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Abstract 

 
The development of nanostructured materials for environmental applications has 

received considerable attention in recent years. The properties of nanoparticles or 

nanostructured materials, such as large surface areas or high aspect ratios, translate into 

large improvements in the performance of existing devices and in the discovery of novel 

applications. On the other hand, photocatalysis is an attractive technology for the 

elimination of organic pollutants in water due to its simplicity, ease of implementation 

and reasonable cost compared to other advanced oxidation processes. A key 

disadvantage of many photocatalysts is their use in powder form which makes their 

recovery from treated water costly. In addition, incomplete removal can lead to 

accumulation over time with adverse effects to the environment. As a result significant 

effort has been placed in immobilizing photocatalytic materials on different substrates. 

The immobilization of photocatalyst results in a decrease in photocatalytic performance 

mainly due to reduction of surface area; therefore, research is now focusing on 

developing nanostructured materials which combine the attributes of nanotechnology 

and photocatalysis.   
 

In the present thesis, a systematic study of the relationship between properties of 

supported ZnO nanostructures and their photocatalytic activity was performed. Analysis 

was carried out by producing ZnO nanostructured films via anodization. The effects of 

voltage, temperature, reaction time and type of electrolyte on the morphology of ZnO 

nanostructures was studied. Results show that the type of electrolyte and its 

concentration determine the morphology and size of the nanostructures. Voltage, time 

and temperature affect the distribution and density of the nanostructures along the 

surface and affect the crystal size of the ZnO. The band gaps of the films were in the 

range of 3.27 and 3.50 eV. Although ZnO is a hydrophilic material, some of the films 

displayed hydrophobic and super-hydrophobic behaviour. The results obtained in this 

study and some data already published in the literature were correlated to the synthesis 

parameters, and were used to devise design guidelines to obtain ZnO films with specific 

nanostructures and macroscopic properties by controlling the anodization parameters.  

 

The photocatalytic activity of the ZnO nanostructured films (ZnO-NFs) were studied 

using three different photocatalytic reactors, (i) a thermo-stated batch reactor, (ii) a 

recirculating flat plate reactor, and (iii) a recirculating tubular annular reactor. Phenol 

and methyl orange (MO) were used as a model compounds. It was found that crystal 

size does not affect the photocatalytic performance of the films while morphology has 

an important impact on the degradation of phenol. The stability of the ZnO 

nanostructures was tested under different levels of oxygen, degradation of phenol 

occurred even at anoxic conditions following the Mars-van Krevelen mechanism. The 

formation of new nanostructures produced during the photocatalytic reaction was 

studied and a mechanism of formation was proposed. The study of the photocatalytic 

performance in the flat plate reactor showed that there was a mass transfer limitation in 

the process. ZnO nanostructures showed higher photocatalytic activity and morphology 

stability in the tubular annular reactor. Degradation of MO and phenol was produced in 

darkness by the nanostructures supported in Zn foil. It was also demonstrated that 

oxygen plasma post-treatment enhances the photocatalytic activity of the ZnO-NF by 

36% while making the photocatalyst more stable for the photocatalytic degradation of 

phenol compared to those treated with heat. An electrical current was applied to the 

photocatalyst in the tubular annular reactor, which improved the degradation of phenol 

and participated in the formation of nanostructures in the Zn wire surface.  
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1. Chapter 1: Introduction.   

 

Scarcity of water sources and the constant pollution of fresh water sources have 

increased concern about the availability of sufficient water supplies for human 

consumption. Furthermore, emerging water pollutants impose new challenges for 

developing highly efficient, compact and inexpensive systems for the safe reuse of 

waste water [1], [2]. Conventional water treatment systems are capable of removing 

suspended solids, oil and fat, degrading organic matter and, depending on the 

technologies, removing nitrogen and phosphorus from urban waste water. However, 

these systems display low efficiency for removing organic compounds and pollutants 

that are present in small concentrations (micro-pollutants). They also require sequential 

processes in order to reach the minimal standards of water quality increasing the cost of 

the treatment due to high energy consumption, and high maintenance and operating 

costs [3]. Existing technologies such as reverse osmosis (RO), micro and nanofiltration 

display high efficiency in removing pollutants, but have issues related to fouling, which 

increase the cost of energy for pumping and replacement of the membranes. On the 

other hand, advanced oxidation processes (AOPs), are highly efficient at degrading 

organic compounds and have the potential of total mineralisation of pollutants in situ 

rather than requiring subsequent processing as is the case with filtration or absorption 

using activated carbon. However, the potential generation of by-products, non-

selectivity, interfering compounds, and cost of some of the equipment limit their 

extensive use as a tertiary treatment. The strength and drawbacks associated with the 

current technologies have prompted studies to develop compact and efficient systems 

that combine high degradation with inexpensive technology [4]. 

 

Photocatalysis is an AOP which uses light as a source of energy to activate the catalyst 

forming highly reactive species. Photocatalytic oxidation is an attractive technology for 

“Somewhere, something incredible is 

waiting to be known.”  

Carl Sagan  

 

http://www.goodreads.com/author/show/10538.Carl_Sagan
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the elimination of organic pollutants in water due to its simplicity, ease of 

implementation and reasonable cost compared to other AOPs (Table 1.1). In addition, it 

does not require the use of hazardous materials such as hypochlorite, peroxide or ozone 

[5]. Finally, photocatalytic reactions have the potential to contribute not only to the 

oxidation of organic pollutants but also to the mitigation of fouling when used in 

combination with filtration [6].  

 

Table 1.1 Comparative cost of some AOPs (Adapted from Munter [7] ) 

Process Cost of oxidant Cost of UV 

O3/UV High Medium 

O3/H2O2 High 0 

H2O2/UV Medium High 

Photocatalytic oxidation Very low Medium 

 

Until now, the majority of photocatalytic reactors and treatment plants have used 

dispersed photocatalyst due to the following advantages: Low pressure drop through the 

reactor, high photocatalyst surface area and good mass transfer of the pollutants from 

the water to the photocatalyst. The major disadvantage of slurry systems though is the 

removal of the photocatalyst from the cleaned water after treatment by sedimentation or 

filtration. These extra steps make the process expensive and treating very large volumes 

of water is almost impossible [8]. Photocatalytic systems using a supported 

photocatalyst do not require catalyst separation step. However, it has frequently been 

reported that the process efficiency is reduced and that for the same catalyst loading, 

slurry reactors are more effective than fixed-bed systems due mainly to a decrease in 

surface area in the latter [9]. 

 

The application of nanotechnology in photocatalysis have contributed to the 

development of novel photocatalysts and the enhancement of existing ones [10]. This 

technology has been applied to the development of nanostructured supported 

photocatalysts, improving the surface area on a fixed-bed. As a result, new techniques to 

support photocatalytic materials on different substrates have been also developed [11]–

[13]. One of the most used photocatalytic materials in water treatment is TiO2 which has 

a band gap of 3.2 eV, is stable, and highly photoactive. A substitute for this material is 

ZnO, which also show high photoactivity. Its band gap is 3.2 eV, and it is less 

expensive than TiO2 [14]. 
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Based on the need for compact systems that mix the advantages of different 

technologies, this project aims to exploit the physical properties of ZnO, the advantages 

of nanostructured materials and the benefits of photocatalysis, in order to develop 

nanostructured ZnO photocatalytic films, and to study their properties as a 

photocatalytic material for the degradation of organic pollutants. As shown in Figure 

1.1, this project involves three main science and engineering fields, namely, water 

treatment, material science and nanotechnology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Contextualization of the present work in different science and engineering fields 

 

1.1 Aims and objectives 

Anodization of Zn is an easy and inexpensive way to produce ZnO nanostructures. The 

possibility of producing different morphologies by changing the experimental 

conditions makes anodization an attractive method for research at laboratory scale, and 

for the potential scaling up for industrial applications. Anodization of Zn has been 

reported in different studies, however, no systematic study correlating anodization 

variables with the obtained morphology has been conducted before.  
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In terms of environmental applications, ZnO has been reported as an effective 

photocatalyst for the degradation of organic pollutants in water. The majority of the 

studies have used ZnO in a powder form without considering the technical and 

economic implications of the separation of the ZnO from the water. On the other hand, 

studies of supported ZnO nanostructures for photocatalytic degradation of pollutants are 

limited compared to the ones with powders. Although some studies have mentioned the 

limitation of ZnO as a photocatalytic material due to its photocorrosion, only few 

studies have included experimental analysis about its stability during photocatalytic 

reactions. For this project, anodization of Zn was selected as method to produce ZnO 

nanostructured films, and the overall aim of this work was to conduct a systematic study 

of the correlation between anodization variables, the physicochemical properties of the 

obtained ZnO nanostructured films and their photocatalytic activity. Considerable 

attention was paid to morphology and films stability during degradation reactions of 

pollutants in water (Figure 1.2).  

Figure 1.2 Scheme of the general aim of the research project  

 

To meet this aim, the following specific objectives were established: 

 Conduct a systematic study on the production of nanostructured ZnO films 

(ZnO-NFs) using anodization of Zn.  

 Characterise the ZnO nanostructures films as a photocatalytic material. 

 Assess the correlation between the anodization variables and physical properties 

of the ZnO-NFs.  (i.e. Morphology, wettability behaviour, ZnO layer profile, 

particle size distribution and crystal size distribution). 

 Test the photocatalytic performance of the ZnO-NFs in the degradation of an 

organic model pollutant in a batch reactor. 
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 Analyse the effect of some physical properties of the ZnO-NF on their 

photocatalytic performance. 

 Asses the morphological stability of the ZnO-NFs under photocatalytic reactions 

and different types of mixing given by the type of reactor. 

 

1.2 Thesis overview  

The present chapter has (i) provided an overview of the situation of use of 

nanotechnology and photocatalysis in water treatment, (ii) highlighted this research 

project as a cross-road between three scientific and engineering fields (i.e. Water 

treatment, nanotechnology and material sciences) and (iii) discussed the aims and 

objectives of the present work. The following Chapter (#2) presents a summary of 

literature review in water quality, heterogeneous photocatalysis and ZnO as a 

photocatalytic material. Methods, materials and experimental procedures used 

throughout this research project are discussed in Chapter 3.  

 

Chapter 4 presents in detail the production of the ZnO nanostructured films (ZnO-NFs) 

and their physicochemical characterisation. It also shows results obtained from the 

study of the correlation between anodization parameters with surface morphology and 

the effect of thermal post-treatment on morphology and crystallinity. The study of the 

ZnO-NFs photocatalytic properties during the degradation of phenol in a batch reactor 

is presented in Chapter 5. This chapter has three sections covering: (i) an initial analysis 

of phenol in the batch reactor, (ii) the effect of morphology and crystallinity of the ZnO-

NF in photocatalysis and (iii) a study of ZnO-NF morphology stability during the 

photocatalytic reaction with phenol.  

