






ABSTRACT 

  Ferrate(VI) has been found to be a powerful oxidant over a wide pH range and 

many studies have considered its role as an oxidant in water and wastewater treatment. 

The research outputs presented in this thesis include an improved procedure for 

preparing solid potassium ferrate (K2FeO4) of high purity (99%) and high yield 

(50-70%). In addition, it was discovered that the crystal form of solid potassium 

ferrate has a tetrahedral structure. Other physical and chemical characteristics of 

potassium ferrate have also been examined. In order to probe the effect of potassium 

ferrate on the degradation of endocrine disrupting chemicals (EDCs), the reactions of 

ferrate(VI) with five EDCs (bisphenol A (BPA), 17α-ethynylestradiol (EE2), estrone 

(E1), 17β-estradiol (E2), estriol (E3)) were studied and an improved second order 

kinetic model was established to describe them. The kinetic study indicates that the 

reactivity of HFeO4
2- is stronger than that of FeO4

2-. The reaction mechanism of BPA 

degradation with ferrate(VI) has also been studied using LC/MS/MS and GC/MS/MS 

methods. The analytical results confirmed a proposed pathway of BPA degradation 

with ferrate(VI) in an aqueous solution. 

 

  In addition, ferrate(VI) oxidation of BPA with photocatalytic oxidation has been 

studied. It was found that the one-step reduction of Fe(VI) to Fe(V) on the TiO2 

 III



surface provides an interactive function, which eliminates the recombination of 

electrons and holes, and hence enhances the efficiency of photocatalytic oxidation and 

ferrate(VI) oxidation. 

  

  This research provides information on the preparation of solid potassium ferrate, 

kinetics of EDCs oxidation with ferrate(VI), and also the reaction mechanism of 

ferrate associated EDC degradation.   
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

 As existing potable water sources are gradually diminishing, the need to protect 

those which remain has become a major focus of both the private and public sectors. 

Good sources of drinking water are becoming increasingly scarce, with unintentional 

indirect potable water reuse being carried out in many countries. Reused potable water, 

in some cases, contains some wastewater effluents discharged into drinking water 

sources. Thus the application of more efficient water treatment chemical reagents to 

achieve better water quality is of great importance. 

 

Increasing evidence indicates that a number of chemicals exist in environments that 

affect the endocrine systems, subsequently adversely affecting aquatic lives, animals 

and probably also human lives (Fry, 1995; Sumpter, 1995; Folmar et al., 1996; 

Toppari et al., 1996). These chemicals, because of their biological effects, are 

classified as endocrine disrupting chemicals (EDCs). These EDCs have become of 

concern during the last decade and the natural estrogens such as estrone (E1), 

17β-estradiol (E2), estriol (E3) and the synthetic estrogens such as bisphenol A (BPA) 

and 17α-ethynylestradiol (EE2) have been detected in wastewater treatment plant 

(WWTP) effluents, in many countries including Germany, the United Kingdom and 
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Canada (Ternes et al., 1999; Baronti et al., 2000).  

 

The presence of these EDCs in WWTP effluents is indicative of the removal 

inability of conventional (activated sludge) treatment plants (CTPs). Many studies 

have correlated the efficient removal of synthetic and natural EDCs with usage of a 

variety of water and wastewater treatment processes. These treatment processes 

include biological methods, adsorption methods, photocatalytic oxidation methods, 

and ozone oxidation methods. It is clear some of these methods have EDCs removal 

limits. Johnson and Sumpter recently reviewed the removal of EDCs in activated 

sludge treatment work and indicated that the removal performance of E1 was not 

good (Johnson and Sumpter, 2001). Some researchers reported that most low 

molecular weight EDCs could only be removed by loose nanofiltration membranes to 

a limited level (Schäfer et al., 2003; Snyder et al, 2003). In addition, the advanced 

oxidation method, photocatalytic oxidation, was found to have limited practical use in 

the media used for the more difficult filtration and recovery of infinitesimally small 

TiO2. Some chemical oxidation methods such as the use of Cl2 have the potential to 

cause cancer. Thus it is felt that new reagents are needed to remove EDCs quickly, 

economically and completely.  
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Fe(VI) is well known for its high oxidizing power, selectivity, and non-toxic 

byproduct (Fe(III)). Under acidic conditions, ferrate(VI) ion has a greater redox 

potential (2.2 V) than that of ozone (2.0 V). It is potentially the strongest of all the 

oxidants/disinfectants realistically applied in water and wastewater treatment. 

However, its chemistry to react with EDCs has not been fully explored largely 

because of difficulties in ferrate(VI) preparation.   

 

1.2 Aim and Objectives 

 The aim of this research is to study the mechanisms and performance of ferrate(VI) 

in endocrine disrupting chemical degradation. The following objectives are designed 

to achieve this aim.  

[1] To improve the current method for preparing solid potassium ferrate of higher 

purity with a higher yield rate. 

[2] To study the characteristics of solid potassium ferrate by X-ray diffraction, and 

UV/VIS spectrometry. 

[3] To study the decomposing characteristics of ferrate(VI) in aqueous solution.  

[4] To study the kinetics of the degradation of five EDCs (BPA, EE2, E1, E2, and E3) 

with ferrate(VI) in aqueous solution 
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[5] To determine the optimum reaction conditions for five EDCs degradation with 

ferrate(VI) in aqueous solution 

[6] To study the reaction mechanism of BPA degradation reaction with ferrate(VI)  

[7] To study the photocatalytic reduction of Fe(VI) in the presence of TiO2 under UV 

illumination.  

[8] To study the degradation of BPA with ferrate(VI) oxidation and photocatalytic 

oxidation.  

 

1.3 Scope of the Work 

To achieve the designated objectives, the scope of the work includes the following 

tasks.  

 The environmental impact of EDCs in aqueous environment is reviewed. 

 The current treatment processes to remove EDCs from water and wastewater is 

reviewed. 

 Current methods for preparation of solid potassium ferrate are evaluated.  

 Potassium ferrate with high purity by an improved method is prepared. 

 The prepared potassium ferrate by X-ray diffraction and UV/Vis spectrometry 

is characterized.  

 Experiments to examine the decomposition of ferrate(VI) in aqueous solution 
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at different pH values are carried out.  

 Experiments to examine the reactions between ferrate(VI) and five EDCs (BPA, 

EE2, E1, E2, E3) at different pH are carried out.  

 Experiments to examine the reactions between ferrate(VI) and five EDCs (BPA, 

EE2, E1, E2, E3) at different molar ratios are carried out.  

 A new kinetic model to study the kinetics of EDCs degradation in aqueous 

solution with ferrate(VI) oxidation is established. 

 The optimum reaction conditions for EDCs degradation with ferrate(VI) 

oxidation in aqueous solution are determined. 

 LC/MS/MS analysis to identify the main intermediate products from BPA 

degradation with ferrate(VI) oxidation is performed. 

 GC/MS/MS analysis to further identify other intermediate products with small 

molecules from BPA degradation with ferrate(VI) oxidation is conducted.  

 Experiments to examine the photocatalytic reduction of Fe(VI) under different 

conditions are carried out: Fe(VI) only in the dark, Fe(VI) and UV, and Fe(VI), 

UV, and TiO2.  

 Experiments to examine the photocatalytic reduction of Fe(VI) on the TiO2 

surface with UV illumination at different pH values are carried out. 

 Experiments to examine BPA degradation by photocatalytic oxidation and 
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ferrate(VI) oxidation are carried out. These experiments include BPA 

degradation with ferrate(VI) oxidation, BPA degradation with photocatalytic 

oxidation, BPA degradation with ferrate(VI) oxidation under UV illumination, 

and BPA degradation with ferrate(VI) oxidation and photocatalytic oxidation. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.0 Chapter Overview 

  The problems of water pollution continue to be of concern and as a consequence 

the regulated standards for drinking water supply and wastewater discharge are 

becoming more stringent. A number of compounds released into the environment by 

human activities can disrupt the endogenous hormone activities and have been termed 

endocrine disrupting chemicals (EDCs). Fe(VI) in the form of ferrate such as K2FeO4 

has been found to be a powerful oxidant over a wide pH range and has been 

considered as an oxidant in water and wastewater treatment. The background of the 

characteristics and application of potassium ferrate and characteristics and current 

removal methods of endocrine disrupting chemicals are provided in this chapter. This 

chapter is then divided into four sections:  

1) The endocrine system and endocrine disrupting chemicals  

2) The impact of endocrine disrupting chemicals in water environments 

3) The current methods for endocrine disrupting chemicals removal from water and 

wastewater 

4) Potassium ferrate oxidation and its application 

 

2.1 Endocrine System and Endocrine Disrupting Chemicals  

2.1.1 Endocrine System 

  The human endocrine system includes many glands (i.e. ovaries, testicles, pancreas, 

adrenal, thyroid, and parathyroid) that have complex interactions and 

interdependencies.  
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Figure 2-1 Human endocrine system (female and male).  

Source: http://europa.eu.int/comm/research/endocrine/background_system_en.html 

(Dec. 8, 2005) 

 

These glands release chemical messengers, hormones, into the bloodstream to 

direct several body functions. The effects of these chemicals are spread over time and 

frequently result in a series of reactions with long sustained effects. For example, 

ovaries release estrogen, which is necessary for growth, development, and finally 

reproduction. The thyroid influences metabolism and brain development, and the 

pituitary controls other glands in the endocrine system. Hormones are directed 
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chemical messengers that exert effects in very low concentrations. A compound that 

affects one endocrine system in one species may likewise have an effect on other 

species.  

 

2.1.2 Endocrine Disrupting chemicals 

A number of chemicals exist in the environment that affect the endocrine system 

and produce an adverse effect on aquatic life, animals and probably also humans (Fry, 

1995; Sumpter, 1995; Folmar et al., 1996; Toppari et al., 1996). There is increasing 

evidence that these compounds can alter endocrine functions and may disrupt growth, 

development, and reproduction by interfering with the production of the endocrine 

system. Accordingly, there has been a heightened concern regarding the role of 

estrogenic chemicals, often referred to as environmental estrogens, in contributing to 

the development of hormone-dependent cancers, disorders of the reproductive tract, 

and other effects (Fry, 1995; Sumpter, 1995; Folmar et al., 1996; Toppari et al., 1996). 

Because of their biological effects, they are classified as “endocrine disrupting 

chemicals” (EDCs). In 1996, the European Commission defined this class of 

chemicals as “exogenous substances that cause adverse health effects in an intact 

organism, or its progeny, consequent to changes in endocrine function”.  

 

The pollutants potentially associated with urban wastewater include: (i) alcohol 

polyethoxylates (AEOs), alkylphenol polyethoxylates (APEOn, subdivided into 

nonylphenol (NPEOn) and octyphenol (OPEOn) ), alkyphenols and their derivatives 

(4-NP, 4-OP, 4-t-OP), and phthalates used in industry, agriculture and household 

applications(Naylor, 1995; Tyl et al., 1999), (ii) bisphenol A (BPA) used in the 

production of polycarbonate, epoxy resins, flame retardant and many other products, 
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(iii) sterols and hormones, either natural or synthetic, used in oral contraceptives. The 

last group includes 17β-estradiol (E2), estriol (E3), estrone (E1), and 17α-

ethynylestradiol (EE2), testosterone, which are derived from the biotransformation of 

cholesterol, a precursor of mammalian sextual steroids (Williams and Stancel, 1996).  

 

A number of studies have correlated synthetic and natural compounds with 

adverse effects in wildlife and fish, for example, natural estrogens have been found in 

animals (E2), plant phytoestrogens (coumestrol), as well as synthetic estrogens (EE2). 

A vast majority of literature, available on the fate and transport of EDCs during 

wastewater treatment, has focused on estrogen receptor agonists (Ahel et al., 1994), 

the compounds that amplify the expression of the estrogen receptor gene.  

 

2.2 Impact of Endocrine Disrupting Chemicals in Water Environments 

The impact of endocrine disrupting chemicals (EDCs) on water environments is a 

topic of growing concern (Colborn, 1993; EPA/630/R-96/012). Since 1990, EDCs 

have been detected in aquatic environments and have been recognized as new 

unregulated contaminants (Halling-Sorensen et al., 1998; Ternes, 1998; Kummerer, 

2001; Heberer, 2002; Kolpin et al., 2002). Most EDCs are naturally biologically 

active and hydrophilic in order to be able to pass biological membranes easily, and 

also persistent in order to avoid degradation before curing effects (Halling-Sorensen 

et al., 1998).  

 

These human origin compounds are continually discharged to aquatic environments 

via a number of routes but primarily by treated wastewater (Jorgensen and Halling-

Sorensen, 2000; Petrovic et al., 2003). The Studies on natural urinary and synthetic 
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ovulation inhibiting steroid hormones in raw and treated wastewater (Tabak et al., 

1981) showed that secondary treatment removed 50%-70% of the natural chemicals 

and 20%-40% of the synthetic chemicals. The previous studies reported that a 

removal ratio of EE2, one of the synthetic estrogens and used as an oral contraceptive, 

was lower than that of natural estrogens like E2 and E1 (Baronti et al., 2000). 

Therefore, knowledge of the characteristics of different endocrine disrupting 

chemicals is of importance.  

 

2.2.1. Synthetic Endocrine Disrupting Chemicals 

There are two types of endocrine disrupting chemicals, synthetic and natural. The 

synthetic group comprises synthetically produced hormones designed intentionally to 

interfere with the endocrine system (e.g. oral contraceptives) and synthetic chemicals 

designed for use in industry, agriculture and consumer goods (e.g. beverage packing 

and dental resins). In this study, two synthetic endocrine disrupting chemicals (BPA) 

and (EE2) are chosen for their typical characteritic. BPA is an important chemical 

used in the production of beverage packing, dental resin, compact disk etc. EE2 is a 

key ingredient of oral contraceptives.  

 

BPA 

  Bisphenol A (BPA), also known as 2,2-bis-(4-hydroxy-phenyl ) propane or 4,4’-

isopropylidenediphenol, is an important monomer chemical used for the production of 

various polycarbonate and polysulphone plastics and epoxy resins. The concern 

regarding BPA arises in part from the fact that BPA is a monomer used in styrene 

resin. Such resins are widely used in canned food, beverage packing, and dental resins 

thus leading to potential human exposure to BPA (Brotons et al., 1995; Olea et al., 
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1996). In addition, BPA is commonly found in compact disks, food can linings, 

thermal paper and paper coatings, adhesives, plastic drink bottles and containers, 

composite dental fillings and sealants, and sheathing of electrical parts. It has also 

been used as a reaction inhibitor, anti-oxidant, and a flame retardant.  

