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Abstract 

  

 Steroid estrogens comprise a class of endocrine-disrupting chemicals that can 

interfere with the functioning of human and wildlife’s endocrine systems at extremely 

low levels. Surveys in wastewater treatment facilities in North America, Europe, 

Australia and New Zealand have shown that conventional biological treatment 

processes such as the activated sludge process are not completely effective in 

removing steroid hormone contaminants from wastewater. Elevated levels of steroid 

estrogens have been detected in surface waters and ground waters as a result of 

inadequate treatment of those compounds in wastewater treatment facilities. The 

presence of unregulated steroid estrogens in water resources poses direct risks to 

exposed aquatic species and potential health risks to humans through food and 

drinking water supply. 

 As one of the most common steroid estrogen contaminant in treated 

wastewater effluents, estrone was selected as the target contaminant in this study. A 

three-stage process was designed to eliminate the risk of this contaminant: 1) capture 

of trace levels of estrone from water via a reversible chemisorption process; 2) 

desorption of estrone adsorbate in a chemical-aided adsorbent regeneration process; 3) 

using photocatalytic degradation as an intensive treatment to degrade estrone at 

relatively high concentrations. Polyamide (Nylon) 6,6 microfiltration membranes 

were used as a functional polymeric adsorbent to capture low levels of estrone from 

water. The process is driven by a hydrogen-bonding mechanism between amide 

groups in polyamide 6,6 and phenolic hydroxyl groups on estrone molecules. It 

provides instant removal of estrone from water and harvests trace levels of steroid 

hormones onto polyamide membranes from relatively large amounts of water. 

Saturated polyamide membranes were regenerated at ambient conditions using pH 12 

caustic soda solutions as membrane regenerant. In this step, pre-adsorbed estrone was 

desorbed from polyamide membranes and became concentrated in regenerant 

solutions. The regenerated membrane showed highly consistent adsorption capacities 

for estrone after five cycles of adsorption and regeneration. The higher concentration 

of estrone after this process allows efficient further treatment by photocatalytic 

degradation. 



ii 
 

 The photocatalytic degradation treatment involves the use of zinc oxide (ZnO) 

and titanium dioxide (TiO2) photocatalysts under artificial UVA and solar radiation to 

degrade estrone in water at near-saturation concentration. Despite its lower specific 

surface area and inferior dispersion in water, ZnO consistently exhibited superior 

photocatalytic activity to the benchmark Aeroxide P25® TiO2 photocatalyst, providing 

up to three times faster photocatalytic degradation for estrone. Complete 

decomposition of estrone in a 600 µg/l solution was observed after 10 min of 

exposure under an 18W UVA lamp using 0.5 g/l ZnO photocatalyst. Furthermore, 

solar irradiation was found to be a highly efficient UV source for estrone degradation 

using ZnO or P25 TiO2 photocatalysts, with minimal direct photolysis observed. The 

origin of the superior photocatalytic activity of ZnO was investigated by diffuse 

reflectance spectroscopy, which showed that ZnO exhibited markedly higher UV 

absorption than P25 TiO2 in the wavelength range of 320 - 370 nm. This corresponds 

to its notably superior activity under the weak artificial UVA irradiation. 

Dissolution of ZnO photocatalyst was observed during photocatalytic 

degradation processes. This phenomenon was further studied, as dissolution or photo-

dissolution is of concerns for ZnO photocatalysts due to the potential catalyst 

inactivation and secondary pollution by free zinc ions. For this purpose, ZnO thin 

films were prepared by magnetron-sputtering and used as the base material for visual 

inspection of different dissolution patterns of ZnO under various corrosive conditions. 

It was found that ZnO suffered rapid dissolution in water at pH ≤ 5 or pH ≥ 11 and in 

certain ligand solution, i.e. 1 mM ethylenediaminetetraacetic acid (EDTA). The 

lowest dissolution rate was obtained at pH 10, with 1.2% dissolution after 24 h of 

exposure. Minimal dissolution was observed on ZnO films in alkalised 1 mM oxalate 

and acetate solutions. Pitting corrosion was observed on ZnO films after prolonged 

UV irradiation, which was ascribed to photo-generated holes on surface defect sites. 

The presence of hole scavengers (Na2SO3) led to significant suppression of ZnO 

photo-dissolution. This suppression effect remained in place until hole scavengers 

were completely consumed, from where the photo-dissolution rates accelerated.  As 

an extended study on ZnO, the intrinsic and UV-induced surface wettability of ZnO 

thin films was studied in relation to their surface morphologies.  
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1.1 Estrogens: a class of endocrine disrupting contaminants  

In 1997 a special report was released by the United States Environmental 

Protection Agency (USEPA) which defined endocrine disrupting chemicals (EDCs) 

as “an exogenous agent that interferes with the synthesis, secretion, transport, binding, 

action, or elimination of natural hormones in the body which are responsible for the 

maintenance of homeostasis, reproduction, development and or behaviour” [1]. Since 

then, EDCs have raised great attentions and become an internationally recognized 

issue. In 2000, the USEPA formally established the Endocrine Disruptor Screening 

Program, an effort designed to screen and test chemicals for their ability to act as 

EDCs. EU commissioned a €20M “COMPRENDO” project. In Australia, the Black 

Mountain Declaration on Endocrine Disrupting Chemicals in Australia Waters was 

released in 2007. 

Endocrine disruptor compounds (EDCs) comprise a class of chemicals that 

can interfere with the normal functioning of human and wildlife’s endocrine systems. 

Past concerns on EDCs were mainly focused on large-scale usage of industrial 

chemicals with endocrine-disrupting effects, such as pesticides (DDT), plastic 

additives (bis-phenol A), industrial detergents (alkylphenol ethoxylates) and 

pharmaceutical wastes. By implementing regulatory measures and appropriate 

treatment techniques, it is feasible to contain these chemicals within their points of 

discharge. Concerns on EDCs have recently shifted to trace steroid estrogen 

contaminants due to their ubiquitous existence in effluents from municipal wastewater 

treatment plants (WWTPs) [2] and possible contamination of surface water [3] and 

groundwater [4].  

Steroid estrogens primarily include estrone (E1), 17β-estradiol (E2), estriol 

(E3) and 17α-ethynylestradiol (EE2). Their molecular structure and physiochemical 

properties are shown in Table 1.1. E1, E2 and E3 are female hormones that are 

excreted naturally by humans and animals, and EE2 is commercially synthesized for 

use in contraceptive pills.  
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Table 1.1 Characteristics of selected estrogenic compounds 

Name Molecular structure Molecular 

weight 

Molecular 

size (nm)

Aqueous solubility* 

(mg/l)  (at 25°C, pH 7) 

Octanol-water partition 

coefficient [5] (logKow) 

Acid dissociation 

constant [6] (pKa) 

Estrone (E1) 

OH

OCH3

 

270.37 0.8 [7] 0.8-12.4 [8, 9] 3.13 10.34 

17β-estrodiol (E2) 

OH

CH3 OH

 

272.38 11.7 [10] 1.51-13.3 [8, 9] 4.01 10.46 

Estriol (E3) 

 

288.38 NA 3.2-13.3 [6, 9] 2.45 10.38 

17α-ethynylestradiol 

(EE2) 
OH

CH3 OH
CH

 

296.40 12.1 [10] 3.2-13.3 [8, 9] 3.67 10.40 

* Variations exist in literature. 
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The amount of natural estrogens excreted by human is different between the 

genders. Table 1.2 shows a survey on the human urinary excretion rates of natural 

estrogens.  Females were found to have a much higher excretion rate than males. The 

highest amount of estrogens is found in the urine of women in pregnancy. The amount 

of estrogens excreted from animals differs from animal species. Livestock including 

cows, horses, sheep and pigs etc. also contributes to the excreted estrogens occurring 

in the environments [2, 9, 11]. 

 

Table 1.2 Human urinary excretion rates of natural estrogens (modified from [12]) 

Name of estrogens E1 E2 E3 

Premenopausal women 
n 133 133 133 

Average rate (μg/day) 10.73 4.71 8.12 

Postmenopausal women 
n 42 42 42 

Average rate (μg/day) 5 2.78 2.78 

Pregnant women 
n 30 30 30 

Average rate (μg/day) 1194 347 24078 

Men 
n 2 2 2 

Average rate (μg/day) 3.9 1.5 1.5 

 * n is the number of people or urine samples 

1.2 Toxicity to aquatic species and human 

Steroid estrogens can adversely affect the reproductive behaviour of aquatic 

species and interfere with the normal working of hormones that control reproduction 

and development in terrestrial animals. Reported effects in animals include increased 

femininity in fish [13], declining fertility in alligators, and testicular weight reduction 

in Japanese quails [14]. Studies on chronic human exposure suggested their link to 

low sperm counts [15], testicular cancer [16], and increased incidents of prostate, 

ovarian and breast cancer [17]. 

Steroid estrogens represent a group of EDCs with very high estrogenic 

potencies [18]. E2 is similar in estrogenic potency to EE2 and a few times higher than 
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E1 [19, 20]. E3 has the lowest potency among them [4, 19]. However, they have 

overall much more potencies than other common existing EDCs. For example, the 

potency of E2 is several orders of magnitude higher than that of BPA and 4-tert-

nonylphenol [20, 21]. The excreted estrogens in urine from human and animals are 

mainly in conjugates which have much less potency compared with these free 

estrogens E1, E2 and E3, however, they would deconjugate into free estrogens in 

environments. 

Steroid estrogens could induce severe biological effects on exposed living 

organisms at extremely low levels [22]. Metcalfe et al. found that metaka (Japanese 

fish) could be feminized when exposed to estrogens in nanogram per litre 

concentrations from hatch to around 100 days later while nonylphenol mono- and 

diethoxycarboxylatea in microgram per litre concentrations have very little estrogenic 

activities on them [13]. 

1.3 Fate in municipal wastewater treatment plants: environmental surveys  

Current concerns on steroid estrogen contaminants stemmed from the 

unsatisfactory treatability of them in WWTPs. Conventional biological treatment 

processes, as prevalently used in municipal WWTPs, are not completely effective in 

treating steroid estrogens [2, 13, 21, 23, 24]. A number of field surveys have shown 

that steroid estrogens are among the most ubiquitous EDCs in WWTPs effluents and 

surface waters.  

During 1999 and 2000, U.S. Geological Survey (USGS) conducted a survey in 

139 streams across 30 states, and found that steroids hormones, in particular E1, E2 

and EE2, had the highest frequency of detection [3]. This group of contaminants also 

has the second highest total concentration, preceded by detergent metabolites 

(alkylphenols and ethoxylates) and followed by plasticizers and non-prescription 

drugs.  In Australia, the Government conducted a survey between 2006 and 2007 to 

determine the existence of endocrine disrupting chemicals (EDCs) in the Australian 

riverine environment [20]. The three-year pilot study identified common EDCs in 11 

WWTPs in 3 regions, and found that steroid hormones and phenolic xenoestrogens 

are the most commonly occurring EDCs in WWTPs effluents.  

A review of field surveys in European WWTPs showed that removal 

efficiencies were widely scattered between 10% and 90% for steroid estrogens treated 
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by activated sludge processes [21]. Of these estrogens, E1, which is a breakdown 

product of E2 [2], was constantly found as the dominant compound in treated 

effluents while E2 and EE2 were present at comparatively low concentrations [20, 

21]. Although E3 was also detected in effluents, concerns on it appear to be less than 

E1 given its lower estrogenic potency [20, 21, 25].  

1.4 Risks in water recycle 

Elevated levels of steroid estrogens WWTPs effluents, once discharged into the 

receiving environment, can subsequently cause contaminations in surface water [3, 

25] and groundwater [4]. As wastewater storage and treatment facilities become 

increasingly centralised today, the discharge of large quantities of estrogen-containing 

WWTPs effluents may pose immediate risks to exposed aquatic specifies, and in-

direct health risks to human through food and drinking water exposure. 

The presence of trace estrogen contaminants can be a heightened issue in 

regions where drinking water is sourced from surface water that receives relatively 

large quantities of WWTPs effluent discharge, or the source is augmented by 

reclaimed water. To address water shortage issues, effluents from municipal WWTPs 

can be treated and used as sources to augment existing water supplies by recharging 

aquifers, water dams, or substituting potable water in agricultural and landscape 

irrigation [26]. Such practices, commonly known as water reclamation or water 

recycling, have been applied in some regions where water scarcity is a realistic and 

persistent issue [27]. As a major source of water reclamation is the WWTPs effluents, 

one of the particular risks associated with reclaimed water is the presence of steroid 

estrogens. A particular example is water reclamation for agricultural irrigation, where 

conventional treatment processes are still largely preferred for their low operating 

costs and low levels of maintenance [26]. However, inadequate treatment for 

estrogens in conventional treatment processes present risks for agricultural irrigation, 

as estrogen-containing reclaimed water can increase endogenous production of 

phytohormones in legumes, which can cause fertility issues in sheep and cattle that 

consume the forage [28]. The removal of residual steroid estrogens in water, 

therefore, becomes a critical task for downstream treatment processes in order to 

produce safe reclaimed water. A scheme describing the potential pathways of steroid 

estrogens contaminating our food or drinking water supply is shown in Figure 1.1.  
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Figure 1.1 Potential pathways of steroid estrogens contaminating our food or drinking water supply  
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1.5 Methods on estrogen removal and related issues 

 

1.5.1 Advanced treatment techniques 

 A number of advanced treatment techniques have been investigated to address 

these issues, which include adsorption by adsorbents [29-31], nanofiltration (NF) or 

reverse osmosis (OR) [32-35], UV-assisted advanced oxidation process [36, 37], and 

enhanced biological treatment such as membrane bioreactors [38-40]. While high 

removal efficiencies could be achieved by these treatment techniques, there are still 

issues associated with energy use, maintenance or treatment capacity due to their 

technological limitations. With proven capabilities of mineralizing persistent organic 

pollutants in water, photocatalytic degradation has emerged as a viable option for 

treating estrogen contaminants in water [36, 37].  

 

1.5.2 Photocatalytic degradation 

 

1.5.2.1 Mechanism of photocatalysis 

Under irradiation of an appropriate light source, semiconductors generate 

electron-hole pairs with free electrons produced in the empty conduction band leaving 

positive holes in the valence band.  

TiO2 + hv  h+ + e-      (1.1) 

 The holes oxidize water or OH- adsorbed on the semiconductor surface. The 

extremely reactive radicals (e.g. · OH) form and eventually degrade the organic 

pollutants. 

h+ + H2O  · OH + H+     (1.2) 

h+ + OH-  · OH     (1.3) 

 The electrons react with electron acceptors such as oxygen adsorbed on 

semiconductor surface.   

e- + O2  O2·
-      (1.4) 

 Without electron donors or acceptors, the electrons and holes may recombine. 

Figure 1.2 describes the mechanism as discussed above. 
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Figure 1.2 Photo-excitation on photocatalyst 

 

1.5.2.2 Photocatalytic degradation of estrogenic contaminants 

With track records of mineralising many persistent organic pollutants in water, 

photocatalytic degradation has emerged as a viable treatment method for steroid 

estrogen contaminants in water. In particular, the effectiveness of titanium dioxide 

(TiO2) based photocatalytic degradation for treating steroid estrogens in water has 

been reported in previous studies [36, 37, 41]. With a wide band gap (ca. 3.2 eV) at 

room temperature, TiO2 exhibits photocatalysis property under longwave to 

shortwave ultraviolet (UVA to UVC) irradiation. The excellent photocatalytic 

activity, chemical stability, abundance and low cost have made TiO2 an excellent 

photocatalyst material. The potential of using solar irradiation as its only energy 

source also makes the technology particularly suitable appropriate for uses in outdoor 

treatment facilities and in remote areas. Another rationale for choosing photocatalytic 

degradation for treating trace-level steroid estrogen contaminants is that, due to the 

nature of the photocatalysis process, it requires a sufficient UV transmission (UVT) 

for the water to be effectively. This requirement can be met in our circumstance, 

where the water containing trace levels of steroid estrogens are either treated effluents 

from WWTPs or has been pre-treated by tertiary filtration in water reclamation 
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1.5.2.3 Superior photocatalytic activity of ZnO photocatalyst 

With a wide band gap (ca. 3.3 eV) at room temperature [42], ZnO exhibits 

similar photocatalysis properties UV irradiation as TiO2. Although TiO2 is generally 

recognised as the most suitable photocatalyst, ZnO differentiates itself by several 

interesting properties, i.e. visible-light-responsive photocatalytic activity [43] stable 

photocatalytic activity at high temperature (873K) [44], higher H2O2 generation rate 

in water under UV [45], and ease of doping[46-49]. Li et al. [50] found that ZnO had 

better performance than TiO2 in photocatalytic degradation of phenol when 

manganese dioxides exist in water and photocatalyst would possibly be declined. 

Moreover, generally superior activity of ZnO photocatalyst has been reported in 

previous studies on the degradation of dyes [51], aromatic solvents [52], and lignin 

[53]. A summary of these studies could be found in Table 1.3. Such interesting 

attributes of ZnO photocatalyst and the increasing concerns on steroid estrogen 

contaminants in water make the photocatalytic degradation on estrogens by ZnO an 

interesting topic. 

 

1.5.2.4 Stability of ZnO Photocatalyst 

Early studies have found that ZnO could be corroded under electrochemical 

conditions, in acids and under UV. For instance, Rao et al. [54] reported a gradual 

decay of H2 production in a UV-irradiated ZnO/water suspension. Although not 

unequivocally proved, the authors suspected that the decay was due to ZnO photo-

dissolution under UV, as intense bands corresponding to OH- were observed in the 

infrared spectrum of used ZnO. The following reaction was suggested. 

       ZnO + 2H2O + 2h+  Zn(OH)2 + ½ O2 + 2H+                                  (1.5) 

 Fruhwirth et al. [55] developed an electrochemical model for the linear pH 

dependence of flat-band potential and ZnO dissolution rates. The following reactions 

were suggested: 

ZnO + 2H+  Zn2+ + H2O Dark dissolution (in acid solution)   (1.6) 

ZnO + h+ + H+  ½ H2O2 + Zn2+  Photo-corrosion (365 nm UV)     (1.7) 
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Table 1.3 Comparative studies on ZnO and TiO2 photocatalysts showing superior photocatalytic activity of ZnO 

Target compound(s) 
Particle size / Specific surface area Wavelength 

of UV source
Reaction rate constants* Ref 

ZnO  TiO2 

Procion Blue HERD 5 m2/g 21 nm; 50 ± 15 m2/g  
kZnO = 0.077 min-1 

kTiO2 = 0.075 min-1 
[56] 

Methyl Orange Microsized 21 nm; 50 ± 15 m2/g 254 nm  NA [57] 

Methyl Orange  

Rhodamine 6G 
5 m2/g 21 nm; 50 ± 15 m2/g 365 nm  NA [58] 

Remazol Red <5 m2/g 
21 nm; 50 ± 15 m2/g 

 
254 nm  NA [59] 

Acid Brown 14 4.8 µm; 5.05 m2/g 21 nm; 50 ± 15 m2/g 
Solar light  

(9am - 2pm) 

kZnO = 7.48×104 s-1 

kTiO2 = 3.08×104 s-1 
[43] 

Reactive Blue 19 5 m2/g 21 nm; 50 ± 15 m2/g >254 nm NA [60] 

Remazol Brilliant Blue R 

Remazol Black B  

Reactive Blue 22 & 222 

NA 21 nm; 50 ± 15 m2/g >254 nm NA [61] 

Terephthalic acid 100 nm; 13 m2/g 21 nm; 50 ± 15 m2/g 253.7 nm  

C0 (ppm) kZnO (min-1) kTiO2 (min-1)

60 0.0558  0.044 

100 0.099 0.028 

[62] 

Phenol 75 - 85 nm 21 nm; 50 ± 15 m2/g 365 nm NA [63] 
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Target compound(s) 
Particle size / Specific surface area Wavelength 

of UV source
Reaction rate constants* Ref 

ZnO  TiO2 

Phenol NA 21 nm; 50 ± 15 m2/g  
kZnO = 0.090 min-1  

kTiO2= 0.027 min-1 
[64] 

4-chlorophenol 
35 - 62 (± 5) nm; 

9 - 27 m2/g 
21 nm;50 ± 15 m2/g NA 

Initial degradation rates: 

RZnO > 0.4 mol min -1 g -1 

RTiO2 < 0.2 mol min -1 g -1 

[52] 

2-phenylphenol 9.4 m2/g 21 nm; 50 ± 15 m2/g 
300 - 450 nm

 
NA [65] 

Textile and pulp & paper 
effluents 

NA 21 nm; 50 ± 15 m2/g >254 nm NA [66] 

Lignin 5 m2/g 21 nm; 50 ± 15 m2/g 365 nm  NA [53] 

Methyl Orange ~40 nm ~30 nm  NA [67] 

Biebrich Scarlet 30 - 40 nm NA 365 nm NA [68] 

Acid Red 18 0.1 - 4 µm; 10 m2/g 1 µm; 8.9 m2/g 365 nm NA [69] 

* Only shown if reaction rate constants were calculated and stated in literature. Reaction rate constants under optimal reaction conditions 

were used. 