 

The final result chapter (Chapter 6) presents the design of a recirculating flat plate 

reactor, and a recirculating tubular annular reactor (TA-PCR). The former reactor was 

designed with the aim of studying the photocatalytic activity and stability of the ZnO-

NFs at different flow regimes. For the TA-PCR, ZnO nanostructured wires were 

obtained by anodization and used as a photocatalyst. Taking advantage of the 

configuration of the TA-PCR, a current was applied to the Zn wire during a 

photocatalytic process and results are also discussed. Finally, the decolouration of 

methyl orange and initial degradation of phenol using ZnO-NFs under dark conditions 

(in absence of light during the reaction), and the deposition of ZnO layer on optical 
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fibers are also presented in this chapter.  Conclusions of the present research project and 

future work are presented in Chapter 7. Figure 1.3 displays a summary flow chart of the 

thesis structure. 

 

Figure 1.3 Summary flow chart of the thesis structure 
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2. Chapter 2: Literature review. 

 

In Chapter 1, this thesis was defined at the nexus of three science and engineering 

fields: Water treatment (i.e. Advanced Oxidation Processes /photocatalysis), 

Nanotechnology (i.e. Nano-materials) and materials science (metal oxides 

semiconductors).  This chapter will present a general overview of concepts, theories and 

studies related to photocatalysis and the use of ZnO nanostructures as a photocatalyst in 

water treatment. The first section will provide a summary about the current situation of 

water pollutants and a brief discussion about existing technologies for water treatment. 

The Second section will present the fundamentals theories of photocatalytic reactions, 

mechanisms, kinetics and photocatalysts, introducing the use of ZnO as a photocatalytic 

material. It also will summarise some characteristics of photocatalytic reactors used in 

research. The last section discusses aspects related to ZnO as a photocatalyst including 

properties, uses in water treatment and ZnO nanostructures. Additionally, the last 

section will present a background on anodization as a technique for manufacturing ZnO 

nanostructures. Throughout the chapter, statistical data about the research in 

photocatalysis and about the use of ZnO in water treatment will also be presented.  

2.1 Challenges of water for human consumption  

Some of the UN Millennium Development Goals, such as reducing child mortality, 

combating malaria and other diseases, and ensuring environmental sustainability, are 

directly associated to water concerns [15].  Water issues can be analysed from different 

perspectives: One is the inadequate access to clean water and sanitation. This situation 

is directly linked to water quality and to the complexity of transporting water from 

natural sources to settlements in order to satisfy the basic needs of the population. 

Another perspective is water scarcity, which is related to the fact that the amount of 

water available for human consumption has decreased in the last decades [16]. Along 

“The literature of science is filled with 

answers found when the question propounded 

had an entirely different direction and end” 

John Steinbeck 

 

http://todayinsci.com/S/Steinbeck_John/SteinbeckJohn-Quotations.htm
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with domestic needs, this scarcity affects other sectors such as agriculture and industry 

as well.  

   

The total amount of water on the Earth is estimated to be about 1.4x10
6
 m

3
 but only 

2.5% of this volume is fresh water. The sources of freshwater are distributed as follows:  

0.3% in rivers and lakes, about 30% underground and approximately 70% in the glacial 

regions and permanently snow covered areas [17]. This distribution shows the limitation 

of water sources available for human consumption. According to the World Health 

Organization (WHO) and United Nations Children Fund (UNICEF) one in six people 

do not have access to “improved water sources” around the world [18]. 

 

Water scarcity affects different aspects of the life and economy. 8% of the total amount 

of water used around the world is for domestic purposes, 70% is used in irrigation, and 

22% in industry and energy production [19]. According to the intergovernmental panel 

on climate change, due to the decrease in the amount of fresh water,  it is predicted that 

by 2050 only 50% of crops will be irrigated with rainfall  while the rest will require new 

sources of water [20]. 

  

Access to water resources is expected to become scarcer due to water shortages, erratic 

rainfall, glaciers melting and sea level rise resulting from global warming. One 

consequence of these phenomena is the salinity of coastal potable water sources will 

increase, affecting approximately a third of the world’s population [21]. These water 

shortages are predicted to affect developing countries more than developed ones [22]. 

More densely populated cities, where water demand is extremely high and water 

sources are limited, will be the worst affected. For instance, in 60% of European cities 

with a population higher than one hundred thousand, the rate of use of underground 

water is faster than the rate of replenishment [23]. 

 

Water quality, on the other hand, is mainly affected by anthropogenic activities with  

around two million tons of waste produced by humans disposed every day in water 

courses [24]. As a result, people who use this water without previous treatment are 

exposed to acquired illness. Although there are well established treatment systems, the 

access to them is limited, in particular in developing countries [24]. 
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Among the issues related to water quality, emerging pollutants have caught the attention 

of environmental organization and research institutes due to their toxic effects and 

recalcitrant properties [25]. The most common emerging pollutants are pharmaceuticals 

and household cleaning products, endocrine-disrupting compounds (e.i. steroids and 

hormones), flame retardants, gasoline additives and industrial additives [26]. The 

presence of industrial pollutants in water sources is a common situation, in particular in 

countries with a weak environmental legislation. According to the World Water 

Assessment Program of the United Nations and UNESCO[24] in developing countries 

70% of industrial wastes are discharged in water sources without treatment.  

 

In terms of domestic activities, the mass use of cosmetic, cleaning and pharmaceutical 

products increases the level and variety of water pollutants. These compounds are 

discarded in the sewage system, passed through waste water treatment without 

successful removal, and discarded in water courses affecting aquatic ecosystems[27]. 

Additionally, as they are not removed during the drinking water treatment, they have 

also been found in drinking water sources as reported in different studies [28], [29]. 

Among the different types of emerging pollutants, drugs have received high public and 

scientific attention due to their potential toxicity and to their mass use and production 

[30], [31], accounting more than 3000 types of pharmaceuticals in the market [32]. 

Drugs are usually found in concentrations of nano-grams per litre, have toxic effects, 

are persistent in the environment, and are bioactive, which means that they can produce 

biochemical and physiological changes in natural species [33]. 

 

Due to the limited water sources, the potential scarcity of water, low efficiency for 

organic compounds removal in conventional water treatment systems, and emerging 

pollutants, new technologies with high performance in the degradation of organic 

pollutants, low use of chemicals and energy efficient are needed. The initiative to 

develop highly efficient and compact systems involves minimizing the use of chemical 

and residual products in order to minimize the exposure of humans to toxic chemicals 

[34] . 

2.1.1 Current technologies for water treatment 

Water treatments are classified in primary, secondary and tertiary treatment depending 

of the type of pollutants removed during the process and the quality of the effluent 

obtained as shown in Figure 2.1.  Conventional water treatment systems include: (i) 
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sedimentation, coagulation and flocculation for the removal of suspended solids, (ii) 

activated sludge systems or trickling filters to remove some organic compounds and 

nutrients by using suspended microbes, (iii) aeration for oxidation of organic 

compounds; and (iv) disinfection for elimination of pathogens. The integration of those 

processes in a water treatment facility is the most common primary and secondary 

treatment nowadays, producing effluents that are suitable for some reuses such as 

restricted irrigation, industrial applications or for discharge in water courses [3]. For 

unrestricted irrigation and for drinking water, on the other hand, higher quality 

standards are established, thus a tertiary treatment is usually needed. Furthermore, the 

presence of recalcitrant compound in water sources has brought the development and 

use of highly efficient advanced technologies. 

 

Figure 2.1 Characteristics and classification of water treatment systems (Adapted from Metcalf 

and Eddy [35]) 
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Advanced technologies have been studied for oxidation of different water pollutants 

showing remarkable results in the degradation of complex compounds. The 

classification of these technologies is shown in Figure 2.2 and includes UV light, ozone, 

membrane filtration and advanced oxidation processes (AOPs). The use of UV light in 

water treatment allows the photochemical inactivation of pathogens and 

photodegradation of chemical compounds, these techniques are efficient but require that 

the light penetrate the whole water column and also some waterborne pathogens show 

high resistance to UV light [36].  

 

 

Figure 2.2 Classification of advanced technologies for water treatment (Adapted from Metcalf 

and Eddy [37] and Munter [7]) 

 

Membrane technologies for water treatment include reverse osmosis (RO) and filtration 

(microfiltration, ultrafiltration and nanofiltration). Figure 2.3 shows the cut offs of the 

different membranes techniques. Filtration uses straining to separate particles from the 

media and its mechanism is size exclusion. RO uses pressure to separate large 
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molecules and salts from water by using selective membranes [38]. The main 

application of RO is desalination where water from the sea is used as a fresh water 

source, in fact, 50% of the worldwide desalination plants include a RO process [39]. 

The main drawback of filtration and RO is fouling which occurs when membrane pores 

are clogged by pollutants such as salt and suspended solids. The development of robust 

membranes, new materials, and more efficient energy recovering systems have moved 

RO towards extraordinary improvements in terms of reduction in energy consumption 

and higher efficiency [40].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Particle size cut off for the different membrane filtration techniques (Adapted from 

Lenntech [41]) 

 

A combination of technologies that include filtration and degradation of pollutants are 

the membrane bio-reactors (MBRs), which nowadays is one of the most used methods 

for wastewater treatment. In the MBRs, the wastewater is mixed with activated sludge 

(liquor) and the liquor is filtrated through an immersed or sidestream membrane. In this 

process biodegradation of pollutants occur producing high quality permeates.  Costs 

associated to these systems involve the pumping of water and sludge, the cleaning and 

replacement of membranes and the energy required to maintain a homogeneous mixture 

of the liquor. As mentioned before, control of fouling in membranes is one of the issues 

associated with these systems and its reduction still remains a challenge [42] .  

 

Finally, AOPs for water treatment are based on the generation of hydroxyl radicals 

(OH•). The oxidation potential of the OH• radicals (2.8 V) is higher than other species 
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used in water treatment, such as ozone (2.07 V), H2O2 (1.78 V), HOCl (1.49 V) and 

chlorine (1.36 V) [43]. It is therefore it is considered a highly oxidant species capable of 

degrading a wide range of organic pollutants into CO2, water  and mineral acids [44]. 