 

It is estimated that about 1 billion kg of BPA are produced in the US each year. In 

an in vitro study, it was found that the amount of BPA leached from a polycarbonate 

(PC) tube to sheep plasma is 40 times larger than that found in water. The leached 

amount of BPA was dependent on the temperature (37 oC > 20 oC > 5 oC) in both 

samples (Sajiki et al., 2001). The results suggested that the BPA leaching in serum 

would be derived from the existence of some lipophylic substances, because BPA has 

lipid-soluble characteristics. In addition, BPA has been reported to have about 500 

times the estrogenic activity of octylphenol (OP) (Nagel et al., 1997). BPA was 

reported to cause reproductive toxicity and to affect cellular development in rats and 

mice (Real et al., 1985; Morrissey et al., 1987) and not merely be an estrogen mimic 

in several in vivo and in vitro tests (Krishnan et al., 1993; Soto et al., 1995; Villalobos 

et al., 1995) but to be likely to interact with ERα in a unique manner to produce its 

own spectrum of activity (Gould et al., 1998).  

 

Specific migration of BPA has been assessed both in foods in contact with 

polymeric materials and in substitutive simulants. The recommended simulants for 

canned vegetables are distilled water or 3% acetic acid in water, depending on the pH 

of the preserved vegetables (kunikane, 1999). In view of the low estrogenic potency 

of BPA released from resins, it seems logical to think that the human environmental 

exposure to these compounds is negligible. However, there is concern that BPA might 
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reach biologically significant levels in humans exposed to low environmental levels 

as a consequence of slow clearance. Another source of human exposure routine to 

BPA is drinking water.  

 

BPA in drinking water was reported to stem from epoxy and polyester-styrene 

resins used in lacquer coatings of concrete tanks and the lining of steel pipes in water 

supply systems. The BPA released from the lacquer coatings of concrete tanks was 

found to be 5.6 μg m-2 at 23 oC and 16 h of contact time (Draley and Chairman, 1975). 

Human exposure to the potential endocrine disrupting effects of BPA may occur when 

this chemical leaches from the plastic due to incomplete polymerization, or 

breakdown of the polymer upon heating. A recent report submitted to the European 

Commission revealed the endocrine disrupting effects of BPA (European commission, 

2000). In 1993, an  estimated 109 tons or 0.017% of the 640,000 metric tons BPA 

produced were reported as releases to air, surface water, or wastewater treatment 

plants, with an additional 0.085% recycled, land filled or incinerated. Table 2-1 lists 

the physicochemical properties of BPA. It is seen from this table that the water 

solubility of BPA is 120 mg L-1. Its water solubility increases with alkaline pH values. 

BPA is a solid which has a low volatility at ambient temperatures. It is “slightly to 

moderately” toxic (algal EC50 of 1000 μg L-1) and has low potential for 

bioaccumulation in aquatic organisms (BCFs 5 to 68). 
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Table 2-1 Physicochemical properties of BPA (source://www.chemfinder.com) 

Chemical 

name 
Structure 

Molecular 

weight 

pKa 

(25 )℃  

Log 

Kow

Water 

solubility 

BPA OH OH

 

228.29 9.6/10.2 3.32 120 mg L-1

 

EE2 

  Recent attention has focused on natural and synthetic estrogens in sewage effluents 

emptying into natural water (Tondeur et al., 1984; Tong et al., 1991). It has been 

suggested that natural (E1, E2) and synthetic estrogens (EE2) are responsible for the 

estrogenic activity observed in bioassays of sewage effluents, and not other suspected 

endocrine disrupters (Tong et al., 1991). EE2 had been used independently and in 

conjunction with diethylstilbestrol to feminize male tilapia in fish farming operations.  

 

The synthetic estrogen ethynylestradiol (17α-ethynyl-1,3,5(10)-estratriene-3,17β-

diol: EE2) is not only a key ingredient in oral contraceptives used by western women 

since the 1960s, but is also a hormonal agent used in the stockbreeding industry. EE2 

is supposed to be metabolized as glucuronic acid which conjugates in urine and 

released to the aquatic environment by hydrolysis of ester bonds by glucuronidase of 

microorganisms before or during the sewage treatment (Maggs et al., 1983; Tyler and 

Routledge, 1998). EE2 is considered to be incompletely removed by conventional 

secondary wastewater treatment processes that use aerobically activated sludge. For 

example, Ternes et al. (1999a) confirmed that an activated sludge in batch experiment 

systems removed only 20% of the initial amount of EE2 (1 ng mL-1) in 24 h to 48 h 

and the concentration of the remaining EE2 did not decrease further. In addition, EE2 
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is frequently detected in effluent from municipal sewage treatment plants. In the UK, 

EE2 was detected in sewage treatment effluent at 0.2 ng L-1 (Desbrow et al., 1998), 

and EE2 at 9 ng L-1 was found to have discharged from Canadian industrial plant 

(Ternes et al., 1999b). Some research was conducted on the endocrine-disrupting 

potency of EE2, for example, a laboratory study demonstrated that EE2 at 1 to 10 ng 

L-1 induced the production of vitellogenin in male rainbow trout (Purdom et al., 1994) 

which indicates the existence of estrogenic stimulation in fish. In addition, in vivo 

tests showed that EE2 is approximately 11-27 times more potent than the female sex 

hormone 17β-estradiol (Thorpe et al., 2003). On the basis of in vivo estrogenic 

potency, EE2 might be the most important endocrine disruptor in sewage treatment 

plant effluents. 

 

Table 2-2 Physicochemical properties of EE2 (source://www.chemfinder.com) 

Chemical 

name 
Structure 

Molecular 

weight 

pKa 

(25 )℃

Vapour 

pressure 

(mm Hg) 

Log 

Kow

Water 

solubility

EE2 

CH3

OH

C CH

 

296.41 10.4 4.5 × 10-11 4.15 
4.8  

mg L-1

OH

 

It is seen from Table 2-2 that the water solubility of EE2 is 4.8 mg L-1. Its vapour 

pressure is 4.5 × 10-11 mmHg which indicates low volatility.  

 

2.2.2 Natural Endocrine Disrupting Chemicals  
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  Natural endocrine disrupting chemicals are produced by the human body. Three 

natural EDCs (E1, E2, and E3) are included in this study because they are the 

dominant estrogens in the female reproductive system. 

 

E1 

Estrone (E1) is the dominant estrogen in women once menopause occurs and the 

ovaries stop producing 17β-estradiol. It is one of the three major hormones that are 

predominantly involved in the maintenance of the female reproductive system and 

secondary sexual characteristics. In women, the chemical substance is chiefly 

produced in the ovaries, but the testes of males also secrete small amounts of E1 and 

other estrogens. E1 was first isolated in 1929 by Edward Adelbert Doisy, an 

American biochemist who later also isolated estriol and 17β-estradiol. The significant 

achievements of Doisy have had strong impact on modern society, in that his isolation 

of the estrogens was a step towards the development of oral contraceptives. E1 with a 

similar log Kow  to E2 exhibits variable and, at times, low removal rates.   

 

The variability in E1 removal rates may be related to the fact that it is reasonably 

biodegradable. Sumpter and Johnson (2001) concluded that while an increase in 

hydraulic retention time within the conventional activated sludge process should 

increase the extent of removal of these compounds, alternative technologies that 

remove these “microorganic contaminants” more effectively are required (Sumpter 

and Johnson, 2001). The physicochemical properties of E1 are shown in Table 2-3. 
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 Table 2-3 Physicochemical properties of E1 (source://www.chemfinder.com) 

Chemical 

name 
Structure 

Molecular 

weight 

pKa 

(25 )℃  

Vapour 

pressure 

(mm Hg) 

Log 

Kow

Water 

solubility 

E1 

CH3

O

 

270.37 10.4 
1.42 

×10-7
3.43 30 mg L-1

OH

 

It is seen from Table 2-3 that the water solubility of E1 is 30 mg L-1. Its vapour 

pressure is 1.42 × 10-7 mmHg which indicates low volatility.  

 

E2 

  The female body naturally produces three estrogens: estradiol, estrone and estriol. 

The principal estrogen secreted by ovaries is 17β-estradiol (E2) (Snyder et al., 1999). 

17β-estradiol is the most important estrogen for a woman’s development, and thus is 

also the most potent naturally occurring estrogen. Its estrogenic potency is 12 times 

greater than that of estrone and 80 times of estriol. The aquatic toxicology laboratory 

at Michigan State University has conducted experiments on adult fathead minnows 

exposed to E2. They found that ovaries of females exposed to E2 contained more 

primary follicles and fewer secondary and Grafian follicles than ovaries of the control 

fish, indicating that ovarian development in preparation for spawning had been 

retarded (Keith et al., 2000). The structure of the estrogen receptor and its interaction 

with 17β-estradiol (E2, Table 2-4) are of particular interest today, because the cause 

and treatment of breast cancer are intricately linked to the activity of the estrogen 
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receptor and the normal blood serum level of 17β-estradiol in each patients (Jensen, 

1977). The physicochemical properties of E2 are shown in Table 2-4.  

 

Table 2-4 Physicochemical properties of E2 (source://www.chemfinder.com) 

Chemical 

name 
Structure 

Molecular 

weight 

pKa 

(25 )℃

Vapour 

pressure 

(mm Hg) 

Log 

Kow

Water 

solubility

E2 

CH3

OH

OH

272.39 10.4 1.26 ×10-8 3.94 
3.6  

mg L-1

 

It is seen from this table that the water solubility of E2 is 3.6 mg L-1. Its vapour 

pressure is 1.26 ×10-8 mmHg which indicates low volatility.  

 

E3 

  Estriol (E3) is a minimal byproduct of E1 metabolism in non-pregnant women; 

however, the placenta in pregnant women is a major source of estriol. In vitro, estriol 

is more than 300 times more active than estradiol (Snyder et al., 1999). It can also be 

found in women’s bodies. Estriol has a central role in the control of both female and 

male reproduction. It is biosynthetically formed from androgens and fulfills a range of 

roles in humans. This role is only recently beginning to be understood. Estrogens 

including E2, E1 and E3 do not only occur in females, but are also present in males 

generally at much lower levels. The oral exposure to estriol induces weaker, short-

term estrogenic effects. The following Table 2-5 describes the physicochemical 

properties of estriol (E3). 
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Table 2-5 Physicochemical properties of E3 (source://www.chemfinder.com) 

Chemical 

name 
Structure 

Molecular 

weight 

pKa 

(25 )℃

Vapour 

pressure 

(mm Hg) 

Log 

Kow

Water 

solubility

E3 

CH3

OH

OH

OH

 

288.39 10.4 6.7 × 10-15 2.81 441 mg L-1

 

It is seen from Table 2-5 that the water solubility of E3 is 441 mg L-1. Its vapour 

pressure is 6.7 × 10-15 mmHg which indicates low volatility.  

 

2.2.3 Adverse Effect of Endocrine Disrupting Chemicals to Human and Wildlife 

Developmental abnormalities of reproductive organs and abnormal sex hormone 

concentrations have been attributed to exposure to exogenous estrogens. For example, 

female alligators on Lake Apopka in Florida that had plasma E2 concentrations of 

almost double that of normal females also exhibited abnormal ovarian features 

(Guillette et al., 1994). Many current research studies (EPA/630/R-96/012; Halling-

Sorensen et al., 1998; Ternes, 1998; Kummerer, 2001; Heberer, 2002; Kolpin et al., 

2002) are being conducted to investigate the effects of exogenous estrogens on 

humans. Generally, effects in humans, who have had suspected exposure to endocrine 

disrupters, include the following: 

1) Temporal reduction in sperm counts and quality 

A study of sperm counts conducted worldwide suggested that an annual fall of 

0.8% occurred between 1938 and 1990. Since then, a falling sperm count and 
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quality have been reported in a number of countries and a recent study of 

testicular morphology in Finland revealed a reduction in spermatogenesis between 

1981 and 1991. Despite uncertainties regarding the reasons, there is general 

consensus that, in some countries at least, semen quality (sperm count, sperm 

morphology and sperm physiology) has declined. 

2)  Increased incidence of testicular and prostate cancer 

     The incidence of testicular cancer has increased quite dramatically in many 

countries with cancer registries, including Scandinavia, the countries around the 

Baltic Sea, Germany, UK, USA and New Zealand. The incidence of prostate 

cancer also appears to have risen.  

3) Increased incidence of cryptorchidism and hypospadias 

The incidence of congenital malformations such as cryptorchidism 

(undescended testes) and hypospadias (malformation of the penis) may have 

increased. 

4) Alterations in sex ratios 

There were some alterations in sex ratios following accidental environmental 

exposure to the EDC, dioxin, in Seveso, Italy, in 1976. Between 1977 and 1984, 

74 births occurred in the most heavily contaminated zone which showed an excess 

of females (26 males and 48 females born). Preliminary evidence suggests the 

excess to be associated with high dioxin exposure in both parents.  

5) Increased incidence of female breast cancer 

The incidence of breast cancer has increased steadily in women over the past 

few decades in a number of countries such as Finland, Denmark, USA and UK. In 

Finland, for example, the incidence rose from 25 per 100,000 in 1953 to more 

than 40 per 100,000 in 1980. Although improved detection may be partly 

  21



responsible, the underlying upward trend has been estimated at about 1% per year 

since 1940. A number of factors that increase breast cancer risk have been 

identified, including diet, calorie intake and alcohol consumption, but lifetime 

exposure to estrogens (age at menarche and menopause, use of contraceptive pill, 

etc.) is of major importance and environmental estrogens might contribute to 

overall exposure and thereby to the rising incidence of the disease.  

6) Neurological effects 

It is known that the brain is one of the most sensitive steroid action sites in 

utero, and recently it has been suggested that EDCs may effect normal brain 

development and behavior. It has been speculated that exposure to environmental 

pollutants with steroidal activity such as E1, E2, and EE2 may influence human 

sexual development and sexually controlled behavior.  

7) Other possible effects of EDCs 

It has been suggested that endocrine disruption may play a part in an increased 

incidence of polycystic ovaries and endometriosis in women, cardiovascular 

disease, thyroid disorders and deficiencies in the immune system. 

 

  Endocrine disrupting chemicals have also been postulated as the cause of a large 

number of adverse affects on the health of various species of animals in the wild. The 

majority of cases involve reproductive abnormalities that might be linked to 

population declines. Disturbed fertility of male Florida panthers, Baltic grey seals and 

Baltic ringed seals, common seals, and Beluga whales has been attributed to pollution 

by endocrine disrupting chemicals (EDCs). Disturbance of the immunological system 

of seals by a mechanism involving thymic hormone disruption by EDCs has been 

suggested as a causative factor in deaths from virus infection. Populations of several 
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species of birds of prey, notably the peregrine falcon, declined worldwide during the 

1950s and 1960s. It was found that eggshell thinning, with consequent reproductive 

failure, was being caused by exposure to EDCs such as DDT, EE2, and E2.  

