate. O2
•− generation in the nZVI system is described in Equations 4.4 – 4.6. However, 

O2
•− radical generation in the nZVI system in the presence of NOM is complex. 

 

Fe2+ +  O2  → Fe3+ + O2
•− Equation 4.4 

Fe2+ + O2
•− + 2H+ → Fe3+ + H2O2                   (k = 1.34 x 106 M-1s-1) Equation 4.5 

O2
•− + 2H+ ↔ H2O2 + O2   Equation 4.6 
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Figure 4.4 XRD diffractograms showing the oxidation products of nZVI after the reaction with 

EE2 at (a) pH 3, (b) pH 5 and (c) pH 7 in NOM presence.  

 

(a) 

(b) 

(c) 
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The increasing levels of Fe2+ dissolution and H2O2 concentration in the system at pH 5 

are likely the result of the reduction of Fe3+ by the NOM through redox cycling. NOM can contain 

large numbers of redox active carboxyl, methoxyl, enolic-OH, phenolic-OH groups, as well as 

quinones or quinone-like moieties that are also involved in the redox chemistry of contaminants. 

It has been well reported that humic and fulvic substances form complexes with iron and affect the 

Fenton’s reaction due to carboxylate functional groups (Paciolla et al., 2002; Rose and Waite, 

2003). The Fe3+ may be reduced to Fe2+ by hydroquinone or semiquinone radicals. As described 

in Equation 4.5, the increase in H2O2 concentration in the system is likely due to the reaction of 

Fe2+ with O2
•− to generate Fe3+ and H2O2. At the same time, this reaction is too slow to compete 

with the rapid reduction of Fe3+ to Fe2+ by hydroquinone through sequential electron-transfer via 

the semiquinone radical, which has also been reported to catalyse the reduction of nitrobenzene by 

Fe3+/H2O2 (Lipczynska-Kochany and Kochany, 2008). In addition, O2
•− could also be formed by 

the reaction of organic radical R• in the presence oxygen (Equation 4.7). These hydroquinone 

catalysing redox reactions occur through an electron shuttle (Chen and Pignatello, 1997).  

 

R• +  O2  → RO2
• →→ Rox+ O2

•−  Equation 4.7 

 

 

 

 

4.4.2.1  EE2 Removal with the presence of NOM surrogates. 

 

In Figure 4.5,  two main fluorescent peaks can be observed at the initial T=0 min at excitation : 

248 – 265 nm; emission : 375 – 425 nm and excitation : 330 nm; emission : 380 – 420 nm, which 

respectively indicate rich humic-like and fulvic-like fraction in NOM. Both peaks have previously 

been monitored by Zhang et al. (2014) and Pons et al., (2004). After 90 min reaction time,  
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Figure 4.5 Excitation-emission matrix scan for a) 5 mg L-1 NOM at T= 0 min and b) 5 mg L-1 

NOM at T= 90 min, showing changes in contour plots due to oxidation by the nZVI system at pH 

5; plots obtained after correcting for inner filter effect and Rayleigh effect 
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Figure 4.6  EE2  removal by nZVI in the presence of NOM surrogate compound guaiacol (Humic 

substance) and glycolic acid (fulvic substance) [ Experiment conditions : Reaction time 90 min, 

89.5 mM nZVI]
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Figure 4.7 EE2 degradation by nZVI experimental data fitted with pseudo-first order in the presence of : (a) Guaiacol at pH 3, (b) Guaiacol 

at pH 5, (c) Guaiacol at pH 7, (d) Glycolic Acid (GA) at pH 3, (e) Glycolic Acid at pH 5 and (f) Glycolic Acid at pH 7. Data are shown for 3 

replicates of runs with 89.5 mM nZVI and 0.01 mM EE2. Symbols represent : (●) no Guaicol / GA , (□) 5 mg L-1  Guaicol / GA, (◊)  25 mg 

L-1  Guaicol / GA  and (∆) 50 mg L-1  Guaicol / GA.
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the fulvic-like peak reduces while the humic-like peak disappears, indicating its greater potential 

to be oxidised compared to fulvic-like matter. 