Polymeric Adsorption of Estrone from Water and Photocatalytic Degradation by Zinc Oxide 
 [Pick the date] 

 

13 
 

Spathis and Poulios [70] further examined the corrosion of Zn and ZnO coatings by 

weight loss and potentiodynamic anodic polarization. The authors found the main 

corrosion products being Zn(OH)2 and zinc oxychlorides under dark and UV 

illumination, respectively. Furthermore, Futsuhara et al. [71] developed a method to 

create micro-patterns on ZnO films by corroding ZnO films with a bias voltage under 

high pH levels and UV irradiation (40 mw/cm2). 

Several recent studies have reported activity deterioration of ZnO 

photocatalysts. Such results were often ascribed to the dissolution or photo-

dissolution of ZnO; however, limited experimental evidence was presented or sought. 

In a photocatalytic degradation study of polyvinylchloride, Hidaka et al. [72] reported 

that ZnO showed a higher initial dechlorination rate than TiO2 but soon suffered 

activity deterioration. Nepploian et al [73] observed the inactivation of ZnO 

photocatalysts, and suggested that this should be due to the incongruous dissolution 

yielding Zn(OH)2 on ZnO surface as well as photo-dissolution of ZnO by self-

oxidation. Several studies have given evidences of ZnO dissolution and photo-

dissolution, but the effects of experimental conditions on the occurrence and extent of 

ZnO dissolution and photo-dissolution were not well understood. For instance, 

Lathasree et al. [74] tested the reusability of ZnO photocatalysts and found that a 

small extent (0.04%) of ZnO had undertaken photo-dissolution after 2 h of reaction. 

Yassitepe et al. [75] reported that the photocatalytic activity of ZnO plates gradually 

decreased but the activity was recovered by being stored in dark overnight. 

Furthermore, Wang et al. [76] embedded ZnO nanoparticles in Nafion membranes 

and found ZnO particles being highly stable with hardly any reduction of activity after 

10 times of repeated reaction cycles. A systematic study on the dissolution of ZnO as 

photocatalyst in various environmental conditions is necessary. 

 

1.5.2.5 Intrinsic and UV-induced surface wettability of ZnO 

Apart from their photocatalytic degradation, both TiO2 and ZnO exhibit 

switchable wettability which was also benefited from their UV-induced properties. 

Their surface hydrophilicity or hydrophobicity could switch depending on the 

exposure to UV irradiation or dark storage. This unique property has raised great 

interests as materials with such a controllable surface hydrophobicity and 
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hydrophilicity have a great potential to be used in biological analysis, environmental 

cleanup, sensor devices and controllable drug release [77-83]. 

 Surface wettability is an important property for solid materials. It is generally 

determined by the chemical composition and morphology of surfaces [84]. 

Hydrophilicity (water contact angle < 90º) and hydrophobicity (water contact angle > 

90º) are the two types of surface wettability which is normally determined by their 

water contact angles. Both the highly hydrophilic and highly hydrophobic surfaces are 

useful and they are desirable for many applications. Inspired by lotus leaves which 

have high water contact angles due to the fine bumps and water-repellent wax on their 

surfaces [85], materials with highly hydrophobic surfaces were prepared by 

modifying surfaces with low-surface-energy coatings [86, 87] or forming surface 

nanostructures to increase surface roughness [77, 88, 89]. On the other hand, it was 

reported that super-hydrophilic (contact angle < 10º) sensing surface could 

dramatically decrease the liquid required on the sensing area and significantly 

improve the sensitivity [78].  Commercial products such as antifogging glass and self-

cleaning construction materials have entered market recently [90]. 

 With good control on its synthetic conditions, ZnO could be easily made into 

various micro- or nanostructures, which could be used to enhance ZnO surface 

wettability, and in some cases, to obtain super-hydrophobic surfaces. Feng et al. 

synthesized ZnO nano-rods with reversible surface wettability of super-

hydrophobicity and super-hydrophilicity [77]. Zhang et al. found that the nano-tip 

structure could enhance the wetting effects on ZnO films [78]. However, few studies 

investigated the effect of ZnO structure and morphology on the surface wettability. 

Zhang et al. prepared ZnO surfaces with various micro- and nanostructures by 

controlling pH in the Zn (gray) and H2O2 reaction and found that ZnO with a 

micro/nano-binary structure had the highest super-hydrophobicity [91]. Li et al. 

synthesized 2-dimensional ordered ZnO pore arrays (films) by solution-dipping 

colloidal monolayer method and found that the hydrophobicity was influenced by the 

pore sizes [92]. Combining with their UV-induced hydrophilicity, these ZnO 

nanostructures could achieve a rather large range of surface wettability, and possibly 

contribute more in related applications.  
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1.6 Research objectives 

The research described in this thesis focuses on the development of a novel 

treatment process for effective treatment of trace estrogenic contaminants in water. 

The treatment process consists of a polymeric adsorption stage for rapid removal of 

trace estrogenic contaminants from water, followed by a desorption step where 

adsorbed contaminants are desorbed from saturated adsorbent media at ambient 

conditions in a chemical-aided process. The concentrate of desorbed compounds is 

subsequently degraded by a ZnO photocatalysis process. To assess the relative 

efficacy of ZnO photocatalysts, the degradation process will be comparatively 

evaluated with a benchmark TiO2 photocatalyst. Both artificial UV (low pressure 

mercury lamp) and solar irradiation will be used as UV source to test their relative 

efficiency to drive the ZnO and TiO2 photocatalytic degradation process. 

The thesis also aims to further the understanding on fundamental aspects of 

the studied adsorption and ZnO photocatalysis process. The adsorption phenomenon 

of estrone on polyamide membranes was noted and the mechanism was studied by 

characterising the intermolecular interactions. Also, the results of photocatalytic 

degradation of estrone revealed that ZnO is not only an excellent alternative but a 

superior photocatalyst to TiO2, particularly under long wavelength UV irradiation. 

The results led to further studies on the UV absorbance of ZnO and TiO2 to explain 

their behaviours under weak UV-A irradiation and solar irradiation. 

 

1.7 Thesis framework 

In this thesis, the work was presented following the outline below. 

Chapter 1 briefly introduces the background of this study, including the 

molecular property of target chemicals - estrogens, their fate in environments and 

toxicity to aquatic species and human. Due to the incomplete removal by WWTPs, 

trace level of estrogens could be detected in WWTPs effluents shown in the surveys 

worldwide and thus bring potential risks to downstream water and aquatic species. 

Some advanced treatment methods, especially photocatalytic degradation, and related 

issues are discussed in this Chapter, followed by a detailed thesis outline. 

E1 has been selected as the model estrogen contaminant in this study again for 

its high estrogenic potency and common presence in WWTPs effluents. As the 

breakdown product of E2, it also showed the highest persistence in activated sludge 
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treatment processes in WWTPs [21]. High performance liquid chromatography 

(HPLC) was applied to analyse the concentration of E1 samples. During E1 sample 

preparation, it was discovered that E1 had varied retentions in microfiltration 

membrane filters which were used to ensure all the samples are particle-free before 

injection into HPLC system. Chapter 2 introduces a detailed work to study this 

phenomenon. Screen tests of E1 aqueous solution filtration were conducted on syringe 

filters with different membrane materials. Results showed a strong dependence of E1 

adsorption on membrane materials among which nylon membrane had the most 

severe adsorption. Mitigation methods were then developed aiming to reduce E1 

adsorption to minimal levels in those filters. These findings implied that caution 

should be taken when using syringe filters to pre-filter E1 samples prior to HPLC 

analysis and in general environmental sampling process where E1 is a target. The 

work in this Chapter has been published in Chemical Engineering Journal [93]. 

In Chapter 2, E1 was found to be significantly adsorbed by nylon membrane 

during its aqueous solution filtration. Nylon membrane negatively stopped E1 from 

going through during sample pre-filtration. However, if we use nylon purposely to 

remove E1 from water solution, we could then turn this negative phenomenon into 

positive outcome. Chapter 3 then introduces such a work on removal of E1 from 

water using nylon microfiltration membrane. Estrone removal efficacy and capacity 

was assessed for nylon microfiltration membrane in this chapter. The mechanism of 

interfacial chemisorption between nylon and E1 was studied in-depth. Membrane 

regeneration and reusability tests were also conducted. The adsorbed estrone could be 

washed off from membrane and concentrated for further degradation. The work 

implies a potential application of nylon in E1 removal from water. This work has been 

published in Water Research. 

Chapter 4 aims to degrade E1 by photocatalysis process. Photocatalytic 

degradation is an effective method for treatment of E1 that is captured and desorbed 

from adsorbent in Chapter 3. ZnO was used as photocatalyst for the first time in E1 

photocatalytic degradation, and also compared with the benchmark TiO2 Aeroxide® 

P25. ZnO was found to have superior degradation efficiency at optimized 

concentration range both under artificial UV light and solar irradiation, although it 

suffered a certain level of dissolution and photo-dissolution during the processes. The 
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reasons for its better performance were discussed by comparing properties of ZnO and 

TiO2 photocatalysts. 

As presented in Chapter 4, ZnO experienced dissolution and photo-dissolution 

during photocatalytic degradation which has been mentioned as a disadvantage of 

ZnO as photocatalyst in some publications. However, very little work has been done 

to investigate this issue in details. Chapter 5 presents an in-depth study on ZnO 

dissolution and photo-dissolution. Thin films of ZnO were selected for this study for 

its easy characterization and visualization of dissolution. Severity assessment under 

various corrosive conditions had been conducted. Effective mitigation methods were 

developed to reduce ZnO dissolution and photo-dissolution. This work has been 

published in Journal of Hazardous Materials [94]. 

The UV-induced properties of ZnO can be used not only in photocatalytic 

degradation of organic pollutants but also some other applications, for example 

switchable surface wettability. Chapter 6 presents the study on surface wettability of 

ZnO thin films. The relationship between their microstructure/morphology and 

wettability was discussed. Their switchability under UV irradiation and dark storage 

was also investigated. Contents in this Chapter have been published in Journal of 

Electronic Materials [95]. 

Chapter 7 summarizes the results in this thesis and their significance in 

environmental research and industrial application. Further work for the future 

development of this study was also discussed. 

 



  

 

 

 

CHAPTER 2  

Adsorption of Estrone in Microfiltration 

Membrane Filters 

Contents published in Chemical Engineering Journal (Han et al. 2010).  
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CHAPTER ABSTRACT 

 

Adsorption of estrone was identified in microfiltration membrane filters with 

0.1 to 0.45 µm nominal pore sizes. This phenomenon is of concern as it may lead to 

distortion when such filters are used to process estrone solutions prior to 

chromatography analysis, such as in slurry-type photocatalytic degradation studies. 

The adsorption of estrone was comparatively assessed in a variety of membrane 

filters, and considerable adsorption was observed in nylon (NYL), polypropylene 

(PP), polytetrafluoroethylene (PTFE) and cellulose acetate (CA) filters. While estrone 

adsorption gradually approached equilibrium in most filters, it maintained at near 

100% in NYL filters during most of the filtration process and remained substantial 

(42.2%) when the filter capacity was reached. This rather unusual phenomenon was 

investigated, and ascribed to the hydrogen bonding between estrone and NYL 

membranes as demonstrated by Fourier transform infrared spectroscopy. Further 

studies showed that estrone adsorption in NYL membranes could be substantially 

reduced by increasing the pH to facilitate the deprotonation of estrone molecules. 

Similar improvements were obtained in PP and PTFE filters by pre-dosing estrone 

solutions with anhydrous ethanol (1:1, vol:vol). The only filter that showed 

consistently low estrone adsorption (< 2.3%) was the 0.45-µm glass microfiber 

(GMF) filter. GMF and PTFE filters were further selected to process estrone solutions 

in a slurry-type photocatalytic degradation system using P25® TiO2 photocatalysts. 

Both types of filters showed satisfactory performance in terms of estrone solute 

recovery, as verified by samples simultaneously processed by high-speed 

centrifuging. 
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2.1 Introduction 

 

With its proven capability to mineralise persistent organic pollutants and unique 

potential to utilise solar radiation, photocatalytic degradation emerges as a promising 

approach for removing estrogens from contaminated water [36, 41]. A typical slurry-

type photocatalytic degradation system contains an aqueous solution with the co-

presence of target compounds and dispersed photocatalyst particles. When exposed to 

UV, the photocatalysis process activates, generating highly reactive oxidants which 

can aggressively attack any organic compounds in contact. In these studies, reaction 

kinetics is the key to evaluate photocatalyst activity, photoreactor design and the 

overall degradation efficiency. The establishment of reaction kinetics relies on proper 

sampling and accurate analysis of residual compounds in the solution. Due to their 

low concentrations, quantification of estrogens and degradation residues generally 

involves chromatography analysis [36, 41], which requires samples to be free of 

particulate matters to avoid column blockage and undue wear on mechanical parts. 

The benchmark photocatalyst P25® TiO2 presents as micron-sized particles in aqueous 

solutions [96]. Removing such fine particles from water is a rather difficult task and 

generally requires high-speed centrifuging or microfiltration. Microfiltration offers 

many advantages over its counterpart, which include efficient sample processing, 

reliable particle removal, low costs and minimal energy consumption. The use of 

microfiltration membrane filters has been documented in a number of studies on 

estrogen sampling and removal, where membrane filters with different pore sizes (0.2 

- 1.0 µm) and membrane materials are used, such as glass fibres [97, 98], cellulose 

[99, 100] and PTFE [101, 102]. 

A fundamental issue still exists, which is the potential adsorption of estrogens in 

filter membranes during filtration. Any loss of estrogen analytes will affect the results 

from subsequent chromatography analysis, resulting in overestimated efficacy of the 

concerned photocatalytic degradation process. This issue, however, has not been 

adequately investigated and there is a lack of experimental data and evidences in 

literature.  In this chapter, we report our findings on the adsorption of estrone in 

microfiltration membrane filters. Estrone has been selected as the model analyte for 

its high estrogenic potency and persistence in the environment [32]. It is also the 
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metabolite and breakdown product of 17β-estradiol, and has been found as more 

commonly present in the environment [2]. The extent of estrone adsorption was 

comparatively assessed in relation to the physicochemical properties of membranes 

and the interactions between membranes and estrone molecules. Fourier transform 

infrared spectroscopy (FTIR) was used to examine the potential hydrogen bonding 

between estrone and NYL membranes. Adsorption mechanisms were proposed and 

effective mitigation methods were developed to minimise estrone adsorption in NYL, 

PP and PTFE membrane filters. The performance of GMF and PTFE filters was 

verified in a slurry-type photocatalytic degradation system using P25® TiO2 

photocatalysts. 

 

2.2 Experimental 

  

2.2.1 Preparation of estrone stock solution 

Estrone solids (>99%, Sigma) were added in deionised water (18 MΩ, Milli-Q) 

and the mixture was continuously stirred (250 rpm) in dark at controlled temperature 

(15 ± 1.5oC), in an attempt to prepare a 1.2 mg/l estrone solution. Samples were 

intermittently collected from the solution over a period of 14 days. All samples were 

centrifuged at 14,000 rpm for 20 min on a bench-top centrifuge (5417C, Eppendorf), 

and subsequently analysed by a High Performance Liquid Chromatography (HPLC, 

1100 series, Agilent) equipped with a UV detector at 205 nm. In each analysis, a 50 µl 

injection was analysed by a C18 column (5 µm, 4.6×150 mm, Agilent). Methanol 

(>99.9%, Romil) and deionised water were mixed (60:40, vol:vol) and used as the 

mobile phase at a flow rate of 1.0 ml/min. As the prepared estrone solution was found 

to be over-saturated, a more diluted estrone solution (0.4 mg/l) was prepared under the 

same conditions. The solution was kept in dark under controlled temperatures (15 ± 

1.5oC) and used as the stock solution. 

 

2.2.2 Estrone adsorption tests 

All filters used in this study were donated by Whatman and Phenomenex (NZ). 

Filters were selected by their rated capacity, membrane pore size and chemical 
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compatibility of membrane material. The characteristics of the selected filters are 

shown in Table 2.1. 

Each filter consists of a circular polypropylene housing and a microfiltration 

membrane inside as the filtration media. Most of the selected filers have a diameter of 

13 or 15 mm with a rated capacity of 10 ml, except the GMF filters which were only 

available as 25 mm diameter ones. The 10 ml capacity was considered both sufficient 

and appropriate for typical sampling requirements in photocatalytic degradation 

studies. When available, filters with the same membrane material but different pore 

sizes were all included in our study. All selected filters have excellent resistance to 

organic substances, except that CA filters were specifically included for CA’s good 

resistance to ethanol, dilute acid, alkali and phenolic solvents [103] and their reported 

uses in previous studies.  

A new membrane filter was used in each adsorption test as recommended by the 

manufacturers. In the screen test, 1 ml of estrone stock solution was fed into each 

filter using a disposable syringe (Terumo). Permeates were collected in 2 ml amber 

glass vials (Agilent) and subsequently analysed by HPLC to measure the estrone 

concentrations. The rated hold-up volume was negligible (25 µl) for 13 and 15 mm 

diameter filters. For the 25 mm diameter GMF filter, 5 ml feed was used due to its 

relatively significant hold-up volume (1 ml). Adsorption equilibrium was further 

studied in the 0.45-µm NYL, PTFE, RC, CA, GMF filters and the 0.2-µm PP filter 

using a series of 1 ml feed solutions. In each test, a total of 10 ml estrone solution was 

fed into the filter, where 10 permeate samples, each of a volume of 1 ml, were 

collected and analysed by HPLC separately. 
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Table 2.1 Characteristics of selected membrane filters and screen test results using 0.4 mg/l estrone aqueous solution as feed solution 

Brand & Model Membrane Material Wettability 
Diameter 

(mm) 
Filtration 

Area (cm2) 
Pore Size 

(µm) 
Estrone 

Adsorption 

Whatman Puradisc Nylon (NYL) Hydrophilic 13 1.3 0.1 100.0% 

Whatman Puradisc Nylon (NYL) Hydrophilic 13 1.3 0.2 96.4% 

Whatman Puradisc Nylon (NYL) Hydrophilic 13 1.3 0.45 96.9% 

Whatman Puradisc Polypropylene (PP) Hydrophobic 13 1.3 0.2 96.3% 

Whatman Puradisc Polytetrafluoroethylene (PTFE) Hydrophobic 13 1.3 0.1 80.0% 

Whatman Puradisc Polytetrafluoroethylene (PTFE) Hydrophobic 13 1.3 0.45 41.7% 

Whatman Puradisc Cellulose acetate (CA) Hydrophilic 13 1.3 0.45 18.6% 

Phenomenex Phenex Regenerated cellulose (RC) Hydrophilic 15 
1.8 

(estimated) 
0.45 8.1% 

Whatman GD/X Glass microfibres (GMF) Hydrophilic 25 4.6 0.45 2.3% 
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2.2.3 FTIR analysis and mitigation methods 

A NYL membrane was extracted from a fresh 0.45-µm NYL filter and cut into 

two pieces for further studies. Each piece was immersed in deionised water or estrone 

solution (0.4 mg/l) for 16 hours, and subsequently characterised by Fourier transform 

infrared spectroscopy (FTIR, Spectrum 100, Perkin-Elmer).  The influence of pH 

increase on estrone adsorption was studied in 0.45-µm NYL filters. In each test, the 

pH of the feed solution was adjusted to 11.0 prior to filtration, by adding calculated 

amounts of concentrated NaOH solution (analytical, Scharlau Chemie) into 5 ml of 

estrone stock solution, and subsequently topping the volume to 10 ml with deionised 

water. The initial estrone concentration in the resultant solution was determined by 

HPLC prior to each adsorption test. A reference solution was also prepared by adding 

NaCl solids (analytical, Scharlau Chemie) into 5 ml estrone stock solution, and 

subsequently topping the volume to 10 ml with deionised water. In each test, a total of 

10 ml estrone solution was fed into the filter, where 10 permeate samples, each of a 

volume of 1 ml, were separately collected and analysed by HPLC. 

The effect of organic solvent on estrone adsorption was studied in PTFE and PP 

filters. In each test, 5 ml of estrone stock solution was pre-dosed with anhydrous 

ethanol (analytical, ECP, New Zealand) at a mixing ratio of 1:1 (vol:vol). The 

solution was then transferred into a glass vial and mounted on a shaker (Innova 4000, 

New Brunswick Scientific). The glass vial was shaken at 150 rpm for 10 min to 

enhance mixing in the solution. The resultant solution was used as the feed solution in 

subsequent adsorption tests, where a series of 1 ml feed were fed into each filter and 

the permeate samples were separately collected and analysed by HPLC. The initial 

estrone concentration in the ethanol-dosed solution was determined by HPLC before 

the start of each adsorption test. 

 

2.3 Results & discussions 

 

2.3.1 Estrone solubility and stability 

The solubility and stability of estrone in water was briefly investigated before 

the stock solution was prepared. A concentrated estrone aqueous solution was 

preferred to use in the adsorption tests as higher concentrations improve the accuracy 



Polymeric Adsorption of Estrone from Water and Photocatalytic Degradation by Zinc Oxide 
 [Pick the date] 

 

25 
 

of HPLC analysis and peak integrations. Meanwhile, it is also important not to have 

an oversaturated solution as undissolved estrone solids may enter the HPLC system 

and dissolve in the mobile phase which would distort the results. The fact that estrone 

solubility data in the literature is highly variable [6, 8, 104] necessitated an estrone 

solubility test under the specific conditions in our study.  