 

In addition, substances in sewage and industrial effluent have been shown to cause 

a number of changes in fish, including intersex, production in adult males and 

juvenile forms of the female yolk precursor lipoprotein vitellogenin, and abnormal 

testicular development. The strongest evidence which implicates exposure to man-

made chemicals such as EE2 and BPA as a causal factor in abnormalities of the 

reproductive tract, comes from noted effects on wildlife. There are a number of 

reports of decreased reproductive success and developmental defects in a few species 

associated with areas of industrial pollution.  

 

2.2.4 Pollution of EDCs in water environments 

  An important source of EDCs in hydrological systems is treated municipal and 

domestic wastewater. Municipal wastewater is a complex mixture of natural and 

synthetic organic chemicals and potentially contains thousands of compounds. Several 

investigators have used analytical techniques to quantify the concentrations of these 

compounds in treated effluents. Reported effluent concentrations for the steroid 

estrogens range from 3 to 9 ng L-1 for E1 (Desbrow et al., 1998; Baronti et al., 2000), 

0.1 to 5 ng L-1 for E2 (Huang and Sedlak, 2001; Snyder et al., 2001), 1 to 8 ng L-1 for 

E3 (Baronti et al., 2000), and 0.1 to 9 ng L-1 for EE2. BPA, E2, and EE2 have been 

found in river water (ng L-1), receiving sewage treatment effluent (ng L-1), and 

drinking water (pg L-1) (Halling-Sorensen et al., 1998; Synder et al., 1999). Rudel and 
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others reported BPA in untreated wastewater, and treated wastewater at 

concentrations ranging from 0.04-1.7 μg L-1 (Rudel et al., 1998).  

 

2.3 Current Methods for Endocrine Disrupting Chemicals removal from Water 

and Wastewater 

  Water suppliers use a variety of treatment processes to remove contaminants from 

drinking water. The most commonly used treatment processes for surface water 

include flocculation, sedimentation, filtration, and disinfection. These conventional 

processes are inefficient for substantially reducing certain pesticide concentrations 

and other EDCs. The processes described later in this section can be used for removal 

of EDCs as specified, either individually or as a class of compounds.  

 

2.3.1 Biological Processes 

  In humans and animals, estrogens undergo various transformations mainly in the 

liver. They are frequently oxidized, hydroxylated, deoxylated, and methylated prior to 

the final conjugation with glucuronic acid or sulphate. E2 is rapidly oxidized to E1, 

which can be further converted into E3, the major excretion product. Although steroid 

conjugates do not possess a direct biological activity, they can act as precursor 

hormone reservoirs, able to be reconverted to free steroids by bacteria in the 

environment (Ternes et al., 1999a; Baronti et al., 2000). Owing to the presence of 

microorganisms in raw sewage and WWTPs, these inactive conjugates of estrogenic 

steroids are cleaved, releasing active estrogenic steroids to the environment. Ying and 

Kookana (2003) reported that little or no degradation of BPA, E2, EE2, 4-t-OP, 4-t-

NP, except E2, was observed under anaerobic conditions (Ying and Kookana, 2003). 

Under aerobic conditions, E2 and 4-t-NP degraded very quickly with half-lives of 4.4 
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and 5.8 d. BPA with a half-life of 14.5 d. EE2 and 4-t-OP were degraded much more 

slowly with half-lives of > 20 d under aerobic conditions. EE2 is more resistant to 

microbial degradation. The biodegradation method takes longer and EDCs, except E2, 

are likely to be persistent and accumulate under anaerobic conditions. Ternes and 

others reported that E2 was oxidized to E1, in an aerobic batch experiment, and was 

further eliminated without any degradation products observed (Terns et al., 1999b).  

 

The contraceptive EE2 was persistent principally under selected aerobic conditions. 

In another experiment (Layton et al., 2000), 70-80% of added E2 was mineralized to 

CO2 within 24 h by biosolids from wastewater treatment plants, whereas the 

mineralization of EE2 was 25-75 fold less. Microorganisms in water samples from 

English rivers were capable of transforming E2 to E1 with half-lives of 0.2-9 days 

when incubated at 20 oC. E1 was then further degraded at similar rates (Jürgens et al., 

2002). E2 could also be degraded when incubated with aerobic and anaerobic riverbed 

sediments. Baronti and others calculated that the removal rates of E3, E2, EE2 and E1 

from water and wastewater treatment plants (WWTPs) were 95%, 87%, 85%, and 

61%, respectively. Low removal rates for E1 may be related to the transformation of 

E2 in WWTPs. The observed removal rates in the Brazilian WWTPs ranged from 

64% to 78% for EE2, from 67% to 83% for E1 and from 92 % to 99.9% for E2 (Terns 

et al., 1999a). However, the removal rates in German WWTPs were very low, e.g. 

only 64% for E2. Johnson and Sumpter recently reviewed the removal of endocrine 

disrupting chemicals in activated sludge treatment works and suggested that the 

activated sludge treatment process can consistently remove over 85% of E2, E3 and 

EE2, but the removal performance for E1 appears to be less and is more variable 

(Johnson and Sumpter, 2001).  
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2.3.2 Adsorption Processes 

  Activated carbon (granular and powdered) is similar to charcoal in composition, but 

its surface has been altered to enhance its adsorption properties. Activated carbon is 

made from a variety of materials including wood, coal, peat, sawdust, bone, and 

petroleum distillates. The base carbon material is dehydrated then carbonized through 

slow heating in the absence of air. It is then activated by oxidation at high 

temperatures (200 oC to 1000 oC), resulting in a highly porous, high surface area per 

unit mass material. Granular activated carbon (GAC) treatment removes contaminants 

via the physical and chemical process of adsorption. The contaminants accumulate 

within the pores and the greatest efficiency is attained when the pore size is only 

slightly larger than the material being adsorbed. Powdered activated carbon (PAC) 

differs from GAC in that the powdered activated carbon is added to the water in a 

large tank, a period of time is provided to allow for the adsorption of the contaminants, 

the powdered carbon is then removed in a filtration process. Activated carbon can be 

used to remove many different pesticides, pharmaceuticals and estrogenic compounds 

from aqueous streams.  

 

Hydrophobic interactions are the dominant mechanisms for removal of most 

organic compounds in activated carbon adsorption systems, though ion exchange 

interactions can result in removal of polar solutes (Crittenden et al., 1999; Snyder et 

al., 2003a&b). As a result of the hydrophobic interactions, activated carbon efficiently 

removes most nonpolar organic compounds (i.e. those compounds with log Kow > 2). 

The ability of activated carbon to remove more polar compounds depends on the 

strength of the polar interactions, though prediction of the strength of these 
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interactions is difficult (Snyder et al., 2003b). The presence of natural organic matter 

(NOM) or wastewater organics (such as bacterial exudates) may lower the extent of 

trace contaminant removal by activated carbon, as a result of competition for surface 

sites (Wu and Pendleton, 2001) and/or pore blocking.  

 

Thus, Adams et al. (2002) found that the presence of 10.7 mg L-1 NOM decreased 

the removal of seven antibiotics, spiked into river water, by 10% to 20% (from 50% 

to > 99%). Even more dramatic competitive effects were found by Chang et al. (2004) 

in comparative studies of E1 removal from secondary effluent and buffer solutions 

containing only E1 (at the same concentrations as that in the effluent), although the 

differences were reduced with high powdered activated carbon (PAC) doses. The rate 

of adsorption of the trace contaminant to the activated carbon and the contact time 

provided are important determinants of the extent of contaminant removal. One to 

three hours contact time is normally provided for PAC systems, prior to removal of 

the PAC by settling/filtration, compared to contact times of typically less than 30 

minutes for granular activated carbon (GAC), where the effluent is passed through a 

packed bed. The rate of adsorption of contaminants to the activated carbon is 

determined by 1) the nature of the activated carbon used (the smaller the size, the 

more rapid kinetics uptake), 2) by the presence of competing solutes and, 3) at least in 

GAC where systems may operate for some months, by how long the GAC has been in 

operation. More strongly absorbable constituents can displace previously adsorbed 

compounds.  

 

  Chang and others also studied the removal of E1 by coagulant addition, powdered 

activated carbon adsorption and powdered activated carbon/microfiltration processes. 
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Although a significant amount of floc formed during all the experiments, E1 was not 

consistently removed, to any significant extent, from the background solution by 

adsorption to the precipitated coagulant. The experiment in which activated carbon 

was used to remove trace E1 from water showed that final equilibrium E1 

concentration decreased with the increase in PAC dosage. The trace E1 can be 

effectively removed from the aqueous phase by PAC (Chang et al., 2004).  

 

  In addition, most organic EDCs range from 150 to 500 Daltons and thus removal 

from liquid streams may be undertaken by size exclusion using nanofiltration or 

reverse osmosis membranes. In view of the low molecular weight of most EDCs, it is 

not surprising that loose nanofiltration membranes have been found to achieve only 

minor removal of EDCs, while tight nanofiltration achieves moderate to good removal 

(Schafer et al., 2003; Snyder et al., 2003a). Reverse osmosis gives almost complete 

removal from solution (Huang and Sedlak, 2001a). It should be noted that with 

membrane processes, highly effective removal may be initially observed but, in some 

instances, is misleading as a result of extensive adsorption of such trace contaminants 

on the membrane itself (Chang et al., 2004).  

 

2.3.3 Photocatalytic oxidation  

More studies have been carried out to analyze the EDCs than to degrade them (Liu 

et al., 2003). As these estrogens are difficult to totally remove from wastewater, using 

traditional primary and secondary treatment methods, new methods need to be found 

and used prior to the release of those estrogens into the environment. Recently, TiO2 

photocatalysts have been applied to degrade the EDCs. Under near-UV irradiation, 

TiO2 is photoactivated, and active oxygen species such as hydroxyl radicals are 
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formed on the surfaces of the TiO2 crystal. Therefore, most organic compounds can 

be decomposed to CO2 and H2O. Nakashima noted that the EDCs decomposition took 

a longer time under a low-intensity light source than under a high intensity source. 

BPA in TiO2 suspensions in aqueous solution can be decomposed in 20 h under UV 

illumination at 10 mW cm-2 intensity (Ohko et al., 2001).  

 

Coleman reported uM concentrations of aqueous E2 to be 98% destroyed in 3.5 h 

by photo catalysis over the immobilized TiO2 (Coleman et al., 2000).Coleman and 

others study the oxidation steroid estrogens using UVA photolysis and photocatalysis 

over an immobilized titanium dioxide catalyst. The estrogenic activity of E2, E1, and 

EE2 was eliminated at the same rate during photocatalysis. Whereas variable removal 

rates of estrogenic activity occurred by UVA photolysis, with the order EE2 > E1 > 

E2. EE2 appears to be more susceptible to UVA degradation than the natural 

estrogens E2 and E1, but the ethinyl group of EE2 also increases its resistance during 

the aerobic digestion of sludge treatment process. E1 is a major and relatively 

persistent biotransformation product of E2 during aerobic digestion. The fact that 

photocatalysis was able to eliminate E1 as quickly as E2 is therefore encouraging, 

given that E1 is only around 2-fold less estrogenic than E2. Howard (1989) suggested 

that the photooxidation of BPA in water would have a half-life of 66 hr to 160 days. 

However, its practical use in the medium is limited because of the difficulty of 

filtration and recovery of infinitesimally small TiO2 particles. Hence a new method is 

needed to degrade the EDCs quickly, economically and completely. 

 

2.3.4 Chemical oxidation 
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  Due to the increased awareness of the risks involved with emerging contaminants 

such as EDCs, Public health officials are questioning the ability of current treatment 

processes for effectively removing these chemicals from water and wastewater to 

levels that do not pose a public health risk. Treatment processes currently utilized in 

water reuse or disposal applications are designed for removal of known pathogens and 

priority pollutants. A range of oxidants including chlorine, chloramines, chlorine 

dioxide and ozone are used in water and wastewater treatment for disinfection 

purposes. These oxidants may also induce the transformation of organic compounds 

present in the aqueous streams to which they are applied.  

 

Chlorine is widely used in water treatment, and when added to water, forms HCl 

and the weak acid, hypochlorous acid (HOCl), which dissociates to the hypochlorite 

anion (OCl
-
) at higher pH (pKa = 7.5). Both hypochlorous acid and hypochlorite anion 

are strong oxidants, with HOCl recognized to be the more facile oxidant of the two. 

HOCl/OCl
- 

would be expected to react with the phenolic groupings in EDC 

compounds with the addition of chlorine to the ring and possibly, subsequent ring 

cleavage. The chlorine-induced transformation of various EDCs has been reported 

(Gould and Richards, 1984; Huang et al., 2001a; Pinkston and Sedlak, 2004) in recent 

studies with Pinkston and Sedlak (2004) showing a substantial influence of ring 

substituents on reaction rate. These researchers also investigated the rates of reaction 

of a range of pharmaceuticals and model compounds with combined chlorine. They 

found the reaction was substantially slower than with that of an equivalent dose of 

free chlorine.  
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Chlorine dioxide (ClO2) is a relatively stable free radical applied either as an 

oxidant or a disinfectant in wastewater and drinking water treatment processes. Its use 

is attractive, in part, because of its apparent lower tendency to produce chlorinated 

byproducts rather than chlorine. While there have been no reports of investigations of 

the reactivity of ClO2 with EDCs specifically, chlorine dioxide is recognized to react 

selectively with phenols. Hoigne and Bader (1994) have investigated the reaction of 

chlorine dioxide with a wide range of phenols. Since it is the phenoxide anion which 

reacts rapidly in water treatments (up to 10
6 

times as quickly as the non-dissociated 

species), the apparent total reaction rate constant increases for most types of phenols 

by a factor of 10 per pH increment over most of the pH range of interest.  

 

Ozone is a powerful oxidant and can oxidize substrates either directly or by 

producing hydroxyl radicals that then react with other entities (such as organic 

compounds, bicarbonate anions, bromide). The two pathways compete for oxidizable 

substrates. Although the activation barrier for the direct oxidation of organics by 

aqueous ozone is much larger than that for oxidation by hydroxyl radicals, the 

concentration of molecular ozone is much larger than that of the radicals. Because the 

production of hydroxyl radicals is facilitated at high pH, the hydroxyl radical-

mediated oxidation pathways tend to dominate under the above conditions, while 

direct oxidation with molecular ozone, dominates under acidic conditions. In some 

processes referred to as advanced oxidation processes (AOPs), the formation of 

hydroxyl radicals from ozone is enhanced by exposure of the solution to UV light, 

addition of hydrogen peroxide, or other measures. While EDCs would be expected to 

be prone to attack by hydroxyl radicals (and to react at diffusion controlled rates), a 

wide range of reactivities would be expected in direct attack by ozone. If these trace 

  31



organic compounds are present in a matrix of natural organic matter or bacterial 

exudates, the “bulk” organics would be expected to be attacked in preference to the 

trace species. However, longer lived peroxy radicals, generated by hydroxyl radical 

attack on the bulk material, may be effective in inducing degradation of the trace 

contaminants.  