Due to its high reactivity, OH• radical is unstable and it must therefore be produced in 

situ inducing its formation by chemical or photochemical reactions [45]. The main 

advantage of this technology is the potential total mineralisation of the organic 

compounds. Additionally, there is a degradation of the pollutants instead of only a 

separation process as occur with membrane technologies where pollutants are 

transferred from water to another media. As shown in figure 2.4, the formation of OH• 

can be obtained through different methods, namely, ozone with UV light, hydrogen 

peroxide and UV light, cavitation, E-beam irradiation, reaction via Fenton, and 

photocatalysis [45]. Among these methods, photocatalysis has been recognised for its 

high capability to mineralize organic compounds until CO2, water and simple inorganic 

acids. This property makes photocatalysis an attractive method for the destruction of 

toxic and recalcitrant pollutants.  For instance, photocatalysis has successfully used to 

degrade a variety of organic compounds such as dyes [46]–[48], endocrine disrupting 

chemicals [49] and  phenolic compounds [50].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Classification of the advanced oxidation processes for water treatment (adapted from 

Andreozzi et al  [51] ) 
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2.2 Heterogeneous photocatalysis, principles and determining factors   

Photocatalysis is defined by different authors as the catalytic acceleration of 

photoreactions [43]. However, in this definition it is not clear the role of the light in the 

activation of the catalyst leading to confusion between different processes that occur in 

a photoreactor and that are activated by light. Othashi [52] has defined photocatalysis as  

‘the chemical reaction induced by photo-absorption of a solid material, or photocatalyst, 

which remains unchanged during the reaction’. This definition appears to be more 

accurate since it not only specifies the light activation of the photocatalyst but also gives 

information about the state of the photocatalyst and its participation on the reaction.  

 

According to Herrmann et al [53], photocatalytic research projects started in different 

European catalytic laboratories in the 1960s and 1970s. Some of the studies carried out 

in England at that time include: (i) The study of photo-adsorption/desorption of oxygen 

on ZnO in 1960 and with TiO2 in 1973, (ii) the photocatalytic oxidation of CO on ZnO 

(1960) and (iii) the selective isopropanol oxidation in acetone. Another study about 

oxidation of CO on ZnO carried out in Germany in 1964 is recognised as the first 

reference to include the world “photocatalysis” in its title [53] . However, the expansion 

of photocatalytic research is commonly attributed to the publication in English of 

Fushima and Honda’s work on the splitting of water into hydrogen and oxygen, using a 

titania-base anode illuminated with UV light in 1972 [54].  

 

Since 1972, the number of publications about photocatalysis has increased dramatically.  

In the last decade, the numbers of publications about photocatalysis have increase from 

1100 to 3800 publications in averall (Figure 2.5). This trend not only aligns with the 

increase in the number of research projects about photocatalysis itself, but also to the 

multidisciplinary applications of this technology in a variety of fields such as 

semiconductors physics, surface science, photo-chemistry material science and chemical 

engineering [53]. 

 

In terms of environmental applications, photocatalytic studies have been focused on 

using semiconductor materials as photocatalyst for the depuration of pollutants in gas 

and liquid phases. In this area, the number of publications in the last decade accounts a 

total of 6500 publications including papers, reports and reviews. As shown in Figure 

2.5, between 2013 and 2014, 25% of the total photocatalytic studies were related to 

water treatment.  
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Figure 2.5 Number of publications per year related to photocatalysis studies and photocatalysis 

for water applications [55]  

 

2.2.1 Photocatalytic mechanism 

In water treatment, photocatalytic reactions follow the heterogeneous catalysis 

principles where the process occurs at the interface of the solid (catalyst) and the media 

(water) [46]. It has been suggested that heterogeneous photocatalysis occurs in seven 

general steps [56]: (i) External mass transfer (diffusion) of reactants from the bulk fluid 

phase to the external surface of the solid photocatalyst, (ii) Internal mass transfer  

(internal diffusion) of the reactants from the external surface of the photocatalyst 

through the pores to the interior surface of the photocatalyst, (iii) adsorption of 

reactants, (iv) reaction in the absorbed phase, (v) desorption of products,  (vi) Internal 

counter-diffusion of the products through the pores to the external surface of the 

photocatalyst and (vii) external counter-diffusion of products from the external surface 

of the photocatalyst to the fluid media. The reaction in the absorbed phase (step iv) 

consists on a multiple sub-steps as shown in Figure 2.6. The reaction in the absorbed 

phase starts with the excitation of the catalyst by photons at certain wavelength where 

electrons absorb energy reaching conduction band and creating an electron-hole pair. 

These species (electron-hole pair) move to the surface of the catalyst where adsorbed 

species act as scavengers. The hole reacts with absorbed water (or another electron 

donor such as OH
-
 which can be present on the catalyst material) producing the OH• 

radical; while the electron reacts with oxygen (or another electron acceptor) forming 

O2•
-
. The latest ion is a superoxide radical  which can further react  either with hydrogen 

ions (H
+
) from the water splitting process forming HO2•

- 
or react directly with another 

species.  Both OH• and O2•
- 

are the main responsible for the degradation of the 

pollutants in the oxidation–reduction reactions.  During the reaction, a recombination of 
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the electron-hole pair occurs [57]. Furthermore, some compounds absorbed on the 

catalyst surface can be directly degraded by the hole or the electron before their 

recombination [58].  

  

 

Figure 2.6 Mechanism of photocatalysis (adapted from Herrmann [53]; Cassano et al, [57] and 

Houas et al [59]) 

 

2.  Internal mass transfer  from the external surface to the interior surface of the photocatalyst 

3. Adsorption of the reactants at the surface of the catalyst 

5. Desorption of the final products 

6. Internal counter diffusion of the final products from internal to the external surface  

1. External mass transfer of the reactants from the fluid phase to the surface of the catalyst  

7. External counter diffusion of the final products from the external surface to the fluid phase 

4. Reaction in the absorbed phase 
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Photocatalysis is considered a first order reaction where the degradation rate is 

proportional to the concentration of the substrate or pollutant. The most common model 

to estimate kinetic parameters in photocatalytic process is the method of initial rate [60] 

which is a model based only on one component, ignoring intermediates products and 

making it difficult to predict and to study photocatalytic reactions through theory. 

Another factor that makes the study of photocatalytic reactions difficult is the multiple 

variables involved in the process such as light intensity, mass transfer, and adsorption 

process.  

 

Photocatalysis occurs on the surface of the catalyst and involves adsorption of 

pollutants. The main factors that affect the adsorption of pollutants are: (i) The mass 

transfer mechanisms, which is related to fluid mechanics, and directly influenced by the 

type of reactor and mixing process, (ii) the physical-chemical properties of the 

photocatalyst surface and (iii) the properties of the pollutant. The adsorption of 

chemical species is influenced by the pH of the media due to its effect on the chemical 

form of the pollutants (depending on its PKa) and on the charge of the solid catalyst 

(based on its point of zero charge PZC). The pH value where the photocatalyst is not 

charged is known as pHPZC and is used in surface characterisation [61]. 

 

When the pH of the media is similar to the pHPZC, the total charge of the surface is zero 

and the interaction of the photocatalyst with water molecules and other chemical species 

is minimal due to the absence of electrostatic forces.  Changes in the pH of the media 

induce changes on the surface charge density of the photocatalyst. When the 

photocatalyst surface is charged, electrostatic forces attract ions. As shown in the water 

equilibrium equation for titanium dioxide (Equation 2.1 and 2.2), when the pH of the 

media is higher than the pHPZC, the surface is charged negatively. On the other hand,  

positive surface charge occurs at pH lower than the pHPZC  [44].   

 

                             At pH < pHPZC:      TiOH + H
+
 → TiOH2

+
                              (Eq. 2.1) 

                          At pH > pHPZC:      TiOH + OH- → TiO
-
 + H2O                        (Eq. 2.2) 

 

In water treatment, the pH is given by the dissolved chemical species. During 

photocatalytic reactions, the pH can vary due to the production of by-products and 

therefore the adsorption of the pollutants change through the reaction [62].  

Additionally, when the photocatalyst is dispersed in water, changes in pH during the 
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reaction might change the catalyst particle size as agglomeration can occur due to the 

electrostatic interactions produced by changes in the surface charge [63].  

 

The adsorption rate is strong influenced by the concentration of the pollutant, high 

adsorption is produced at high pollutant concentrations. However, the effect of high 

pollutant concentrations in photocatalysis has been discussed from two different 

perspectives:  Richard et al [58] suggested that by increasing the concentration of the 

pollutants, their  absorption is higher and, therefore, they are more likely to be degraded 

by photocatalysis and through direct oxidation by positive holes. In opposition of that, it 

has been suggested that high concentrations of pollutants no longer increase the rate of 

photocatalytic reaction, additional it can affect the process in two ways, (i) by saturating 

the photocatalyst surface and (ii) by absorbing fractions of light [44].  

 

2.2.2 Kinetics of photocatalytic reactions  

For heterogeneous catalysis, different mechanisms have been proposed to explain the 

interaction between the catalyst and the adsorbed molecules or ions, namely the Mars-

van Krevelen (MvK), Eley-Rideal (ER) and Langmuir-Hinshelwood (L-H) 

mechanisms. The latter is the most accepted and used mechanism for photocatalysis, 

however new photocatalytic kinetic models (related or unrelated to the Langmuir-

Hinshelwood rate equation) are still under analysis [64], [65].  

 

The Mars-van Krevelen mechanism suggests that during the reaction one or more 

components of the catalyst’s lattice are taken by the reactants. Doornkamp and  Ponec 

[66] reviewed this mechanism and observed that it occurs during different 

photocatalytic reactions. They suggested that a combination of Mars-van Krevelen and 

Langmuir-Hinshelwood occur frequently during catalytic reactions and both 

mechanisms result either in similar or different products. Since photocatalytic processes 

require oxygen for the oxidation-reduction reactions, oxygen is directly taken from the 

media and used in the radical initiation. Under limited oxygen conditions, the reaction 

follows the MvK mechanism and the oxygen is taken directly from the catalyst lattice, 

which is later replaced with oxygen from the media if possible [67]. A high steady-state 

concentration of oxygen vacancies in the catalyst appears to promote the MvK 

mechanism as oxygen from the adsorbed substrates can bond into the catalyst [66]. 
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The main reaction mechanism defining the full degradation (mineralisation) of organic 

compounds by photocatalyst is the Langmuir-Hinshelwood (L-H). Equation 2.3 is the 

general form of the L-H reaction rate (ri) for compound “i” (mol∙gcat
-1

∙min
-1

) and 

monochromatic light, where LVRPA refers to the “local volumetric rate of photon 

absorption”,   
  is the reaction kinetic constant (  

           
   (mol∙gcat

-1
∙min

-1
),   

  

the adsorption constant (mol∙l
-1

), Ci the concentration of the substrate (mol∙l
-1

) and the 

subscript “j” denote each component involved in the photocatalytic reaction [68]. 