Our first attempt was to prepare a 1.2 mg/l estrone aqueous solution based on 

the results from a recent study on estrogen aqueous solubilities [8]. However, this 

solution was found to be oversaturated under these conditions, i.e. continuous stirring 

(250 rpm) in dark under controlled temperatures (15 ± 1.5oC). Furthermore, 

intermittent sampling results showed that estrone dissolved in the solution at a very 

slow rate, taking approximately 12 days before the estrone concentration reached a 

plateau at 0.61 mg/l. It was noted that this value was lower than most estrone 

solubility data published in literature. Based on this result, a 0.4 mg/l estrone solution 

was prepared and used as the estrone stock solution. 

A prudent advice from a chemical supplier suggests that any storage of estrone 

aqueous solution for more than one day should not be recommended [105]. Therefore, 

the stability of estrone in the stock solution was examined by intermittent sampling 

and analysing through the entire period of study. The last solution sample was taken 

from the stock solution at the completion of this study, which was 35 days after the 

preparation of the stock solution. No other peaks could be seen in the HPLC spectrum 

of this sample. Peak integration results also verified that the estrone concentration still 

remained consistent after 35 days of storage. The results confirmed that estrone 

showed satisfactory stability and consistent solubility under the controlled conditions 

during the entire period of study. 

 

2.3.2 Estrone adsorption in microfiltration membrane filters 

 

2.3.2.1 Screen test 

A screen test was conducted to identify the adsorption of estrone in all selected 

microfiltration membrane filters. The results are presented in Table 2.1. Several 

interesting facts are noted. Firstly, all filters showed considerable estrone adsorption, 

with the 0.45-µm GMF filter being the only exception which showed minimal 
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adsorption (2.3%). Secondly, the extent of estrone adsorption in PTFE filters was 

sensitive to membrane pore sizes. The amount of estrone adsorption in the 0.1-µm 

PTFE filter was twice as much as that in the 0.45-µm one. Finally, and perhaps most 

remarkably, all NYL filters showed very high estrone adsorption (96.4% - 100%) 

which was largely unaffected by membrane pore sizes. 

The considerable estrone adsorption observed in most filters was rather 

unexpected. Microfiltration processes are primarily based on the principle of size 

exclusion, and the extent of solids removal is largely dependent on membrane pore 

sizes. Substances larger than the nominal membrane pore size are generally fully 

removed, while smaller substances may be partially removed subject to the build-up 

of a ‘refuse layer’ on membranes. In this study, the size of estrone molecule is 

approximately 0.8 nm [7], far smaller than the membrane pore sizes (100 - 450 nm). 

There was no ‘refuse layer’ building on membranes as the estrone feed solutions did 

not contain any particulate matters. If size exclusion was mainly accounted for estrone 

adsorption in these filters, the only rational explanation is that estrone molecules 

existed as either undissolved solids or large hydro-complexes in the solution which 

might have steric hindrances comparable to membrane pore sizes. This assumption is 

not supported by the results in Table 2.1, which shows significantly different estrone 

adsorption results in filters with identical membrane pore sizes. This leads us to 

consider other possible mechanisms: 1) physical adsorption inside the membranes due 

to their highly porous structures; 2) charge interactions between estrone molecules 

and membranes; 3) estrone molecules bonding onto membranes by reacting with 

certain functional groups on membrane surfaces. 

The second fact is related to PTFE membrane filters. PTFE is highly resistant to 

chemicals, and it was unlikely that estrone could react with PTFE membranes. 

Therefore, the higher estrone adsorption in the 0.1-µm PTFE filter was likely to be the 

result of enhanced physical adsorption and/or enhanced electrostatic interaction, as 

discussed above. By having a smaller pore size, the membrane surface area is likely to 

increase, which in turn provides more surface sites for estrone adsorption. Meanwhile, 

charge interaction might have also been enhanced. Porter et al. [106] reported the 

adsorption of small cations on microfilters and ascribed the phenomenon to long-

range electrostatic forces. The deprotonation of estrone molecules is governed by the 
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disassociation of the phenolic hydroxyl group on the benzene ring. The acid 

dissociation constant (pKa) of estrone is approximately 10.3 [8], indicating that 

estrone has slightly weaker acidity than phenol (pKa = 10) [107]. The combined result 

of low aqueous solubility and high pKa value is that most estrone molecules remained 

un-dissociated hence neutrally charged in the solution, while only a limited amount of 

estrone molecules deprotonated and existed as negatively charged anions. As a result, 

the influence of charge interaction was minimal and unlikely to be the primary cause 

of the significant estrone adsorption. 

The high estrone adsorption observed in NYL membrane filters is particularly 

interesting. Unlike PTFE filters, the estrone adsorption in NYL filters showed little 

dependence on membrane pore sizes. This indicates that the aforementioned 

enhancement of physical adsorption in smaller-pore membranes was almost 

completely masked by a much stronger interaction between estrone and NYL 

membranes. As discussed above, the effect of charge interaction was expected to be 

minimal due to the limited deprotonation of estrone molecules. Furthermore, NYL 

membranes are negatively charged under neutral/alkaline conditions [32], which 

would impose repulsive forces on negatively charged anions. The only rational 

explanation left is that some strong bonding was formed between estrone molecules 

and NYL membranes during the filtration process. This will be further discussed in 

the following sections. 

 

2.3.2.2 Adsorption equilibrium study 

The adsorption equilibrium of estrone was studied in selected filters and a 

characteristic Veq value was determined for each filter. The concept of Veq is 

introduced as an approximate yet convenient method to mitigate the effect of estrone 

adsorption in filters. For each filter, Veq equals to the minimum amount of feed 

solution required to achieve estrone adsorption equilibrium inside the filter. If Veq is 

relatively small, it may still be practical to use this filter to process estrone solution by 

sacrificing the initial output of permeates. Using this method, one would be able to 

easily establish the amount of sample required and when a valid permeate can be 

collected with no considerable loss of estrone solute inside the filter. Figure 2.1 shows 

the comparative results of estrone adsorption in filters, where concentrations of 
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residual estrone in permeates were normalised against the initial estrone concentration 

in the feed solution (expressed as percentages), and plotted versus the accumulated 

volume of estrone feed solution. Breakthrough points can be seen in PP, PTFE and 

RC filters as a series of feed solutions passed through. Gradual decrease of estrone 

adsorption was observed on continued filtration in these filters, which suggests that 

physical adsorption should be the primary cause of estrone adsorption. As more feed 

solution passed through, adsorption sites on membrane surfaces were gradually 

occupied by estrone molecules, and adsorption equilibrium was eventually reached 

due to site saturation. No further net adsorption occurred after this point. Veq values 

were derived from Figure 2.1 as 8 ml, 7 ml and 6 ml for PP, PTFE and RC filters, 

respectively. 

While this is a useful method, we do not recommend any direct uses of the Veq 

values obtained in this study due to the inevitable measurement errors and the fact that 

they were derived from tests on particular filters under specific conditions. It should 

also be noted that these values are high comparing to the rated filter capacity (10 ml) 

[108, 109], which in some cases may not be feasible to be extracted from a 

photocatalytic degradation system without interfering the process. In such cases, GMF 

filter may be the only viable option if microfiltration membrane filters are to be used 

for sample pre-filtration. The 0.45-µm GMF filter, which has a coarse glass fibre layer 

and a glass microfiber (GMF) layer made from borosilicate glass [108], showed less 

than 2% estrone adsorption during the adsorption equilibrium test (Figure 2.1).  
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Figure 2.1 Estrone adsorption in 0.45-µm GMF, RC, PTFE, CA, NYL filters and 0.2-

µm PP filter using 0.4 mg/l estrone aqueous solution as feed solution 

 

The results in Figure 2.1 indicated that any direct use of NYL membrane filters 

for estrone aqueous solutions is clearly improper. Complete adsorption of estrone was 

observed in the 0.45-µm NYL filter for the initial 7 ml of feed. Although estrone 

adsorption started decreasing as the filtration progressed further, it remained 

prohibitively high (42.2%) at the end of the filtration course when the filter capacity 

(10 ml) was reached. This provides further support for our assumption that the high 

estrone adsorption in NYL filters was caused by the chemical bonding between 

estrone molecules and NYL membranes. 

 

2.3.2.3 Hydrogen bonding between estrone and NYL membrane 

The molecular structures of estrone and the material of NYL membranes (Nylon 

6,6) are shown in Figures 2.2(a) and (b), respectively. Each estrone molecule contains 

a phenolic hydroxyl group which was considered as an ideal proton donor for 

hydrogen bonding [107]. Nghiem et al. [7] also proposed that estrone may act as 

either a proton donor or acceptor as both the hydroxyl group and carbonyl group may 

participate in hydrogen bonding. Although generally weaker than shared covalent 
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bonds, hydrogen bonding is substantially stronger than van der Waals forces in 

physical adsorption [110]. In our case, the formation of hydrogen bonding between 

estrone and NYL membranes would provide a boost to estrone adsorption. 
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Figure 2.2 Molecular structures of (a) estrone and (b) NYL membrane (Nylon 6,6), 

and (c) hydrogen bonding between estrone and NYL membrane 

 

Possible mechanisms of hydrogen bonding between estrone and the membrane 

material (Nylon 6,6) are illustrated in Figure 2.2(c). Briefly mentioned in previous 

studies [7, 14, 107], the hydrogen bonding between estrone and NYL has not been 

experimentally verified in literature. In this study, FTIR was used to investigate the 

possible interactions between estrone and NYL membranes that occurred during the 

filtration process. Figures 2.3(a) and (b) show the FTIR spectra of NYL membranes 

after 16 hours of continuous immersion in estrone stock solution (0.4 mg/l) and 

deionised water, respectively. Peaks of water have been removed in each spectrum by 

producing a difference spectrum based on the FTIR spectrum of water. The subtle 

differences in Figures 2.3(a) and (b) necessitated the production of a difference 
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spectrum (Figure 2.3(c)).  The attainment of Figure 2.3(c) was a delicate task which 

itself warrants some explanation here. The first step was to manually plot the source 

data of Figures 2.3(a) and (b), then align their base lines and normalise the peaks in 

the two spectra, giving the difference spectrum. A 15-time magnification was then 

applied to the vertical axis to enlarge the peaks. The obtained spectrum is shown in 

Figure 2.3(c). 

 

 

Figure 2.3 FTIR spectra of NYL membranes (a) immersed in deionised water (16 h), 

(b) immersed in estrone aqueous solution (0.4 mg/l, 16 h), and (c) difference spectrum 
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Table 2.2 Peaks and assignments of NYL membrane (Nylon 6,6) associated with intermolecular hydrogen bonding and changes of  peak 

strength after 16 h of immersion in 0.4 mg/l estrone aqueous solution 

Peak 

(cm-1) 
Peak Assignment 

Peak Weakening 
(cm-1) 

Peak 
Strengthening 

(cm-1) 

Shift 

(cm-1) 

3300 Hydrogen-bonded N-H stretch 3295 3312 17 

1745* Free C=O stretching n.a. n.a. n.a. 

1630 
Amide I band, contributed by hydrogen bonded C=O 

stretching (major), C-N stretching and C-C-N 
deformation vibrations 

1620 1635 15 

1535 
Amide II band, contributed by N-H in-plane bending 
(major), C-H stretching and C-C stretching vibrations 

1536 1520 16 

*very weak. 
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The newly formed hydrogen bonds are of higher energy states due to the less 

restricted stretching of N-H groups. This is reinforced by the observation at the Amide 

II band where the peak corresponding to N-H in-plane bending strengthened at lower 

frequencies [111, 112]. A similar result is observed at the Amide I band (hydrogen 

bonded C=O), which shifted to a higher frequency due to the increased double bond 

character of the C=O moiety after forming hydrogen bonding with the OH group on 

estrone molecules [111, 113]. 

 

2.3.3 Mitigation methods 

 

2.3.3.1 Effect of pH 

Highly alkaline environment may adversely interfere the hydrogen bonding 

between estrone and NYL by facilitating the deprotonation of estrone molecules. 

Deprotonated estrone molecules lose the protons on phenolic hydroxyl groups hence 

become unable to participate in hydrogen bonding with carbonyl groups on NYL. 

Schäfer et al. [15] presented a graph of the speciation of estrone as a function of pH. 

At pH 11, estrone predominantly (~75%) exists as negative anions in aqueous 

solution, with the balance remaining undissociated.  

The results of estrone adsorption at pH = 11 in the 0.45-µm NYL filter was 

shown in Figure 2.4(a). Higher pH levels were desirable but not used because NYL 

membranes would become unstable. The effect of ionic strength was excluded by 

using a neutral estrone solution with identical ionic strength as the reference. As 

shown in Figure 2.4(a), the high pH in estrone feed solutions caused a significant 

decrease of estrone adsorption in the NYL filter. Estrone adsorption dropped to 

negligible levels (< 1.5%) after 5 ml feed passed through. The significant decrease of 

estrone adsorption under the high pH level proves that deprotonation of estrone 

molecules could negatively affect their ability to form hydrogen bonding with NYL 

membranes, which also provides further support to the hydrogen bonding mechanism. 

While estrone molecules may still act as a proton acceptor and form hydrogen 

bonding with N-H groups on NYL membranes (Figure 2.2(d)), this effect is likely to 

be restricted by the greater repulsive forces from the more negatively charged NYL 

membranes at the high pH level. 
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(a) 

 

(b) 

 

Figure 2.4 Estrone adsorption in (a) 0.45-µm NYL filter with pH-adjusted feed 

solution (pH = 11.0; 0.2 mg/l estrone aqueous solution), and (b) PTFE and PP filters 

with pre-dosed feed solution (anhydrous ethanol: deionised water = 1:1, vol/vol; 0.2 

mg/l estrone solution) 
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2.3.3.2 Effect of organic solvent  

Estrone has a high octanol-water partitioning coefficient (log Po/w) of 3.1 [114], 

implying its strong tendency to adsorb onto lipophilic materials and dissolve in 

organic solvents. Cartinella et al. [3] reported that the presence of organic matters 

could reduce the retention of estrone in membranes as the hydrophobic estrone 

molecules may interact with organic matters hence become no longer available for 

adsorption on membranes. It is therefore expected that the presence of organic 

solvents would facilitate the hydrophobic partitioning of estrone in the solution phase 

with a simultaneous reduction of adsorption onto filter membranes. 

In this study, filters with hydrophobic membranes have shown overall high 

estrone adsorption (Figure 2.1 and Table 2.1). It should be mentioned that the 

manufacturers recommend hydrophobic membrane filters to be rendered hydrophilic 

by first contacting with compatible organic solvents prior to filtering aqueous 

solutions [108, 109]. This approach is useful for qualitative analysis, but it is 

problematic for our application as the uncertain amount of residual solvents in 

membranes may introduce random dilution to permeates. Many estrone degradation 

studies rely on accurate analysis of residual estrone levels in treated water to evaluate 

photocatalyst activity and degradation efficiency, optimise reactor design and reaction 

conditions.  Therefore, a refined approach was adopted in this study by pre-dosing 

controlled amounts of compatible organic solvent (anhydrous ethanol) in estrone feed 

solutions. A calibration factor was determined to account for the volumetric change of 

the feed solution after mixing with solvent. Figure 2.4(b) shows that this method is 

highly effective for the 0.45-µm PTFE filter, where estrone adsorption was 

maintained at minimal levels (< 3.1%) through the filtration process. The decrease 

was also significant but to a lesser extent in PP filter, where estrone adsorption was 

below 4.8% through the filtration process. 

 

2.3.4 Photocatalytic degradation 

A slurry-type photocatalytic degradation experiment was conducted as an 

example of estrone degradation studies which involve particle removal from treated 

solutions prior to chromatography analysis. The initial concentration of estrone is 0.4 

mg/L and the dosage of Titanium dioxide (TiO2) powder as photocatalyst is 10 mg/L. 
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An 18 watts lamp with wavelength of 365nm was used as UV light source. The 0.45-

µm GMF and PTFE filters were selected to process treated estrone solutions sampled 

from the system. The 0.45-µm PTFE filter was specifically selected for its low costs 

and excellent chemical resistance which makes it suitable in a wide range of 

applications. When PTFE filters were used, estrone solution samples were pre-dosed 

with anhydrous ethanol (1:1; vol:vol) to eliminate the effect of estrone adsorption. 

High-speed centrifuging (14,000 rpm, 20 min) was used to provide a benchmark to 

evaluate the performance of GMF and PTFE filters. 

Figure 2.5 shows that both GMF and PTFE filters showed satisfactory 

performance in terms of estrone solute recovery, as compared to the results from 

samples processed by high-speed centrifuging. Variations in the results were generally 

less than 2.2% for GMF filters and 1.7% for PTFE filters, except in the first two 

samples where samples processed by PTFE filters showed slightly higher estrone 

concentrations than those processed by GMF filters or centrifuging. This may be 

attributed to the desorption of estrone absorbed on photocatalyst particles due to the 

presence of organic solvent (ethanol) in the solution. By releasing the  adsorbed 

estrone on photocatalyst particles into the solution, the results obtained with PTFE 

filters can actually exclude this surface adsorption effect and provide more accurate 

information on the photocatalytic degradation process. 

Figure 2.5 Estrone concentrations in the solution after photocatalytic degradation (10 

mg/l TiO2; initial estrone concentration: 0.4 mg/l; 30 min pre-adsorption in dark), 

with samples separately processed by microfiltration or centrifuging 

40%

50%

60%

70%

80%

90%

100%

0 10 20 30 40 50

R
es

id
ua

l E
st

ro
ne

 in
 P

ro
ce

ss
ed

 S
am

pl
es

Time (min)

centrifuging
GMF filter
PTFE filter (with co-solvent)



Polymeric Adsorption of Estrone from Water and Photocatalytic Degradation by Zinc Oxide 
 [Pick the date] 

 

37 
 

2.4 Summary 

 

Adsorption of estrone was found in microfiltration membrane filters during the 

filtration of estrone aqueous solutions (0.4 mg/l). The extent of estrone adsorption was 

highly dependent on the membrane material, and to a lesser extent, the membrane 

pore size. Considerable adsorption of estrone was observed in NYL, PP, PTFE and 

CA membrane filters. Comparative testing results showed that estrone suffered the 

most severe adsorption in NYL membranes, in which estrone had near 100% 

adsorption in the initial 7 ml permeate and reduced to 42.2% when the filter capacity 

(10 ml) was reached. The only filter that showed consistently low estrone adsorption 

(< 2.3%) was the 0.45-µm GMF filter. 

FTIR results showed that the significant estrone adsorption in NYL membranes 

was caused by the formation of hydrogen bonding between estrone molecules and the 

characteristic amide groups in NYL. This is also supported by the fact that estrone 

adsorption in NYL filters was substantially reduced by increasing the pH to 11.0 to 

facilitate the deprotonation of estrone molecules.  It was also found that estrone 

adsorption in PTFE and PP filters could be reduced to minimal or negligible levels by 

pre-dosing estrone solutions with anhydrous ethanol (1:1, vol:vol). 

The performance of GMF and PTFE filters was verified in a slurry-type 

photocatalytic degradation system using the benchmark P25® TiO2 photocatalyst. 

Residual estrone levels in permeates from both filters were found to be highly 

consistent to the results of samples processed by high-speed centrifuging (14,000 rpm, 

20 min). Despite the satisfactory performance of GMF and PTFE filters, it is 

suggested that caution should be taken when using membranes to process estrone 

solutions, and verifications on solute recovery should be conducted in advance for 

individual studies. 
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CHAPTER ABSTRACT 

 

Estrone is a representative steroid estrogen contaminant that has been detected 

in effluents from sewage treatment facilities, as well as in surface and ground waters. 

Our study shows that estrone can be readily removed from water via a unique 

chemisorption mechanism using nylon microfiltration membranes. Experiments on a 

laboratory in-line filtration system showed instant removal of estrone from 200 µg/l 

aqueous solutions by 0.45-µm nylon membranes (ca. 35 litres per m2 membrane). 

Comparison with a 0.45-µm glass microfiber membrane suggested that the significant 

estrone adsorption in nylon membrane should be predominately driven by different 

mechanism rather than common physical adsorption. Fourier transform infrared 

spectroscopy study on nylon membranes and a model compound, N-methylacetamide, 

showed that the significant adsorption originated from the hydrogen bonding between 

terminal -OH groups on estrone and nucleophile -C=O groups in amide groups of 

Nylon 6,6. The saturated nylon membrane showed very low leachability in ambient 

water, while it could be effectively regenerated in alkaline or ethanol solutions. 

Preliminary study on the reusability showed that the membrane maintained a 

consistent adsorption capacity for estrone during five cycles of reuse. The 

chemisorption-based polymeric adsorption may provide a new alternative approach 

for removing estrone and potentially other trace organic contaminants from water. 
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3.1 Introduction 

 

The reported adsorption was originally discovered through the pre-treatment of 

estrone solution samples, where significant adsorption of estrone solute occurred in 

nylon microfiltration membrane filters. This work has been described in details in 

Chapter 2. This was originally considered a negative finding as unwanted retention of 

estrone solute would lead to false results in estrone chromatographic analysis. 

Nevertheless, it was also recognised that such effect could be utilised for the removal 

of trace estrone contaminants from water. 