 

Ozone and AOPs in general would be expected to be particularly effective in 

degrading EDCs in low DOC matrices such as groundwater or tertiary treated 

effluents. While laboratory and field reports are far from extensive, a pilot plant study 

on ozonation and UV-disinfection effects has shown elimination of the steroidal 

hormone, estrone, from a municipal sewage treatment plant effluent (Ternes et al., 

2003). By applying an ozone dose as low as 5 mg L-1 over a contact time of 18 min, 

estrone was reduced from a mean concentration of 15 ng L-1 to less than the 

quantifiable limit of 3 ng L-1. Ozonation processes have also shown promise for the 

efficient removal of EE2 (Huber et al., 2003).  

 

The authors of some recent studies on the effects of chlorination and ozonation on 

some endocrine disrupting chemicals considered that degradation is possible by such 

oxidation processes (Gould and Richards, 1984; Huang et al., 2001a; Ternes et al., 

2003; Sedlak and Pinkston, 2004). These researchers studied products of aqueous 

chlorination of several endocrine disrupting chemicals. In these studies, rapid 

elimination of BPA, 4-NP, and E2 was reported at pH 7.5. In the presence of 1.30 to 

1.46 mg L-1 of chlorination: 80% removal of BPA, 84% of 4-NP, and 100% of E2 

were achieved after 10 min reaction time. Deborde and other researchers have studied 

the chlorination of some EDCs including 4-NP, E2, E1, E3 and EE2. Their results 
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showed that EDCs studied are effectively removed by chlorine but can remain for 

more than 1-2 h in the presence of low residual chlorine concentrations (Deborde et 

al., 2004). Some recent studies showed that estrogenic activity is usually reduced as a 

result of chlorination. However, chlorination of a solution of E2 (10-7 M, pH 7) with 

1.5 mg L-1 of chlorine for 10 min contact time did not show a significant decrease in 

estrogenic activity (Lee et al., 2004).  

 

2.4 Potassium Ferrate Oxidation and Its Application 

2.4.1 Background of potassium ferrate   

The first report of ferrate(VI) in the literature can be traced to 1702, when Georg 

Stahl reported an unstable purple solution resulting from dissolving the detonation 

products of saltpeter (potassium nitrate) and iron filings. Stahl did not know what he 

had described at that point. Eckenberg and Becquerel in 1834 detected the same color 

when they heated red mixtures of potash (potassium hydroxide) and iron ore. Later, in 

the 1840s, Fremy and Phillips postulated the existence of a compound containing a 

high valent state of iron. Iron trioxide (FeO3) was never isolated, but its assumption 

led to further work in the latter part of that century. This work eventually allowed 

Moeser to write a detailed review of ferrate(VI) and its chemistry in 1897. Ferrate(VI) 

(FeO4
2-) has been known to exist for over a century, but its chemistry has been 

relatively unexplored (Johnson and Read, 1996). Owing to problems with the stability 

of the concentrated ferrate(VI) chemical, it is not available commercially and previous 

studies have required the ferrate(VI) to be freshly prepared in the laboratory. 

Currently, there is a need for further studies to improve the method by which 

ferrate(VI) is prepared. Improvements necessary are an increase in the purity, stability 

and yield.  
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2.4.2 Potassium Ferrate Preparation  

  In general, there are three methods used in the preparation of potassium ferrate, the 

dry method, the electrochemical method, and the wet method.  

 

Dry method 

  Potassium ferrate is prepared by heating/melting various iron-oxide-containing 

minerals under conditions of strong alkaline and oxygen flow. Recent efforts have 

been made by different investigators (Kiselev et al., 1989), where the potassium or 

sodium ferrate is prepared either by calcinations of a mixture of ferric oxide and 

potassium peroxide at 350-370 oC, or by oxidation of iron oxide with sodium peroxide 

at a temperature of 370 oC, under the conditions of continuous flow of dry oxygen 

(free from carbon dioxide). The resulting product is considered to contain FeO5
4- 

anions which are instantaneously hydrolyzed when dissolved in water to form a 

tetrahedral ion FeO4
2-, resulting in a red-violet solution (Re. 2-1) 

−−− +→+ OHFeOOHFeO 22
42

4
5                                   (Re. 2-1) 

 

In addition, Fe(VI) is prepared from galvanized wastes. The wastes are mixed with 

ferric oxide in a muffle furnace at 800 oC for a while, the sample is then cooled and 

stirred with solid sodium peroxide and heated gradually for a few minutes. The 

mixtures are melted and then cooled resulting in the formation of sodium ferrate (Re. 

2-2) 

ONaFeONaONaOFe 2422232 23 +→+                              (Re. 2-2) 

 

Electro-chemical method 
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  An electro-chemical method is by anodic oxidation using iron or alloy as the anode 

and NaOH or KOH as the electrolyte. Cast iron is used as the anodic, and is dissolved 

and then oxidized to form K2FeO4 when a highly concentrated KOH is used as the 

electrolyte. The basic principle of preparing ferrate(VI) salts is shown as follows: 

Anode reaction: 

eOHFeOOHFe 648 2
2
4 ++→+ −−                                  (Re. 2-3) 

Cathode reaction: 

eOHHOH 222 22 −+→ −                                         (Re. 2-4) 

Overall reaction: 

2
2
42 322 HFeOOHOHFe +→++ −−                                 (Re. 2-5) 

42
2
4 2 FeOKKFeO →+ +−                                          (Re. 2-6) 

Different researchers have found that higher carbon content in the anode material 

increases the current efficiency of generating ferrate(VI) (Bouzek and Bergmann, 

1999a; Bouzek et al., 1999b). In addition, 14 M NaOH solution was found to be the 

optimum electrolyte for the electrochemical synthesis of ferrate(VI) salts (Bouzek et 

al., 1999a). 

 

Wet method 

  The wet method is by oxidizing an Fe(III) salt in a strong alkaline condition, using 

hypochlorite or chlorine as the oxidant. The preparation of potassium ferrate using the 

wet oxidation method has been studied since the 1950s (Thompson et al., 1951). The 

procedure first involves the formation of sodium ferrate by ferric chloride reacting 

with sodium hypochlorite (NaClO) in the presence of sodium hydroxide and by then 

adding potassium hydroxide to precipitate the potassium ferrate from the solution 

mixtures. The basic chemical reactions are shown as follows: 
  35



3
3 )(3 OHFeOHFe →+ −+                                        (Re. 2-7) 

OHNaClFeONaNaOHNaClOOHFe 2423 53243)(2 ++→++          (Re.2-8) 

NaOHFeOKKOHFeONa 22 4242 +→+                            (Re.2-9) 

 

The purity from this preparation is over 70% with no better than 10-15% yields. As 

sodium ferrate (Na2FeO4) is soluble in an aqueous solution saturated in sodium 

hydroxide, the preparation of a solid Na2FeO4 from an aqueous medium is difficult. 

However, potassium ferrate (K2FeO4) is insoluble in a saturated KOH solution and 

ensures that K2FeO4 can be isolated from its aqueous solution through a precipitation 

procedure. In 1974, Williams and Riley improved the preparation procedure, in which 

potassium hydroxide was used to replace sodium hydroxide, and thus the intermediate 

formation of sodium ferrate in preparation was avoided. The purity of the resulting 

product was in the range of 80%-90%. Benzene, ethanol and ether were used in the 

drying process. Its basic chemical reactions are shown as follows: 

KMnO4 + 8HCl → MnCl2 + 5/2Cl2↑ + 4H2O + KCl                    (Re. 2-10) 

Cl2 + 2KOH → KClO + KCl + H2O                                 (Re. 2-11) 

Fe(NO3)3.9H2O + 5KOH + 3/2KClO → 3/2KCl + 23/2H2O + K2FeO4 + 3KNO3     

(Re. 2-12) 

 

Limits of the Existing Preparation Methods 

A comparison of the three methods, reveals that the dry oxidation method is an old 

method for preparing the ferrate(VI) salts. It is considered to be quite dangerous and 

difficult, because the synthesis process could cause detonation at elevated 

temperatures.  

 

  36



  Regarding the electro-chemical method, different researchers (Bouzek and 

Bergmann, 1999a; Bouzek et al., 1999b) found that different levels of carbon content 

in the anode material heavily affected the amount of ferrate(VI) prepared. In addition, 

the electrochemical method could be affected by many factors such as pH, 

temperature and electrolytes. The ferrate(VI) yield of the electrochemical method is 

low.  

 

  When compared to the dry oxidation method and electrochemical method, the wet 

method is found to be more practical and successful. Although the purity of the 

prepared potassium ferrate has been improved by Thompson et al. (1951), and 

Delaude and Laszlo (1996), there is still a need to further improve the purity and the 

yield of the potassium ferrate for its application in practice.  

 

2.4.3 Measurement of Ferrate(VI)  

  In general, two methods are used to characterize ferrate(VI) salts: the volumetric 

titration method and the spectroscopic method. Common volumetric methods include 

oxidation of chromate and reduction of arsenite. The chromate method is based on the 

oxidation of a chromate salt with ferrate(VI) (Re. 2-13). The resulting chromate is 

titrated with standard ferrous salt solution in an acidic medium. Sodium 

diphenylamine sulphonate is used as an indicator. However, this method is only used 

to analyze the solution containing low concentration of ferrate(VI) ion. 

−−−− ++→++ OHCrOOHOHFeOHFeOOHCr 2
43232

2
44 )()(3)(         (Re. 2-13) 

 

The arsenite-bromate method is based on the reaction of the ferrate(VI) to ferric ion 

in an alkaline arsenite solution (Re. 2-14). A weighed sample of ferrate(VI) is added 
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to a standard alkaline arsenite solution, in which the amount of arsenite is greater than 

that required for the reduction of ferrate(VI) ions. The excess arsenite is back titrated 

with standard bromate (Re. 2-15) or cerate solution (Re. 2-16), the equivalent of 

consumed bromate or cerate is thus calculated and subsequently the equivalent of 

ferrate(VI) is known. 

−−−− ++→++ HOAsOOHOHFeOHAsOFeO 43)()(21132 3
43232

3
3

2
4       (Re. 2-14) 

OHAsOBrHAsOBrO 2
3
42

3
33 5252 ++→++ −+−−                       (Re. 2-15) 

OHAsOCeOHAsOCe 2
3
4

3
3

3 332632 ++→++ −−−+                     (Re. 2-16) 

However, bromate titration is carried out while the solution is still hot and the 

acidicity of the hydrochloric acid has to be carefully controlled. Hence the result is 

difficult to control to get the exact values.  

 

The spectroscopy method is based on the absorption spectrum of ferrate(VI). The 

spectrum of FeO4
2- shows an absorption maximum at 505 nm (ε = 1030 M-1 cm-1, 

Carr et al., 1985), 507 nm (ε = 1100 M-1 cm-1, Tsapin et al., 2000), 507 nm (ε = 1100 

M-1 cm-1, Tsapin et al., 2000), 510 nm (ε = 1150 M-1 cm-1, Bielski and Thomas, 1987). 

The Figure 2-1 is the UV spectrum of ferrate(VI). It is seen from Figure 2-2 that 

absorbance at 510 nm is commonly used for quantitative analysis at pH 9.0.  
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Figure 2-2 Absorbance of ferrate(VI) in aqueous medium (Fe(VI) = 0.38 mM) 

 

2.4.4 Application of Potassium Ferrate in Water and Wastewater Treatment 

Oxidation with Potassium Ferrate 

Classic reagents for oxidation of organic function are manganese dioxide (MnO2), 

potassium permanganate (KMnO4), chromium trioxide (CrO3), potassium chromate 

(K2CrO4), and potassium dichromate (K2Cr2O7). These chemicals are frequently used 

in the laboratory and in industry, but they have multiple drawbacks. For satisfactory 

and reproducible results, these oxidants demand rigorous control of experimental 

conditions. Another problem of such oxidants and their use in multistage organic 

synthesis, in spite of their power, is their lack of selectivity. In addition to their lack of 

selectivity and their actuation difficulties, oxidants based on chromium and on 

manganese are corrosive. They are irritants to the skin and sensitive body parts such 

as eyes. They are violently toxic to humans and to the environment. Derivatives of 

chromium(VI) in particular, are well-known carcinogens (Delaude and Laszlo, 1996).  
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Fe(VI) is a very strong oxidant at an entire pH range. Under acidic conditions, 

Fe(VI) ions have a greater redox potential (2.2V) than that of ozone (2.0V) and in a 

practical sense is the strongest of all the oxidants/disinfectants used for water and 

wastewater treatment. It is potentially the strongest of all the oxidants/ disinfectants 

realistically applicable to water and wastewater treatment see Table 2-6 (Jiang and 

Lloyd, 2002). 

 

Table 2-6 Redox potential for the oxidants/disinfectants used in water and wastewater 

treatment (Jiang and Lloyd, 2002) 

Disinfectant/oxidnat Reaction E0, V 
Cl2+2e 2Cl- 1.358 Chlorine ClO-+H2O+2e Cl-+2OH- 0.841 

Hypochlorine HClO+H++2e Cl-+H2O 1.482 
Chlorine dioxide ClO2+e ClO2

- 0.954 
Perchlorate       ClO4

-+8H++8e Cl-+4H2O 1.389 
Ozone O3+2H++2e O2+H2O 2.076 

Hydrogen peroxide H2O2+2H++2e 2H2O 1.776 
Dissolved oxygen O2+4H++4e 2H2O 1.229 

MnO4
-+4H++3e MnO2+2H2O 1.679 Permanganate MnO4
-+8H++5e Mn2++4H2O 1.507 

Ferrate (VI) FeO4
2-+8H++3e Fe3++4H2O 2.200 

 

The redox potential variation with pH for ferrate is summarized by the Pourbaix 

diagram (Figure 2-3) (Wulfsburg, 1998). From this figure, it can be seen that under 

acidic conditions, ferrate(VI) has a high oxidation potential that leads to rapid redox 

reactions with water leading to the production of oxygen and the reduction of Fe(VI) 

to Fe(III). In addition, the oxidation state of FeO4
2- can be changed from +6 to +3 in 

an acidic condition, faster than in an alkaline condition, as shown below: 

                                                                                     

OHFeeHFeO 2
32

4 438 +→++ +−+−                            E0 = + 2.20 V 

−−− +→++ OHOHFeeOHFeO 5)(34 32
2
4                       E0 = + 0.72 V       

  40



 

Figure 2-3 Pourbaix diagram for 1 M iron solution (Wulfsburg,1998) 

Consequently, it is evident that, for pH < 6, ferrate is highly unstable and reduces 

rapidly (within several minutes). A range of studies have shown that various types of 

inorganic and organic impurities can be effectively oxidized by ferrate(VI) (Sharma et 

al., 1997a; Sharma et al., 1997b; Sharma et al., 1998b; Sharma et al., 1998a; Lee et al., 

2003). 