 

                                                         
  
   

   

  ∑   
   

 
   

 
  
   

   

  ∑   
   

 
   

                                       (Eq. 2.3) 

 

L-H model describes the reaction as a multiple component system and explicitly 

displays the influence of photon absorption. However, the majority of the kinetic studies 

for photocatalytic reactions for different types of pollutants have used simplified L-H 

models. Some of the assumptions made by these models are: (i) Photocatalysis is a 

single component system (when only one chemical species is present), (ii) the influence 

of  by-product on the reaction rate  is minimal,  (iii) the effect of photon absorption is 

not considered or it is coupled with other parameters.  Furthermore, kinetic parameters 

found in literature are strongly related to the reactor configuration (i.e. size and 

geometry), rather than the kinetic degradation of a given compound. As a result, there is 

a limitation when comparing kinetic data between different studies and to scale up the 

process [69]. 

 

The calculation of the adsorption constant (  
 ) needed in the analysis of the reaction 

rate (Equation 2.3) requires special attention, in particular for photocatalytic reactions 

with supported catalyst (as the one developed in this thesis). Normally,    
  is calculated 

using the classical L-H isotherm given by Equation 2.4, where Qe (mg∙gcat
-1

) is the 

amount of compound per unit weight of catalyst, Qmax (mg∙gcat
-1

) is the maximum 

amount of organic chemical species that forms a monolayer on the surface of the 

catalyst and Ce (mg l
-1

) is the concentration of the compound “i” in the liquid phase at 

equilibrium. As the constant Qmax and   
  are specific for each compound and varies 

with the type of photocatalyst used, they usually are calculated from experimental data 

where Qe and Ce are correlated in adsorption experiments in dark.  

 

                                                                           
       

    

     
    

                                                                (Eq. 2.4) 
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By definition, Qe is expressed as a function of the mass of the catalyst (Mcat) (Equation 

2.5) where Co is the initial concentration of the compound or pollutant, and Vs is the 

total volume of the solution. Using Equation 2.5, the value of Qe can be determined, in 

particular for catalysts in powder form. For supported photocatalyst, on the other hand, 

the amount of photocatalyst cannot be easily determined. Furthermore, the total mass of 

catalyst present in a film does not necessarily represent the amount of catalyst available 

for the photocatalytic reaction. These conditions make the analysis of either adsorption 

and photocatalysis of organic pollutants difficult with supported photocatalysts. Similar 

limitations occur with the calculation of the LVRPA (usually calculated from the 

radiative transfer equation (RTE)), where the experimental analysis has been well 

developed for powder photocatalyst as it has been reported in several studies [68], [70], 

[71].  

 

                                                                     
          

    
                                                                                  (Eq 2.5) 

 

During photocatalysis, high concentrations of the organic compound result in a pseudo-

zero order reaction. At low concentration, with not oxygen limited, the reaction is 

pseudo-first order as describe by equation 2.6, where kapp,v is the ‘pseudo-first-order 

reactor volume based reaction rate constant’ which comprises light absorption, oxidant 

concentration and catalyst concentration. kapp,v  can be calculated using equation 2.7 

where S is the illuminated surface area of the catalyst, Vr is the reactor volume and   
  is 

the pseudo-first or second order reaction rate constant [72].  

                                                                                                                                                       (Eq. 2.6) 

 

                                                                               
 

   
  

                                                                            (Eq. 2.7)  

The efficiency of the photocatalytic reaction can be expressed either by the quantum 

yield (          or by the photon efficiency ( ) given by equations 2.8 and 2.9 

respectively. Due to the difficulty in measuring the rate of photon absorption, the latter 

parameter is preferred and defined as the relation between the number of transformed 

molecules and the number of incident photons [72].  

                                                          
             

                           
                                                    (Eq. 2.8) 

  

                                                  
             

                                        
                                               (Eq. 2.9) 
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2.2.3 Light in photocatalytic processes. 

Photocatalytic reactions are initiated by the absorption of photons by the photocatalyst; 

the effect of the light in photocatalytic reactions depends on the type of photocatalyst, 

the light wavelength and the light intensity. Electron-holes pairs in a photocatalyst are 

produced when the energy absorbed is equal or higher than the band gap of the 

photocatalyst. The light wavelength determines the energy given to the system. UV-A 

light is in the wavelength range of 315 to 400 nm (3.10 – 3.94 nm); for UV-B the 

wavelength range is 280 to 315 nm (3.94–4.43 eV) while for UV-C the range is 100 to 

280 nm (4.43–12.4 eV). Although UV-A light provides enough photonic activation 

energy for most of the frequently used photocatalyst (see Section 2.2.5), different 

photocatalytic studies have also used UV-B and UV-C sources including sunlight [73].  

  

The photocatalytic reaction rate (ri) is directly dependent on the light intensity (I), as is 

expressed by Equation 2.10 where   
  is a rate constant, Ci is the concentration of the 

substrate or pollutant and n is the kinetic order given by the light intensity. At light 

intensity lower than 25 mW/cm
2
, the production of electron-holes pairs is limited and 

they are totally consumed during the photocatalytic reaction, therefore, the reaction is 

consider a first order with a value of n equal to 1. Light intensity higher than 25 

mW/cm
2
, on the other hand, generates excess of electron-hole pairs with a high rate of 

recombination, and as a result, the reaction is a half order, and the value of the kinetic 

order in this case is  0.5 (n=0.5) [74], [75]. 

 

                                                        ri =   
  Ci I

n
                                                  (Eq. 2.10) 

The amount of light absorbed by the catalyst is affected by the optical properties of the 

solution (or waste water), i.e. molar  absorption coefficient (ε), scattering coefficient () 

and the phase function [76].  The absorption coefficient is defined as the fraction of 

incident radiant energy that is absorbed by a molecule or a particle per unit mass. 

Scattering coefficient is also known as dissipation coefficient and is defined as ‘The 

fractional decrease in intensity of a beam of electromagnetic radiation or particles per 

unit distance traversed, which result by scattering rather than absorption’, while phase 

function refers to the angular distribution of light intensity scattering by a particle at a 

given wavelength [77].  

 

Although absorption coefficient and scattering coefficient are important variables in 

photocatalysis and, in particular, in the design of the photocatalytic reactor, the 
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calculation of them separately is a complex process. Therefore, the extinction 

coefficient, which is the addition of the scattering and absorption coefficients at similar 

wavelength, is used as an experimental parameter of analysis calculated by photometric 

measurements [76], [78]. High values of extinction coefficients, given by high 

absorption and/or high scattering of light, minimize the amount of light absorbed by the 

photocatalyst resulting in a low generation of electron-hole pairs and reactive species, 

and therefore in a decrement of the reaction rate. 

 

2.2.4 Photocatalytic reactors   

A large variety of photocatalytic reactors have been designed and reported for water 

treatment. Based on the distribution of the catalyst within the reactor, conventional 

photocatalytic reactors can be classified as a slurry reactors, fixed or supported catalytic 

bed and fluidised catalytic bed reactors [57]. Figure 2.7 displays a general scheme of 

these types of photocatalytic reactors. Furthermore, variations in geometry, type of 

mixing process, light source and location of the light are commonly found in literature. 

Other authors have classified the photocatalytic reactors according to the shape; for this 

type of classification, the most common reactors used in photocatalytic studies are flat 

plates reactors [79]–[81] and annular reactors [82], [83]. Photocatalytic reactors can 

operate either in batch, batch with recirculation, or in continuous mode.  

 

 

Figure 2.7 Types of heterogeneous photocatalytic reactors classified by the form of 

photocatalyst (Cassano et al [57]) 
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The number of research publications (i.e. papers, reports and reviews) focused 

exclusively on the design and optimization of photocatalytic reactors has slowly 

increased in the last decade (Figure 2.8). For instance, in 2005 the number of 

publications related to photocatalytic reactors was 135 while in 2010 the number 

increased to 140 publications and to 167 publications in 2014.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Number of publications related to photocatalytic reactors since 2005 [55].   

 

For a dispersed photocatalyst, the most common photocatalytic reactors found in the 

literature and used for experimental studies for water treatment are (i) the batch reactor 

where the light source (usually UV lamps) is either immersed in the water or placed on 

the top of the reactor and (ii) the slurry annular reactor in which the light source is 

placed in the internal channel while the water with the dispersed catalyst flows through 

the annular space.  Slurry reactors have high surface volume ratio and therefore the 

mass transfer between pollutants and photocatalyst is high resulting in high rates of 

degradation. On the other hand, slurry reactors require downstream separation to 

recover the photocatalyst [8]. Additionally,  the increase of amount of photocatalyst that 

can be used in this type of reactors is limited due to the scattering produced by the 

particles that decrease the penetration of light [84], [85]. 

 

For an immobilised photocatalyst, Lin et al [8] identified three categories of 

photocatalytic reactors according to the location of the light source: (i) Reactors that use 

external lamps where the photocatalyst is coated on the reactor wall (Figure 2.9-a), (ii) 

reactors with internal lamps (inmersion reactors) where the photocatalyst is 

immobilised on the lamp glass or on the reactor wall (Figure 2.9-b)  and reactors that 

0

50

100

150

200

250

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

N
u

m
b

er
 o

f 
p

u
b

li
ca

ti
o
n

s 

Year 

Studies related to photocatalytic reactors



 

24 

 

use monolithic structures containing the photocatalyst, where internal light tubes or 

fiber optic bundles are used.  

 

 

 

 

 

 

Figure 2.9 Scheme of two types of immobilized reactors (Ling et al [86]) 

 

Reactors with immobilised photocatalyst display lower efficiency compared to slurry 

reactors due to the decrease in the surface area of the photocatalyst and potential mass 

transfer limitations [9]. To minimise mass transfer limitations, supported photocatalysts 

have been used in fluidised reactors [87]–[90] which maintain high surface area to 

volume ratios with a high level of contact between the photocatalyst and the dissolved 

pollutants and beads. Another method to maximise the surface area is using a 

nanostructured photocatalyst, which will be discussed for ZnO in Section 2.3.1. 

 

In addition to design, modelling and experimental validation play an important role in 

the development of photocatalytic reactors [91]–[99]. The biggest challenges in this 

area, is the complexity of the radiation absorption-scattering modelling. The two most 

important dimensionless parameters for the modelling of a photocatalytic reactor are (i) 

the optical thickness which is the relationship between the reaction space and the 

photons free path in the suspension (known also as the opacity of the photoreactor) and 

a. 

b

. 
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(ii) the scattering albedo () which is related to the optical properties of the 

photocatalyst in suspension [100].  