In this chapter, we demonstrate that estrone can be rapidly removed from water 

using nylon microfiltration membranes via a unique chemisorption mechanism, with 

no reliance on size exclusion. Potential hydrogen bonding interactions between 

estrone and aromatic-type polyamide was noted in several studies, often as a 

cautionary note on the risks of estrogen contaminants accumulating on nanofiltration 

(NF) or reverse osmosis membrane (RO) surfaces and their uncontrolled release. The 

hydrogen bonding mechanism was, however, proposed merely as a plausible 

speculation which was largely based on the molecular structures of estrone and 

polyamide. In this study, Fourier transform infrared spectroscopy was used to study 

the interactions between estrone and Nylon 6,6 and a model compound, N-

methyleactamide. Experimental evidences were presented which prove that such 

bonding not only exists but functions as the predominant mechanism for the 

significant adsorption of estrone on nylon membranes. 

Furthermore, it was demonstrated that such strong chemisorption effect can be 

utilized as a new alternative method for removing estrone from water. Nylon 

microfiltration membranes are commercially available, inexpensive materials, 

primarily in the form of filter cartridges which have been widely used in water 

purification applications for solids removal. The estrone-adsorbing capability of nylon 

membranes, as reported in our work, can augment their solids removal functions by 

providing simultaneous treatment for source water that is subject to the contamination 

of estrone, such as reclaimed water. A unique feature of this method is that with a 

rapid chemisorption mechanism it can operate at low pressures with high flow rates. 

This compares favourably with other more advanced membrane processes such as NF 
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and RO which mainly rely on size exclusion and require relatively high pressures to 

operate. Other features of this method include rapid removal of estrone, effective 

membrane regeneration by alkaline or solvent washing, and low leachability in 

ambient water – an important feature for reducing the risk of unwanted release of 

estrone into treated water. 

 

3.2 Experimental 

 

3.2.1 Materials and reagents 

Nylon microfiltration membranes with 0.45-µm nominal pore size were 

supplied by GE Whatman. Details on the membrane characteristics are shown in 

Table 3.1. Estrone (3-hydroxy-1,3,5(10)-estratrien-17-one, ≥99%) and N-

methylacetamide (NMA, ≥99%) were purchased from Sigma-Aldrich. Acetonitrile 

(HPLC grade), anhydrous ethanol (analytical grade), carbon tetrachloride (analytical 

grade) and sodium hydroxide (reagent grade) were purchased from Scharlau Chemie. 

Deionized water (18 MΩ cm-1) was sourced from a laboratory Milli-Q water 

purification system. 

 

Table 3.1 Characteristics of the nylon microfiltration membrane 

Commercial Name Whatman® Nylon Membranes circles 

Material Nylon (polyamide) 6,6 

Molecular structure N
H

N
H

O

O

n
 

Nominal pore size (µm) 0.45 

Diameter (mm) 47 

Filtration area (cm2) 17.3 

Thickness (µm) 150 - 187 

Water flow rate (at 5 psi) > 60 ml/min 

Maximum temperature 135oC 

Water Contact Angle (at 20oC) 55.26o (measured) 
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3.2.2 Apparatus and estrone adsorption protocol 

A cross-flow, in-line membrane filtration system was built for estrone 

adsorption experiments, with up to three membrane units used in each experiment 

(Figure 3.1). Each unit consists of a 50-mm diameter polycarbonate filter holder 

(Sartorius Stedim Biotech) and a 47-mm diameter nylon microfiltration membrane 

installed inside. To prepare estrone feed solutions, deionized water was spiked with 

estrone (200 µg/l) and continuously stirred (250 rpm) in dark for 12 h. The solution 

was then fed into the system at 10 ml/min by a peristaltic pump (Masterflex 7016). 

Permeate was sampled (300 µl) and analyzed by high-performance liquid 

chromatography (HPLC). 

 

 

 

 

Figure 3.1 Schematic of the cross-flow membrane filtration system with modulated 

membrane units: (1) feed solution reservoir, (2) peristaltic pump, (3) pressure gauge, 

(4) filter holder (with membrane inside), (5) three-way control valve, (6) sampling 

port, (7) permeate reservoir (measuring cylinder) 
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Preparatory experiments were conducted prior to estrone adsorption 

experiments. Using one filter holder in the system with no membrane, the system 

retention volume was measured as 15 ml, with each additional filter holder increasing 

the volume by approximately 10 ml. System adsorption for estrone was negligible, e.g. 

1.5% to 3.7% for 50 ml estrone solution (200 µg/l), depending on the number of filter 

holders installed. Errors of measurements were determined using the standard 200 

µg/l estrone solution and diluted solutions with a lowest concentration of 20 µg/l. 

Deviations in estrone concentration measurements were 0.1% to 3.8% within the 

range of estrone concentrations tested. 

 

3.2.3 Membrane regeneration 

Saturated nylon membranes from estrone adsorption experiments were used for 

membrane regeneration studies. Each membrane was immersed in 20 ml membrane 

washing solution to undertake hydrothermal treatment (40oC, 60oC or 80oC), alkaline 

washing (10 mM or 1M NaOH), or solvent washing (ethanol/water: 1/4 or 1/1; v/v). A 

leachability test was also conducted by immersing a saturated nylon membrane in 20 

ml deionized water at ambient temperature (20°C). All solutions were agitated for 4 h 

(150 rpm) on a shaker. Estrone desorption was monitored by measuring the free 

estrone concentration in each solution during the process. 

 

3.2.4 Membrane reusability 

Membrane reusability was assessed by conducting five cycles of adsorption and 

membrane regeneration on a fresh nylon membrane. Optimized procedures from 

estrone adsorption and membrane regeneration experiments were followed in each 

cycle. In the first cycle, a fresh membrane was used in the in-line filtration system to 

remove estrone from 200 µg/l feed solution. After 200 ml permeate was collected, the 

membrane was removed from the filter holder and immediately regenerated in 20 ml 

solvent solution (ethanol/water: 1/1, v/v) for 30 min. The regenerated membrane was 

dried at 30oC to remove residual ethanol in the membrane, and then re-used for 

estrone removal. The membrane was installed in the filter holder with a consistent 

facing direction in each cycle. 
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3.2.5 Analysis and characterization 

 

3.2.5.1 High-performance liquid chromatography  

Solution samples were analyzed on a Shimadzu LC-20A HPLC system 

equipped with a UV detector at 205 nm. Analyses were performed at 25°C in a C18 

reverse-phase column (5 µm, 4.6 mm × 150 mm, Agilent) with 50 µl sample 

injections. Acetonitrile and deionized water were pre-mixed at 45/55 (v/v) and used as 

the mobile phase at a flow rate of 1.5 ml/min. The retention time of estrone was 

determined as 5.72 min. Calibration curves were established using the standard 

estrone solution (200 µg/l) and a series of diluted solutions with the lowest 

concentration of 5 µg/l. The 205-nm wavelength of the UV detector yielded high 

signal strength with no detectable interference from the solvents. The method has a 

limit of quantification of 5 µg/l under these conditions. Relative standard deviations 

(RSDs) from triplicate measurements were in the range of 0.23 to 4.39% within the 

concentration range tested as shown in Table 3.2.  

 

Table 3.2 Measurements of standard solutions and relative standard deviation values 

Standard Solution 

(μg/l) 

Peak Area of HPLC Sample Measurements Average RSD 

#1 #2 #3 

200 35687 35647 35803 35712 0.23%

150 23403 23505 23631 23513 0.49%

100 15250 15237 15210 15232 0.13%

50 8113 8121 8168 8134 0.37%

20 3210 3200 3071 3160 2.45%

10 1577 1489 1579 1548 3.32%

5 869 797 823 830 4.39%
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3.2.5.2 Fourier transform infrared spectroscopy  

A Perkin-Elmer Spectrum 100 FTIR spectrometer was used to analyze hydrogen 

bonding in saturated nylon membranes and in estrone/NMA complex. Attenuated 

Total Reflectance (ATR) mode was used and samples were scanned in the wave 

number range of 400 to 4000 cm-1. Minimum number of scans was 16 with a 

resolution of 4 cm-1.  

 

3.3 Results and discussion 

 

3.3.1 Rationale and characteristics of the membrane filtration system 

A cross-flow, in-line membrane filtration system was used to study the 

adsorption of estrone in nylon microfiltration membranes. The apparent deviation 

from conventional static adsorption or column test was based on two considerations. 

First, apart from NF/RO membranes, nylon microfiltration filter cartridges represent 

the most commonly used nylon products for water-treatment related applications. 

These filter cartridges are typically built with nylon microfiltration membranes 

supported on polymeric cylinders, and operate in cross-flow mode [115]. As the 

configuration of our system mimics such operations, the results would bear more 

environmental relevance compared to conventional static adsorption or column test. 

Secondly, the adsorption of estrone in nylon membranes is a heterogeneous process 

which requires multiple mass transport steps including solution-phase transport, 

surface diffusion, internal pore transport, and adsorption [116]. The solution-phase 

transport is comparatively slow and often presents as the rate-limiting step in the 

process. The membrane filtration system can overcome this issue by forcing liquid-

phase solutes into contact with membrane surface and through its pore microstructures. 

Meanwhile, the short contact time can be offset by rapid solute/membrane interactions, 

which was proved to be the case in our system. 

 

3.3.2 Estrone adsorption 

Figure 3.2 shows the percentages of estrone adsorption in relation to the volume 

of accumulated permeate output under single, dual or triple membrane system 

configurations. The percentage of estrone adsorption was calculated by comparing the 
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concentration of residual estrone in a permeate sample (C) against the concentration 

of the feed solution (C0). The most notable feature, as observed in the first 60 -160 ml 

permeate under different system configurations, is the rapid and complete removal of 

estrone from the feed solution. As more feed solution passed through, residual estrone 

started to appear in permeate with the concentration gradually rising and approaching 

a plateau. It is important to mention that the amounts of clean permeates produced by 

these membranes, which may seem rather modest in Figure 3.2, are in fact quite 

substantial considering the small membrane surface area (17 - 52 cm2) in our system. 

Nylon microfiltration filter cartridges for domestic or industrial uses are typically 

available as 10" (0.25 m) to 40" (1.0 m) units, which can provide an effective 

filtration area of 0.65 m2 (10") to 2.6 m2 (40") in each unit [115]. Using the data 

derived from Figure 3.2 (ca. 35 litres of clean permeate per m2 membrane), a 40" 

nylon cartridge can produce approximately 91 litres of clean permeate from 200 µg/l 

estrone solution. Hollow-fibre type nylon membranes for industrial uses can provide 

even larger surface areas in units of comparable sizes, which would further improve 

the treatment capacity and may work as a "sink" for estrone contaminants in water. 

 

 

Figure 3.2 Removal of estrone from water using 47 mm diameter, 0.45-µm nylon 

microfiltration membranes in the cross-flow membrane filtration system. Feed 

concentration (C0): 200 µg/l; flux: 10 ml/min; trans-membrane pressure: 0.4 – 0.6 psi 

(2.8 - 4.1 kPa); temperature: 20ºC. 
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3.3.3 Adsorption mechanism 

To investigate the underlying mechanism, principles of membrane filtration are 

briefly reviewed here. Common mechanisms of compound retention in a membrane 

system include size exclusion, electrostatic interaction, physical adsorption and less 

commonly, chemisorption. Size exclusion was not expected to occur in our system as 

the membrane pore size (450 nm) is 500 times larger than the size of estrone 

molecules (ca. 0.8 nm) [7]. Electrostatic interactions would also be limited as estrone 

molecules only undertake minimal dissociation in pH-neutral conditions, as shown by 

its high acid dissociation constant (pKa = 10.3) [117]. Furthermore, Schäfer et al. [32] 

provided a speciation graph for estrone, which showed that estrone molecules would 

mostly remain un-disassociated (hence uncharged) below pH 8. Meanwhile, 

electrokinetic studies on Nylon 6,6 showed that it would only become positively-

charged in extreme acidic environments (e.g. pH < 4) [118, 119]. This further implies 

that any electrostatic interactions between estrone and the membrane, if occurred at all, 

would be electrostatic repulsion in neutral conditions. Physical adsorption and 

hydrophobic partitioning may occur in our system, although the latter was expected to 

be insignificant due to the hydrophilicity of Nylon 6,6 and high hydrophobicity of 

estrone (log Po/w = 3.1) [5]. The surface hydrophilicity of the membrane was verified 

by water contact angle measurement (55o) in this study (Figure 3.3). Physical 

adsorption driven by van der Waals force may have occurred given the porous 

structure of the membrane. However, a direct comparison with a membrane with an 

identical nominal pore size and an inert material (glass microfibers) clearly indicate 

that the contribution of physical adsorption to the overall estrone adsorption was 

likely to be very limited (Figure 3.4). 

The discussion above leads us to investigate the possibility of a strong 

chemisorption mechanism between estrone and nylon. A closer look at the results in 

Figure 3.2 suggests that the two-stage adsorption profile may be the result of a 

predominant chemisorption mechanism with relatively weak physical adsorption. The 

chemisorption mechanism may originate from the fact that estrone molecule has a 

terminal hydroxyl group (-OH) attached to the aromatic ring, which contains an active 

proton that can bond to the nucleophile carbonyl group (-C=O) in the amide group    

(-C=O···H-N-) of Nylon 6,6, forming a hydrogen bond. Although hydrogen bonds are 
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generally weaker than covalent bonds, they are much stronger than van der Waals 

forces that drive the physical adsorption. The occurrence of such hydrogen bonding 

would, therefore, dictate the estrone adsorption process in nylon membrane, which 

would then explain the rapid and complete adsorption for estrone in the initial stage. 

 

 

Figure 3.3 Water contact angle (55.26º) on the 0.45-µm nylon microfiltration 

membrane surface, measured on a contact angle goniometer (KVS CAM 101). 

 

 

Figure 3.4 Removal of estrone from 200 µg/l estrone solution using 25 mm diameter, 

0.45-µm glass microfiber and Nylon 6,6 membranes 
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In a recent study, Kuo reviewed various techniques for characterizing hydrogen 

bonds in polymers, and concluded that the most sensitive and common method is 

infrared spectroscopy [110]. FTIR analysis was therefore used in this study to 

investigate the interactions between estrone and nylon membranes. Figure 3.5 shows 

the FTIR spectra of clean and estrone-saturated nylon membranes. A notable 

difference in the relative intensity of the Amide I band can be seen in Figure 3.5. 

Amide I band corresponds to the stretching vibration of -C=O on the amide group     

(-CO-HN-) of Nylon 6,6. A key feature of nylon is its highly cross-linked molecular 

structure that is connected by intra- and inter-molecular hydrogen bonds. This is 

evident from the reduced peaking frequency (1631 cm-1) of Amide I band. The peak 

of free -C=O stretching vibrations, which normally appears in the 1700 cm-1 region, is 

barely visible in Figure 3.5.  The Amide I band is predominantly contributed by the 

restricted stretching of hydrogen-bonded -C=O in Nylon 6,6. A significant reduction 

of its intensity in relation to Amide II (-C=O bending) and Amide A (-NH stretching) 

bands suggest that certain changes have occurred to these -C=O groups in their inter-

molecular hydrogen bonds (-C=O···H-N-) as a result of estrone adsorption. As shown 

in Figure 3.5(d), the intensity of the Amide I band was restored after estrone was 

desorbed from the membrane in anhydrous ethanol. One possible scenario was that 

the active terminal -OH groups on estrone competed with -NH groups for those 

nucleophile -C=O groups in nylon and resulted in the cleavage of weak intermolecular 

hydrogen bonds, followed by the substitution of estrone molecules and formation of 

new hydrogen bonds between estrone and nylon. 

One may still argue that the proposed mechanism lacks some support from the 

observation on the Amide A band, where no significant changes can be seen after 

estrone adsorption. The rationale is that, if -NH groups in those weak inter-molecular 

hydrogen bonds were substituted by estrone molecules, they should be released and 

become free -NH groups, and for that a new peak would arise in the upper 3400 cm-1 

range. A complication in our system was that the Amide A band was interfered by 

significant water peaks in this region, which had been subtracted from the FTIR 

spectra for clarity. Also, let us not forget that these free -NH groups, once released, 

could react with other hydrogen donor species present in the system, such as water or 
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even the C=O group on the cyclopentane ring of estrone molecule, forming new 

hydrogen bonds. 

 

Figure 3.5 FTIR spectra of the 0.45-µm Nylon 6,6 membranes. (a) clean membrane 

(rinsed and dried); (b) after adsorption in the membrane filtration system (200 µg/l 

estrone feed solution, 200 ml permeate); (c) after static adsorption (650 µg/l estrone 

solution, 500 ml); (d) after washing in anhydrous ethanol (200 ml, 12 h) 

 

To further investigate the estrone-nylon interactions, a model compound, N-

methylacetamide (NMA), was used for FTIR analysis. NMA is the simplest 

compound that contains an amide group in its molecule (Figure 3.6). It serves two 

purposes in our study. First, as a model compound it can substitute Nylon 6,6 which 

has a complex polymeric molecular structure. Secondly, NMA itself is a good solvent 

for estrone so that estrone and NMA can interact thoroughly in a homogenous 

environment, without the interferences from water or other organic solvent. 

CH3

O

NH CH3 

N
H

N
H

O

O

n
 

(a) (b) 
 

Figure 3.6 Molecular structure of (a) N-methylacetamide (NMA) and (b) Nylon 6,6 
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Figure 3.7 shows the changes in the FTIR spectrum of NMA after mixing with 

estrone. The result indicates that -NH groups in weak hydrogen bonds (-C=O···H-N-) 

between NMA multimers can be substituted by terminal -OH groups on estrone 

molecules. A corresponding increase of the Amide II band in the 3400 - 3600 cm-1 

region further indicates that, in the absence of other hydrogen donating species (e.g. 

water) in the system, the -NH groups released from the hydrogen bonds in NMA 

multimers remained as free -NH groups. This implies that these free –NH groups were 

unable to interact with the -C=O group on the cyclopentane ring of estrone molecule. 

Base on the discussions above, an illustration of the interactions between estrone and 

nylon membrane in aqueous solutions is shown in Figure 3.8. 

 

3.3.4 Membrane regeneration and reusability 

An important advantage of polymeric adsorption compared to the physical 

adsorption processes (mostly activated-carbon based) is the ease of adsorbent 

regeneration [120]. In our study, membrane regeneration methods were developed in 

respect to the underlying adsorption mechanisms, the characteristics of the membrane, 

and the physiochemical properties of estrone. Preferences were also given to those 

methods which are commonly used for membrane cleaning in the industry. 

Hydrothermal treatment (40oC, 60oC and 80oC), alkaline washing (10 mM NaOH, pH 

12; 1M NaOH, pH 14) and solvent washing (ethanol/water = 1/4 and 1/1; v/v) were 

selected to aid estrone desorption from nylon membranes. A control experiment was 

conducted in ambient water (20°C) to investigate the leachability of adsorbed estrone 

on saturated membranes and provide a basis for assessing the efficacy of each aided 

desorption process. 

A normalized ratio (md/ma) was used to quantify the amount of estrone 

desorption, where md represents the amount of free estrone in the membrane washing 

solution and ma is the amount of estrone originally adsorbed on the membrane. The 

mass-balance equation can be used to determine ma after each estrone adsorption 

experiment: 

                           m V ∙ 	C 	V ∙ 	C 	m m ∑v ∙ 	c             (3.1) 

where Vf is the volume of feed solution that entered the system, C0 is the 

concentration of feed solution; Vp is the volume of permeate collected in the reservoir, 
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Cp is the concentration in permeate reservoir; mr is the amount of estrone contained in 

system retention volume; ms is system adsorption (pre-determined); and vs and cs are 

the volume and concentration of each permeate sample, respectively. The last three 

items were calculated to be negligible and were neglected in desorption calculations. 

 

 

 

Figure 3.7 Comparison of Amide A, I and II bands in normalized FTIR spectra of 

NMA and NMA/estrone complexes  
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Figure 3.8 Illustration of the interactions of estrone and Nylon 6,6 membrane in aqueous solutions 
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3.3.4.1 Hydrothermal treatment 

The rationale of hydrothermal treatment is that hydrogen bonding between 

water molecules can be broken by supplying energy, as evidenced in the phenomenon 

of water boiling near 100°C. Another fact supporting hydrothermal treatment is that 

wrinkles on cellulose-based fabrics can be flattened by ironing with water steam, 

which essentially involves the cleavage of hydrogen bonds in wrinkled fabrics by heat 

and formation of new hydrogen bonds. In our case, it was expected that intensified 

movements of water molecules could interfere with the hydrogen bonds between 

estrone and nylon membrane at elevated temperatures. Hydrothermal treatment is also 

one of the standard membrane-cleaning processes and used in many water treatment 

plants, for its advantage of simple system design and no chemical addition. 

The temperature for the hydrothermal treatment is limited by the tolerance of 

the membrane and naturally, the boiling point of water. The membrane itself can 

tolerate up to 135oC, however, a maximum working temperature of 80oC was 

considered safe for extended exposure. Figure 3.9 shows the results of estrone 

desorption under each condition, with the exception of the result at 80oC which was 

not shown as estrone showed signs of degradation. The significant vaporization at 

80oC also caused difficulties to quantify the amount of free estrone in the treatment 

solution. The results show that hydrothermal treatments at 40oC and 60oC were only 

moderately effective. The highest percentage of desorption (63%) was obtained at 

60oC after 4 h of treatment, which was considered unsatisfactory for membrane 

regeneration. Perhaps a more important result is that the saturated membrane showed 

very low level of leachability (6%) in ambient water. The actual amount of estrone 

desorption could be less, as the membrane was only drip-dried after estrone 

adsorption and still contained a small amount of residual estrone solution inside. The 

low leachability in clean ambient water implies that the estrone adsorbed on nylon 

membranes has low risks of leaching into treated water even if the concentration of 

estrone fluctuates wildly in feed solution. 
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Figure 3.9 Estrone desorption from saturated nylon membranes under hydrothermal 

treatments and in ambient water (20°C) 

 

3.3.4.2 Alkaline and solvent washing 

A 10 mM NaOH (pH 12) solution was firstly used for membrane regeneration. 