 

Many inorganic chemicals could be effectively removed. Such chemicals include 

cyanide (Sharma et al., 1997a; Sharma et al., 1998b), ammonia (Sharma et al., 1998a), 

and hydrogen sulphide (Sharma et al., 1997b), arsenic (Lee et al., 2003) by ferrate(VI). 

Ferrate(VI) is a reliable oxidant for degrading cyanide at pH range of 8.0-12.0 and at 

temperatures of 15–30 oC. Bartzatt and Nagel (Bartzatt and Nagel, 1991) studied the 

removal of nitrosamines from wastewater by potassium ferrate. Their studies showed 

the complete disappearance of the absorption peak for nitrosamine after the addition 
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of about a 25-fold excess of ferrate(VI). More than 22% of ammonia can be removed 

when the molar ratio of ferrate(VI) to ammonia is greater than one, and approximately 

99.9% hydrogen sulphide is removed by ferrate(VI) from groundwater and 

wastewater. Aqueous solutions of ferrate(VI) rapidly oxidized As(III) to As(V). Fe(VI) 

was also demonstrated to be effective in the removal of arsenic species from water at 

a relatively low dose level (2.0 mg L-1 Fe(VI)), and it was found that the arsenic 

concentration could be lowered from 517 ug L-1 to 50 ug L-1.  

 

  In many studies, potassium ferrate was used to oxidize a wide variety of organic 

compounds. It is known that ferrate(VI) is a selective oxidant with specific 

applications in organic synthesis. The organic compounds investigated include 

alcohol (Bartzatt et al., 1985; Rao et al., 1988; Delaude and Laszlo, 1996; Norcross et 

al., 1997), carboxylic compounds (Sharma et al., 1992; Bielski et al., 1994), amino-

acids(Rush and Bielski, 1993; Sharma and Bielski, 1993), phenol (Rush et al., 1995), 

1,2-Diols (Rao et al., 1991), organic nitrogen compounds (Carr et al., 1981; Johnson 

et al.,1996; Johnson et al., 1998), aliphatic sulphur (Bartzatt and Carr, 1986), 

nitrosamines compounds (Bartzatt and Nagel, 1991; Read et al., 1998), recalcitrant 

organics (Gulyas, 1997), thiourea (Sharma and Rivera, 1996; Sharma et al., 1999a; 

Sharma et al., 1999b), thiosulphate (Johnson and Read, 1996), chlorine oxyanions 

(Carr and Mclaughlin, 1988) and hydrazine compounds (Johnson and Hornstein, 

1994). The percentage oxidation of these compounds strongly depends on the dose of 

ferrate(VI) and  the pH values of the solution. The maximum oxidation efficiency 

was achieved when the molar ratios of the ferrate(VI) to organic impurities were in 

the range of 3:1-15:1 (Jiang and Lloyd, 2002) and its final oxidation states or iron 
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were Fe(II) and Fe(III). The reaction rate was found to be faster at the beginning of 

the reaction, with the trend then changing to smooth. 

 

Coagulation with Potassium Ferrate 

Coagulation is an important unit process for water treatment. Coagulation 

destabilizes the colloidal impurities and converts small particles to large aggregates 

and adsorbs dissolved organic materials onto the aggregates. These aggregates can be 

removed by sedimentation and filtration. The most common coagulants used, include 

ferric sulphate, aluminium sulphate, and ferric chloride. In the oxidation of organic 

matter and microorganisms in water, ferrate(VI) ions will be reduced to Fe(III) ions or 

ferric hydroxide, and this simultaneously generates a coagulant in the process. The 

coagulation performance of ferrate(VI) has been studied.  

 

Ferrate(VI) was compared with ferric chloride and aluminum sulfate in coagulation 

tests. All three coagulants were equally effective, but ferrate(VI) was used at the 

lowest concentration. The three coagulants were: (1) 50 mg L-1 ferrate(VI), (2) 125 

mg L-1 ferric chloride with 60 mg L-1 calcium carbonate, and (3) 275 mg L-1 alum 

with 90 mg L-1 calcium carbonate. Ferrate(VI) was effective in removing organic 

matter, nutrients, and some metals at low levels. Ferrate(VI) performed better at low 

application rates of 200 m3 m-2 day (volume of water/surface area of filter/time). 

Ferric chloride and aluminum sulfate had an equivalent performance in removing 

nutrients and metals. Because of the lower doses needed for ferrate(VI), it was 

expected that less sludge would be produced. Less sludge would reduce the price of 

the wastewater treatment. 
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Comparative turbidity removal performance with K2FeO4, FeSO4·7H2O, and 

Fe(NO3)3 has been evaluated (Gilbert and Waite, 1976), and the results showed that 

the residual turbidity in treated water with ferrate(VI) was less than that with ferrous 

sulphate and ferric nitrate. Another advantage in using ferrate(VI) is that it can 

destabilize colloidal particles within 1 minute, while ferric and ferrous salts can only 

achieve the destabilization after 30 minutes of mixing (Liu et al., 2003). Therefore, 

this phenomenon points to the possibility of a highly efficient application of 

ferrate(VI) coagulant in direct filtration. Turbidity removal with ferrate(VI) was also 

affected by the type of buffer solution used (Waite et al., 1984); the removal 

efficiency was 95%, 79%, and 84%, respectively, when a phosphate buffer, a 

carbonate buffer and distilled water were applied. For secondary wastewater treatment, 

effective removal of turbidity, COD, and suspended solids was achieved at a 

ferrate(VI) dose of 15 mg L-1; the COD in wastewater was reduced from 40 to 7 mg 

L-1 (Farooq et al., 1986) and the COD removal percentage was more than 80% (Figure 

2-4).  

 

 

 

 

 

 

 

 

 

Figure 2-4 Effect of potassium ferrate dose on removal of COD (Farooq et al., 1986) 
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In comparison with the ferric coagulant, ferrate(VI) can achieve the same colour 

removal percentage at relatively lower dosages (Jiang and Lloyd, 2002). Moreover, 

ferrate(VI) can achieve the same coagulation performance (e.g., for the removal of 

turbidity) at a smaller dose and the sludge generation is thus lower in comparison with 

ferric chloride and aluminium sulphate (Deluca et al., 1992).  

 

Disinfection with Potassium Ferrate 

Disinfection also is an important unit processes for water treatment. Disinfection in 

water treatment is used to kill the harmful organisms (e.g. bacteria and viruses), and 

to control/remove the odor precursors (e.g. hydrogen sulfide). Disinfectants used, 

include chlorine, sodium hypochlorite, chlorine dioxide, and ozone. However, as 

water pollution increases and the standards of drinking water supply and wastewater 

discharge become more stringent, more efficient water treatment chemicals are 

needed to achieve higher treated water quality. Such water treatment chemicals should 

be able to disinfect micro-organisms, partially degrade and oxidize the organic and 

inorganic impurities, colloidal/suspended particulate materials, and heavy metals 

(Jiang et al., 2001). 

 

Since the discovery of by-products and the corresponding potentially negative 

health effects of chlorine and other alternative disinfectants (e.g. bromine, iodine, 

chlorine dioxide, and ozone), potassium ferrate has been investigated as an alternative 

disinfectant for water and wastewater.  The first detailed disinfection studies were 

conducted by Gilbert (1976) utilizing Escherichia coli in buffered, distilled water. At 

pH 8.2 and a dose of 6 mg L-1 as Fe, the E. coli percentage kill was 99.9% when the 

contact time was 7 min. In order to achieve the same percentage kill, the contact time 
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should be extended to 18 min, if the dose is reduced to 2.4 mg L-1 as Fe (Figure 2-5) 

(Reproduced from (Gilbert et al., 1976)). 

. 

 

Figure 2-5 Rate of killing E. coil at pH 8.2 by Fe(VI) (Gilbert et al., 1976) 

In addition, Schink and Waite (1980) reported that potassium ferrate could be an 

effective method to kill inactivated f2 virus, which belongs to the group 

‘Picornaviridae’ and is frequently found in sewage. It is more resistant to chlorination 

than polivirus (which also belongs to the same group), in secondary effluents than 

combined chlorine and combined bromine. Ferrate(VI) also appears to be less affected 

by changes in the organic content of the disinfecting medium than chlorine or 

bromine. Ferrate(VI) is less affected by changes in temperature and pH than chlorine.  

 

It is important to determine whether ferrate(VI) treated water contains any 

mutagenic substances. This could relieve public health concerns when a new chemical 

is employed for water treatment. The Ames test is used to screen for the existence of 
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mutagenic compounds. Special strains of Salmonella typhimurium that cannot grow in 

the absence of histidine are used. Many mutagenic compounds cause a genetic 

reversion in these organisms and they then proliferate in the medium without histidine. 

The mutagenicity of the chemicals tested is usually determined based on the number 

of bacterial revertants observed for a certain conceration or the slope of the linear 

dose response. If a positive result is obtained, mutagenic compounds are considered to 

be present. It is claimed that by using the Ames test, about 90% of known carcinogens 

can also be shown to be mutagens. A mutagen can thus be considered a potential 

carcinogen. The Ames test has been applied to ferrate treated water and a preliminary 

study demonstrated negative results (DeLuca et al., 1983), suggesting that ferrate(VI) 

regents do not produce mutagenic by-products for the study conditions used (Jiang 

and Lloyd, 2002).  

 

Other applications of Potassium Ferrate 

During the oxidation reaction, Fe(VI) is reduced to Fe(III) or an environmentally 

friendly, insoluble end-product, (Fe(OH)3) (Sharma, 2002) and De Luca, and Cantelli 

(DeLuca et al., 1992) studied the coagulant properties of ferrate(VI). In addition, it 

has been found to be capable of inactivating micro-organisms (Kazama, 1995) and 

removing a wide range of contaminants, such as odor, ammonia, heavy metals 

(Murmann and Robinson, 1974), and various organic pollutants (Waite and Gilbert, 

1978). In view of these properties, ferrate(VI) application in water treatment has been 

studied in some research projects. The wastewater tested by these scientists was from 

an industrial and commercial system. They found that potassium ferrate can also 

remove a range of metals (e.g., Fe2+, Fe3+, Mn2+, and Cu2+) and toxic heavy metal 

(e.g., Pb2+, Cd2+, Cr3+, and Hg2+) to a low level at a dose range of 10-100 mg L-1 
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(Murmann et al., 1974; Midkiff et al., 1995). However, it appears that ferrate(VI) has 

no significant effect on the removal of Cr6+ and Zn2+.  

 

Preliminary results demonstrated that liquid radioactive wastes could be 

decontaminated with ferrate(VI) (Midkiff et al., 1995; Stupin et al., 1995). Jar tests 

were performed to demonstrate the applicability of using K2FeO4 to treat wastewater 

containing Americium and Plutonium (Potts et al., 1994). The gross alpha activity 

was reduced, from 3.0 × 106 to 6.0 × 103 pCi L-1 at an optimum pH of 11.5-12.0. The 

same study also demonstrated that potassium ferrate can lower gross alpha activity 

from 37 000 to 40 pCi L-1 utilizing a two-step treatment process. The removal of 

humic material, iron, and manganese from model water with ferrate(VI) was studied 

by White and Franklin (White and Franklin, 1998). Good removals of humic material 

by ferrate(VI) were achieved at doses of between 0.5 and 0.9 ppm as iron. Manganese 

removal is fairly good, but the ferrate dose should be 3 ppm as Fe at pH less than 7.5. 

Moreover, ferrate(VI) preoxidation treatment of water has also been shown to 

increase the effectiveness of algae removal (Ma and Liu, 2002).  

 

Advantages of Using Potassium Ferrate  

  Ferrate(VI) has also recently attracted attention as a chemical oxidation in 

remediation processes because of its high oxidizing power, selectivity, and non-toxic 

byproduct Fe(III), which makes potassium ferrate(VI) a potentially” environmentally 

friendly oxidant” for use in water treatment (Sharma and Bielski, 1991). 

 

Potassium ferrate at room temperature is a selective oxidizing agent, in water and 

mixed solvents. Ferrate(VI) is a selective oxidant for a large number of organic 
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compounds (Audette, 1972; Williams and Riley, 1974; Carr et al., 1985). Ferrate(VI) 

selectively oxidizes primary and secondary alcohols to aldehydes and ketones, and 

primary amines to aldehydes in aqueous and nonaqueous solutions(BeMiller et al., 

1972; Tsuda and Nakajima, 1978).  

 

The main advantage of ferrate(VI) is its simultaneous oxidant-coagulant properties. 

Based on its properties, potassium ferrate(VI) could be a multi-useful wastewater 

treatment chemical with the formation of non-toxic products and thus, based on its 

properties, could have many possible applications (coagulation, disinfection, and 

oxidation of unwanted dissolved organic carbon). Therefore, the application of ferrate 

as a dual-function chemical reagent offers significant advantages in terms of a more 

simplified and cheaper process, and may avoid the formation of toxic by-products. A 

study of EDCs degraded by potassium ferrate would therefore have direct practical 

value for water and wastewater treatment in general.  
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CHAPTER 3: METHODS AND MATERIALS 

 

3.1 Chemicals 

  The main chemicals used, in the preparation of potassium ferrate(VI), are of 

analytical grade including ferric nitrate (Fe(NO3)3.9H2O) from Acros, potassium 

hydroxide (KOH) from BDH, potassium permanganate (KMnO4) from Sigma Aldrich. 

These chemicals were used without any further purification. The solutions were 

prepared with distilled water and then passed through an 18 MΩ Milli-Q water 

purification system. All endocrine disrupting chemicals (EDCs) (Bisphenol A (BPA), 

estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethynylestradiol (EE2)) were 

supplied by Aldrich (purity  97%).  ≥

 

3.2 Buffer Solution 

  Phosphate buffer solutions were used in the kinetic experiments. The buffer 

solution was prepared by disodium phosphate (Na2HPO4), sodium dihydrogen 

phosphate (NaH2PO4), and sodium phosphate (Na3PO4). All the chemicals are 

commercially available from Aldrich. The properties of these phosphate salts are 

given in Table 3-1. The stock phosphate buffer composition is given in Table 3-2.  

0.35 mol sodium chloride was put in the buffer solutions to make the ionic strength of 
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the solutions to 1.  