 

Recently, other non-conventional configurations of reactors have been developed for 

photocatalytic studies. The new designs are based on a concept called “process 

intensification” where higher efficiencies and productivities are preferred [101]. Some 

of the alternative configurations of photocatalytic reactors that use suspended catalyst 

include: Rotating drum reactors, Taylor vortex reactors [102],  and fountain 

photocatalytic reactors [94]. Non-conventional configurations of photocatalytic reactors 

that used immobilised catalyst include: swirl flow reactors [103], optical fiber 

photoreactors [104], and spinning disc reactors (SDR)[105]. The latter reactor, when 

used in batch mode, has been successfully used for the degradation of methyl blue, 4-

chlorophenol and salicylic acid with titanium dioxide, showing its promise for use in 

processes with mass transport limitations such as photocatalysis [106].  

 

Micro and nanofluidic devices have been developed and successfully used in 

engineering processes. This technology is now being used in the design of 

photocatalytic reactors. Since the recombination of the electron-hole pairs is in 

competition with the formation of reactive species and with oxidation-reduction 

reactions, the surface-to-volume ratio in the reactor strongly affects the reaction time. In 

reactors with a small volume, the photocatalytic reactions proceed rapidly, decreasing 

the probability of electron-hole recombination as is the case with micro reactors which 

have shown a remarkably large surface area to volume ratio compared with 

conventional batch reactors [107]. 

 

2.2.5 Photocatalytic materials for heterogeneous photocatalysis  

Photocatalytic materials are usually pure or composites of metal oxides, metal 

sulphides, oxysulfides or oxynitrides [108]. According to their electronic configuration, 

photocatalysts can be classified as transition metal cations with empty d orbitals (d
0
), 

metal cations with d filled orbitals (d
10

) and lanthanide metal cation with empty d and f 

orbitals (f
0
d

0
). Since their ‘d’ orbitals are either empty or totally full, their conduction 

band orbitals are ‘d’ or ‘sp’, while their valence band orbitals are ‘O 2p’, ‘S 3p’ or ‘N 

2p’. These electronic configurations are responsible for their photocatalytic properties 
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as hybridized orbitals with large dispersion are able to generate mobile photoelectrons 

once the material is exposed to light [108].  

 

In a photocatalytic process, the activation energy depends on the photocatalyst band gap 

and on the wavelength of the light which also determines the energy applied [109]. The 

activation energy must be sufficient to move electrons from the valence band to the 

conduction band (see section 2.2.1). Table 2.1 displays the bandgap energy (Ebg) and 

the minimum wavelength (Ebg) for the photoexcitation of different photocatalysts 

[108]. Since 40% of the solar light correspond to the wavelengths of infrared (1mm-750 

nm), 50% to visible wavelength (750-400nm) and only 10% is UV wavelengths 

(400nm-10nm), the majority of photocatalysts listed in Table 3 are not suitable to use 

solar light due to their requirement of UV light to be activated. This limitation is one of 

the main drawbacks of photocatalysis and the base of many studies that are focused on 

modifying the band gap of photocatalysts in order to make them highly photoactive 

under solar light.  

 

Table 2.1 Bandgap energy and Ebg of catalyst (Dhananjay at al [110]) 

Photocatalyst Bandgap (eV) Ebg Photocatalyst Bandgap (eV) Ebg 

Si 1.1 1127 -Fe2O3 3.1 400 

WSe2 1.2 1033 ZnO 3.2 388 

Fe2O3 2.2 564 TiO2 (Anatase) 3.2 388 

CuO2 2.2 564 SrTiO3 3.4 365 

CdS 2.4 517 SnO2 3.5 354 

WO3 2.7 459 ZnS 3.37 335 

TiO2 (rutile) 3.0 413    

 

 

Figure 2.10 displays the trend of the number of publications in photocatalysis with TiO2 

and ZnO in the last decade. Regarding to the total number of publications about 

photocatalysis, TiO2 has been a predominant material. As observed in Figure 2.10, until 

2010 more than 50% of the total photocatalytic studies worked with TiO2. From 2010 to 

the present, the proportion of publications with TiO2 compared to the total 

photocatalytic publications has dropped due to the development and application of new 

photocatalytic materials for research. The use of ZnO for photocatalytic studies, on the 
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other hand, has increased especially in the last 5 years where the number of publications 

raised from 165 papers in 2009 to 417 publications in 2014.  

 

 

Figure 2.10 Number of publications related to photocatalytic studies with ZnO and TiO2 since 

2005 [55]. 

 

As previously mentioned, TiO2 is one of the most used photocatalyst. Hence, this 

section presents a summary of this material and the main findings. TiO2 has important 

properties such as being highly photo-reactive (usually up to 10% of photonic 

efficiency), economical, nontoxic, photo-stable and chemically and biologically inert. 

These properties have made this material ideal for environmental applications [111].  

TiO2 has been used for a large variety of studies, from the principles of photon 

absorption and formation of reactive species, to nanostructured photocatalyst studies. 

Some of the studies that have been carried with TiO2 include:  

 

a) Crystallinity studies. It is well known that high crystallinity reduces the 

recombination rate of photo-excited electrone-hole pairs. However, the effect of other 

crystal properties such as crystal orientation, crystal morphology and crystal size on 

photocatalytic activity are still under research. The effect of the crystalline phase on 

photocatalytic activity of the material has been studied using the different crystal 

structures of the TiO2 (i.e. tetragonal (rutile), tetragonal (anatase), and orthorhombic 

(brookite))[112]. In general, the photocatalytic activity of the rutile phase (band gap 

3.02 eV) is considerably lower than the anatase phase (band gap 3. 2 eV). The increased 

photocatalytic activity of the anatase phase has been attributed to different properties 

such as: (i) higher Fermi level, (ii) lower capacity to absorb oxygen, (iii) higher capacity 
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of hydroxylation and, (iv) inherent surface band bending. [113]. The later property, 

which is formed in deep regions of the photocatalyst, allows a higher number of 

electron-hole pairs to migrate to the surface before recombination. On the other hand, 

for the rutile phase, only holes produced close to the surface can migrate successfully to 

the surface. In terms of crystal orientation, it has been reported that the (001) facet is 

more reactive than the (101) facet in an anatase crystal [114]. 

 

b) Synthesis of TiO2 nanoparticles and nanostructured materials. In this area, 

dimensionality of the structures has been discussed in terms of its effect in 

photocatalysis. Some of the morphologies that have been synthesised studied included: 

(i) spheres with zero dimensionality which have usually displayed high surface area, 

resulting in higher photocatalytic activity for the degradation of organic pollutants. 

Additionally, this morphology displays large light absorption capacity; (ii) fibers and 

tubes that have shown high surface-to-volume ratio, resulting in lower electron–hole 

pair recombination (due to the short distance for change carrier diffusion); (iii) two 

dimensional sheets (usually nanoflakes morphologies also with high aspect ratio) have 

displayed smooth surfaces and high adhesion to the substrates; (vi) three dimensional 

structures or monolits (including interconnected structures) with high carried mobility 

and large surface-to-volume ratios, which can result in efficient diffusion pathways for 

adsorbed species [115].  

 

c) Preparation of visible light-responsive TiO2, including preparation and studies of 

doped TiO2 photocatalyst [111]. The main aim of doping is to improve the absorption of 

light in the visible region by decreasing the band gap or introducing an intra-band gap 

state. Studies with TiO2 include doping with transition metal cations (e.g. Fe, V, Mo, 

Re), which can provide additional energy levels within the bang gap of the TiO2 [116]. 

Other types of dopants used with TiO2 are noble metal such as Pt, Ag, Au, Pd, Ni, Rh 

and Cu. Due to the lower Fermi levels of the noble metals compared to the one of TiO2,  

photo-excited electrons can move from the conduction band to the metal (deposited on 

the surface of the TiO2). On the other hand, photo-generated holes in the valence band 

remain in the TiO2. As a result, the electron-hole pair recombination is lower, enhancing 

the photocatalytic activity. Finally, doping with anions has been studied as an 

alternative to make TiO2 photocatalytic active under visible light. Studies have included 

the substitution of oxygen in the lattice for N, S or C [112][117]. In this type of doping, 
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the mixing of p states of the anion with the O 2p states narrows the band gap energy of 

TiO2 [112]. 

 

d) Photo-induced surface wettability changes. UV light reduces the wettability of the 

TiO2 making it highly hydrophilic [118]. High contact angles in TiO2 are mainly due to 

surface roughness. It has been suggested that under UV light, TiO2 decomposed 

absorbed compound changing its initial surface composition [119]. In addition, the 

absorption of hydroxyl (OH) groups in the surface appears to be cause of hydrophilic 

surfaces.   

 

e) Environmental applications. TiO2 has been studied for a large variety of 

photocatalytic applications such as: (i) oxidation-reduction reactions, including 

photocatalytic degradation of pollutants, decomposition of NO; (ii) reduction of CO2; 

(iii) application of visible light responsive TiO2 for solar water splitting, solar cells and 

photo-fuel cells; (iv) degradation of pollutants in air and water. For the later application, 

and similar to ZnO, a large variety of pollutants have been used as model compounds 

including: aliphatic, aromatic, dyes, polymers and pesticides. A discussion about the 

photocatalytic performance of TiO2 compared to ZnO is presented in the next section.  

 

2.3 Zinc Oxide as a photocatalytic material  

ZnO has become an attractive material for photocatalytic applications due to its unique 

combination of semiconducting  and piezoelectric properties [12]. Additionally, ZnO is 

recognised for its excitonic stability, direct band gap of 3.2 eV, high electron mobility, 

good transparency and strong luminescence at room temperature [120]. Interest in ZnO 

as a photocatalytic material has increased recently, accounting for about 10% of the 

total photocatalytic research in the last 5 years (Figure 2.11) [55].  ZnO has been widely 

studied for different applications such as self-cleaning paints[121], cosmetics, sun 

creams, photo degradation of organic products [122], and as a potential candidate for 

light emission applications [123] and for developing optoelectronic and sensor devices 

[124]–[126]. On the other hand, two main factors have limited the widespread use of 

ZnO in research, namely, ZnO’s difficulty with carrier doping and its vulnerability to 

photocorrosion [127]. The former condition has limited the use of ZnO in studies that 

are related to production of new doped photocatalysts while photocorrosion has 

decreased the extensive use of ZnO in water treatment.  
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Figure 2.11 Proportion of publications related to the use of ZnO in photocatalysis compare to 

TiO2 and to other photocatalytic materials [55].  

 

ZnO is a natural and stable n-type semiconductor. The excess of negative electron 

charge carriers have been attributed to defects in the lattice, and in particular to oxygen 

vacancies and Zn interstitial [128]. The stability of ZnO as a n-type semiconductor has 

limited the production of ZnO-related materials for electronic and photonic applications 

where p-type semiconductor are preferred [129]. ZnO displays three types of crystal 

structures, namely, zinc blend, rocksalt and wurtzite (as shown in Figure 2.12). The 

latter is the most common structure where each anion is surrounded by four cations at 

the corner of the tetrahedron and vice versa [128].  