This is based on the fact that estrone molecule undergoes near-complete 

deprotonation at pH 12 and becomes negatively charged anions [32]. The 

deprotonation of estrone molecules was expected to result in the cleavage of estrone-

nylon hydrogen bonds. As the nylon membrane is also negatively-charged at pH 12, 

electrostatic repulsion would occur between the deprotonated estrone and the nylon 

membrane, which would prevent their further interactions. A higher pH (pH 14) was 

further used to investigate the effect of a pH increase beyond pH 12. Membrane 

washing was also conducted in ethanol-water solutions based on the high octanol-

water partitioning coefficient (log Po/w = 3.1) of estrone. Sparingly soluble in water, 

estrone has high solubility in several organic solvents, including ethanol [121]. It was 

expected that a strong partitioning effect combined with the presence of a competing 

hydrogen-donor (ethanol) could destabilize the estrone-nylon hydrogen bonds and 

attract the adsorbed estrone into the ethanol-water solution. 

The results in Figure 3.10 show that both methods are highly effective in 

facilitating estrone desorption. The significant desorption at pH 12 supports our 
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hypothesis that a sufficiently high pH that can trigger the deprotonation of estrone 

molecules could result in the cleavage of estrone-nylon hydrogen bonds. It is also 

found that a further increase in pH only had minimal effects on estrone desorption. 

The rapid and thorough estrone desorption by solvent washing was a particularly 

satisfying result. As the ethanol/water ratio increased from 1/4 to 1/1, the maximum 

estrone desorption increased marginally, i.e. from 89% to 95% after 4 h of treatment. 

However, the time to reach desorption equilibrium shortened significantly from 2 h to 

30 min. The results support our earlier assumption that the strong partitioning of 

estrone in an compatible organic solvent can facilitate its desorption from nylon 

membrane. While estrone molecules are attached to the nylon membrane via 

hydrogen bonds, their strong partitioning in the solvent phase imposes an attracting 

force via the aromatic rings on estrone molecules in an opposite direction. In addition, 

ethanol molecules also contain terminal -OH groups which can act as hydrogen 

donors and compete for the nucleophile -C=O groups on nylon membrane. 

 

 

Figure 3.10 Estrone desorption from saturated nylon membranes in alkaline solutions 

(10 mM NaOH, pH 12; 1 M NaOH, pH 14) and solvent solutions (ethanol/water = 1:4, 

1:1; v/v) at ambient temperature (20°C) 
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3.3.4.3 Membrane reusability 

Membrane reusability was assessed by conducting five cycles of adsorption and 

membrane regeneration on one nylon membrane. As shown in Figure 3.11, the 

membrane maintained a highly consistent adsorption capacity for estrone during five 

cycles of reuse. The fluctuations were likely to be the result of measurement errors 

and small amounts of residual estrone in the membrane after regeneration. The results 

indicates that the estrone adsorption on nylon membrane is a truly reversible process; 

and the repeated hydrogen bonding and debonding with estrone did not have any 

permanent effect on the adsorption capacity of the membrane. 

 

 

Figure 3.11 Removal of estrone from water in the cross-flow membrane filtration 

system by re-using one 47 mm diameter, 0.45-µm nylon microfiltration membrane for 

5 cycles. Feed concentration (C0): 200 µg/l; flux: 10 ml/min; trans-membrane 

pressure: 0.4 - 0.6 psi (2.8 - 4.1 kPa); temperature: 20ºC. 
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3.4 Summary 

 

The results and implications of this study are summarized as follows. 

 Estrone can be rapidly removed from water using nylon microfiltration 

membranes via a chemisorption mechanism that originates from the 

hydrogen bonding between terminal -OH groups on estrone molecules and –

C=O on the amide groups (-CO-NH-) in Nylon 6,6. 

 Estrone adsorbed on nylon membrane showed very low leachability in 

ambient water. Saturated nylon membranes can be regenerated by alkaline 

(NaOH) washing or solvent (ethanol/water) washing. 

 The nylon membrane showed highly consistent adsorption capacities for 

estrone during a five-cycle reusability test.  

 The chemisorption-based polymeric adsorption may provide a new 

alternative approach for removing estrone contaminant from water. The 

underlying mechanism of the process also implies that it may be extended 

for removing other steroid estrogen contaminants or phenolic compounds 

from water. 

 



 

 

 

 

CHAPTER 4 

Degradation of Estrone in Water by ZnO 

Photocatalyst under Artificial UV and Solar 

Irradiation: Efficacy Assessments and 

Superior Activity to TiO2 
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CHAPTER ABSTRACT 

ZnO was studied as a photocatalyst for degradation of estrone, a representative steroid 

estrogen contaminant in effluents from wastewater treatment facilities, in comparison with a 

benchmark photocatalyst (Aeroxide® TiO2 P25). The results showed that slurry-type ZnO 

photocatalysis was highly efficient in decomposing estrone in water under UV. With minimal 

direct photolysis observed, solar irradiation was found to be a more efficient UV source than 

the 18W UVA lamp with both ZnO and P25® TiO2 photocatalysts. Dissolution of ZnO 

photocatalyst, predominantly driven by the aqueous solubility of ZnO, occurred during 

photocatalytic degradation but could be effectively suppressed by pH adjustment. Despite its 

lower specific surface area and inferior dispersion in water, the ZnO photocatalyst 

consistently exhibited superior photocatalytic activity to P25® TiO2. The origin of the 

superior activity of ZnO was further studied. Diffuse reflectance spectroscopy measurements 

showed that ZnO exhibited markedly higher UV absorption than P25® TiO2 in the 

wavelength range of 320 - 370 nm, which corresponded to its superior photocatalytic activity 

particularly under weak UVA irradiation. The results indicate that the superior photocatalytic 

activity of ZnO is intrinsic and non-selective to estrone. 
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4.1 Introduction 

 

Chemisorption-based polymeric adsorption, as introduced in Chapter 3, provides an 

efficient alternative method for removing estrone contaminant from water. In this process, 

trace levels of estrone is first captured on polymeric adsorbents (polyamide membranes), and 

estrone adsorbate is collected as a concentrate during membrane regeneration in the next 

stage. The residual estrone still presents as a potential environmental hazard, which requires 

further treatment for ultimate safe disposal. 

Photocatalytic degradation has emerged as a promising method among a number of 

advanced oxidation technologies, particularly for degrading persistent organic chemicals that 

cannot be adequately treated by conventional biological treatment processes. Semiconductor 

photocatalysis, mostly based on TiO2, relies on highly reactive oxidant species generated on 

photocatalyst materials under appropriate optical excitation. Due to its small particle size 

(~21 nm) and high photocatalytic activity, P25® TiO2 has been virtually used a standard 

photocatalyst in slurry-type photocatalytic degradation systems. Specifically, the efficacy of 

P25® TiO2 photocatalyst has been studied for the degradation of emerging steroid estrogen 

contaminants in water, including estrone and 17β-estradiol [36, 37, 122]. 

In our earlier experimental work we observed markedly increased degradation rates of 

estrone when P25® TiO2 was replaced by ZnO photocatalysts. The results were rather 

unexpected as the ZnO photocatalyst used was known to have a lower specific surface area 

and inferior dispersion in water. The superior activity of ZnO was noted in some studies [51-

53]; however, a clear understanding on the seemingly exceptional activity of ZnO 

photocatalysts has not been reported up to this date. Those earlier findings have led me to 

conduct a more detailed study on ZnO photocatalyst to assess its efficacy for degradation of 

steroid estrogen contaminants.  

This chapter reports the findings from a systematic study on the efficacy of ZnO 

photocatalyst for degradation of estrone in water. The performance of ZnO photocatalyst was 

assessed in a slurry-type photocatalysis system under artificial UVA and solar irradiation. 

The ZnO photocatalyst was comparatively studied with a benchmark TiO2 photocatalyst, 

Aeroxide® TiO2 P25 (P25® TiO2), and using estrone decomposition rate as an indicator of 

their photocatalytic activity. Direct photolysis of estrone was monitored under each UV 

irradiation source. The origin of the superior photocatalytic activity of ZnO was investigated 

by measuring UV absorption on ZnO and TiO2 photocatalysts. 
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4.2 Experimental 

 

4.2.1 Materials and reagents 

Estrone (3-hydroxy-1,3,5(10)-estratrien-17-one, ≥99%) was purchased from Sigma-

Aldrich. Zinc oxide nanopowder was purchased from Sigma-Aldrich. Fumed titanium 

dioxide (Aeroxide® TiO2 P25, Evonik Industries) was supplied free of charge and used as the 

benchmark photocatalyst. The specific surface area was 15 - 25 and 50 m2/g for ZnO and 

P25® TiO2, and the particle size was <100 nm and 21 nm, respectively. Deionized water (18 

MΩ cm-1) was supplied by a laboratory Milli-Q water purification system. Acetonitrile 

(HPLC grade) and sodium hydroxide (reagent grade) were supplied by Scharlau Chemie S.A. 

 

4.2.2 Photocatalytic degradation protocol 

Deionized water was spiked with estrone to prepare a 0.6 mg/l estrone aqueous solution. 

To dissolve estrone solids, the mixed solution was stirred at 250 rpm in dark for 24 h before 

use. Photocatalytic degradation was conducted in a quartz vessel under UV irradiation and 

continuous magnetic stirring (250 rpm). A total of 200 ml estrone solution was transferred 

into the vessel, and photocatalyst particles were added into the solution at a pre-set catalyst 

loading. The fineness of photocatalyst particles and simultaneous stirring enabled immediate 

dispersion of photocatalysts in the solution, forming an opaque slurry. A 45-min period of 

pre-adsorption in dark was allowed before transferring the slurry under UV irradiation. 

Samples were collected intermittently during the pre-adsorption and photocatalytic 

degradation process. Each sample was centrifuged for 20 min at 14,600 rpm on a bench-top 

centrifuge (5417C, Eppendorf), and supernatants were extracted for chromatographic analysis. 

Artificial UVA irradiation was provided by an 18W UV lamp (nominal peak: 365 nm, 

Osram). The distance from the solution (when stagnant) to the lamp was set as 10 cm (12.5 

cm to illuminating UV tube) as necessary to reduce heat generation and for sample collection. 

Photocatalytic degradation under solar irradiation was conducted on a clear day from 13:00 to 

14:00 (local time). The reactor was placed on a roof in the University campus (S36o 51.179′; 

E174o 46.177′) with an unobstructed view to the sky. Spectra of the artificial UVA and solar 

irradiation were determined by a UV-Vis spectroradiometer (PS-200, Apogee Instruments) at 

a resolution of 0.5 nm. Direct photolysis of estrone was monitored under each irradiation 

source in the absence of photocatalysts. 
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4.2.3 High performance liquid chromatography 

Samples from reacting solutions were analyzed on a HPLC (Agilent 1100) equipped 

with a UV detector at 205 nm. The analysis was performed in a C18 reverse phase column (5 

µm, 4.6 × 150 mm, Agilent) at 25°C with 50 µl sample injection. Acetonitrile and deionized 

water were mixed at a volumetric ratio of 45:55 and used as mobile phase at a flow rate of 1.0 

ml/min. The retention time of estrone solute was determined to be 8.56 min. 

 

4.2.4 Atomic absorption spectroscopy 

Concentrations of free zinc ions in reacting solutions were determined by flame atomic 

absorption spectroscopy (Varian SpectrAA 50). Samples were filtered by 0.45-μm glass 

microfiber syringe filters (Whatman GF/D) and acidified prior to analysis. 

 

4.2.5 Diffuse reflectance spectroscopy 

The UV absorbance of ZnO and P25® TiO2 particles were measured on a UV-Vis-NIR 

Spectrophotometer (Shimadzu UV-3600) equipped with an integrating sphere. Sample 

powders were placed in the reflectance cell and scanned in the wavelength range of 300 to 

700 nm using barium sulphate as reference 

 

4.3 Results and Discussion 

 

4.3.1 Photocatalysis under artificial UVA radiation 

 

4.3.1.1 Potential direct photolysis 

Photocatalytic degradation of organic compounds may actually comprise both 

photocatalysis and direct photolysis, and the latter may become significant particularly under 

short-wave UV (UVC) radiation. The potential photolysis of estrone under UVC radiation 

would induce unwanted complication in our study and render it difficult to evaluate the 

efficacy of ZnO photocatalysis for estrone removal. In this study, the degradation of estrone 

aqueous solution (0.6 mg/l) was conducted under UVA radiation using an 18W UV lamp 

with a rated peak wavelength of 365 nm. It was expected that the relatively long wavelength 

and hence low energy level of UVA photons was inadequate to trigger direct photolysis of 

estrone molecules but still sufficient to activate the photocatalysis mechanism for ZnO [69]. 
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The duration of UV radiation was set as 60 min to ensure that sufficient UV radiation was 

available for various photocatalytic degradation processes. 

Figure 4.1 shows the output spectrum of the 18W UV lamp. The radiation was 

collected at a distance of 16 cm below the geometric centre of the illuminating lamp, and 

characterised by a spectroradiometer. The spectrum spans a relatively broad band in the 

UVA-Vis region between 330 and 440 nm, and peaked at 370 nm at a radiation intensity of 

0.2 W/m2. Negligible radiation is shown below 330 nm, reassuring that no short-wavelength 

UV is emitted from the lamp. The collective radiation intensity to activate ZnO photocatalyst 

was 2.1 W/m2, which was calculated by the area integral below the threshold wavelength of 

370 nm [123]. It was found that, in the absence of photocatalyst, estrone did not undergo any 

appreciable decomposition under such UVA radiation (Figure 4.2). The fluctuation in the 

estrone concentrations is a reflection of measurement errors, which was caused by the low 

solute concentration and the particular quantification method. This result is in line with the 

studies by Nakashima et al. [124] and Feng et al. [125], where direct photolysis of estrone 

was found to be minimal under UV-Vis radiation. Substantial photolysis of estrone was 

reported under 125 W high-pressure UVA mercury lamps in two other studies [122, 126]. 

However, this apparent contradiction may be explained by the fact that medium- or high-

pressure mercury lamps generally emit very broad spectra bands covering UVC to UVA 

regions [127, 128].  

 
Figure 4.1 Emission spectrum of an 18W UVA lamp characterised by a spectroradiometer 
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4.3.1.2 Photocatalytic degradation with ZnO photocatalyst 

It is understood that photocatalytic degradation rate tends to increase with catalyst 

loading. As more photocatalyst particles become available in the solution, a larger contact 

area will be provided for photocatalysts and target compounds, which fundamentally 

facilitates the heterogeneous photocatalysis mechanism. The presence of more photocatalyst 

particles, however, also results in lower UV transmissivity in the solution due to the increased 

UV light scattering and adsorption on photocatalyst particles. High contents of photocatalyst 

particles in the solution may cause a substantial drop of UV transmissivity, and thereby 

inhibit photocatalysis mechanisms in areas further away from the radiation source. An 

optimal range of catalyst loadings often exist in slurry-type photocatalysis systems. Results in 

relevant studies were consulted for an appropriate range of catalyst loadings, which were 

found to be highly variable.  

Sakthivel et al. [43] used 0.5 to 3.0 g/l ZnO and TiO2 photocatalysts to degrade 5 × 10-4 

mol/l azo dye, and obtained the highest degradation rate with 2.5 g/l photocatalyst for both 

ZnO and TiO2. In an effort to degrade 7.65 × 10-5 mol/l antibiotic tetracycline in water, 

Palominos et al. [129] trialled a range of catalyst loadings from 0.2 to 1.5 g/l and concluded 

that the optimal catalyst loading was 1.0 g/l for ZnO and 1.5 g/l for TiO2. Daneshvar et al. [51] 

obtained the highest photo-degradation efficiency on Acid Red 14 with 0.16 g/l ZnO 

photocatalyst. In this study, the influence of catalyst loading on estrone degradation was 

investigated by using four different catalyst loadings ranging from 0.01 to 1.0 g/l. This wide 

range of catalyst loading was intended to encompass the optimal catalyst loading range in our 

system. 

Figure 4.2 shows the degradation of the initial estrone using ZnO photocatalyst under 

artificial UVA radiation. Rapid degradation of estrone was observed at all catalyst loadings. 

The negligible effect of direct photolysis indicates that such rapid estrone degradation should 

be solely attributed to ZnO photocatalysis. At the lowest catalyst loading (0.01 g/l), the 

decomposition percentage reached 90% within 30 min. The estrone degradation process 

accelerated significantly as the catalyst loading increased to 0.5 g/l, where complete 

decomposition of estrone was achieved in merely 10 min. Our findings support the view that 

ZnO is a highly active photocatalyst responsive to UVA radiation, and shows that slurry-type 

ZnO photocatalysis is highly effective for degrading estrone in aqueous solutions.  

An interesting reversal of trend was observed for both ZnO and P25® TiO2 

photocatalysts as the catalyst loading increased further to 1.0 g/l, suggesting that the benefit 
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of a larger catalyst/compound contact area was entirely offset by the deteriorated UV 

transmissivity in the solution.  This could also be substantiated by our visual inspection that 

at 1.0 g/l catalyst loading the reacting solution had become very opaque. This result conforms 

to the general view that catalyst loadings ought to be investigated and set in a certain range in 

order to achieve optimal efficiency in slurry-type photocatalysis systems. 

 

Figure 4.2 Degradation of estrone in aqueous solutions (0.6 mg/l) under UVA (365 nm) 

radiation using ZnO photocatalyst 

 

4.3.1.3 Photocatalytic degradation with P25® TiO2 photocatalyst 

The benchmark P25® TiO2 photocatalyst was used in this study to provide a reference 

to evaluate the performance of the ZnO photocatalyst. Photocatalytic degradation 

experiments were conducted using P25® TiO2 in parallel to the ZnO photocatalyst under 

identical reaction conditions. The results are shown in Figure 4.3. A direct comparison to the 

results in Figure 4.2 shows that, despite its much smaller specific surface area (15 – 25 vs. 50 

m2/g), ZnO photocatalyst consistently exhibited superior photocatalytic activity to P25® TiO2. 

This was observed under all catalyst loadings with the exception of 1.0 g/l, at which either 

ZnO or P25® TiO2 appeared to be overdosed in the system causing negative effects on 

estrone degradation.  
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Figure 4.3 Degradation of estrone in aqueous solutions (0.6 mg/l) under UVA (365 nm) 

radiation using P25® TiO2 photocatalyst 

 

To enable a quantitative comparison of degradation rates, the data in Figures 4.2 and 

4.3 was fitted to a pseudo-first-order kinetics model [130]. Reaction rate constants were 

calculated and listed in Table 4.1. It is shown that the estrone decomposition rate was up to 

3.0 times higher with ZnO photocatalyst compared to P25® TiO2. The observed superior 

activity of ZnO photocatalyst shows similarity to the results reported in Palominos et al. 

study [129], in which significantly higher degradation efficiency of the antibiotic tetracycline 

was obtained using ZnO photocatalyst compared to P25® TiO2. The difference of 

photocatalytic activity between ZnO and P25® TiO2 may be attributed to the fact that ZnO 

photocatalyst have higher production rates of hydrogen peroxide in water [131], and also the 

fact that the oxidation on P25® TiO2 is attributed to the direct holes and participation of 

hydroxyl radical, while for the degradation on ZnO the hydroxyl radical is more important 

[129].  
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Table 4.1 Reaction kinetics of estrone photocatalytic degradation processes 

Radiation Source 
Catalyst 

Loading (g/l) 

Reaction Constant (min-1)

ZnO P25® TiO2 

UVA radiation (18W) 

0.01 0.074 0.025 

0.05 0.124 0.049 

0.50 0.362 0.176 

1.00 0.080 0.112 

Solar radiation 0.05 0.337 0.328 

UVA radiation (18W), pH unadjusted (6.8) 0.05 0.113 NA 

UVA radiation (18W), pH adjusted (10) 0.05 0.189 NA 

 

4.3.2 Dissolution of ZnO photocatalyst 

Dissolution and photo-dissolution are potential concerns for ZnO photocatalysts, 

particularly in environmental related applications. The dissolution of ZnO photocatalyst not 

only leads to gradual catalyst inactivation but may cause secondary pollution by releasing 

free zinc ions into treated water. A few recent studies have reported activity deterioration of 

ZnO photocatalysts, where this phenomenon was generally ascribed to the dissolution and/or 

photo-dissolution of ZnO. Hidaka et al. [72] found that ZnO initially exhibited higher 

photocatalytic activity than TiO2 for the dechlorination of polyvinylchloride, but the 

degradation by ZnO rapidly levelled off to a plateau and became lower than that by TiO2. 

Similar results were reported in Neppolian et al.’s study [73], in which the authors observed 

partial inactivation of ZnO photocatalysts and ascribed it to incongruous dissolution yielding 

Zn(OH)2 on ZnO surface and possible self-oxidation induced photo-dissolution of ZnO. 