 

The results for the EEM fluorophore signatures by oxidation showed that NOM 

components with aromatic and carboxylate groups from humic-like and fulvic-like fractions were 

oxidised by nZVI, implying their possible cross-coupling with EE2. This finding is supported by 

one previous study on enzyme-catalysed oxidative coupling of humic substances (Piccolo et al. 

2000), which illustrated that phenolic and benzene carboxylic acids may participate in oxidative 

coupling reactions.  

 

Our experimental data are exhibited in Figure 4.6 and Figure 4.7 for the effect of EE2 

removal by nZVI in the presence of surrogate compounds. Surrogate compounds were used to 

represent humic (= guaiacol) and fulvic (= glycolic acid) substances. The results in the presence 

of guaiacol at pH 5 revealed a significant increase in EE2 removal at 5 mg L-1 and 25 mg L-1 

guaiacol, with the k rate increasing from 0.0624 ± 0.0137 min-1 to 0.1060 ± 0.0121 min-1 and 

0.1285 ± 0.0217 min-1, respectively; however, EE2 removal decreased when guaiacol 

concentration increased to 50 mg L-1. At pH 3 and pH 7, the EE2 removal rate decreased in the 

presence of guaiacol. Similarly, the EE2 removal rate decreased in the presence of glycolic acid at 

pH 3, pH 5 and pH 7. This is likely because the deprotonation of guaiacol leads to the formation 

of quinones or quinone-like moieties, which reduce the Fe3+ to Fe2+ leading to the formation of 

O2
•− radicals. The reaction seems to be in line with findings by Fan et al. (2011) who suggested 

that the parathion molecules are bound to the functional groups contained in humic substances, 

resulting in protonation of humic substances which leads to increases the parathion removal, 
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especially in acidic conditions. In addition, Georgi et al. (2007) reported that in the oxidation of 

benzene by Fe3+, the intermediates form complexes with ferrous and/or ferric ions, resulting in the 

formation of complex products capable of reducing Fe2+ faster than H2O2  and hence enhancing 

removal. 

 

Reviews of potential NOM surrogates have proposed guaiacol as a representative with a 

phenolic moiety for humic acid (Campinas and Rosa, 2006; Devitt et al., 1998; Zularisam et al., 

2011) and glycolic acid as a surrogate mimicking the carboxylate moiety for fulvic acid (Bialk et 

al., 2005; Lu and Huang, 2009). Thus, our study of transformation products proceeded using 

guaiacol to mimic the humic-like substances in NOM, to evaluate the potential organic radical 

formation and electron transfer occurring in the system.  

 

 

4.4.2.2  EE2 Removal Mechanism in NOM/ZVI system 

The potential structures of EE2 transformation products were obtained using high accuracy mass 

spectrometry results together with supporting low resolution MSn data, as shown in Table 4.1. At 

pH 5, four peaks of transformation product were found in the presence of guaiacol at m/z 295, m/z 

297, m/z 299, as well as significant levels of dimers corresponding to m/z 591[(296+296)]. The 

proposed removal mechanism in Figure 4.8 indicate that EE2 is mainly degraded by O2
•- through 

a reductive reaction by losing a series of double bonds, probably at ring A, to form peaks at m/z 

295, m/z 297 and m/z 299. These transformation products were similar to the transformation 

products from the reaction without NOM. These results suggest direct and/or indirect reduction of 
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EE2 by nZVI, via deprotonation of EE2 transformation products by O2
•- to form organic radicals 

that then undergo radical coupling. 