 

 

 

Figure 2.12 Crystal structures of ZnO. Grey dots refer to Zn atoms while black dots refer to 

oxygen  (Morkoç et al [128]) 
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ZnO is an amphoteric oxide, it can be dissolved in acid forming metal cations and in 

alkaline solutions forming oxyanions of Zn such as zincates [130]. The amphoteric 

properties make ZnO vulnerable to the effects of changes in pH. Meulenkamp et al 

[131] found a size dependence of the corrosion rate (etching) when ZnO particles in 

ethanolic solution were exposed to anhydrous acetic acid. It was suggested that changes 

of size during dissolution follows a random behaviour due to some properties such as 

surface area and polydispersion which may vary simultaneously with particle size. 

Furthermore, David et al [132] determined the dissolution kinetic of ZnO nanoparticles; 

results showed that particles with primary diameter of 71 nm and 20 nm have  similar 

values of solubility to those for bulk ZnO; while particles with primary diameter of 6 

nm displayed higher solubility than the bulk.  

 

The exposition of ZnO to light induces photocorrosion on the surface and therefore 

increases the dissolution of ZnO in water [127]. The dissolution rate of ZnO in water is 

affected by the type of light used (i.e. wavelength and intensity) and by properties of the 

material such as thickness, structure, porosity and, in the case of  supported materials, 

the adhesion of the ZnO to the substrate. For instance, Spathis et al [127], have reported 

that the photocorrosion of ZnO layers immersed in a 3.5% NaCl solution and exposed to 

white light (130 mW/cm
2
) decreased as the oxide thickness increased [127]. They also 

suggested that the initial high production of by products during photocorrosion delayed 

the dissolution of ZnO.  

 

In terms of uses of ZnO in water treatment, it was established that ZnO powder is the  

most common form used for water treatment  [133]–[136]. In this form ZnO has been 

successfully used for treating organic pollutants such as alcohols, phenolic compounds 

[137]–[139], aromatics compounds[58] and dyes [140]–[146]. Some results have shown 

economic benefits and better performance over other photocatalytic materials such as 

titanium dioxide (TiO2) [140]–[142], [147]. For instance, ZnO and TiO2 powder were 

used to degrade a common fungicide 2-phenylphenol (OPP) using UV light wavelength 

higher than 300 nm [148]; in this study the reaction with ZnO was faster with a better 

overall conversion.   

 

The most common model compounds used for photocatalytic studies in water treatment 

are dyes. Dyes are mainly selected due to their extensive use in industry and easy 

measurement in the laboratory. In general, ZnO displays good performance in the 
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degradation of dyes. For example, reactive blue-19 was 98% degraded using UV light at 

wavelength lower than 350 nm for 30 minutes [149], 100% decolouration of red-4b, 

yellow-3r and blue-5G was reached upon visible light for 30 minutes[48], acid Yellow-

23 was treated with ZnO powder and the kinetic of this process were established in this 

study [150] and ZnO, TiO2, SnO2, ZnS and CdS in powder form were used to degrade 

Methyl orange (MO) and Rhodamine 6G  (R6G) with UV light (365 nm) and solar light 

at different pH [47]. The latter study showed a maximum degradation (higher than 90% 

after 4 hours) using ZnO at basic pH, and a better performance was observed with ZnO 

and sun light compared to UV light. All those studies were performed with ZnO in a 

powder form. It is important to highlight that most of the studies with dyes mentioned 

herein have not considered photolytic effects and partial degradation (i.e. decolouration) 

and therefore some of the results about photocatalytic performance can be 

overestimated.  

 

A considerable number of photocatalytic studies for water treatment applications have 

used supported ZnO, evaluating the general performance of the photocatalytic reactions 

in terms of surface area [151]–[157]. For instance, a comparison between photocatalytic 

activity (PCA) of ZnO nanorods and nanoparticles films for the degradation of 

methylene blue (MB) with visible light showed that nanoparticle films have a lower 

PCA compared to the nanorods films; nanorods degraded  90% of the MO while only 

60% was degraded by nanoparticles after 180 minutes of reaction [158]. In the latter 

study, the differences in PCA were attributed to the low surface area of the 

nanoparticles. Ultrafine ZnO particles were also produced to study their surface 

properties and PCA by using phenol as a model compound, in this study authors 

suggested that the PCA depends mainly on the surface properties including surface area 

and active species contained in the surface (i.e. oxygen deficiencies and hydroxyl 

species)[135]. 

 

Besides surface area, other factors play an important role in photocatalytic reactions 

[159]. Different authors have stated that properties such as morphology, aspect ratio, 

particle size and orientation of crystals have strong effect in the properties of ZnO and 

therefore in its photocatalytic properties [12], [160], [161]. However, no systematic 

research has carried out in this field and properties such as surface morphology, wetting 

behaviour, and ZnO crystallinity and their effect on photocatalysis have not been 

extensively studied [133]. The influence of surface morphology and nanostructure size 
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on the PCAs has been described using ZnO nanoflake array films for degrading methyl 

orange with UV light [162]. Another study [155] also reported changes in PCA due to 

different morphologies, this research included the effect of oxygen concentration in 

photocatalysis using Methyl blue (MB) as a model compound. Authors suggested that 

ZnO films with aligned structures showed better PCA, and also that adding oxygen 

resulted in higher degradation of most of the films with more stable nanostructures. A 

further study conducted by the same research group included a complete study of the 

kinetics, studying MB by-products produced during photocatalytic degradation at two 

different wavelengths [153].    

 

Different authors agree about the properties of an “ideal catalyst” including its low cost, 

stability and sustained photoactivity, photoactivation with visible and near UV light, 

high conversion efficiency and quantum yield, high adaptability to react with a variety 

of pollutants, biologically and chemically inert, and low toxicity [163]. ZnO displays 

some of these properties; it is an inexpensive material, has high PCA to degrade a 

variety of pollutants and is not toxic for human use. Additionally, ZnO is capable of 

absorbing pollutants even at extremely low concentrations through hydrogen bonds, 

which can be used in the treatment of nanopollutants via photocatalysis [164]. 

 

On the other hand, there are some drawbacks that restrict the extensive use of ZnO as a 

photocatalyst for water treatment, among them are: The requirement of UV irradiation 

equal or lower than 388 nm which limits the use of solar energy as a source of light, 

photocorrosion and its potential toxicity in aquatic environments, in particular at the 

nanoscale size. Although ZnO shows the best photocatalytic performance under UV 

light, some studies have used visible light illumination to obtain satisfactory results 

[165]–[167]. For instance, a photocatalytic reactor based on ZnO nanorods and solar 

light was developed showing 99% removal of Escheritia coli and Staphylococcus 

aureus [168]. Another study showed that phenol was degraded by ZnO under solar light 

with a negligible photocorrosion [169].  

  

ZnO is considered a non-toxic compound [170] and therefore it has been used in 

different products that are in contact with humans (i.e. sun creams, painting, and food 

additives). However, ZnO represents a risk once it reaches natural aquatic 

environments.  Some studies have reported the antibacterial activity of ZnO on Gram-

positive bacteria even in dark conditions [171]. Furthermore, at nanoscale, the toxicity 
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of ZnO is expected to be higher due to its larger surface area and the facility to be 

absorbed by aquatic specimens [172]. The causes of the toxicity of ZnO nanoparticles in 

aqueous environments are still under research, though it has been attributed to either  

the reactivity of the Zn(II) ion itself, to the nanoscale properties of the ZnO or to a 

combination of the Zn ion with the size of the particles [173]. Therefore, the use of ZnO 

in powder for water treatment requires a special management in order to minimize ZnO 

discharges in the natural environment. As mentioned before, separation of ZnO from the 

water increases the cost of the water treatment and therefore a stable fixed photocatalyst 

would be more convenient from this perspective.  

 

2.3.1 Nanostructures of ZnO   

In general, reduction of a materials size to the nanoscale level, induces changes in the 

electrical, mechanical, chemical and optical properties [12]. Nanostructures are 

expected to be more efficient at photocatalysis due to the quantum size effect at nano-

scale in which means the valence band and conduction band change into a discrete level 

enhancing the oxidation-reduction capability [10]. Additionally, nanoparticles display 

higher surface areas which allow for absorbing higher amounts of pollutants onto the 

phocatalyst surface and increasing the exposition light surface area in the photocatalyst 

[174].  

 

Different methods have been used for the production of nanostructures, amongst them:  

vapour [12], [175], [176], epitaxial growth [177], electrodeposition [178], and 

anodization [179]–[183]. Through these methods diverse nanostructures such as 

nanowires, nanorings, nanoflakes, nanoneedles, nanocages and nanospheres[184] have 

been produced. The vapour-phase synthesis used for the production of nanostructures 

requires high temperatures (500 – 1400 ˚C) and low pressures. These inflexible 

conditions make this method expensive. Methods that use solution chemical approach 

work at lower temperatures (< 200 ˚C); but the long reactions times (from few hours to 

days) make them impractical. Electrochemical processes, on the other hand, do not 

require high temperatures and the reaction times are less than 1 hour. Based on the 

variety of nanostructures [179]–[183], including nanoporous structures produced by 

anodization of aluminium and titanium, anodization was selected as a process for 

obtaining the ZnO nanostructured films in this project. 
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Anodization of zinc has been widely used for the formation of ZnO layers and ZnO 

nanostructures. Although this electrochemical process is extensively used, the 

understanding of the mechanism that controls the formation of the ZnO nanostructures 

and the relationship between anodization conditions and nanostructure’s properties is 

still limited. It is common to find publications about the anodization of Zn that have 

either used well-developed theories for anodization of alumina or cited previous studies 

without considering differences in anodization conditions and, in particular, the type of 

electrolyte used. 

 

Unlike anodization of Zn, the mechanism for the anodization of alumina has been 

extensively studied and a large amount of literature about it can be found. The first 

major study about correlation between structure and anodization parameters was 

reported in 1940s [185]. Since then, different mechanisms for the formation of porous 

and non-porous structures have been proposed [186], [187].  In alumina the formation 

of porous structures occur when there is a balance between the growth and the 

dissolution of the oxide layer, while non-porous structures are formed when the oxide 

layer is resistant to the dissolution by the electrolyte [188]. This theory about 

anodization of alumina is not suitable for zinc, as during the anodization of zinc, the 

balance between growth and dissolution usually results in shapeless surfaces rather in 

the formation of pores. In fact, ZnO pore structures, similar to those produced by 

anodization of alumina (Figure 2.13-a), have not been reported up to now. Studies that 

have claimed the production of ZnO pores structures have shown a porous surface 

instead (Figure 2.13-b) [189].     