Lathasree et al. [74] studied the reusability of ZnO photocatalysts and found that they 

underwent slight photo-dissolution after two hours of reaction.  

To provide an unbiased and systematic performance evaluation, the dissolution of 

ZnO photocatalysts was quantitatively measured under all appropriate catalyst loadings. 

Concentrations of free zinc ions were measured in the solution after a complete cycle of pre-
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adsorption and photocatalytic degradation, with one additional sample taken after 30 min of 

radiation in each reaction. The results are shown in Figure 4.4. It is evident that ZnO had 

undergone gradual dissolution in each estrone degradation process. The dissolution was 

particularly high at the lowest catalyst loading (0.01 g/l) in terms of percentages, i.e. 50.9% 

and 52.2% after 30 and 60 min radiation, respectively; and became relatively insignificant 

(1.3% and 1.6%) at a higher catalyst loading (0.5 g/l). The results indicate that ZnO 

dissolution might have reached a plateau that was governed by ZnO aqueous solubility 

(dissolution) and incident UV intensity (photo-dissolution). However, it should also be noted 

that the overall range of 5 to 8 mg/l free zinc ions leaching into the solution is already high 

enough to be concerned. This provides further evidences that the dissolution of ZnO 

photocatalysts is a valid concern in slurry-type photocatalysis systems. Should environment-

related applications are sought for ZnO photocatalyst, such effects will need to be mitigated 

with the risks being made aware. The phenomena and underlying mechanisms of ZnO 

dissolution have been further studied and the findings are presented in Chapter 5. 

 

 

Figure 4.4 Free zinc ion concentrations in estrone solutions after photocatalysis under UVA 

(365 nm) radiation 

 

4.3.3 Effect of pH 

The amphiprotic nature of ZnO implies that its aqueous solubility is highly dependent 

on the pH of the environment. The pH of the reacting solution was pre-adjusted to 10, which 

was considered as the optimal pH level to achieve minimum ZnO dissolution in water [132]. 

The median catalyst loading (0.05 g/l) was selected from the results in Figure 4.4 and used in 
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this investigation. Figure 4.5 shows the dissolution of ZnO photocatalysts with and without 

the initial pH adjustment in the solution. Without pH adjustment, the initial pH of the reaction 

solution was measured to be 6.8. 

As expected, the pH adjustment imposed suppressive effects on the dissolution of ZnO 

photocatalysts during the photocatalytic degradation process. The concentration of free zinc 

ions was reduced by 49% after 30 min radiation, and 37% after 60 min of radiation. To 

demonstrate the relative significance of chemical dissolution and photo-dissolution, control 

experiments were conducted in the absence of UV radiation with all other conditions 

unchanged. The results show that the contribution of photo-dissolution to the total ZnO 

dissolution is relatively small (8.5% - 23%), although such effect would be difficult to be 

completely eliminate as UV radiation is an integrate part of the photocatalysis process. The 

pH increase also resulted in increased estrone degradation due to the suppressed dissolution 

of ZnO photocatalyst, as shown in Figure 4.6. Under the same catalyst loading (0.05 g/l), the 

degradation rate was approximately 1.7 times higher than that in the solution without pH 

increase as shown in Table 4.1. This result was within expectations as less ZnO dissolution in 

the alkaline solution would lead to less catalyst inactivation. 

 

 
 

Figure 4.5 Influences of pH and UVA (365 nm) radiation on ZnO dissolution 
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Figure 4.6 Effect of pH on ZnO photocatalysis under UVA (18W) radiation 

 

4.3.4 Photocatalytic degradation under solar radiation 

Very rapid estrone degradation was achieved under solar radiation, as shown in Figure 

4.7. As direct photolysis was only minimal (8%), the rapid estrone degradation was a direct 

indication of a highly efficient photocatalytic degradation process under solar radiation. 

Compared to P25® TiO2, a higher estrone degradation rate was obtained with ZnO 

photocatalysts, though the difference appears less obvious due to the rapid estrone 

degradation in both cases. Table 4.1 further shows that, with 0.05 g/l ZnO photocatalysts, the 

estrone degradation rate was approximately 2.7 times higher under solar radiation compared 

to the result under artificial UVA radiation. Because solar radiation was originally considered 

as an alternative and less effective UV source, the significantly faster estrone degradation 

observed under solar radiation was rather unexpected. This result, however, can be 

substantiated by the characteristics of the solar radiation during the reaction. 
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Figure 4.7 Degradation of estrone in aqueous solutions (0.6 mg/l) under solar radiation 

 

Figure 4.8 shows the spectrum of solar radiation in the detection band of the 

spectroradiometer, with a magnification of the spectrum in the UV region. This spectrum 

represents the average result of three measurements during the first 30-min radiation period, 

though no significant variation was observed among those measurements. It can be seen that 

the natural solar radiation actually contained abundant UVA radiation. A comparison with the 

spectrum in Figure 4.1 reveals that the amount of UV contained in solar radiation is, in fact, 

significantly greater than that under the 18W artificial UVA lamp. By integrating the peaks 

below 370 nm wavelength, the collective radiation intensity in solar radiation was calculated 

as an impressive high level of 22.1 W/m2. This result clearly challenges the general 

perception that solar radiation is an economical but less efficient alternative UV source for 

photocatalytic degradation. In practice, solar radiation maybe preferred for uses on large 

outdoor treatment facilities or in remote areas, and its cost benefits can also promote the use 

of photocatalytic degradation technology in water remediation applications. 
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Figure 4.8 Average spectrum of solar radiation characterised by a spectroradiometer under a 

clear sky (13:00 - 14:00, 08-Apr-2010, Auckland, New Zealand). Insert is a magnification of 

the UV region. 

 

4.3.5 Superior activity of ZnO photocatalyst 

As semiconductor photocatalysts, ZnO and TiO2 share many common aspects in their 

properties, and for that the two materials are often studied in parallel. The superior activity of 

ZnO was noted in several comparative studies [51-53]; however, a clear understanding on the 

fundamental mechanism of the seemingly unusual activity of ZnO photocatalyst has not been 

achieved to this date. The P25® TiO2 photocatalyst consists of ca.75% anatase and ca. 25% 

rutile. Rutile phase is reportedly less active than anatase in photocatalysis [133], although this 

is still open for discussion [134]. Regardless, P25® TiO2 still compares favourably with the 

ZnO photocatalyst which suffered considerable dissolution at low catalyst loadings. For 

instance, at the catalyst loading of 0.01 g/l with pH unadjusted, ZnO photocatalyst suffered 

50.9% dissolution after 30 min of reaction, yet it still showed markedly superior activity to 

P25® TiO2, providing three times faster estrone decomposition. The result suggests that the 

superior photocatalytic activity of ZnO originated from its intrinsic properties. 
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By comparing the results under artificial UVA and solar irradiation, it becomes clear 

that the superior activity of ZnO photocatalyst was much more notable under the relatively 

weak UVA irradiation (18W UVA lamp), and diminished when abundant UV irradiation was 

available (solar irradiation). This leads us to the speculation that ZnO photocatalyst may 

absorb UV more efficiently than P25® TiO2, specifically in the UVA region. The UV 

absorbance on ZnO and P25® TiO2 photocatalysts was characterized by diffuse reflectance 

spectroscopy. This method is based on the Kubelka-Munk model [135] and considered 

particularly suitable for measurements on fine particles, as it distinguishes dispersed light 

(due to scattering) and optical absorption (due to electronic transitions).  

Figure 4.9 shows the normalized UV absorbance spectra on ZnO and P25® TiO2 

photocatalysts. It can be seen that the UV absorbance on ZnO photocatalyst increases rapidly 

as the wavelength decreases from 398 to 365 nm, and maintains at high levels in the sub-

365nm region. In comparison, the UV absorbance on P25® TiO2 increases more gradually as 

the wavelength decreases from 410 to 325 nm. The key difference is in the 320 – 370 nm 

regions where ZnO exhibited significantly higher UV absorbance than P25® TiO2. 

The higher UV absorbance on ZnO photocatalyst reflects more active electronic 

transitions on its surface. Photocatalysis process involves the absorption of a photon and 

subsequent transfer of an electron from valence band into conduction band, generating a hole 

in valence band. Provided that recombination does not occur, electrons and holes can undergo 

a charge transfer process to catalyst surfaces, yielding strong oxidants such as hydroxyl 

radicals (·OH) and hydrogen peroxides (H2O2) by reacting with surface-adsorbed species 

(OH- and O2). As photocatalytic degradation process relies on these oxidants to decompose 

organic compounds, the apparent activity of a photocatalyst is determined by the production 

rate of those oxidants which, in turn, is dictated by the initial absorption of photons. As a 

substantial portion of the UVA lamp emission resides in the 320 - 370 nm regions (Figure 

4.1), the higher UV absorbance of ZnO photocatalyst in this region provides the basis for its 

superior photocatalytic activity, as shown in the experimental results. 

 

 

 

 

 

 



Polymeric Adsorption of Estrone from Water and Photocatalytic Degradation by Zinc Oxide 

      

 

75 

 

 

Figure 4.9 UV absorbance of P25® TiO2 and ZnO photocatalyst 

 

4.4 Summary 

 

ZnO was studied for the first time as a photocatalyst for the degradation of a 

concentrated estrone aqueous solution (0.6 mg/l). The performance of ZnO photocatalyst was 

evaluated in a slurry-type photocatalysis system under artificial UVA and natural solar 

radiation, and further compared with the benchmark P25® TiO2 photocatalyst. Direct 

photolysis was found to be negligible for estrone under artificial UVA (365 nm) radiation, 

while rapid photocatalytic degradation was observed in the presence of ZnO photocatalysts. 

The degradation rate increased as the catalyst loading increased from 0.01 to 0.5 g/l, but 

decreased as the catalyst loading further increased to 1.0 g/l. Comparison of the reaction rate 

constants shows that ZnO photocatalysts consistently exhibited superior photocatalytic 

activity to the benchmark P25® TiO2, providing 2.1 to 3.0 times more rapid estrone 

degradation at various catalyst loadings from 0.01 to 0.5 g/l. The dissolution of ZnO 

photocatalysts was detected during photocatalytic degradation processes; however, this could 

be effectively suppressed by pre-adjusting the pH of the solution to 10. An enhanced estrone 

degradation rate was also obtained as the result of the less catalyst dissolution. 
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Very rapid estrone degradation was obtained under natural solar radiation with 0.05 g/l 

ZnO or P25® TiO2 photocatalyst. For ZnO photocatalyst, the estrone degradation rate was 2.7 

times faster in comparison to the result under the 18W UVA lamp. As the effect of direct 

photolysis was only minimal, such rapid estrone degradation should be mainly attributed to 

the highly efficient photocatalysis process under solar radiation. This was supported by the 

result that the characterised solar radiation spectrum contained abundant UVA radiation. Our 

results indicate that solar radiation is a viable alternative UV source to use for ZnO 

photocatalysis, and that slurry-type photocatalysis system based on ZnO photocatalyst is 

highly effective for the removal of estrone in water under either UVA or solar radiation. 

The superior photocatalytic activity of ZnO was observed despite that the ZnO 

photocatalyst used in the comparative study had a much smaller specific area, larger 

agglomerate size and inferior dispersion in water, compared to P25® TiO2. Measurement of 

UV absorption on ZnO and P25® TiO2 photocatalysts showed that the ZnO photocatalyst 

exhibited significantly higher optical absorption in the wavelength range of 320 to 370 nm. 

The results indicate that the superior photocatalytic activity of ZnO observed in this study is, 

in fact, not selective to estrone or those compounds reported in literature and should be an 

intrinsic feature of ZnO photocatalyst. 

 



 

 

 

 

CHAPTER 5 

Potential Dissolution and Photo-

Dissolution of ZnO Photocatalyst 

Contents published in Journal of Hazardous Materials (Han et al. 2010). 
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CHAPTER ABSTRACT 

 

Potential dissolution and photo-dissolution are important concerns for ZnO 

photocatalyst due to the possible results of catalyst inactivation and secondary 

pollution from free Zn2+. In this study, ZnO thin films were prepared and 

subsequently exposed to a series of corrosive conditions. ZnO films suffered rapid 

dissolution under: a) pH levels ≤ 5 or ≥ 11; b) 1 mM ethylenediaminetetraacetic acid 

(EDTA) solution; c) UV (λ = 254 nm). The dissolution rate of ZnO films was 

moderate at pH = 6 and decreased markedly as pH increased to 7. It continued to 

decrease as pH increased from 7 to 10, then the trend quickly reversed as pH 

increased further. The lowest dissolution rate was obtained at pH = 10, with only 1.2% 

ZnO dissolved after 24 h of exposure. Minimal dissolution was observed on ZnO 

films in neutralized 1 mM oxalate and acetate solutions. Pitting corrosion was 

observed on ZnO films after UV irradiation, which was ascribed to photo-generated 

holes on surface defect sites. The presence of hole scavengers (Na2SO3) caused 

significant suppression on ZnO photo-dissolution. This suppression effect remained in 

place until hole scavengers were completely consumed, from where the photo-

dissolution rates accelerated.  
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5.1 Introduction 

  

In many environmental applications, the stability of a photocatalyst is vital as it 

is likely to be exposed in corrosive environments. The preliminary assessment on the 

pH stability of ZnO photocatalyst, as discussed in the previous chapter, showed that 

ZnO nanopowder suffered minor to moderate degree of dissolution in aqueous 

solutions. Unlike TiO2 which is a chemically inert material, ZnO is a moderately 

active transition metal oxide and hence may be subject to dissolution or corrosion in 

some applications. In this chapter, the dissolution and photo-dissolution behaviour of 

ZnO thin films is investigated under a series of corrosive conditions. ZnO thin films 

were used as the base material, as any dissolution-induced changes on its surface 

morphology would be more visible.  

This systematic study aims to identify the occurrence, assess the extent, and 

understand the mechanisms of ZnO dissolution and photo-dissolution. The chemical 

dissolution of ZnO was studied by exposing ZnO films to a wide range of pH levels (3 

- 12) and three ligand solutions including EDTA, oxalate and acetate solutions. The 

photo-dissolution of ZnO was examined by exposing ZnO films under UV with 

different irradiation intensities. The effect of hole scavengers (Na2SO3) on ZnO 

photo-dissolution was also studied due to its relevance to photocatalytic degradation 

applications.  

 

5.2 Experimental 

 

5.2.1 Preparation 

ZnO thin films were prepared by magnetron sputtering. Microscope slides (75 

mm × 25 mm × 1 mm) were rinsed in deionised water, ultrasonically cleaned in 

ethanol and dried before used as substrates. The cleaned slides were put into a 

working chamber which had been vacuumed to 2 × 10-6 Torr and cleaned by a radio 

frequency (rf) plasma for 1 h before argon was introduced. Sputtering was conducted 

with a dc power of 0.25 A for the direct deposition from a ZnO target (99.99% purity, 

Beijing Mountain Tech). The sputtering process was continued for 30 min to obtain 

ZnO thin films with an approximate thickness of 150 nm. 
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5.2.2 Chemical dissolution 

 

5.2.2.1 Dissolution in acid and alkali solutions 

A series of water solutions with initial pH levels from 3 to 12 were used to 

investigate the influence of pH on ZnO dissolution. Initial pH levels were adjusted by 

adding HCl acid (Analytical Grade, BDH Chemicals, UK) and NaOH (Analytical 

Grade, Ajax FineChem, New Zealand). The pH levels were measured on a pH meter 

with two-decimal-place accuracy (CyberScan 510, Eutech). In each experiment, a 

ZnO film was immersed in 500 ml solution with a designated pH level between 3 and 

12. At certain time intervals, 5 ml samples were taken from the solution and filtered 

through a 0.45 µm syringe filter (BioLab, New Zealand). The concentration of 

dissolved Zn2+ in each sample was measured by Atomic Absorption Spectroscopy 

(AAS, Varian SpectrAA 50). After the reaction, the solution was acidified and stirred 

to completely dissolve the remained ZnO film on glass substrate. The original amount 

of ZnO film was calculated by measuring the Zn2+ concentration in the final solution 

as well as the samples taken from the solution during the reaction. 

 

5.2.2.2 Dissolution in ligand solutions 

EDTA (Analytical Grade, BDH Chemicals., UK), oxalic acid (Reagent Grade, 

99.5%, Scharlau Chemie S.A., Spain) and acetic acid (ACS Reagent Grade, Scharlau 

Chemie S.A., Spain) were used to investigate potential dissolution of ZnO by forming 

complexes with these ligands. Each ligand was dissolved in deionised water to 

prepare 500 ml of 1 mM ligand solution. The initial pH was adjusted to 10 to 

minimise the influence of pH on ZnO dissolution therefore the sole effect of ligand-

assisted dissolution can be measured. Oxalic acid and acetic acid quickly dissolved in 

water, while the dissolution of EDTA solids was slow prior to the pH adjustment. 

After the pH adjustment, EDTA solids completely dissolved after 30 min of 

continuous stirring. A prepared ZnO film was immersed in each ligand solution for 24 

h. Samples were taken from the solution during the reaction and filtered prior to AAS 

measurements. 
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5.2.3 Photo-dissolution 

 

5.2.3.1 Photo-dissolution without hole scavengers 

The photo-dissolution of ZnO films was studied using the apparatus illustrated 

in Figure 5.1. A 22W UV lamp (254 nm, Contamination Control, New Zealand) was 

used as UV source. ZnO films were immersed in water and exposed under UV for 24 

h. The distance from the ZnO film to the water surface (D1 in Figure 5.1) was fixed at 

1.3 cm in all experiments to maintain a consistent attenuation factor for the incident 

UV. To investigate the effect of UV intensity, the distance between the UV lamp and 

water surface (D2 in Figure 5.1) was adjusted to 2.4, 4.8 and 7.2 cm, respectively. The 

incident UV intensity on the water surface was measured by a radiometer (IL1700, 

International Light, USA). A blank experiment without UV irradiation was conducted 

as a reference.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Experiment set-up for ZnO photo-dissolution study: (a) lid; (b) UV lamp; 

(c) safety enclosure; (d) ZnO film on a microscope slide; (e) support 

 

5.2.3.2 Photo-dissolution with hole scavengers 

The influence of hole scavengers on ZnO photo-dissolution was studied by 

immersing ZnO thin films under UV in a 10 mM and 100 mM Na2SO3 (Analytical 

Grade, BDH Chemicals, UK) solution, respectively. The apparatus illustrated in 

Figure 5.1 was used and the distance between the UV lamp and water surface (D2) 

was fixed at 2.4 cm.  The initial pH level of the 10 mM and 100 mM Na2SO3 

solutions was 8.2 and 8.5, respectively. 
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5.2.4 Characterisation 

The prepared ZnO thin films were characterised by X-ray diffraction (XRD). 

Light transmittance of the ZnO-coated microscope slides was measured on a UV-vis 

spectrometer (Agilent 8453) using a blank, clean microscope slide as the reference. 

Scanning Electron Microscope with Energy Dispersive X-ray Spectrometer (SEM-

EDS, Philips XL30S FEG) was used to examine the morphology and surface 

composition of ZnO films before and after exposure in corrosive conditions for 6 h. 

The used ZnO films were gently rinsed by deionised water and dried at 60oC 

overnight prior to SEM characterisation. To ensure the ZnO films remained on 

substrates were thick enough for EDS testing, special ZnO films were used with 500 

nm thicknesses. The special ZnO films were exposed in the same corrosive condition 

as 150 nm thick ZnO film samples for 3 h. 

 

5.3 Results and discussions 

 

5.3.1 Characterisation of ZnO films 

A typical surface morphology of the prepared ZnO film is shown in Figure 5.2. 

It is shown that a uniform and compact layer of ZnO thin film was deposited on the 

substrate after 30-min magnetron sputtering. As shown in Figure 5.2(a), the 

nanograins are rather uniform in sizes (30-50 nm) and compactly stacked, forming a 

‘flat’ and compact surface structure. It is expected that such compact surface structure 

will have more resistance to corrosive substances, compared to the ZnO films 

prepared by anodizing which consisted of a thin compact inner layer and an outer 

porous layer [70]. The cross-section SEM image in Figure 5.2(b) shows that the 

thickness of the ZnO film is in the range of 135 – 150 nm. 
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(a) 

  

      (b) 

Figure 5.2 Surface and cross-section morphology of the prepared ZnO film 
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The XRD pattern of the ZnO thin film is shown in Figure 5.3. It is known that 

the sputtered ZnO films are textured, with c-axis lies perpendicular to the substrate 

surface [136]. In Figure 5.3, the ZnO thin film shows a single peak at the scattering 

angle (2θ) of 34.2o, which corresponds to the X-ray diffraction from the 002 crystal 

plane (JCPDS No. 80-0075).  The average size of ZnO nanograins can be estimated 

by the Debye-Scherrer formula,  

 



cos


       (5.1) 

where τ is the mean size of is the mean size of the ordered (crystalline) domains, K is 

the shape factor, λ is the X-ray wavelength, and β is the line broadening at half the 

maximum intensity (FWHM) on the 2θ scale, and θ is the Bragg angle of the peak. 

The average crystal size in ZnO films was calculated as 16.4 nm, which is smaller 

than the grain size (30 - 50 nm) estimated from Figure 5.2(a). 