Table 4.1 Major Ions Resulting from the Removal of EE2 by nZVI under different experimental 

conditions.  
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BPA — Guaiacol 597 C40H53O4 597.3952 2.27 14.5 337 (∆260) NA 

 
     

227 (∆370) NA 

 
     

  

 453 C30H45O3 453.3438 2.03 8.5 209 (∆244) NA  

 
     

343 (∆110) NA 

 
     

435 (∆18)  209 

(∆226) 

     
   

EE2 — Guaicol 295 C20H23O2 295.1705 0.56 9.5 277 (∆18) NA 

 
      

 297 C20H25O2 297.1868 0.66 8.5 279 (∆18) NA 

        

 299 C20H27O2 299.2019 0.69 7.5 283(∆17) NA 

 
     

193 (∆107) 

        

 591 C40H47O4 591.3486 1.01 17.5 506 (∆85) NA 

 
     

 
 

 407 
 

407.9249 4.24 15 291 (∆117) NA 

  
    293 (∆115)  

  
    311 (∆96)  

  
    313 (∆94)  

  
      

EE2 — BPA — 

Guaicol 

521 C36H41O3 521.1800 0.36 10.5 297 (∆224) NA 

 
    227 (∆294) 

     503 (∆18) 

NA – not attempted or no MS3 ions resulting from fragmentation analysis 
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Figure  4.8  Proposed mechanism for EE2  removal by nZVI in the presence of guaiacol.  
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This observation would seem to suggest no cross-coupling of guaiacol with EE2 or EE2 

intermediates. Thus, the enhancement of EE2 removal observed in the presence of NOM could be 

due to the increased O2
•- yield in the reaction to produce more organic radicals through protonation 

by one electron transfer (Hayyan et al., 2016). Dimers are likely formed by initial deprotonation 

of EE2 transformation products through electron abstraction from –OH, which then form free 

radicals that undergo coupling. The formation of isomeric dimers by covalent bonding of C–C or 

C–O between radical intermediates has been reported previously (Lloret et al., 2013; Tanaka et al., 

2009).  

 

4.4.3 EE2 removal in the BPA/NOM/ZVI system 

As shown in Figure 4.1, EE2 removal by nZVI is majorly affected by the presence of  combination 

NOM and BPA, apart from the reaction under pH 5 and pH 7. However, statistical analysis one-

way ANOVA exhibited the EE2 removal rates under pH 7 are not significant p>0.05.  On the other 

hand, the presence of BPA and 5 mg L-1 and 25 mg L-1 NOM produced a positive effect, despite 

the presence of synergetic competition in the absence of NOM. While under pH 5, the BPA 

removal rate were increased  from 0.0304 min-1 to 0.0330 min-1 (5 mg L-1), 0.0617 min-1 (25 mg 

L-1) and 0.0312 (50 mg L-1) (see Appendix B – Figure S3). This observation suggesting the BPA 

most probably undergo one electron oxidation or through radical attacked  to form organic radicals 

that may reacts with NOM and/or EE2 through hydrogen exchange mechanism  for coupling 

process (Bialk et al., 2005). The scavenging experiment demonstrated that chloroform was 

scavenging the O2
•- radical. This observation is in line with the radical observed with the presence 

of NOM in the system.  
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Monitoring of Fe2+ dissolution (Figure 4.9 a – c) and H2O2 accumulation (Figure 4.9 d – 

f) revealed the key reactants influencing the oxidant-reductant species present and the reaction 

rate.  At pH 3 and pH 7, Fe2+ formation and H2O2 accumulation were both lower than in the reaction 

with NOM present. At pH 5 with 5 mg L-1 and 25 mg L-1 NOM, Fe2+ formation showed an abrupt 

increase and then fluctuated, indicating Fe2+ is oxidised to Fe3+ and then may be reduced back to 

Fe2+ by hydroquinone or semiquinone radicals. This leads to the formation of O2
•−    radicals.  