  

 

 

 

 

 

 

 

 

Figure 2.13 Comparison of pores nanostructures obtained with anodization of alumina (a) [190]  

to porous morphologies produced with anodization of Zn (b) [189]. 

a. b

. 
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Similar to the anodization of alumina, anodization of zinc has two main mechanisms for 

shaping Zn into ZnO nanostructures. Equations 2.11 to 2.15 describe the generic 

reactions that occur in an electrochemical-cell during anodization of Zn. Hydrogen is 

formed during the anodization reaction (Equation 2.11) while the formation and etching 

of the ZnO takes place at the Anode. The first mechanism is the formation of Zn ion 

complex (Zn
2+

) (Equation 2.12) and its further oxidation which leads to the formation of 

ZnO (Equation 2.13 and Equation 2.14); the second mechanism is an etching process 

that dissolves the formed ZnO (Equation 2.15). Both mechanisms coexist during the 

reaction time and are strongly affected by the type of electrolyte and its concentration, 

current density, temperature and reaction time. As will be discussed in Chapter 4, the 

different reactions that take place during anodization depend on the type of the 

electrolyte used.  

 

Anodization 

At the cathode: 

                                         2H
+
 + 2e

-
 → H2(g)                                                (Eq. 2.11) 

At the anode: 

                                           Zn → Zn
2+

 + 2e
-    

                                               (Eq. 2.12) 

                                     Zn
2+

 + 2OH
-
 → Zn(OH)2                                          (Eq. 2.13) 

                                    Zn(OH)2  → ZnO + H2O                                            (Eq. 2.14) 

 

Etching 

                                  ZnO + HX
*
 → ZnX

*
 + H2O                                        (Eq. 2.15) 

 

* X represent the negative ion of the electrolyte (eg. PO3
-2) which may form a zinc salt  (e.i. Zn3PO4) for etching process during 

anodization process. 

 

Some of the nanostructures obtained through different studies by anodizing Zn include: 

producing nanoporous-like structures at room temperature by using oxalic acid [0.3, 0.5 

and 1M] as a electrolyte at 10V [163], where it was determined that the crystal size is 

proportional to the concentration of oxalic acid. In another study [125], nanocrystals 

were produced using the same voltage (10V) and  electrolyte (Oxalic acid) at lower 

concentrations [ 0.3, 0.1, 0.05 M].  Striped nanostructures were obtained with a mixture 

of sulphuric acid (H2SO4) and ethanol (OH-Et)  at 5 °C, and 40 V and at room 
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temperature at between 5 V to 40 V [183], [191]. The latter study also investigated the 

anodization of zinc with an electrolyte containing fluoride ions obtaining ZnF2 

structures which can be converted into ZnO by thermal annealing. Nanoparticles, 

nanoneedles  and nanoflowers were obtained  with sodium hydroxide (NaOH 4M) by 

modifying the anodization time from 15 min to 60 min at 25 °C and a current density of 

8.33 mA/cm
2 

[192]. Similar nanoparticles were obtained at a lower concentration 

(NaOH 0.1M) at 20, 30 and 40V for 60 minutes [193]. Nanoneedles were obtained  

using a basic solution of Zn(OH)4
2-

 at a current density of  0.3 mA/cm
2 

 and at room 

temperature [181], and KHCO3 was used to produce ultralong ZnO nanowires, it was 

found that in reactions of 2 hours the length of the nanowires decrease from 35 m to 20 

m when the temperature is reduced from 25 to 5 °C, and high temperatures (> 50 °C) 

lead to smaller nanostructures [194].  

 

2.4 Electrocatalysis and Photoelectrocatalysis for water treatment  

Other processes that use catalytic material and have been used in water treatment are 

electrocatalysis and photoelectrocatalysis. The term electrocatalysis refers to the process 

that combines electrochemistry and catalysis. This process is the base of large number 

of new technologies such as energy storage, fuel cells, solar fuels, and electro-synthesis 

[195].  Electrocatalysis uses a catalyst in order to increase the rate of electrode reactions 

that have low exchange current density. In this process, reactions occur either on the 

electrode surface (which usually is the photocatalyst itself) or in the solution [196]. 

Although metals, alloys, semiconductors (especially oxides) and complexes have 

displayed catalytic properties, catalysts used in electrocatalysis are typically based on 

transition metals [196].  

 

In photoelectrocatalysis, on the other hand, a catalyst is activated by light and the 

increase of the electrode reaction rate is induced by an electrical potential [197]. Similar 

to photocatalysis, electrophotocatalysis involves the generation of electron-hole pairs 

which react with adsorbed species to produced hydroxyl radicals (see section 2.2.1). By 

applying an electrical potential, electrons are induced to the counter electrode 

minimizing the electron-hole pair recombination [198]. A scheme of 

photoelectrocatalysis with TiO2 is displayed in Figure 2.14.   
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Figure 2.14 Schematic representation of photoelectrocatalytic process in an electrocell with 

TiO2 (Garcia Bessegato [198]) 

 

 

Electrocatalysis and photoelectrocatalysis have been used as technologies for water 

treatment. In both processes, the elimination of the pollutants is caused by a reactive 

species. Electrocatalysis requires the addition of an electrolyte that promotes the 

generation of oxidants (ClO2, O3, H2O2) and reactive radicals (OH•, O•, ClOH•) [199],  

while in photoelectrocatalysis, the formation of reactive species follows the mechanism 

of conventional photocatalysis as mentioned in section 2.2.1.  

 

The most common catalysts used in electrocatalysis are platinum and ruthenium which 

are recognised for their catalytic properties. However, other catalysts have also been 

used for water treatment. For instance, Murphy [200] described the degradation of 

phenol and surfactants using rhodium as a catalyst. Another study used titanium 

electrodes with electrodeposited metals (Ti/Pt) in the degradation of textile industrial 

effluent adding NaCl as a electrolyte [199]. TiO2/carbon was studied for the degradation 

of oily water using Na2SO4 as electrolyte in an electrocatalytic membrane reactor [201]. 

For photoelectrocatalysis, on the other hand, studies with TiO2 or ZnO have reported the 

degradation of a variety of organic compounds including hormones [202], pesticides 

[203] aromatic compounds [204]–[206], dyes [205], [207] and organochlorinates [208].  
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2.5 Summary 

This chapter has introduced and discussed concepts and technics that will be used 

throughout this thesis. An overview of water-related issues and, in particular, to water 

availability and quality water was presented in the first section. In this section the 

impact of emerging pollutants in water quality and some of the current technologies for 

water treatment were discussed, introducing photocatalysis as a highly effective 

technology to degrade toxic and recalcitrant pollutants. The second section presented 

the fundamental theories about photocatalysis followed by a brief discussion about 

general properties of photocatalytic materials. ZnO was identified as a unique 

photocatalytic material due to its semiconducting and piezoelectric properties. 

Therefore, ZnO properties, its use in photocatalysis for water treatment and some 

studies about ZnO nanostructures were discussed in the last section. Additionally, the 

last section presented a background of anodization as a technique for making ZnO 

nanostructures.  

 

Throughout this chapter, some still open gaps in researching were identified and 

discussed: 

 In terms of anodization of zinc, there is still no clear understanding of the 

mechanism for the production of nanostructures. Additionally; there is not a 

systematic study on the production of ZnO nanostructures by anodization that 

provides an approach about the relationship between experimental parameters of 

anodization and the properties of the ZnO nanostructures.  

 Although ZnO has been used in several photocatalytic studies with water, there 

is a deficient in understanding on changes produced in the morphology of 

nanostructures during photocatalytic reactions. 

 The number of studies about the effect of ZnO properties, such as surface 

morphology, wetting behaviour, and ZnO crystallinity, in photocatalysis for 

water treatment is limited. Furthermore, the effect of oxygen on the 

photocatalyst stability has been explained by some authors who have performed 

reactions under low levels of dissolved oxygen; however, anoxic conditions 

have not been extensively studied. 

 Large numbers of studies that have analysed photocatalysis of organic pollutants 

(in particular dyes) have measured photolysis as a control. However, limited 
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kinetic analysis of the effect of photolysis on these compounds and its effect on 

photocatalysis has been reported. 

 

The following chapters will present the techniques, methods and equipment used to (i) 

obtain nanostructured ZnO films (ZnO-NFs) and nanostructured ZnO wires (ZnO-

NWs), (ii) characterise the ZnO-NFs as a photocatalytic material and (iii) test them in a 

photocatalytic reaction with phenol as a model compound (Chapter 3). This will be 

followed by Chapter 4 which discusses the production and characterisation of ZnO-NFs. 

In this chapter the study of anodization as an electrochemical technique to obtain ZnO-

NFs and the relationship between anodization conditions and properties of the 

photocatalyst is presented. In Chapter 5, ZnO-NFs were tested as a photocatalytic 

material and their morphological stability during photocatalytic reactions was studied. 

Chapters 6 displays alternatives configuration of reactors used for the study of 

supported ZnO nanostructures and ZnO-NFs. Additionally,  the development of ZnO 

nanostructured wire and its performance in the photocatalytic degradation of phenol; 

and the deposition of ZnO layer on optical fiber surface is discussed in Chapter 6. In 

this chapter the degradation obtained under darkness conditions is also discussed. 
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3. Chapter 3: Experimental – Material and methods. 

 

Electrochemical anodization is extensively used for commercial and industrial 

applications such as electronics, automobiles, buildings and architecture, medical and 

dental equipment and home furnishings. The first industrial use of anodization was in 

1923 to protect an aircraft from corrosion made with Duraluminun (an alloy of 

aluminium, copper, manganese and magnesium) using chromic acid as the electrolyte. 

Later, new electrolytes where implemented in the process. For instance, the use of 

sulphuric acid was patented by Gower and O’brean in 1927 [209]. Later, in 1932, 

anodization with oxalic acid was patented in Japan. In 1953 Keller et al [210] conducted 

studies about the anodization of aluminium and the relationship between anodization 

conditions and porous and nonporous structures. Since then, a significant number of 

researches have focused on using this technique to produce different nanostructures 

with a large variety of electrolytes and for different applications. The use of anodization 

has been extended to other metals and materials such as titanium, zinc, magnesium, 

zirconium, niobium, hafnium and tantalum [211]. In terms of zinc, anodization holds 

great promise in that it allows a large variety of morphologies to be obtained as 

discussed in Section 2.3.1.  