 

Table 3-1 Dissociation constants of phosphoric acid in aqueous solutions (Beynon et 

al, 1996) 

Chemical name T, oC Ka pKa 

NaH2PO4 25 7.5 × 10-3 2.12 

Na2HPO4 25 6.2 × 10-8 7.21 

Na3PO4 18 2.2 × 10-13 12.67 

Table 3-2 Stock phosphate buffer composition 

pH Grams (0.05 M 

NaH2PO4) per liter

Milliliter (0.05 M 

Na2HPO4) 

Milliliter( 0.05 M 

Na3PO4) 

 

8.0  85 8.9 - 

 8.5 30 8.9 - 

9.0 8 8.9 - 

9.2 4 8.9 - 

9.4 1 8.9 - 

9.5 - 8.9 1 

9.7 - 8.9 3 
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10.0 - 8.9 7 

10.4 - 8.9 20 

10.7 - 8.9 35 

11.0 - 8.9 65 

 

3.3 Equipment and Experimental Procedures  

3.3.1 Equipment for Potassium Ferrate Preparation  

  A preparation reactor was assembled as shown in Figure 3-1. A glass funnel 

(maximal diameter Φ84 mm, height H = 96 mm) was used to contain the concentrated 

hydrochloric acid, the flow rate of which was controlled by ceramic valve 1. 

Potassium permanganate powder was put in the lower flask (maximal diameter Φ100 

mm, minimal diameter Φ40 mm, height H = 135 mm). Ceramic valve 2 was used to 

control the flow rate of the chlorine produced. The chlorine, produced, was added to a 

250 ml glass beaker containing pre-chiller potassium hydroxide solution. The 250 ml 

beaker was put into a 4 L plastic beaker packed with ice blocks. A magnetic stirrer 

was put under the beaker to cause the chlorine to react with the potassium hydroxide 

solution 
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1

2

Funnel containing  

concentrated HCl 
Chlorine outlet

 

Figure 3-1 Preparation reactor of potassium ferrate 

 

3.3.2 Procedure for Potassium Ferrate Preparation  

165 ml of 37% HCl slowly reacts with 26.7 g of KMnO4 to produce chlorine. The 

chlorine is subsequently added to a pre-chilled KOH solution (60g of KOH in 100 ml 

of water) and stirred for over 2 h. 90 g of KOH is then added to this solution and the 

resulting suspension cools. The precipitate of potassium chloride (KCl) is removed 

from the suspension by filtration using a GF/C filter paper, leaving a concentrated and 

strongly alkaline solution of potassium hypochlorite. This yellow KClO solution is 

then stirred rapidly while 37.5 g of pulverized Fe(NO3)3.9H2O is slowly added for 

over 1 h under cooling conditions (< 5 °C). Under these conditions, the Fe(III) ion 

Tap to control acid flow 

Flask containing 

KMnO4 

Ice bath 

KOH solution 

Magnetic stirrer 

 67



readily oxidizes to Fe(VI) and the solution becomes dark purple in colour. 30 g of 

KOH is then added in small portions to the ferrate(VI) solution and the mixture stirred 

for 20 min. The resulting solution is allowed to stand for a further 40 min. The 

resulting dark purple slurry is filtered through a glass filter (P-0), after which the 

filtrate is discarded. The precipitate is then washed six times, each time with 25 ml of 

cold 1 M aqueous KOH solution. The filtrate from the washing is collected and added 

to a flask containing 300 ml of a chilled saturated KOH solution. The solution is 

mixed, allowed to stand for 10 min, and then filtered, initially with a glass filter (P-3), 

followed by double filtering with GF/A filter papers (Whatman Φ70mm). The 

precipitate is flushed with n-hexane (four times × 25 ml), n-pentane (four times × 25 

ml), methanol (four times × 10 ml), and diethyl ether (two times × 10 ml). The final 

product, solid potassium ferrate (black in color), is stored in a vacuum desiccator prior 

to further use. Figure 3-2 shows the preparation procedure of potassium ferrate. 

Figure 3-3 describes the dry procedure for solid potassium ferrate 

 
K

 

 

 

MnO4+HCl KOH solution 
Cl2 KOH pellets 

Filtration

The resulting 
hypochlorite filtrate 

Fe(NO3)3.9H2O 
Potassium ferrate solution 

KOH 
pellets 

Potassium ferrate slurry 
The filtrate was filtered with P-3 and doubling 
filtering with GF/A filter papers 

Figure 3-2 Preparation procedure of potassium ferrate 
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Figure 3-3 Dry procedure in the preparation of solid potassium ferrate 

 

3.3.3 Equipment and Experimental Procedure for Ferrate Oxidation of EDCs 

  All the oxidation reactions between potassium ferrate and EDCs were carried out in 

250 ml triangle beakers and a magnetic stirrer was put under the beaker to make the 

solution uniform. The ferrate(VI) solution was prepared by dissolving solid potassium 

ferrate(VI) in pH buffer solutions in a 100 ml volume flask. The 50 ml EDCs solution 

was prepared from stock solutions (BPA 100 mg L-1, E3 5 mg L-1, E1 5 mg L-1, EE2 3 

mg L-1, E2 5 mg L-1) and put in a 250 ml triangle beaker with a magnetic stirrer to 

thoroughly mix the solution for 20 min. 50 ml of potassium ferrate was put into the 

EDC solution and prepared just before use, in order to eliminate the loss of potassium 

ferrate(VI) due to decomposition. After the potassium ferrate(VI) was added, samples 

were taken at 10 s, 20 s, 30 s, 40 s, 60 s, 90 s, 120 s, 240 s, 360 s, 480 s, 600 s, 900 s 

and 1200 s, respectively. A sodium sulfite solution was immediately added into each 
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sample, after sampling, to stop any further oxidation reaction. The samples were then 

centrifuged at 4000 rpm for 15 minutes before they were analyzed by High 

Performance Liquid Chromatography.  

 

3.3.4 Equipment and Experimental Procedure for Photocatalytic Oxidations of 

EDCs with Ferrate(VI) 

In the experiments of EDCs degradation in aqueous solution by interaction of 

photocatalytic oxidation and ferrate(VI) oxidation, a cylindrical photoreactor was 

used in the study as illustrated in Figure 3-4 (Li and Liu, 2003).  

 

 
Figure 3-4. Schematic diagram of the photoreactor system (1, air; 

2, water; 3, UV lamp; 4, timer; 5, stirrer; 6, quartz jacket). 

 70



The reactor with an effective volume of 250 ml, was surrounded by a circulating 

water jacket and equipped with a 6 W near-UV lamp with main emission at 365 nm. 

The UV lamp was put in the centre of the cylindrical photoreactor. 

 

3.4 Characterization and Analytical Methods 

3.4.1 XRD Measurement 

 X-ray powder diffraction (XRD) is one of the main methods applied to analyze the 

characterization of mesostructured materials. It is a useful tool to identify phases and 

analyze the structure of materials. Each crystalline solid has its unique characteristic 

X-ray pattern, which may be used as a “fingerprint” for identification. By using 

X-rays of a known wavelength and by measuring the angles of a diffracted beam, 

lattice parameters can be determined using Bragg’s law. Its functions include: bulk 

powder diffraction (line focus), diffraction from a thin film in glancing incidence, 

texture analysis (point focus), the study of epitaxial thin film by reciprocal space 

mapping, and stress analysis. Additionally, the crystallite size of a material can be 

estimated utilizing Scherrer’s formula. 
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Figure 3-5 Photos of X-ray Diffractometer  

In this study, A Philips Xpert system (Philips 1850) was used to examine the prepared 

potassium ferrate samples, in which XRD patterns were obtained by using filtered Cu 

Kα (Wavelength λ = 1.54060 Å) radiation with generator voltage 40 kV, tube current 

35 mA, and with a Philips recording diffractometer. Data were recorded over the 

range 10o to 50o (2θ ) at a 1o min-1 recording speed.  

 

3.4.2 UV/VIS Spectrophotometry 

  The photoscopy of potassium ferrate in an aqueous solution was determined by 

UV/VIS spectrometry. Potassium ferrate (K2FeO4), dissolved as FeO4
2-, has a 

distinctive UV/VIS spectrum with a maximum absorbance at 510 nm. The molar 

absorptivity at 510 nm was determined to be 1,150 M-1 cm-1 by Bielski and Thomas in 

1987 (Bielski and Thomas, 1987). In this analysis, colloidal ferric oxide interference 

can be minimized by a 385 nm baseline correction (Licht et al., 2001). Other 
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phosphate iron(II) and iron(III) of Fe(VI) end-products have no interference at 510 

nm (Huang et al., 2001). A UV-VIS spectrophotometer (Spectronic Genesys 2) with 

WinSpec software was used. The concentration of potassium ferrate, decomposed in 

the solution, was measured and recorded every 10 seconds, using WinSpec software. 

The computer automatically recorded the absorbance of potassium ferrate at 510 nm. 

The reactions were carried out in a 1 cm cell. 

 

3.4.3 HPLC-MS/MS Analysis 

  High performance liquid chromatography (HPLC) system is now widely used to 

analyze organic compounds. It has been confirmed that this system has some 

advantages, e.g. high sensitivity, good reproducibility, and ease of handling. 

Therefore, this method is thought to be appropriate for EDCs analysis. The samples 

were collected for the investigation of the EDCs (BPA, E1, E2, EE2, E3) degradation 

at different reaction times under different reaction conditions (pH, molar ratios) and 

analyzed by HPLC, Finnigan SpectraSYSTEM®LC. The system comprises a solvent 

degasser, a quaternary gradient pump, an inert autosampler with a 20 μL injection 

loop, and a photodiode array UV detector. The chromatographic separations were 

performed by a pinnacle II C18 column (5 μm particle size, 250 mm length, 4.6 mm 
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inner diameter). The mobile phase which consists of 70% acetonitrile with 30% DDW 

was delivered at a flow rate of 0.8 ml min-1.  

 

  During the degradation mechanism study of EDCs, HPLC together with 

electrospray-ionization mass spectrometry (HPLC-ESI-MS), Finnigan ThermoQuest 

LCQ Duo, was used. The eluent (0.7 ml min-1) was delivered by a gradient system 

from HPLC and partitioned by a pinnacle II C18 column (5 μm particle size, 250 mm 

length, 4.6 mm inner diameter). The elution was carried out with a gradient flow of 

100% distilled deionized water (DDW) and 0% acetonitrile (ACN) for 2 min, a 

gradient flow of from 100% DDW to 70% DDW and 30% acetonitrile for 4 min, a 

gradient flow of 70% DDW and 30% acetonitrile for 10 min, a gradient flow of from 

70% DDW and 30% acetonitrile to 30% DDW and 70% acetonitrile for 14 min, and 

finally 100% DDW and 0% acetonitrile for 15 min. This completed an analytical 45 

min run. The column was rinsed with a solution containing 30% acetonitrile and 70% 

DDW, and the mobile phase was returned to the initial condition 100% DDW for 15 

min. The LC eluent was directed to the ESI detector, for the detection of negative ions 

[M-H]- and positive ions [M+H]+. The ESI probe was installed with sheath and 

auxiliary gasses at 60 and 20 unites respectively. The MS conditions were as follows: 

the capillary temperature was set at 250 oC with a voltage of 46 V and a spray voltage 
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of 4.5 kV. The mass spectrometer was operated in the negative ion mode in the m/z 

100-300 range for LC/MS and 50-300 for LC/MS/MS. The λmax of EDCs were in the 

range of 278-281 nm. The retention times and wavelengths of the five EDCs in the 

UV spectrums are listed in Table 3-3. The retention time and m/z ([M-H]-) of BPA in 

the MS spectrums are listed in Table 3-4.  

Table 3-3 Retention times and wavelengths of five EDCs  

Chemical name 
Retention time 

(min) 

Flow rate  

(mL min-1) 
Wavelength (nm) 

BPA 4.15 0.8 278 

E1 5.57 0.8 280 

E2 4.68 0.8 279 

E3 3.35 0.8 280 

EE2 4.83 0.8 280 
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Table 3-4 Retention time of BPA in the MS spectrum with the gradient flow 

Gradient flow 

Chemical name 
Retention time 

(min) 

[M-H]-/ 

[M+H]+
Time 

(min)

DDW 

(%) 

ACN 

(%) 

BPA 27.98 227.3 ([M-H]-)

0 

2 

6 

16 

30 

45 

100 

100 

70 

70 

30 

100 

0 

0 

30 

30 

70 

0 

 

3.4.4 GC-MS/MS Analysis 

Gas chromatography-mass spectrometry (GC-MS/MS) analyses were performed by 

GC (Varian 3800GC)/MS (Varian 1200Mass), equipped with a fused silica capillary 

column (Varian VF-5 ms, 30 m long, 0.25 mm i.d., 0.25 μm D.F.). The column 

temperature was programmed as follows: 1 min at 50 °C, 10 °C min-1 to 150 °C, 30 

°C min-1 to 280 °C. Electron impact was used for the ionization of samples for the 

GC/MS analysis. The identification of the intermediates was made by using an 

identification program from the US National Institute of Standards and Technology 
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(NIST) library. The intermediate products of BPA during ferrate oxidation were 

extracted by dichloromethane (Redel-deHaën). The samples at different time intervals 

were put into concentrated HCl to produce a pH < 2 solution. The resulting solutions 

were saturated with 2.5 g sodium chloride. The solutions were then extracted with 

dichloromethane (3 × 2 mL). The combined dichloromethane extracts were dried with 

anhydrous sodium sulfate.  

 

  In order to decide low-molecular-weight (LMW) intermediate products from BPA 

degradation by potassium ferrate, the butylesterification derivatization method was 

applied. Kawamura and colleagues (Kawamura et al., 1985; Kawamura et al., 1993) 

were the first to apply butyl esterification derivatization using BF3/butanol 

(abbreviated as BF3/BuOH hereafter) to determine LMW oxygenated species, 

including dicarboxylic acids (C2-C10), ketocarboxylic acids (C2-C9), and dicarbonyls 

(C2-C3), by GC-MS methods. These compounds are water-soluble and hydrophilic 

because of the presence of polar functional groups in combination with their small 

molecular sizes. In this study, a verified method on the basis of the method of Li and 

Yu (Li and Yu, 2005) was used to measure the intermediate products of BPA 

degradation more easily in a larger range of compounds. The process is described as 

follows:  
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The samples at different time intervals were evaporated under a vacuum. 