 

The increased H2O2 concentration in the system is likely due to the reaction of Fe2+ with 

O2
•− to generate Fe3+ and H2O2, as described in Equation 4.5. Studies of the Fenton process have 

reported that certain organic compounds and/or their transformation products can influence iron 

reactivity (Chen and Pignatello, 1997; Duesterberg et al., 2008) by acting as electron shuttling 

mediators to reduce Fe3+ to Fe2+. The presence of BPA in the system increases the phenolic 

moieties through a deprotonating process via single electron transfer from the nZVI surface. Thus, 

the increase of phenolic moieties in the system contributes to the increase O2
•− radicals. Another 

study has reported that increases in O2
•− yield correlate significantly to the phenolic moieties in 

the diverse EfOM fractions and NOM isolates (Zhang et al., 2014).  
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Figure 4.9 Fe2+ in the reaction system in the presence of NOM at (a) pH 3 (b) pH 5 and (c) pH 7; and H2O2 accumulation in the reaction 

system in the presence of NOM and BPA at (d) pH 3, (e) pH 5 and (f) pH 7 (data are shown for triplicate analyses with 89.5 mM nZVI, 

0.01 mM EE2)
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4.4.3.1  EE2 removal mechanism in the BPA/NOM/ZVI system 

The transformation products from EE2 removal in the presence of BPA and guaiacol, measured 

using the high resolution ESI (+) scan, are summarised in Table 4.1. However, the signal intensities 

obtained during the analysis were low, which suggests a lot of oxidation was occurring in the 

reaction. The transformation product obtained was a higher molecular weight ion at m/z 521. The 

transformation product at m/z 521 possibly derived from the cross-coupling of the reduced EE2 

transformation product (m/z 294) with the BPA-like radical (m/z 227), as proposed in Figure 4.10.  

 

Figure  4.10  Proposed mechanism for EE2  removal by nZVI in the presence of guaiacol and 

Bisphenol-A
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In a separate BPA and guaiacol reaction, we observed cross-coupling between guaiacol and 

BPA leading to enhanced BPA removal. Three possible transformation products were identified 

at m/z 453 and m/z 597 that may relate to cross-coupling. The MSn data of all the transformation 

products proposed cross coupling of guaiacol and BPA, and/or the intermediate dimers of both 

products.  

 

The MS2 spectrum of the compound at m/z 453 identified its fragment ion at m/z 435 due 

to the loss of water. When the ion at m/z 435 was subjected to further MS3 analysis, fragment ions 

were identified at m/z 417, m/z 226 and m/z 209 resulting from loss of water, BPA-water [(227 + 

18)] and BPA [(227)] respectively. These results suggest the presence of BPA dimers. The MS2 

and spectra of the ion at m/z 597 indicate cross-coupling of BPA and guaiacol trimers to form the 

fragment ion at m/z 244 for example, which has lost BPA-guaiacol conjugate and water [(227+124) 

- 18]. Satoh et al. (1999) investigated the stability of semiquinone radicals produced from mixing 

hydroquinone and BPA in the presence of various antioxidants. They found the radicals of the 

antioxidants replaced those of semiquinone due to radical-radical coupling, or a dismutation 

process. The formation of transformation products described above supports our hypothesis that 

the enhancement of EE2 removal is due to the formation of organic radicals by O2
•- through electron 

shuttling by NOM. 

 

 

4.5  Summary 

Removal of EE2 by nZVI was observed to be affected by the presence of NOM and the presence 

of a phenolic co-contaminant, BPA. While low concentrations of NOM enhanced removal rates, 
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excess NOM concentration shielded the substrates from the oxidants, thereby reducing EE2 

removal rates. At low NOM concentration, the presence of humic acid in NOM molecules is 

postulated as causing electron oxidation of contaminants via electron shuttling. Both the NOM and 

model compound studies suggest the possibile self-coupling of intermediate products and cross-

coupling of the compounds. Oxidised NOM molecules containing phenolic moieties may possibly 

cross-couple with BPA, resulting in a NOM-substrate complex for improved removal rates and 

extended transformation. Such cross-coupling between NOM and pharmaceuticals could very 

likely play a more dominant role than self-coupling in micro pollutant transformation because 

NOM concentrations are often higher than the contaminants, thus providing a potential strategy to 

remove NOM and micro pollutants simultaneously in water or wastewater treatment.  
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CHAPTER 5 