 

 

 

 

Figure 5.3 X-ray diffraction spectrum of the prepared ZnO film 

 

Light transmittance is an important property for ZnO thin films given their 

potential uses on self-cleaning glasses. It is shown in Figure 5.4 that the prepared ZnO 

thin film has high light transmittance (80 - 91%) to visible light (400 – 750 nm). It is 
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expected that the flat and compact surface structure contributed to the high light 

transmittance as light transmittance is largely affected by the extent of light scattering 

which, in turn, is determined by surface roughness and film porosity. It is also 

worthwhile to note that the prepared ZnO thin films are relatively thick (150 nm), 

comparing to the commercial Pilkington ActivTM self-cleaning glass which has a 25 

nm-thick TiO2 film coated on glass [137]. The high visible-light transmittance 

indicates that our ZnO thin films are likely to meet the aesthetic requirements for 

coatings on glass buildings. Moreover, the high transmittance (> 90%) for infrared 

spectrum (> 750 nm) shows that infrared light in solar irradiation can easily go 

through the ZnO film, while the sharp decrease of transmittance for UV (< 400 nm) 

indicates efficient absorption of UV by the ZnO film. Both are favourable features 

from the prospective of sustainable building design. 

 

 

Figure 5.4 Light transmittance of the prepared ZnO film 
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5.3.2 Chemical dissolution 

 

5.3.2.1 Dissolution in acid and alkaline solutions 

As shown in Figure 5.5, pH level has a significant influence on the ZnO 

dissolution. At pH = 3.1, the ZnO film completely dissolved within 1 h, while at pH = 

4.0 the dissolution was completed in 8 h. The percentage of dissolved ZnO (ZnO(d)%) 

was increased to 4.9 and 6.0, indicating the negative effect of weaker acidity. As pH 

was increased further, ZnO(d)% continued to drop and reached the lowest at pH = 9.9. 

The trend then quickly reversed as pH was increased to 10.9 and 12.2, with ZnO(d)% 

increased considerably as shown in Figure 5.5(a). This trend reversal is more evident 

in Figure 5.5(b), where ZnO(d)% is plotted against pH after 24 h and 1 week of 

exposure. 

The solubility of a metal oxide in aqueous solution without the presence of 

metal-complexing ligands can be generally expressed as: 




 
n

i

iz
i

z
T OHMeMeMe

1

])([][                                             (5.2) 

where Mez+ represents the metal cation; z is the valence of metal cation; iz
iOHMe )( is 

the hydroxide complex. The following reactions were suggested for ZnO in water 

[132]: 

ZnO(s) + 2H+ ↔ Zn2+ + H2O(l)                                                                 (5.3) 

ZnO(s) + H+ ↔ ZnOH+                                                                            (5.4) 

ZnO(s) + OH- + H2O(l) ↔ Zn(OH)3
-
                                                      (5.5) 

ZnO(s) + 2OH- + H2O(l) ↔ Zn(OH)4
-
                                                   (5.6) 

Another reaction is also possible however the solubility of the product is 

minimal in water. 

ZnO(s) + H2O(l) ↔ Zn(OH)2                                                                  (5.7) 

In terms of Eqs. (5.2) - (5.6), the total concentration of dissolved ZnO is: 

])([])([][][ 2
43

2   OHZnOHZnZnOHZnZnT                      (5.8) 

Depending on the pH of the solution, one or more reactions may be predominant. 

In highly acidic solutions, the dissolution of ZnO is more likely to be the result of 

direct proton attacks on surface Zn-O bonds, followed by the dissociation of Zn (Eqs. 
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(5.3) and (5.4)). If pH increases and solution becomes near neutral, H+ becomes rare 

which lowers the frequency of proton attacks. This is evidenced by our results in 

Figure 5.5(a). 

 

 

(a)

 

(b) 

 

Figure 5.5 Dissolution of ZnO films in aqueous solutions at different pH level: (a) 

within 24 h; (b) after 24 h and 1 week 
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Eqs. (5.5) and (5.6) suggest that ZnO could also dissolve in alkaline solutions by 

forming hydroxo complexes with OH-. It is therefore expected that the change from 

neutral to weak alkaline solution may re-accelerate ZnO dissolution by having more 

OH- ions available. This was, however, not immediately reflected in the results. As 

shown in Figure 5.5, ZnO(d)% continued to drop as pH increasing from 6.9 to 9.9. In 

fact, the lowest ZnO(d)% was observed at pH = 9.9. These results suggest that the 

reactions in Eqs. (5.5) and (5.6) did not start immediately as pH was increased to 

weak alkaline (pH ≤ 9.9). Instead, it is suspected that Eq. (5.7) might represent the 

predominant reaction at such pH levels with Zn(OH)2 being the main product on ZnO 

film surfaces. A previous study found that Zn(OH)2 had very low solubility in weak 

alkaline solution and only became soluble at pH = 11 or higher [138]. Due to its low 

solubility at such pH levels, the Zn(OH)2 layer may have protected the ZnO film from 

further dissolution and reaction with OH-. The overall result is a low ZnO(d)%, as 

shown in Figure 5.5.  The significant increase of ZnO(d)% at pH = 10.9 indicates that 

reactions shown in Eqs. (5.5) and (5.6) had started at this pH level, at which both ZnO 

and Zn(OH)2 became soluble by forming hydroxo complexes with OH-. 

A further study was conducted to provide more evidences to the discussions 

above. EDS was used to examine the surface composition of ZnO films after 3 h of 

exposure at the five pH levels between 4 and 12. As shown in Table 5.1, the Zn/O 

atom ratio on ZnO film surfaces was generally unchanged after exposure in acidic or 

weakly alkaline (pH = 8.1) solution. Interestingly, a notable decrease in Zn/O ratio 

was observed at pH = 10.1, indicating an increasing amount of O relative to Zn atoms 

on ZnO surfaces. This is likely to be the result of the formation of Zn(OH)2. At pH = 

12.0 the Zn/O ratio reversed higher, as no residual Zn(OH)2 would be formed on ZnO 

surfaces because Zn(OH)2 is highly soluble at pH = 12 [138]. 

The results in our study may be related to the findings in earlier studies. 

Pardeshi and Patil [139] studied the influence of pH on ZnO photocatalyst and found 

that the degradation efficiency of phenol decreased by up to 17% and 35% in strong 

alkaline and acidic environment. The decreased efficiency in strong alkaline 

environment was ascribed to the negative charges on ZnO surfaces which presumably 

repelled away phenolate intermediates. Similar results were reported in another study 

by Lathasree et al. [74], where the decreased efficiency was ascribed to the zero point 

charge (zpc) of ZnO at 8.0. As our results have shown, it is likely that the ZnO 
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photocatalysts in both studies had undertaken considerable dissolution at extreme pH 

conditions, which would inevitably lead to activity deterioration of ZnO 

photocatalysts. 

 

Table 5.1 Surface composition of ZnO films (500 nm thickness) before and after 24 h 

of exposure in water at different pH levels 

 
Composition (atom%) 

Zn O Zn/O ratio 

Before exposure 64.14 35.86 1.789 

After exposure 
(pH = 4.0) 

64.20 35.80 1.794 

After exposure 
(pH = 6.1) 

64.47 35.53 1.815 

After exposure 
(pH = 8.1) 

64.17 35.83 1.791 

After exposure 
(pH = 10.1) 

63.64 36.36 1.750 

After exposure 
(pH = 12.0) 

64.35 35.65 1.805 

 

 

5.3.2.2 Dissolution in ligand solutions  

Literature indicates that recent studies on ligand-induced dissolution of ZnO 

have been very limited. A study by Garcia Rodenas et al. [140] reported that ZnO 

particles with an average size of 300 nm suffered fast dissolution in the presence of 

oxalic acid at 70oC. However, as the reaction was conducted at pH = 3.5, the sole 

effect of ligand (oxalate) remained unclear as our results showed that ZnO would 

rapidly dissolve in water at such pH. 

EDTA, oxalic acid and acetic acid were selected to investigate their effects on 

ZnO dissolution. EDTA is a strong chelating agent that is widely used in the food 

industry as a stabiliser to prevent food spoilage and preserve food colour and flavour. 

It is also used in detergents to form soluble complexes with calcium and magnesium 
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ions that are often present in hard water. In aqueous solutions, EDTA can form a 

complex with Zn2+ in a 1:1 EDTA-to-Zn ratio by forming two bonds with Zn2+. The 

conjugate base of oxalic acid, oxalate, is also an excellent ligand which can react with 

metal ions and form a 5-membered MO2C2 ring. Acetic acid is a common food 

ingredient and also a weak ligand. As a ligand it is used to produce de-icing salts, in 

which the effective compound is calcium magnesium acetate. 

The results of ZnO dissolution in ligand solutions are shown in Figure 5.6. To 

demonstrate the sole effect of ligand, the initial pH of each solution was adjusted to 

10 to minimise the influence of pH. As shown in Figure 5.6(a), ZnO film reacted 

rapidly with EDTA and dissolved completely after 3 h in 1 mM EDTA solution. On 

the contrary, only minimal dissolution (2.2%) was found in 1 mM acetate solution 

after 24 h. The presence of oxalate virtually had no noticeable acceleration effect on 

ZnO dissolution. A quick conclusion from Figure 5.6 is that EDTA is highly corrosive 

to ZnO films while oxalate and acetate ions have minimal or negligible influence on 

ZnO dissolution. The reason for this, however, remains unclear at this point. 

It has been reported that both oxalate and acetate ions could form complexes 

with Zn2+ cations. An early study reported that oxalate ions could form a 

K2Zn(C2O4)2·7H2O complex with Zn2+ in potassium oxalate solutions [141]. The 

existence of zinc acetate is also well documented [142-144]. The critical difference of 

ZnO dissolution may be caused by the different solubility of the Zn-ligand complexes. 

Zinc disodium EDTA is a soluble salt while the other two complexes (zinc oxalate 

and zinc acetate) are only sparingly soluble in water. In oxalate and acetate solutions, 

the dissolution equilibrium was reached after a small amount of zinc-ligand 

complexes was formed and dissolved in the solution. The very low yet slowly 

increasing ZnO(d)% in acetate solutions indicate that a layer of zinc acetate may have 

slowly formed on ZnO film surfaces, given the fact that there was no precipitate in the 

solution. This zinc acetate layer may have protected the inner ZnO film from further 

reaction and dissolution due to its low solubility in water. 
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(a) 

 

(b) 

Figure 5.6 Dissolution of ZnO films in 1 mM ligand solutions at pH = 10: (a) EDTA; 

(b) oxalate and acetate 
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5.3.3 Photo-dissolution and suppression effect 

 

5.3.3.1 Photo-dissolution 

As shown in Figure 5.7, the application of UV irradiation significantly 

accelerated the dissolution of ZnO. This “photo-dissolution effect” may be due to the 

fact that residual photo-generated holes on ZnO surfaces could attack the Zn-O bond 

and disassociate Zn2+ from ZnO surface. The following reactions are proposed: 

ZnO(s)  + hν→ ZnO(s)  + h+ + e-                       (photocatalysis)    (5.9) 

h+ + e- → hν (or heat)               (re-combination)  (5.10) 

ZnO(s) + 2h+ → Zn(aq.)
2+ + ½ O2 (ZnO photo-dissolution)  (5.11) 

where ZnO(s)  is a solid ZnO film, hν is a photon that reaches ZnO surface, h+ and e- 

are photo-generated hole and electron on the ZnO film surface, and Zn(aq.)
2+ is a Zn2+ 

in aqueous solution. The following reaction may also occur when ZnO film is exposed 

to UV in water: 

OH- + h+ → ·OH          (5.12) 

As we know, the number of holes (h+) that can be generated on ZnO surface in 

a certain time is dependent on the number of photons (hν) that reaches ZnO surfaces 

(Eq. (5.9)), which is proportional to the incident UV intensity. As shown in Eq. (5.11), 

a decrease in the number of holes (h+) available at ZnO surfaces will lead to less 

ZnO(s) transforming into Zn(aq.)
2+. This was observed in Figure 5.7 that a small 

decrease of the incident UV intensity resulted in a decrease of the ZnO dissolution 

rate. 
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Figure 5.7 Photo-dissolution of ZnO films under UV irradiation in 24 h (I1 = 6.5 

mw/cm2, I2 = 4.9 mw/cm2, I3 = 3.8 mw/cm2) 

 

An early study noted that the photo-dissolution of ZnO under UV appeared to 

be ‘pitting corrosion’ [70]. As shown in Figure 5.8(a), the ZnO film undertook 

localised dissolution on the surface under UV (I1 = 6.5 mw/cm2). It is suspected that 

the cracks appeared on the film were formed during sample preparation (rinsing and 

drying) due to the lack of strength of the corroded ZnO film. To further verify the 

results, this experiment was repeated using a thicker (500 nm) ZnO film which was 

exposed under UV for 3 h. The SEM images are shown in Figure 5.8(b). No crack can 

be seen on the 500 nm ZnO film; however, many pits are shown on the film surface. 

The different surface morphology after the photo-dissolution may be caused by: (1) 

weaker mechanical strength of the 150 nm ZnO film during and after the photo-

dissolution; (2) a monolayer of ZnO nanograins are present on the 150 nm ZnO film, 

while multiple layers of ZnO nanograins are present on  the 500 nm ZnO film; (3) the 

nanograins of the 150 nm ZnO film appear to be smaller than those on the 500 nm 
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ZnO film; (4) less time of UV exposure for the 500 nm film, i.e. 3 h vs. 6 h for 150 

nm film.  

The localised photo-dissolution is different from the chemical dissolution of 

ZnO films in acid and alkaline solutions, in which the dissolution appeared to be 

uniform, as shown in Figures 5.8(c), (d) and (e). This interesting phenomenon is 

related to the fact that holes and electrons are mostly generated from particular surface 

defect sites on nano-structured ZnO photocatalysts. The pitting dissolution of ZnO 

provides further evidence to Eq. (5.11) that photo-dissolution on ZnO films is caused 

by the attack of photo-generated holes. 

 

 

(a) 

 

 

(b) 

 

(Figure continues on the next page) 
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(c) 

 

(d) 

 

(e) 

Figure 5.8 SEM images of ZnO films after exposure under: (a) UV; (b) UV (500 nm-

thick ZnO film); (c) pH = 6; (d) pH = 8; (e) pH = 12 
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5.3.3.2 Photo-dissolution with hole scavengers 

The presence of hole scavengers was studied for its influence on ZnO photo-

dissolution. The reason for this study is that most photocatalytic degradation reactions 

involves target compound(s) which may also act as hole scavengers. As shown in Eq. 

(5.12), it is possible that hole scavengers will compete with the reaction of ZnO 

photo-dissolution (Eq. (5.11)) by quickly consuming the holes generated in the 

photocatalysis process.  

In this study, Na2SO3 was used as hole scavengers and added in water to a 

concentration of 10 mM and 100 mM. The results are shown in Figure 5.9. The result 

of ZnO photo-dissolution without hole scavengers is also shown in Figure 5.9 for 

comparison. As expected, the presence of SO3
2- considerably lowered the photo-

dissolution rate of ZnO films, particularly in the first several hours. The route of ZnO 

photo-dissolution was altered, with a two-stage process showing in both solutions. A 

distinct turning-point is shown at 12 h in the case of 100 mM Na2SO3 solution, while a 

similar but less distinct turning-point can be seen at 5 h in the case of 10 mM Na2SO3 

solution. It is suspected that such turning-points are indications of complete 

consumption of SO3
2-

 by photo-generated holes. As SOs
2- could no longer act as hole 

scavengers, the rate of ZnO photo-dissolution accelerated from the turning-point in 

each solution. 

 

Figure 5.9 Photo-dissolution of ZnO film in 10 mM and 100 mM Na2SO3 solution in 

24 h (I1 = 6.5 mw/cm2) 
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5.4 Summary 

 

In this chapter, potential dissolution and photo-dissolution of ZnO thin films 

(150 nm) were investigated under various corrosive environments. The results have 

shown that ZnO thin films suffered severe dissolution under: (a) pH levels ≤5 or ≥11; 

(b) 1 mM aqueous solution of EDTA; and (c) UV (λ = 254 nm). The results are 

summarised briefly below. 

1. Between pH = 3 and 10, the dissolution rate of ZnO films showed an inverse 

dependence on pH. ZnO films suffered rapid dissolution in strongly acidic 

solutions (pH = 3 - 5). The slowest dissolution was observed at pH = 10, with 

1.2% ZnO dissolved after 24 h.  The trend quickly reversed at pH = 11, and 

the dissolution became rapid as pH increased to 12. 

2. At all pH levels (3 - 12), ZnO thin films suffered severe dissolution after 1 

week of exposure in water. The least dissolution of ZnO film (34%) was 

shown at pH = 10. 

3. EDTA was highly corrosive to ZnO films. At pH = 10, the ZnO film 

completely dissolved within 3 h in 1 mM EDTA solution. Minimal dissolution 

was observed in 1 mM oxalate and acetate solutions after 24 h of exposure. 

4. UV irradiation (254 nm) significantly accelerated the dissolution of ZnO films 

in water. A pitting corrosion effect was observed, with many pits shown on 

ZnO film surfaces after 24 h of UV exposure. 

5. Hole scavengers (Na2SO3) could compete with the photo-dissolution of ZnO 

films in water, resulting significant suppression on the photo-dissolution of 

ZnO films. This suppression effect remained until hole scavengers were 

completely consumed, from where the photo-dissolution accelerated. 
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CHAPTER ABSTRACT 

 

As an extended study on ZnO, this chapter introduces the findings from my 

earlier studies on the intrinsic and UV-induced surface wettability of ZnO. ZnO 

nanograin and nanorod films were prepared by magnetron sputter deposition and 

aqueous solution growth method. The surface wettability of ZnO thin films was 

studied in relation to surface morphologies. While both films were hydrophobic, the 

nanorod films exhibited higher surface hydrophobicity. A super-hydrophobic surface 

was obtained on a ZnO nanorod film with a water contact angle of 151º. Results have 

shown that their surface wettability was influenced by the morphology of ZnO 

nanostructures including the grain size, the length and density of nanorods. Both types 

of ZnO films showed switchable wettability under UV irradiation and dark storage. 
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6.1 Introduction 

 

Several semiconductors including TiO2, ZnO and V2O5 exhibit switchable 

wettability, i.e. hydrophobicity or hydrophilicity, depending on their exposure to 

ultraviolet (UV) irradiation or dark storage. This unique property has raised many 

interests as materials with controllable surface hydrophobicity and hydrophilicity have 

great potential to use in biological analysis, environmental cleanup, sensor devices 

and controllable drug release [77-83]. Zinc oxide has been widely studied as a 

functional semiconductor. It can be customized to obtain unique properties for many 

novel applications such as piezoelectric transducers, chemical gas sensors and solar 

cells [145-148]. With inherent switchable wettability, the diversity of ZnO 

nanostructures further promotes their potential uses as smart surfaces. Research has 

been conducted to prepare ZnO films with micro- or nanostructures including nanorod 

arrays, nanotips, micro- or nanograins [77, 78, 81]. However, limited work has been 

done to understand how different surface structures and morphologies affect the 

surface wettability of ZnO micro- and nanostructures, and how surface wettability can 

be enhanced by controlling the surface structure and morphology of ZnO 

nanostructures. 

In this chapter, two methods were used to prepare nanostructured ZnO films. 

The nanograin ZnO films were prepared via magnetron sputtering deposition and the 

nanorod ZnO films were prepared by the aqueous solution growth method. The 

surface morphology and dimensions including grain size, rod length and density were 

controlled by varying reaction conditions. The surface wettability of ZnO films was 

examined by water contact angle measurements. Switchable wettability was 

investigated on both types of films by changing the conditions of UV exposure and 

dark room storage. The transparency of the nanograin and nanorod ZnO films was 

also compared for their potential use of self-cleaning coatings. 

 

6.2 Experimental 

 

6.2.1 Magnetron sputter deposition 

The preparation of ZnO nanograin films followed the magnetron sputter 

deposition method used in our previous studies [149]. Microscope glass slides were 

rinsed in deionized water, ultrasonically cleaned in ethanol and dried in hot air before 
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they were used as substrates. The slides were then put into the working chamber 

which was vacuumed to 2×10-6 Torr and cleaned by a radio frequency (rf) plasma for 

1 hour before introducing argon gas. Sputtering was performed with a dc power of 

0.25 A for the direct deposition from a ZnO target.  

 

6.2.2 Aqueous solution growth 

A thin ZnO film with thickness of 100 nm on glass substrate made by 

magnetron sputter deposition was used as seeds for ZnO solution growth. The as-

prepared slides were submerged in 80 mL aqueous solution of 0.025 mol/L zinc 

nitrate (Zn(NO3)2·6H2O, Scalar, 99%) and hexamethylenetetramine (HMT) (C6H12N4, 

Scalar, 99%) with molar ratios of 1:1 in deionized water. Several drops of nitride acid 

(HNO3, 5 mol/L) or ammonia hydroxide (NH4OH, 5 mol/L) were added to the 

solution to adjust the pH 4, 6 or 7. A colourless clear solution was obtained. The 

solution with slides submerged inside was then put into an oven at 95°C. After several 

hours, the slides were removed from the solution, rinsed with deionized water and 

dried. 