Concentrated HCl was introduced to the samples to produce a pH < 2 solution. The 

resulting solution was saturated with 2.5 g sodium chloride, and then solutions were 

extracted with diethyl ether (3 × 10 ml). The combined ether extracts were dried with 

anhydrous sodium sulfate and the ether was evaporated with N2. The residue was 

dissolved in 2 ml methanol. 0.3 ml BF3/MeOH was then added to the residue. The 

solution was heated to about 90-100 oC for 30 min. After cooling, the residue was 

extracted with a mixture of 2 ml n-hexane, 2 ml water, and 0.2 ml acetonitrile. The 

acetonitrile allows more effective transfer of methanol into the aqueous phase. The 

extraction step was repeated twice and the resulting extracts were combined. The 

hexane layer was reduced to about 200 μl by N2. Trace amount of water was removed 

by anhydrous Na2SO4. 50 μl tetracosane–D50 was added to the residue solution for 

measurement. The resulting derivatives were injected into the GC-MS system 

(Agilent 6890 GC and 5793 MS) for analysis.  

3.4.5 DOC Analysis 

  In this study, dissolved organic carbon (DOC) of samples is determined by TOC 

analyzer. Carbon can exist in two forms in the solution: inorganic and organic. 

Inorganic carbon (referred to as total inorganic carbon or TIC) is a pH-dependent 

parameter that exists in all water as CO3
2- or HCO3

-, or in an acidic solution as 

 78



dissolved CO2. Organic carbon is theoretically defined to be carbon that exists as 

products of nature, altered or partially decomposed products of nature, or man-made 

products.  

  Total Organic Carbon (TOC) = Total Carbon (TC) - Inorganic Carbon (IC) 

1)  Measurement of Total Carbon (TC) 

The TC combustion tube is filled with sodium persulfate and heated to 680 oC. The 

sample is introduced into the TC combustion tube (100 μL max for TC catalyst). The 

TC in the sample is combusted to become CO2, detected by a non-dispersive infrared 

gas analyzer (NDIR), which generates to a peak.  

2) Measurement of Inorganic Carbon (IC) 

  Upon introducing a sample into the sample flask, the system is purged with a 

N2-free carrier gas to eliminate atmospheric carbon dioxide. Carbon in the form of 

carbonated and hydrogen carbonates can be measured as IC. 
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CHAPTER 4: PREPARATION AND CHARACTERIZATION OF 

POTASSIUM FERRATE 

 

4.1 Improvement of Potassium Ferrate Preparation Procedure 

  In 1951, Thompson et al. (Thompson et al., 1951) described the preparation of 

potassium ferrate by a wet method. In this case, potassium ferrate was prepared 

according to the following scheme: 

3
3 )(3 OHFeOHFe →+ −+                                        (Re. 4-1) 

OHNaClFeONaNaOHNaClOOHFe 2423 53243)(2 ++→++         (Re. 4-2) 

NaOHFeOKKOHFeONa 22 +→+ 4242                            (Re. 4-3) 

This preparation method gave ferrate(VI) approximately 70% purity and a 10-15% 

yield. The method first involves the formation of sodium ferrate by ferric chloride 

reacting with sodium hypochlorite (NaClO) in the presence of sodium hydroxide 

(NaOH). Potassium hydroxide is then added to precipitate the potassium ferrate from 

the solution mixtures. The Dry procedure of the method is as follows: the potassium 

ferrate precipitate is first washed with 10 ml of benzene. After three to five 20 ml 

portions of 95% ethyl alcohol have been through the filter, the precipitate is 

transferred to a beaker containing 1000 ml of 95% ethyl alcohol and stirred for 20 

minutes. Washing is repeated three times. The precipitate is removed by filtration and 

dried by 50 ml of ethyl ether drawn through the filter. Suction is continued for 20 
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minutes and final solid potassium ferrate is then produced (Thompson, 1951). The 

purity of solid potassium ferrate from this preparation was over 75% and no better 

than a 10-15% yield. Figure 4-1 shows the preparation procedure of potassium ferrate.  
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Figure 4-1 Preparation procedure of potassium ferrate in 1951 

 

  In 1974, Williams and Riley (Williams and Riley, 1974) improved the preparation 

procedure, by which potassium hydroxide was used to replace sodium hydroxide, and 

thus the intermediate formation of sodium ferrate in preparation was avoided. The 

basic reactions are shown as follows (Re. 4-4-Re. 4-5): 

KMnO4 + 8HCl → MnCl2 + 5/2Cl2↑ + 4H2O + KCl                   (Re. 4-4) 

Cl2 + 2KOH → KClO + KCl + H2O                                (Re. 4-5) 

Fe (NO3)3.9H2O + 5KOH + 3/2KClO → 3/2KCl + 23/2H2O + K2FeO4 + 3KNO3   

(Re. 4-6) 

These researchers used benzene, ethanol and ether in the dried process. The purity of 
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the resulting product was in the range of 80%-90% with a 30%-40% yield. Figure 4-2 

shows the preparation method by Williams and Riley.  

 

Figure 4-2 Preparation procedure of potassium ferrate in 1974 

 

  In 1996, Delaude and Laszlo (Delaude and Laszlo, 1996) revised the method of 

Williams and Riley. The crude ferrate is precipitated twice using chilled saturated 

aqueous potassium hydroxide solutions and rinsed successively with three organic 

solvents: n-pentane, methanol and diethyl ether. The purity of the resulting product 

was in the range of 90%-96% and with about a 60% yield using the method of 

Delaude and Laszlo. Figure 4-3 shows the preparation of this method.  
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 Figure 4-3 Preparation procedure of potassium ferrate in 1996 

 

  In this study, the previous ‘wet’ method preparation has been significantly modified: 

Firstly, ferric nitrate rather than that of any other iron salts such as ferric chloride and 

ferric sulfate was used and found to produce better potassium ferrate. It is believed 

that nitrate ion in respect of oxidation by the ferrate(VI) ion is more stable than any of 

the other anions. These include chloride, sulfate, and phosphate ions (Huang et al., 

2001). Secondly, in the preparation of the hypochlorite solution process, insoluble 

potassium chloride was removed with filter paper GF/C and not with fritted glass as 

used by the Delaude and Laszlo method, because filter paper GF/C has a much 

smaller pore size (pore index = 1.2 μm) than the coarse glass filter P-0 (160 µm < 

pore index ≤ 250 µm) and can decrease the impurity of the ferrate solution. Thirdly, 

after KOH was added to the ferrate(VI) solution to precipitate potassium ferrate, the 

solution was allowed to stand for a further 40 min to improve the potassium ferrate 

KMnO4+HCl KOH solution 
Cl2 KOH pellets 

Filtration 

The resulting potassium 
hypochlorite filtrate 

Fe(NO3)3 

The sample was further purified, and then the 
filtrate was flashed with n-pentane, methanol, and 
diethyl ether to dry potassium ferrate precipitate 

KOH pellets 

KOH pellets 

Potassium ferrate solution 

KOH 
pellets 

Potassium ferrate slurry 

 84



crystal yield. Fourthly, the yield of potassium ferrate was increased by additional 

double filtration using GF/A filter papers which have a smaller pore size (pore index 

= 1.6 μm) than that of glass filter P-3 (16 µm < pore index ≤ 40 µm) used as a 

pre-filter. Finally, in the drying process, n-hexane, n-pentane, methanol, and diethyl 

ether were used sequently to extract water content and impurities under negative 

pressure vacuum, rather than those chemicals used in the methods of others, viz.: 

benzene, ethyl alcohol used by Schreyer and Ockerman (Thompson et al., 1951); 

benzene, ethanol, and ether as used by Williams and Riley (Williams and Riley, 1974) 

or n-pentane, methanol, diethyl ether as used by Delaude and Laszlo (Delaude and 

Laszlo, 1996). Methanol usually is a better solvent than ethanol and dissolves most 

inorganic salts. Hence methanol was employed in this study to dissolve the hydroxide, 

chloride, and nitrate impurities in the precipitation. N-hexane and n-pentane replaced 

the benzene used in earlier procedures, for health and safety reasons. N-hexane was 

added to thoroughly dry the potassium ferrate to prevent it being degraded, before 

washing with methanol. The purity of the potassium ferrate solid prepared in this 

study using the improved procedure was found to be as high as 99%.  

 

4.2  Characteristics of Potassium Ferrate Solid 

The prepared potassium ferrate crystal is black in colour and potassium ferrate 

 85



solution is purple. Solid potassium ferrate remains stable in the air long periods, if 

moisture is excluded. It is isomorphous with potassium sulfate (K2SO4) and magnate 

(K2MnO4). The ferrate(VI) dianion (FeO4
2-) has a tetrahedral structure in the crystal 

form (Hoppe et al., 1982). The photos of two potassium ferrate samples are shown in 

Figure 4-4 and demonstrate the color difference with different purity potassium ferrate 

solid.  

 
75%                                    99% 

 

 

 

                    

 

Figure 4-4 Photos of prepared solid potassium ferrate 

  XRD patterns were obtained by using filtered Cu Kα reactions with a Philips 

recording diffractometer. Data were recorded in the range of 10o to 50o (2θ ) at a 

recording speed of 1o min-1. Compared with the previously used methods, the 

preparation procedure in this study produces solid potassium ferrate more efficiently 

and with a higher purity. To further determine the characteristics of the potassium 

ferrate, three potassium ferrate samples, prepared with different purity (75%, 90%, 
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and 99%), were examined using XRD analysis. The XRD patterns of three samples 

are shown in Figure 4-5.  
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Figure 4-5 XRD spectra of solid potassium ferrate 

 

The main peaks of 002, 111, 211, and 013 in the XRD spectra, shown in Figure 4-5, 

correspond to solid potassium ferrate. The major peak (013) occurs at 30.1° (2θ). It 

can be seen that the potassium ferrate sample with higher purity shows a sharper peak 

and a stronger response in the XRD spectra. The XRD results also indicate that the 

prepared potassium ferrate sample has a tetrahedral geometrical structure with a space 

group of D2h (Pnma) and a = 7.705 Å, b = 5.863 Å, and c = 10.36 Å obtained from Re. 

4-7.  
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Mössbauer spectroscopy is probably the most powerful and straightforward 

approach to the identification of various oxidation states of iron. The 

room-temperature Mössbauer spectrum of a sample containing potassium ferrate, 

together with other iron species, is shown in Figure 4-6 (Fultz, 1999), together with a 

diagram of the ranges of isomer shifts in iron compounds with various valences and 

spin states, as referenced to iron metal at 300 K. A negligible quadruple splitting is 

expected for Fe(VI) in K2FeO4 based on its 3d2 electronic configuration in a 

tetrahedrally coordinated site (Tsapin et al., 2000). 

 
Figure 4-6 Mössbauer spectrum of ferrate(VI)-Fe2O3 mixture, and the diagram of 

typical isomer shifts for iron compounds with various valences and spin states, as 
referenced to αFe at 300 K (Tsapin et al., 2000) 

 

Mössbauer spectroscopy reveals a single narrow resonance which is consistent with 

ion in the +6 oxidation and also confirms the ferrate(VI) metal center, see Figure 4-7.  
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Figure 4-7 Structure of ferrate(VI) ion 

 

4.3 Properties of Potassium Ferrate in Aqueous Solution 

4.3.1 Physical and Chemical Properties  

  The molecular weight of potassium ferrate is 198. Ferrate(VI) ion has the molecule 

formula , and its aqueous solution has a characteristic dark purple colour. The 

 ion has a tetrahedral structure and, similar to its geometry in the solid state, 

the four Fe-O bonds are equivalent with covalent character. Two methods are used to 

characterize ferrate(VI) salts: the volumetric titration method and the spectroscopic 

method. Common volumetric titration methods include oxidation of chromite and 

reduction of arsenite. The chromite method for determining the ferrate(VI) 

concentration is based on the oxidation of a chromite salt with ferrate(VI) and the 

resulting chromate is titrated with a ferrous salt solution in an acidic medium, and 

sodium diphenylamine sulphonate is used as the indicator. The molar absorptivities, 

measured by several researchers (Wood, 1958; Bielski and Thomas, 1987), are listed 

in Table 4-1.  

−2
4FeO

−2FeO4
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Table 4-1 Absorptivities of ferrate(VI) solution 

λ (nm) ε (M-1 cm-1) References 

310 2800 (Cyr and Bielski, 1991) 

380 341 ± 9 (Wood, 1958) 

390 318 ± 9,360 
(Kanfman and Schreyer, 

1956), (Wood, 1958)  

505 1070 ± 30,1130,1080 
(Kanfman and Schreyer, 

1956), (Wood, 1958)  

510 1150 ± 25 
(Bielski and Thomas, 

1987) 

550 967 ± 30 (Wood, 1958) 

565 910 (Kiselev et al., 1989) 

675 211 ± 6,230 
(Kanfman and Schreyer, 

1956), (Wood, 1958) 

785 370 (Kiselev et al., 1989) 

   

Wood (Wood, 1958) calculated the following thermodynamic data for ferrate ion in 

aqueous solutions. 

 Standard heat of formation: ΔHf
o = -115 ± 1 kcal mol-1
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 Standard entropy of formation: ΔSf
o = 9 ± 4 cu 

 Standard free energy of formation: ΔFf
o = -118 ± 2 kcal mol-1 

 

Ferrate(VI) ion has a valence shell electronic structure similar to CrO4
2- and MnO4

2-. 

Molecular orbital calculations have shown that all of the occupied orbitals arise from 

metal 3d and oxygen 2p orbitals (Audette et al., 1972). The orbitals on the metal atom 

accept electrons from the ligands, forcing some electrons into orbitals of an 

antibonding nature. This decreases the net bond order on going from chromium to 

iron on the periodic chart (Audette et al., 1972). Ferrate ion, FeO4
2-, has two more 

unpaired electrons than CrO4
2- and one more unpaired electron than MnO4

2- 

(Calabrese and Hayes, 1973). These unpaired electrons are expected to reside in an 

orbital of symmetry e, localized mainly on the metal atom.  

 

  In addition, Ferrate(VI) in aqueous solution occurs in four forms that depend on pH 

as shown below (Licht et al., 2001; Sharma, 2002): 

 

 2.06.14243 ±=+↔ ++
apKFeOHHFeOH   (Re. 4-8) 

5.3442 =+↔ −+
apKHFeOHFeOH                           (Re. 4-9) 

1.03.72
44 ±=+↔ −+−

apKFeOHHFeO                        (Re. 4-10) 

On the basis of the above pKa values, the fractions of each form (H3FeO4
+, H2FeO4, 
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HFeO4
-, and FeO4

2-) against pH can be calculated and are shown in Figure 4-8 

(Delaude and Laszlo, 1996).  
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Figure 4-8 Fraction of ferrate(VI) at different pH  

 

The pattern of speciation (Figure 4-8) indicates that FeO4
2- is the dominant species in 

alkaline conditions, and HFeO4
- predominates in mildly acidic conditions. 