CONCLUSION, RECOMMENDATION AND FUTURE WORK 
 

5.1 Conclusion, Recommendation and Future Work 

Worldwide, water supply struggles to keep up with the rapidly increasing demand, a situation 

which is being intensified by population growth, global climate change and deteriorating water 

quality. During recent decades, researchers have become more aware of the presence of EDCs due 

to their persistence and bioaccumulation in the environment. EDCs have been shown to have 

adverse effects on the reproduction, growth and immune systems of wildlife in rivers downstream 

of sewage discharges. EE2, a synthetic estrogen, is one of the EDCs contributing to estrogenic 

activity in the environment. The need for technological advances to facilitate integrated systems 

for water administration cannot be overstated. Green nanotechnology holds great potential for 

advancing water and wastewater treatment to improve treatment efficiency. The application of 

nano-sized zero valent iron technology has gained much attention due to its versatility and 

extensive application in groundwater and wastewater remediation. However, due to unstable 

conditions in the environment and water systems and complex interfacial surface chemistry, the 

mechanisms and efficiency of removal differ depending on environmental factors and the 

contaminants involved.  

 

The main aims of this thesis were to investigate the effectiveness of nZVI in eliminating EE2 

from water and provide information to guide the application of nZVI in wastewater treatment. 

These aims were accomplished by a systematic investigation of the use of nZVI to degrade EE2 in 

batch experiments under various environmental conditions, such as different pH and dissolved 

oxygen levels and in the presence of co-contaminants like NOM and other endocrine-disrupting 



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

110 

 

compounds. The study was designed in sequential steps to gain more detailed knowledge of the 

practical application of nZVI  in wastewater treatment plants.  

 

The experimental data highlight the importance of pH and O2 conditions in the removal of 

EE2 by organically stabilised nZVI. In anaerobic conditions, the direct/indirect reduction of EE2 

seemed to occur on the surface of nZVI at acidity ranging from pH 3 to pH7. In aerobic conditions 

(i.e. non-purged and air-purged conditions), rapid oxidative degradation of EE2 induced by OH• 

was observed at pH 3, while at pH 5 the formation of O2
•- through the oxidation of Fe2+ by O2 

played an important role in the reductive degradation of EE2. At pH 7, only Fe(IV)O2+ seemed to 

be involved in EE2 removal, while the contributions of both OH• and O2
•- were negligible. 

Although O2-content and pH can be crucial in determining the reaction mechanisms in nZVI–O2 

systems, the findings of the present study point to degradation mechanisms in nZVI suspensions 

due to the combined effects of pH and O2 levels on the production of ROS. In particular, we 

demonstrated that while production of OH• shifted to Fe(IV)O2+ as the pH of the nZVI suspension 

increased, O2
•- was the main factor in the reductive degradation of EE2 under non-purged and air-

purged conditions at pH 5. Further, we demonstrated that excessive amounts of O2 hindered the 

action of reactive oxidative species (OH•, O2
-•, and Fe(IV)O2+), due to the rapid oxidation of nZVI 

to iron (oxyhydr)oxides. The abrupt increase in Fe2+ and H2O2 led to OH• self-scavenging effects 

and the formation of passivated layers, which reduced the interfacial redox reactions. These 

findings go some way toward characterising the crucial relationship between O2-contained 

conditions, pH values and the reaction mechanisms in nZVI–O2 systems, which may yield better 

ways to control advanced oxidation treatments of endocrine disruptors and other emerging 

contaminants. 
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Under real environmental conditions, degradation of organic compounds by the nZVI 

process becomes more complicated due to its dependency on factors such as pH, and the presence 

of anions and natural organic matter (NOM) (Lipczynska-Kochany and Kochany, 2008). The 

second major finding of this dissertation elucidates the dynamic interaction of NOM and other 

endocrine disrupting chemicals, especially phenolic-like compounds such as BPA, in EE2  

degradation by nZVI. The performance of nZVI and efficiency of the transformations in the 

presence of NOM and other contaminants have to be fully understood to inform the design of 

wastewater treatment plants. They are the crucial factors influencing Fenton and/or Fenton-like 

processes as EDC concentrations in water are usually at a lower magnitude than concentrations of 