 

6.2.3 Characterization 

The morphology of ZnO films was examined on a Philips XL30S field-emission 

scanning electro-microscopy (FE-SEM). Their surface roughness was measured by 

atomic force microscopy (AFM) in tapping-mode. Three scans per sample were taken, 

each with a range of 2 μm and a resolution of 500  500 at a scan rate of 1 μm/s. AFM 

data was analyzed in Ambios Q-Port SPM analysis software.  

The wettability of ZnO films was characterized by water contact angle using a 

contact angle goniometer (KVS CAM 101). To obtain a stable contact angle, all 

measurements were conducted 30 seconds after dropping the water droplet onto the 

ZnO film surface. The measurement error of the contact angles was estimated to be 

±3º which could be affected by image quality and the built-in curve-fitting function. 

The transparency of the ZnO films deposited on slides was examined by a UV-vis 

spectrometer (Agilent 8453) using a clean, blank microscope glass slide as the 

reference. The UV irradiation on ZnO films was conducted by a 35W UV lamp with a 

wavelength of 256 nm. 
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6.3 Results and discussion 

 

6.3.1 Morphology and wettability 

Figure 6.1 shows that the ZnO films prepared by magnetron sputter deposition 

exhibit micro- and nanograin structures. The grain sizes were varied due to different 

working gas pressures in the chamber. Details could be found in our previous work 

[150]. The surface water contact angles (CA) of these micro- and nanograins were 

measured as 115° at 5 mTorr, 126° at 10 mTorr and 111° at 20 mTorr. It can be seen 

that the largest grain and roughest surface was obtained under the pressure of 10 

mTorr which also has the largest water CA of 126° among the three grain-type films.  

 

 

 

(a)  

(Figure continuous on the next page) 
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(b) 

 

 

(c) 

 

Figure 6.1 ZnO nanograin films prepared by magnetron sputter deposition under 

working pressure of: (a) 5 mTorr, (b) 10 mTorr, and (c) 20 mTorr. 
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Figure 6.2 shows the morphology of ZnO films prepared by the aqueous 

solution growth method. All ZnO films exhibit nanorod surface with different rod 

densities which was varied by controlling the pH level in the solution [151]. The 

water CA of these nanorod films were measured as 124°, 151° and 136° as the rod 

density increases, with a super-hydrophobic CA of 151° when the rod density is 

moderately high (Figure 6.2b). These results indicate that the surfaces of nanorod 

films are generally more hydrophobic than these of nanograin films; and the contact 

angles are affected by the grain size and rod density.  

 

 

  

(a) 

(Figure continues on the next page) 
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(b)  

 

 

(c) 

 

Figure 6.2 ZnO nanorod films prepared by 4 hour of aqueous solution growth at 

different pH levels: (a) pH = 4, (b) pH = 6, and (c) pH = 7.  
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Figure 6.3 shows ZnO nanorod films with similar rod density but different rod 

lengths which were obtained by controlling the solution growth time and keeping a 

consistent pH level. With the reaction time was increased from 3 h to 3.5 h then to 4 h, 

the ZnO nanorods grew from 1.3, 2.4 to 3.6 µm, respectively, as seen from the cross-

sectional SEM images. The surface water CA of these films were measured as 123°, 

128° and 136°, indicating that a higher rod length favours the surface hydrophobicity 

but the effect is not as strong as the rod density. Films with even longer rods (images 

not shown) were also prepared by extending the reaction time; however, the alignment 

and the density of nanorods could not be maintained. 

 

 

 

(a) 

(Figure continues on the next page) 
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 (b) 

 

 

(c) 

 

Figure 6.3 ZnO nanorod films prepared by aqueous solution growth with similar rod 

density and different rod lengths.  Reaction time: (a) 3 h, (b) 3.5 h, and (c) 4 h. 
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Mathematical models have been proposed to interpret the correlation between 

surface morphology and wettability [152-156]. Wenzel’s equation [152] and Cassie-

Baxter’s equation [153] are the most well established theoretical models. In Wenzel’s 

theory, the contact angle is given by Eq.(6.1) which assumes that the liquid is in full 

contact with the rough surface resulting in a homogeneous solid-liquid interface:  

       coscos r                                          (6.1) 

Here    and   are the contact angles on solids with rough and smooth surfaces, 

respectively. r is the roughness factor which is defined as the ratio of the actual area 

of a rough surface to the geometric projected area. For a rough, hydrophobic surface, 

however, liquid may not completely penetrate into surface hollows and trapped air 

inside, forming a composite solid-air-liquid interface. Cassie and Baxter extended 

Wenzel’s equation to describe the contact angle on such a surface: 

 21 coscos ff                          (6.2) 

where 1f  and 2f  are the area fractions of liquid-solid interface and liquid-air interface, 

respectively. As 121  ff , Eq. (6.1) can be converted to: 

         1)1(coscos 1   f                           (6.3) 

where   is a constant that represents the CA on a smooth surface, and    is the CA 

on a rough surface. From Eq. (6.3), it can be seen that    increases with a decreasing 

area fraction of liquid-solid interface ( 1f ). This is in line with the fact that the surface 

hydrophobicity improves when there is more air trapped between the liquid and solid 

surfaces. 

For the ZnO nanograin films, Figures 6.1(a) and (b) show mixed grains with 

sizes from 50 nm to 200 nm. Figure 6.1(c) shows a more uniform grain size between 

20 and 50 nm. The results of AFM measurements and CA tests were shown in Table 

6.1. A strong dependence of the surface wettability on surface roughness was 

observed. The root-mean-square surface roughness rrms of ZnO films were 6.1 nm 

under 5 mTorr, 11.3 nm under 10 mTorr, and 3.2 nm under 20 mTorr. It can be seen 

that CA increased with increasing surface roughness. Comparing to Figures 6.1(a) and 

(c), the nanograin film in Figure 6.1(b) has a ‘rougher’ surface with large grains and 

apertures present on its surface. These apertures formed on its surface could trap air 

inside which favours the formation of liquid-air interface. Therefore, the largest CA 

was observed in Figure 6.1(b). The smallest CA was observed in Figure 6.1(c) which 
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may be due to the compact alignment and more uniform sizes of ZnO nanograins. The 

nanograin film in Figure 6.1(a) shows slightly higher CA which may be attributed to 

the fact that the micro-/nano- structure of grains could create a ‘rougher’ surface with 

more apertures between grains, and thus increases the surface hydrophobicity [91]. 

 

Table 6.1 Surface roughness and wettability of ZnO nanograin films 

Samples Roughness rrms (nm) Water Contact Angle (º) 

ZnO at 5 mTorr 6.1 115 

ZnO at 10 mTorr 11.3 126 

ZnO at 20 mTorr 3.2 111 

 

As shown in Figure 6.3, we can idealize the ZnO nanorods as flat-top, 

rectangular-sectioned rods with a height of h  and a top width of the rod of a  as 

illustrated in Figure 6.4(a). When a water droplet contacts the surface, the area 

fraction of liquid-solid interface 1f  can be determined by: 

                      ahnA
haaf

4/

42

1 


                            (6.4) 

where A is the projected area of the water droplet on ZnO nanorod film surface, n is 

the number of nanorods in the area A ( 2/ anA  ), and h ( hh  ) is the depth that 

water intrudes into the gaps between adjacent rods. As shown in Eq. (6.4), if the 

number of nanorods ( n ) increases, 1f  will increase which leads to a smaller CA, 

given the fact that all other parameters are constants. However, this is often not the 

case as the change of n  will affect h . As illustrated in Figure 6.4(b), when adjacent 

nanorods are closer (n increases) in a certain area (A), the depth of intruding water ( h ) 

will decrease. The decrease of h will diminish the increase of 1f  caused by the 

increase of n  and may even lead to a net decrease of 1f . In fact, a change of n  will 

always induce a change of h , which imposes conflicting influences on 1f . The net 

change of 1f  will depend on which of the two variables has the dominant influence on 

1f .  
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Based on the analysis above, we consider two extreme scenarios to investigate 

how water contact angle changes with the nanorod density. First, consider that there 

are only a small number ( n ) of rods present in this area (A). The adjacent rods are 

relatively ‘far’ from each other. As n  increases, these two rods become closer to each 

other. The height of h  will decrease with increasing n . If h  has a considerable 

decrease, it may have a dominant effect on 1f , leading to a larger CA. When these two 

rods are very close to each other ( n  becomes very large), the distance between two 

neighbour rods is already so small that any further decrease of the distance between 

the rods may result only a slight change of h . In this case, the increase of n  may 

have a dominant effect on 1f  which will lead to a smaller CA.  

As shown in Figure 6.2, the water contact angle increases from 124° to 151° 

then decreases to 136° as the rod density increases. This suggests that initially the 

increase of n was the dominant effect on 1f , then as the rod density increases the 

effect of h  becomes dominant, which leads to the CA change pattern shown in 

Figure 6.2. From these results it is concluded that there is an optimal rod density for 

the largest CA on ZnO nanorod films. 

 

6.3.2 Contact angle stability 

In several cases of the CA measurements, it was noticed that the water droplet 

gradually spreads out after touching the ZnO film surfaces. This phenomenon was 

observed mainly on ZnO nanorod films. The initial unstable CA may be attributed to 

the meta-stable liquid-air interface on ZnO nanorod films.  

As reported in a previous study, a water droplet can be unstable when it reaches 

a rough surface with large apertures due to dynamic effects [157]. When a water 

droplet contacted the nanorod film surface, it sank into the gaps and holes between the 

rods until stabilized. The trapped air was compressed; the resistance to the gravity of 

the intruding water increased, eventually reached a balance and then a stable CA was 

obtained. It was observed that the change of CA was most obvious in the first few 

seconds on ZnO nanorod films, and became unnoticeable after 30 seconds (Figure 

6.5). On the contrary, no obvious change was observed on ZnO nanograin films, 

which also proves that there was a larger amount of trapped air present on the ZnO 

nanorod film surfaces. 
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Figure 6.4 Schematic illustration of the wetting process on ZnO nanorod films 
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6.3.3 Effect of UV irradiation 

The ZnO films were put under UV lamp to examine the effect of UV irradiation 

on their surface wettability. As shown in Figure 6.6, the water droplet spread 

immediately after being exposed to UV irradiation. CA of both nanograin and 

nanorod ZnO films decreased significantly, and their surfaces became hydrophilic 

under UV irradiation. The CA on ZnO nanograin films changed from 126° to 38° 

after 2 hours of UV irradiation. Under the same conditions, the CA on ZnO nanorod 

films reduced from 151° to 12°. The dramatic decrease of CA can be attributed to the 

photosensitivity of ZnO. When ZnO is exposed to UV irradiation, it can generate 

electron-hole pairs on its surface. The electrons can react with the lattice metal ions 

Zn2+ to form Zn+ defective sites and the holes react with the lattice oxygen to form 

surface oxygen vacancies. Water molecules can coordinate into these oxygen 

vacancies easily, leading to their dissociative adsorption on the surface and thus form 

a hydrophilic surface [79].  

After storing the films in dark for 7 days, it was found that their surfaces 

recovered to their original hydrophobic surfaces. Figure 6.6 shows tha  t the surface 

hydrophobicity of the ZnO nanograin film was well preserved after the process. A 

slight decrease of CA was observed for ZnO nanorod film which may be due to the 

deterioration of its surface morphology after the process. The recovery of the surface 

hydrophobicity is because of the replacement of adsorbed hydroxyl groups with 

oxygen atoms on ZnO surface. After adsorbing hydroxyl groups under UV light, the 

ZnO surface becomes energetically unstable. As the oxygen adsorption is 

thermodynamically favoured and it is more strongly bonded on the defect sites, the 

hydroxyl groups adsorbed on the defective sites can be gradually replaced by oxygen 

atoms when the films were stored in the dark.  

Figure 6.7 shows the graph of CA versus UV irradiation time for a ZnO 

nanograin film. With a prolonged exposure under UV irradiation, CA reduced rapidly 

in the first 30 minutes. This indicates that the yielding of electron-hole pairs occurred 

on the surface in the first 30 minutes and the surface defective sites were saturated 

with adsorbed hydroxyl groups [81]. A slow increase was observed after the first 30 

minutes and no noticeable change was observed after two hours. The data obtained in 

this experiment could be used as a guide. Under the direct irradiation of the UV lamp 

(35 W, 365 nm), two hours of UV irradiation may be adequate for ZnO surface to 

complete the transition from hydrophobic to hydrophilic.  
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Figure 6.5 Water droplets spreading on (a) ZnO nanograin film (b) ZnO nanorod film 

(a) ZnO nanograin film 

(b) ZnO nanorod film 

6 seconds         12 seconds     18 seconds              24 seconds                  30 seconds 
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(a) 

 

                                                         

(b) 

 

Figure 6.6 Water contact angle after 2 h UV irradiation and 7 days dark storage: (a) 

nanorod film, 151° before UV irradiation, 136° after dark storage, and (b) nanograin 

film, 126° before UV irradiation, 119° after dark storage. 
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Figure 6.7 Water contact angles versus UV irradiation time for a ZnO nanograin film 

(prepared by magnetron sputtering at 10 mTorr) 

 

6.3.4 Transparency 

Transparency of ZnO nanograin and nanorod films was determined by a UV-

vis spectrometer. As shown in Figure 6.8, the ZnO nanograin films had very good 

transparency with a visible light transmittance higher than 80%. The nanorod film 

exhibited low transmittance which was also dependent on the rod density. As can be 

seen from Figure 6.8, the transparency of ZnO nanorod films becomes lower as the 

density of ZnO nanorods increases.  

It is understood that the surface hydrophobicity is related to transparency as 

both properties are related to the surface roughness which affects the extent of light 

scattering. Increasing the surface roughness may enhance the hydrophobicity but 

reduce the transparency due to greater light scattering loss [155]. The high 

transparency of ZnO nanograin film may compensate its lower hydrophobicity 

compared to ZnO nanorod films. The high transparency may favour its use in 

practical applications such as coatings for self-cleaning glass. It should also be noted 

that all ZnO films were deposited on both sides of glass in this study thus their 

transparency will be higher if they are one-side coated, which is more likely to be the 

case in practical use. 
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Figure 6.8 Light transmittances of: (a) ZnO nanograin film prepared by magnetron 

sputtering at 20 mTorr, (b) ZnO nanorod film prepared by aqueous solution growth at 

pH = 4, (c) ZnO nanorod film prepared by aqueous solution growth at pH = 6, and (d) 

ZnO nanorod film prepared by aqueous solution growth at pH = 7. 

 

6.4 Summary 

 

ZnO nanograin and nanorod films with controllable micro- and nanostructures 

were prepared by magnetron sputter deposition and aqueous solution growth method. 

The surface wettability of the ZnO films was studied in association with their surface 

morphologies. It was found that the ZnO nanorod films had a generally larger water 

contact angles than ZnO nanograin films at ambient conditions. Super-hydrophobic 

surfaces were obtained on ZnO nanorod films with a water contact angle of 151º. 

Results have also shown that the grain size, surface roughness, rod density and rod 

length have significant influences on the surface wettability of ZnO films. Switchable 

wettability was observed on both types of films by alternating the condition of UV 

irradiation and dark storage. Despite of a lower water contact angle, the ZnO 

nanograin films showed a well preserved surface wettability after the UV irradiation 

and dark storage. Transparency measurements showed that ZnO nanograin films had 

higher visible light transmittance than ZnO nanorod films, and therefore may have 

greater potential for use. 
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The significant adsorption of estrone on nylon (polyamide) membranes was 

initially discovered in earlier experimental work on the HPLC analysis of estrone 

solution samples, which used membrane microfiltration in sample pretreatment. The 

systematic study on different membrane materials indicated that a number of materials 

commonly used in microfiltration membranes showed certain degrees of adsorption to 

estrone solutes. The only exceptions are glass microfiber membranes or PTFE 

membrane filters in conjunction with solvent pre-dosing. It is therefore suggested that 

caution should be taken where microfiltration membrane filters are used to process 

estrone aqueous solutions, and verifications on solute recovery should be conducted 

based on individual compound prior to sample collection and processing. The concept 

and methodology used in this study can be extended to other circumstances where 

microfiltration membranes are used for the pre-filtration of estrone-containing 

samples prior to quantitative analysis. Despite of the potential solute adsorption, 

microfiltration-based membrane filters remain a superior alternative to high-speed 

centrifuging due to its notably more efficient processing and reliable performance. For 

future work, the adsorptive behaviour of other estrogen compounds in membrane 

filters can be further investigated in order to provide useful guidance for proper 

membrane selection. 

 One beneficial utilisation of the significant estrone adsorption in polyamide 

membranes is the instant removal of trace estrone contaminant from water. Our work 

has already shown that trace levels of estrone can be completely removed from water 

in an in-line, cross-flow filtration process using polyamide microfiltration membranes. 

Nylon microfiltration membranes, commonly available as nylon filter cartridges, have 

been widely used for solids removal in various water purification applications. The 

reported estrone-adsorbing capability can augment their primary solids removal 

function by providing simultaneous treatment for source water that is known of 

containing elevated levels of estrone (e.g. reclaimed water). Such additional function 

should be made aware for wider environmental benefits. 

An interesting aspect of the adsorption process was that estrone adsorbed on 

nylon membranes showed very low leachability in ambient water, while saturated 

nylon membranes can be easily regenerated at ambient conditions by alkaline washing 

using caustic soda solutions at pH 12. Mechanistic studies have shown that a 

chemisorption mechanism dictated the adsorption of estrone in polyamide 
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membranes. The strong interaction originates from the hydrogen bonding between 

terminal -OH groups on estrone molecules and –C=O on amide groups (-CO-NH-) in 

polyamide. Reversibility of the chemisorption process was demonstrated by the 

consistent adsorption capacities of the polyamide membrane during a five-cycle 

reusability test. The results showed that the chemisorption-based polymeric 

adsorption may provide an efficient method for estrone removal or recovery from 

water. Furthermore, the underlying mechanism of the process implies that the method 

may be extended for the removal or recovery of a class of other phenolic compounds 

such as steroid estrogens, xenophenolic estrogens, pharmaceuticals, polyphenols, 

which will also be the subject of future studies.  

A further step was taken to further eliminate the hazard of estrone concentrate 

recovered from the membrane regeneration process. Studies on the photocatalytic 

degradation of estrone showed that estrone underwent very rapid degradation under 

natural solar radiation in the presence of 0.05 g/l ZnO or the benchmark P25® TiO2 

photocatalyst. As direct photolysis was minimal, such rapid degradation was solely 

attributed to the efficient photocatalysis process under solar radiation. The results 

indicate that solar radiation is a viable alternative UV source for ZnO photocatalysis, 

and that solar-irradiated slurry-type photocatalysis is a highly efficient system for the 

degradation of estrone in water.  

Another important finding from this work is that ZnO exhibited notably superior 

photocatalytic activity to P25 TiO2, which was consistently observed under artificial 

UVA or solar irradiation at different catalyst dosages. The results were observed 

despite that the ZnO photocatalyst used in the comparative study had a much smaller 

specific surface area, larger agglomerate size and inferior dispersion in water, 

compared to P25 TiO2.  

Measurement of UV absorption on ZnO and P25 TiO2 showed that the ZnO 

photocatalyst exhibited higher optical absorption within a particular wavelength range 

of UVA irradiation, i.e. 320 to 370 nm. This result indicates that the superior 

photocatalytic activity of ZnO observed in this study is, in fact, not selective to 

estrone or those compounds reported in literature. It is an intrinsic feature of ZnO 

photocatalyst decided by the defect structure. Further research will be conducted on 

ZnO photocatalysts to: 1) understand the role of ZnO surface defects during charge 
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transfer process in ZnO optical excitation; 2) quantify trace levels of oxidant species 

generated from ZnO UV photocatalysis in the absence of added electron donors. 

The intrinsically superior activity of ZnO photocatalyst provides an 

important advantage in photocatalytic degradation applications, as shown in our 

studies on estrone degradation. Meanwhile, the stability of photocatalyst material 

is also vital to ensure the continual performance of photocatalyst. Further studies 

were conducted to assess the stability of ZnO as a potential environmental 

photocatalyst.  

ZnO thin films with an average thickness of 150 nm were used as base 

materials to enable visual observation of different dissolution and photo-

dissolution patterns of ZnO under a variety of corrosive environment. The results 

showed that ZnO suffered severe dissolution under: (a) pH levels ≤5 or ≥11; (b) 1 mM 

aqueous solution of EDTA; (c) UV (λ = 254 nm). Given the results in this study, it is 

concluded that tests should be undertaken prior to exposing ZnO films in corrosive 

environments to avoid activity deterioration of ZnO photocatalysts or contamination 

from free Zn2+ released from corroded ZnO. 

As an extended study on ZnO, the intrinsic and UV-induced wettability of ZnO 

thin films was studied. ZnO nanograin and nanorod films with controllable micro- and 

nanostructures were prepared by magnetron sputter deposition and aqueous solution 

growth methods. Surface wettability of the ZnO films was studied in association with 

surface morphologies. It was found that the grain size and surface, roughness, rod 

density and length have significant influences on the surface wettability of ZnO films. 

Super-hydrophobic surfaces were observed on ZnO nanorod films with a water 

contact angle of 151º. Switchable wettability was observed on both types of ZnO 

films by alternating the condition of UV irradiation and dark storage. The ZnO 

nanograin films showed well preserved surface wettability after UV irradiation and 

dark storage. The high visible-light transmittance and reversible surface wettability of 

ZnO nanograin film indicates that it is a potential material for fabricating self-

cleaning surfaces. 
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