 

  Schreyer and Ockerman (Schreyer and Ockerman, 1951) studied the stability of 

ferrate(VI) ion in an aqueous solution. They found the solutions of the ferrate(VI) ion 

to be the more stable, the more dilute the solution. Addition of potassium chloride or 

potassium nitrate to a ferrate(VI) ion solution accelerated the initial decomposition, 

but stabilized a small quantity of ferrate ions. Addition of sodium chloride and 

hydrous ferric oxide caused complete and rapid decomposition of the ferrate(VI) ion. 
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The phosphate buffer solution at pH 8 was more stable than in the pH 7 buffer 

solution. They believed that phosphate ion has some stabilizing effect on ferrate(VI) 

ion.  

 

4.3.2 Stability in Aqueous Solution 

  Solid potassium ferrate is indefinitely stable in a vacuum at room temperature, but 

when the solid is heated to over 80 oC, oxygen is liberated with an unidentified iron 

compound (Hornstein, 1999). At higher temperatures, the decomposition is defined by 

the Re. 4-11 to 4-13.  

(< 700 oC) 424342 FeOKFeOKFeOK +→  (Mix solid)                (Re. 4-11) 

(700 oC) 443242 KFeOFeOKOFeOK +→+                         (Re. 4-12) 

(1000 oC)                                     (Re. 4-13) 242 KFeOFeOK →

Although the solid state chemistry of ferrate is important, a study of its stability in 

solution is more important than a study of its reactivity.  

 

Several factors affect the stability of ferrate(VI) in aqueous solution. These include 

the ferrate(VI) concentration, the acidity of the solution, and the nature of the 

electrolytes present in the solution. Each of these factors is briefly discussed below.  
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The concentration of ferrate(VI) in aqueous solution was determined by UV/VIS 

spectroscopy and the visible absorbance spectra for the ferrate concentrations of 0.25 

mM and 0.51 mM are shown in Figure 4-9.  
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Figure 4-9 Visible spectra of ferrate(VI) with different concentration 

 

It can be seen from Figure 4-9 that the ferrate(VI) solution has a distinctive 

UV/VIS spectrum with a maximum absorbance at approximately 510 nm. The molar 

absorptivity at 510 nm has been determined previously as 1,150 M-1 cm-1 by Bielski 

and Thomas (1987).  

 

In order to investigate the effect of the concentration of ferrate(VI) on the stability 

of ferrate(VI) solution, the decompositions of different concentrations were measured 

for 30 min at pH 9.4, see Figure 4-10.  
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Figure 4-10 Decomposition curves of ferrate(VI) solution with different 

concentrations 

 

It is seen from Figure 4-10 that the more dilute the solution of potassium ferrate(VI)  

the more stable, because the decomposition rate of 0.25 mM ferrate(VI) is 0.00001 s-1 

which is smaller than that of 2.5 mM ferrate(VI). In order to study the kinetics of 

potassium ferrate decomposition in aqueous solution, a set of aqueous K2FeO4 

solutions with an initial concentration of 0.25 mM was freshly prepared with different 

pH values of 8.0, 9.0, 9.2, 9.4, 10.3, and 11.9. The temporal change in Fe(VI) 

concentration was measured by UV/VIS spectroscopy every 10 s. It was assumed that 

the kinetics of K2FeO4 decomposition in aqueous solution followed the first-order 

reaction model ( ][
][ 2

4

2
4 −

−

= FeOk
dt

FeOd ). The experimental results are plotted in Figure 
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4-11. The kinetic constant (k) can be calculated for each pH condition and the values 

are shown in Table 4-2.  

Table 4-2 Variation of kinetic constant (k) of Fe(VI) decomposition with pH 

pH k × 10-4, s-1

8.0 1.6 

9.0 0.6 

9.2 0.1 

9.4 0.1 

10.3 0.4 

11.9 0.8 
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Figure 4-11 Decomposition constant k, of Fe(VI) at different pH 
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The decomposition kinetic constants shown graphically in Figure 4-11 indicate that 

Ferrate(VI) is more stable in strongly alkaline conditions, and the rate constant is a 

minimum between pH 9.2-9.4. However, ferrate(VI) has a higher oxidation potential 

at lower pH than in the alkaline condition and the oxidation state of FeO4
2- can be 

rapidly changed from +6 in acidic conditions to +3 in alkaline conditions as shown 

below: 

OHFeeHFeO 32 438 +→++ +−+−
24                 E0 = +2.20 V    (Re. 4-14) 

−−− +→++ OHOHFeeOHFeO 5)(34 32
2
4            E0 = +0.72 V    (Re. 4-15)                

Therefore, the optimal performance of ferrate(VI) as an oxidizing chemical may 

correspond to pH conditions of between 9 and 10, representing the overall combined 

effect of its lower oxidation potential but revealing greater stability.  

 

Visually, the decomposition of ferrate(VI) is accompanied by a marked change in 

solution color in acidic conditions. Initially, the ferrate(VI) solution is purple in colour, 

rapidly turning to a yellowish color as decomposition occurs, before finally becoming 

colorless with some yellowish precipitates evident at the bottom of the flask. This 

indicates the instability of FeO4
2- in acidic conditions.  
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  Factors affecting the stability of aqueous ferrate(VI) solutions were studied by 

some researchers such as Schreyer et al. (Schreyer et al., 1950a&b). With the 

exception of concentrations of ferrate(VI) solution and pH values, they found that 

temperature and electrolyses were also factors affecting the stability of the ferrate(VI) 

the aqueous solution. The stability of ferrate(VI) is better when the reaction condition 

is cooler. In addition to the ferrate(VI) concentration, electrolytes also affect the 

stability of ferrate(VI) in aqueous solution. Many researchers (Schreyer and 

Ockerman, 1951; Hornstein B.J., 1999) reported findings that indicate that KCl, KBr, 

KNO3, K2CO3, KClO3, NaClO3 and K2SO4, KClO4 and NaClO4 added to the reaction 

solution will slow down the decomposition of ferrate(VI), whereas strontium, calcium 

and magnesium analogs of these salts as well as organic materials accelerate 

decomposition (Schreyer and Ockerman, 1951). 

 

A quantitative examination of these observations revealed that KCl and KNO3 

actually increased the initial rate of ferrate(VI) decay, but the decomposition rate was 

slowed for a significant length of time. In contrast to other electrytes, borate and 

phosphate ions tend to increase the stability of ferrate(VI) over a pH range of 8-11. 

Schreyer and Ockerman believed that KCl and KNO3 stabilized ferrate(VI) solutions. 

Although many salts catalyze ferrate(VI) decomposition, the rates are quite slow, a 
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small amount of these contaminants do not interfere much with ferrate(VI) reaction 

with other chemicals.  

 

  In 1960, Jezowska-Trzebiatowska defined a mechanism and kinetic system for the 

oxidative destruction of ferrate(VI). Ferrate(VI) was shown, in their work, to 

decompose via two different reactions. 

−− ++→+ OHOFeOOHOHFeO 4222 2
224

44

244

2424

22

2244

                       (Re. 4-16) 

−−−− ++→+ HOFeOOHFeO 43232 52                           (Re. 4-17) 

Re. 4-16 shows the decomposition of ferrate(VI) by the oxidation of water. Re.4-17 

shows the reduction of ferrate(VI) by hydroxide ions. The reduction reaction (Re. 

4-17) eventually produces Fe(III). Jezowska-Trzebiatowska also studied the atomic 

oxygen with the objective of balancing the reaction in (Re. 4-17) because the form of 

the oxygen was not elucidated in many reports. A two stage mechanism was then 

proposed for reaction (Re. 4-17): 

Stage one, Fe(VI) to Fe(IV): 

)()(2 22 complexactiveOHFeOOHFeO •
−−− ⇔+                 (Re. 4-18) 

42 )()( OHFeOOHFeO +→ −−
•                                 (Re. 4-19) 

OHHOOHOH 2)( +→+ −−                                   (Re. 4-20) 

422 OOHFeOOHHOFeO ++⇔++ −−−−                        (Re. 4-21) 
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−−− +⇔+ OHFeOOHFeO 22
32

2
4                                  (Re. 4-22) 

Stage two, Fe(IV) to Fe(III): 

OHFeOOHFeOOHFeO +⇔⇔+ −−−−−
•

3
3

2
3

2
3                      (Re. 4-23) 

OHOOHOH 2 +⇔+ −−−
2

22

                                     (Re. 4-24) 

−−−−− ++⇔++ 22
3

32
2
3 OOHFeOOHHOFeO                         (Re. 4-25) 

2
3

32
2
3 OFeOOFeO +⇔+ −−−                                       (Re. 4-26) 

−−− +⇔+ OHFeOOHFeO 222
2
3                                   (Re. 4-27) 

−− +⇔+ OHOHFeOOHFeO )(                                 (Re. 4-28) 

A structure for a ferrate(VI) dimmer was presented in Figure 4-12 

(Jezowska-Trzebiatowska, 1959).  

Fe

O

O

O
O

O
Fe

O

O

O

 

-4

 
Figure 4-12 Ferrate(VI) dimer proposed by Jezowska-Trzebiatowska 

 

The decomposition of the ferrate(VI) dimmer is shown in the Re. 4-29 to 4-31 

below. 

OOHFeOOHFeO 322)( 42 ++⇔+ −−−−
2224

22

                         (Re. 4-29) 

−− +⇔+ OHOHFeOOHFeO )(                                 (Re. 4-30) 

−− +→+ 2
3)(2)( OOHFeOHOHFeO  
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22 OO →                                                     (Re. 4-31) 

The final product is Fe(OH)3. Other complexion dimmers are just the intermediate 

and not the product of the reaction.  
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CHAPTER 6: CONCLUSIONS  

 

6.1 Conclusions   

  The preparation method of solid potassium ferrate and the characteristics of solid 

potassium ferrate and ferrate(VI) solution have been studied to find a more efficient 

method to prepare solid potassium ferrate of high purity. In Addition, five EDCs 

including synthetic EDCs (bisphenol A (BPA), 17α-ethynylestradiol (EE2)) and 

natural EDCs (estrone (E1), 17β-estradiol (E2), estriol (E3)), oxidized by ferrate(VI) 

under different pH values and different molar ratios, have been investigated. The 

degradation mechanism of BPA has also been investigated by LC/MS/MS and 

GC/MS/MS. Based on the results of the experiments conducted in this study, the 

following conclusions are drawn and achievements described: 

[1] Solid potassium ferrate with a high purity of 99% was successfully prepared using 

an improved preparation method developed during this study.  

[2] XRD results indicate that the prepared solid potassium ferrate has a tetrahedral 

geometrical structure with a space group of D2h (Pnma). 

[3] Experimental results showed that potassium ferrate was more stable at pH 8.8-9.4 

in aqueous solutions and the maximum degradation of five EDCs including BPA, 

EE2, E1, E2, and E3 with ferrate(VI) oxidation was also achieved at pH 8.8-9.4, 
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which indicate that the ferrate(VI) stability is a critical factor affecting the 

oxidation reaction between ferrate(VI) and EDCs.  

[4] The experimental data were better represented by the new kinetic model. The 

improved second order kinetic model provides a much better fit with the 

experimental data than the first order model, since the new model is able to 

describe the reactions with different forms of ferrate(VI) and dissociated forms 

of five EDCs in the solution.  

[5] Experimental results confirmed that HFeO4
- has a higher oxidizing potential than 

FeO4
2- and the dissociated EDCs were more easily degraded by ferrate(VI) than 

neutral EDCs. 

[6] The main intermediate products from BPA degradation with ferrate(VI) oxidation 

were identified by both LC/MS/MS and GC/MS/MS methods, including  

p-isopropylphenol, p-isopropenylphenol, phenol, 4-isopropanolphenol,  

p-hydroxyacetophenone, 4-isopropyl-cyclcohexa-2,5-dienone, 

(1-phenyl-1-butenyl)benzene, styrene, oxalic acid, propanedioic acid and a 

pathway of BPA degradation is proposed. 

[7] It was found that ferrate(VI) can be photocatalytically reduced in aqueous TiO2 

suspension under UV illumination by a one-electron reaction mechanism. The 

experiments also demonstrated that the BPA degradation by ferrate(VI) 
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oxidation can be significantly enhanced in presence of TiO2 and UV illumination 

due to the interaction of ferrate(VI) oxidation and photocatalytic oxidation. 
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CHAPTER 7: LIMITATIONS AND RECOMMENDATIONS  

 

7.1 Limitations   

  The degradation mechanism and kinetic study posed in this research was to an 

extent constrained by the following limitations: 

[1] The intermediated valence of Fe(VI) could not be measured in the oxidation 

reaction as a stop-flow spectrophotometer was unavailable. 

[2] Most EDCs have low solubility in water, HPLC with a fluorescence detector to 

measure low solubility EDCs (17α-ethynylestradiol (EE2), estrone (E1), 

17β-estradiol (E2), estriol (E3)) proved better than HPLC with a UV detector. 

However, only the HPLC with a UV detector was available in our lab. Hence, the 

concentration of EDCs at a longer reaction time could not be measured.  

[3] Ferrate(VI) decomposes very quickly at pH < 8, hence all the experiments were 

carried out at pH > 8. The improved second order kinetic model built is applied in 

the pH range of 8-12.  

 

7.2 Recommendations  

  The intermediate valence of Fe(VI) should be measured with a stop-flow 

spectrophotometer and the reduction mechanism of Fe(VI) should be studied. The 
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method to keep ferrate(VI) stable at low pH values should also be further studied. The 

results of the present study have proven that bisphenol A (BPA), EE2, E1, E2, E3 can 

be effectively degraded by Fe(VI). The degradation mechanism of BPA with Fe(VI) 

oxidation prove that BPA mineralization is high and the aromatic ring of BPA cleaved 

to produce the small molecular weight organic acid. Therefore, this study should be 

extended to apply this reagent to natural water or groundwater and examined 

regarding the results of Fe(VI) oxidation of EDCs applied to a real case. The 

improved kinetic model should be extended to incorporate a study of the application 

of other chemicals including organic and inorganic chemicals.  

 

  In this study, ferrate(VI) oxidation of BPA with the photocatalytic oxidation is a 

promising method. In this study, UV light with 365 nm was used. Therefore, there is 

still much room to explore the utilization of cheaper visible light sources or to use a 

greater quantity of inexhaustible visible sunlight combining Fe(VI) oxidation 

treatment of the toxic chemicals in water.  

 

  The performance of portable electronic devices is typically limited by the energy 

density (per unit volume and per unit mass) of their battery power source. Because of 

the three electrons transfer associated with the reduction of Fe(VI) to Fe(III), the solid 
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potassium ferrate, with a high purity, prepared in this study has a potential use as 

cathode materials in advanced battery designs. 
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