NOM. This study observed EE2 degradation by nZVI to be affected by the presence of NOM and 

the phenolic co-contaminant, BPA. While low concentration NOM enhanced removal rates, excess 

NOM concentration shielded the substrates from the oxidants, thereby reducing EE2 degradation 

rates. It is postulated that at low NOM concentration, the presence of humic substances in NOM 

molecules causes electron oxidation of contaminants via electron shuttling. The model compound 

studies suggest the possibility of both self-coupling of the intermediate product and cross-coupling 

of the compounds. Oxidised NOM molecules, containing phenolic moieties possibly cross-coupled 

with BPA, resulting in a NOM-substrate complex for improved removal rates and extended 

transformation. Such cross-coupling between NOM and pharmaceuticals could very likely play a 

more dominant role than self-coupling in micro pollutant transformation, because NOM 

concentrations are often higher than those of the contaminants. This is in fact provides a potential 

strategy for removal of NOM and micro pollutants simultaneously in water or wastewater 

treatment. Recommendations for further studies are:  
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 Pilot-scale study using real wastewater with longer retention times and extended 

duration of testing  

 Detailed study on the actual transformation products in all conditions using NMR 

to confirm and detail the structures of the products  

 Further characterisation on the iron oxides on the non-reactive surface site of nZVI, 

using techniques such as X-ray Photoelectron Spectroscopy (XPS) to seek a 

definitive explanation for the different behaviours of nZVI  

 Further studies involving the modelling of EE2 degradation pathways under 

different experimental conditions. Data from modelling technique(s) may provide 

greater understanding regarding the EE2 reaction pathways for various treatments. 
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Appendix A 

Degradation of 17α-Ethinylestradiol by Nanoscale Zero-Valent 

Iron Under Different pH and Oxygen Conditions 
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Table S1  The concentrations of EE2 compounds in water bodies as reported in several 

countries around the world. 

Location EE2 Concentration 
(ngL-1) 

Ref. 

Acushnet River estuary, USA 3.01 – 4.67 (Zuo et al., 2006) 

Buyukcekme watershed,  Istanbul, Turkey. 11.70 – 14.00 (Aydin and Talinli, 2013) 

Surface water, Brazil ND – 25.00 (Sodré et al., 2010) 

Dan-Shui River, Taipei, Taiwan 7.53 – 27.40 (Chen et al., 2010) 

Jiazhou Bay, Qingdao, China 7.00 – 24.00 (Zhou et al., 2011) 

Surface water, Hyderabad, India 98.00 – 350.00 (Kumar et al., 2016) 

Venice Lagoon, Bay of the Adriatic Sea <0.80 – 34.00 (Pojana et al., 2007) 

Wurm River, Germany <0.30-0.70 (Bögi et al., 2003) 

STP, Horsham, England Influent : n.d – 0.5 

Effluent : n.d. 

(Zhang and Zhou, 2008) 

4 STPs, Midlands, England Influent : n.d – 1.54 

Effluent : n.d. – 0.5 

(Ifelebuegu, 2011) 

2 STPs, Sfax and Sousse, Tunisia Influent : 25 - 45 

Effluent : n.d. - 10 

(Belhaj et al., 2016) 
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Table S2: Ion abundance (intensity) of transformation by-products under nitrogen-

purged, non-purged and air-purged conditions at different pHs. 

[M-H]- 

(m/z) 

Nitrogen-purged* 
 

Non-purged* 
 

Air-purged* 
 

 
pH 3 pH 5 pH 7 pH 3 pH 5 pH 7 pH 3 pH 5 pH 7 

295.1705 22100 ND** ND 63200 49200 ND 3300 1200 296000 

297.1868 23300 ND 60200 19900 24500 ND 1400 ND 1800 

299.2019 19500 ND ND 12300 23700 ND 2100 ND ND 

313.1812 ND ND ND 500 8000 ND 5100 9000 500 

311.1655 1000 ND ND 2800 40700 2500 19300 14800 33000 

327.1600 ND ND ND 800 4900 800 22700 20700 3800 

343.1554 ND ND ND 900 72800  1000 21500 16500 9700 

591.3486 8500 ND 2400 9700 63000 2600 5000 500 23700 

593.3644 19600 1000 ND 500 63500  500 600 600 600 

595.3801 31500 2200 ND 500 79900  ND ND 500 ND 

* Intensity value (minimum threshold > 500) is the height of the [M-H]- ion extracted from the 

averaged TIC of a set of full scan infusion FTMS scans over the m/z range 250-750. 

** Not detected or below threshold 
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Figure S1. Sorption of EE2 on the nZVI surface during the reaction at pH 3 (●), pH 5 (□) and pH 7 (∆) under (a) nitrogen-purged, (b) non-purged and 

(c) air-purged Conditions.  The experimental have been done with triplicate runs with 89.5 mM nZVI and 0.01 mM EE2. 
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Figure S2 XRD diffractograms showing the oxidation products of nZVI after the reaction with 

EE2 at pH 3, 5 and 7 under various oxygen contained conditions. (a) Anaerobic, (b) Ambient 

oxygen, and (c) Saturated oxygen conditions.  
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Figure  S3  TEM-SAD images showing the initial nZVI (a - b) and its oxidation products after the 

reaction with EE2 at pH 7 under various oxygen conditions, i.e., anaerobic conditions  (c - d), 

Ambient oxygen conditions (e - g), and saturated oxygen conditions (h - i). 
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Figure S4. Dissolved oxygen concentrations measurement during EE2 degradation by nZVI at 

pH 3 (○) , pH 5 (□) and pH 7 (∆) under the absence of purging condition.   

 

 

 

 

 

 

 

 

 

 



Degradation of 17α – Ethinylestradiol by Nano-sized Zero Valent Iron 

 

 

146 

 

 

 

 

 

 

 

 

 

 

Appendix B 

Effect Of Natural Organic Matters And Bisphenol A On The 

Performance Of Nano-Size Zero Valent Iron 
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 Table S1  The correlation coefficient (r2) values for the pseudo-first-order on EE2 removal by 

nZVI at various experimental conditions.  
 

Contaminant 

measured 

pH Experimental 

system 

NOM Conc. 

(mg L-1) 

Co-efficient Value, 
r2 

EE2   pH 3 NOM 0 0.999 

    5 0.951 

  25 0.883 

  50 0.954 

EE2   pH 5 NOM 0 0.982 

 5 0.968 

25 0.957 

50 0.959 

EE2   pH 7 NOM 0 0.715 

 5 0.901 

25 0.931 

50 0.844 

EE2   pH 3 NOM / BPA 0 0.894 

 5 0.943 

25 0.923 

50 0.904 

EE2   pH 5 NOM / BPA 0 0.938 

 5 0.979 

25 0.998 

50 0.933 

EE2   pH 7 NOM / BPA 0 0.759 

 5 0.868 

25 0.680 

50 0.756 
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Figure S1. Degradation of EE2 (a –c), BPA (d – f) and mixture of EE2 and BPA (g – i)with addition 

of radical scavengers at pH 3, pH 5 and pH 7, respectively in the presence of 5 mg L-1 NOM. (Data 

is shown for triplicates analyses with 89.5 mM nZVI, 0.01 mM EE2 ,125 mM isopropanol and 125 

mM chloroform). 
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Figure S2  Sorption of EE2 and BPA on the nZVI surface at pH 5 during the reaction system (a) 

mixture of NOM, EE2 and BPA (b) mixture .  The experimental have been done with triplicate 

runs with 89.5 mM nZVI and 0.01 mM EE2.  
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Figure S3  BPA removal by nZVI experimental data fitted with pseudo-first order in the presence of various NOM concentration : (a) pH 3, 

(b) pH 5, (c) pH 7. While  (d – e) are experimental data for BPA removal in the combination EE2 and various NOM concentration at pH 3, 

pH 5 and pH 7, respectively. Data are shown for 3 replicates of runs with 89.5 mM nZVI and 0.01 mM EE2 & BPA 
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