 

In the present thesis, two configurations of ZnO films were developed through 

anodization. ZnO nanostructured films (ZnO-NFs) were obtained using flat Zn foil 

while ZnO nanostructured wires (ZnO-NWs) were produced with Zn wire. The first part 

of this chapter discusses in detail the production of the ZnO-NFs and ZnO-NWs and the 

different methods of analysis used for their characterisation. The second part describes 

the methodology and materials used during the study of the photocatalytic performance 

of ZnO-NFs in the degradation of organic pollutants in water. The description includes 

the setup of a batch reactor system and the analytical techniques used to quantify 

Learn from yesterday, live for today, hope for 

tomorrow. The important thing is to not stop 

questioning.”  

 Albert Einstein 

http://www.goodreads.com/author/show/9810.Albert_Einstein
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changes in the concentration of the model organic compounds and their by-products. 

Three other reactors were fabricated to study the photocatalytic activity of ZnO-NWs 

and ZnO-NFs, which will be discussed in Chapter 6. 

 

3.1 Fabrication of nanostructured ZnO films and nanostructured ZnO wire  

ZnO-NFs and ZnO-NWs were produced through the anodization of zinc; this 

electrochemical method was described previously in chapter 2 and reported in literature 

[178], [212]. For the fabrication of a single ZnO-NF, high purity zinc foil (99.98%, 0.25 

mm thickness, Alfa Aesar) was cut in pieces of 1.0 cm by 1.5 cm and used as starting 

material. The film was placed in a polytetrafluoroethylene (PTFE) holder; copper tape 

was used to connect the Zn foil to the electrodes. In order to be able to produce multiple 

ZnO-NFs, a three-hole Teflon holder was designed with an exposed area of 1.2 cm in 

diameter for electro-polishing and 1.1 cm for anodization (see Figure 3.1). These types 

of holders allowed simultaneous production of three ZnO-NFs. To produce three films 

at once, the zinc foil was cut in pieces of 1.5 cm by 7.0 cm, and the copper tape was 

held along the Zn foil providing a better flow of electrons.  

 

For the production of ZnO-NWs, on the other hand, Zn wire was used as a starting 

material. Two different wire diameters were used: 0.1 mm (Alfa Aesar 99.9%) and 1 

mm (Good fellow 99.9%). The Zn wire was directly immersed (without holders) into 

the electrolyte for electro-polishing and anodization processes.  

 

 

Figure 3.1 Three holes sample holder used in anodization of Zn foil. 
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3.1.1 Starting material pre-treatment 

The zinc foil and zinc wire were annealed in air at 300 
o
C (CWF 1100, Carbolite) at 1 

o
C/min for one hour, followed by a degreasing process with acetone (HPLC grade, 

99.5+%, Fisher) in an ultrasonic bath (Fisher Scientific, FB 15048) for 10 minutes, and 

rinsing thoroughly with ethanol and deionised water. The annealing process allowed the 

material to release the internal stress, produce recrystallization, and improve the 

microstructure of the zinc by removing crystal defects and grain boundaries[213], while 

the cleaning process removed all external contamination that can affect the electro-

polishing process or the formation of the nanostructures during anodization [214].    

 

Before anodization, the annealed materials were electro-polished in a solution of ethanol 

(>99.8%, Sigma Aldrich) and perchloric acid (60-62%, Alfa Aesar) in a volumetric ratio 

of 1:2 at -70±2 
o
C and 20 V for 15 minutes; the electro-polishing treatment ensured a 

smooth and clean surface free of the natural oxide layer, leaving the Zn surface ready 

for the formation of the nanostructures[215].  As shown in Figure 3.2, the PTFE holder 

with the Zn foil was placed in a stainless steel beaker filled with the electro-polishing 

solution. The metallic beaker was externally covered with a mixture of dry ice and 

acetone to keep the temperature constant. The electro-polishing treatment was 

performed using a power supply (Agilent, E3620A) at constant voltage where the Zn 

foil was connected as anode and the stainless steel beaker was used as cathode. For the 

electro-polishing of the wire, the wire was immersed directly into the solution avoiding 

any contact with the metallic beaker. 

Figure 3.2 Set-up for electro-polishing of zinc foil and zinc wire. 
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3.1.2 Anodization of Zn foil 

As shown in Figure 3.3, the anodization process was performed using a DC power 

supply to control the current applied to the system (Agilent, E3634A). To keep the 

temperature constant during the reaction, a water cooled cell with constant recirculation 

of the coolant was used (Thermo Scientific HAAKEC 10-K10, DC10-K20 or DC50-

K35). Additionally, a magnetic stirrer was used to mix the electrolyte solution in the 

anodization reactor. 

 

 

Figure 3.3 Anodization setup used for the fabrication of ZnO-NFs and ZnO-NWs. 

 

Anodization was performed in a two-electrode cell spaced 8 mm apart using the electro-

polished zinc foil as anode and a stainless steel plate (SS316 grade) as cathode, as 

shown in Figure 3.4. The Zn foil anode was held in the PTFE holder which allowed the 

Zn foil to be anodized only in one face. Different ethanolic solutions (0.1 M and 1 M) 

were used as electrolytes i.e. Hydrochloric acid HCl (37% solution, Across Organic), 

nitric acid HNO3 (65%, Sigma Aldrich), ortophosphoric acid H3PO4 (85%, Alfa Aesar), 

oxalic acid H2C2O4 (98%, Across Organic), sodium hydroxide NaOH (1 M volumetric 

solution, Fisher), and aqueous solution of potassium bicarbonate KHCO3 (99.99% 

Powder, Sigma Aldrich). For each electrolyte, the anodization of the Zn was performed 
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at different experimental conditions of concentration, voltage, temperature and reaction 

time as displayed in Table 3.1. After anodization, the obtained ZnO-NFs were 

thoroughly rinsed with ethanol and deionized water; followed by a drying process in a 

vacuum desiccator at 2x10
-3

 millibars for 36 hours. All ZnO-NFs were stored in a 

desiccator cabinet. 

 

Table 3.1 Experimental conditions of anodization of Zn.  

Electrolyte HCl; HNO3; H3PO4 H2C2O4; NaOH; KHCO3 

Concentration 0.1M; 1M 

Temperature 0˚C; 10˚C 

Voltage 1V; 5V 

times 1 minutes; 60 minutes 

 

 

 

Figure 3.4 Two-electrode cell used in anodization process to obtain ZnO-NFs.  

 

3.1.3 Anodization of Zn wire 

Anodization of the zinc wire was performed in a two-annular electrode system using a 

stainless steel tube as an external cylinder, as shown in Figure 3.5. The electro-polished 

wire was placed with a constant radial distance of 1.5 cm along the tube. The Zn wire 

was connected as anode while the external stainless steel tube was used as cathode. 

Both, anode and cathode were connected directly to the power supply (Agilent, 

E3634A). The annular electrodes allowed the outer surface of the wire to be equally 
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exposed to the electrolyte and to the current flow. Aqueous solution of potassium 

bicarbonate KHCO3 (99.99% Powder, Sigma Aldrich) were used as electrolyte. The 

anodization conditions were carried out at different voltages (1 V and 5 V), 

concentration of electrolyte (0.01M, 0.05M and 0.1M) and times (1, 5, 15 and 45 

minutes); while the temperature of the electrolyte was kept constant throughout 

anodization at 10 °C using a water cooled cell. Once anodization was completed, the 

samples were thoroughly rinsed with ethanol and deionized water and dried with air. 

Subsequently, the wires were stored in a desiccator cabinet for further analysis and post-

treatment.  

 

 

Figure 3.5 Two-electrode cells used in anodization process to obtain ZnO-NWs.  

 

3.1.4 Post-annealing of ZnO-NFs and ZnO-NWs  

The initial study about the formation of nanostructures by anodization of Zn foil 

involved the characterisation of the samples without any further post-treatment after 

anodization. Post-annealing of ZnO in air can modify the crystallite size and increase 

the O/Zn atomic ratio [216].
 
Additionally, a release of stress and change in packing 

density of ZnO crystals occur when ZnO is exposed to thermal post-treatments [217]. 

Therefore, the effect of post-annealing on the crystallinity of the nanostructures and on 

the photocatalytic activity of the ZnO nanostructures was investigated. The study 

involved the post-annealing of selected ZnO-NFs at different temperatures over 
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different time periods as is shown in Table 3.2. After post-annealing, samples were 

stored in darkness in a desiccator cabinet.   

 
Table 3.2 Experimental conditions of post-annealing study.  

ZnO-NFs code* Anodization conditions Post-annealing conditions 

AR-an-0064 [0.1M] NaOH  / 1h / 40v /10 ºC No post-annealing 

AR-an-114A [0.1M] NaOH  / 1h / 40v /10 ºC 200 ºC – 1h 

AR-an-114B [0.1M] NaOH  / 1h / 40v /10 ºC 350 ºC – 1h 

AR-an-114C [0.1M] NaOH  / 1h / 40v /10 ºC 350 ºC – 10h 

AR-an-0064 [0.1M] NaOH  / 1h / 40v /10 ºC 300 ºC – 24h 

AR-an-113A [0.1M] KHCO3  / 1h / 1v /10 ºC No post-annealing 

AR-an-099A [0.1M] KHCO3  / 1h / 1v /10 ºC 200 ºC – 1h 

AR-an-113B [0.1M] KHCO3  / 1h / 1v /10 ºC 350 ºC – 1h 

AR-an-113C [0.1M] KHCO3  / 1h / 1v /10 ºC 350 ºC – 10h 

AR-an-104C [0.1M] KHCO3  / 1h / 1v /10 ºC 350 ºC – 1h 

AR-an-113A [0.1M] KHCO3  / 1h / 1v /10 ºC 300 ºC – 24h 

(*)production code assigned to each film during anodization. 

 

3.2 Characterisation of the photo-catalytic materials  

The characterisation of the supported nanostructures used in this project (i.e. ZnO-NFs, 

ZnO-NWs) was focussed on establishing the relationships between material properties 

and photocatalytic behaviour.  

3.2.1 Morphology analysis 

Before morphological analysis, ZnO-NFs were dried in a vacuum desiccator at 2x10
-3

 

millibars for at least 24 hours. No special preparation or coating was used for this 

analysis. The surface morphology of ZnO-NFs and ZnO-NWs were observed using a 

Hitachi S-4300 field emission scanning electron microscope (FESEM) and a JEOL 

JSM6480LV scanning electron microscopy (SEM) equipped with an energy dispersive 

X-ray spectrometer (EDX, Oxford, ONCA x-ray analyser, Oxfordshire, UK). The 

microscope was set up in the range of 2.0 and 3.0 kV (accelerating voltage) and the 

working image distance was 15 mm. Micrographs were taken at different 

magnifications (usually 1 K, 5 K, 10 K, and 20 K). Since ZnO is a non-conductive 

material, the acquisition of images using FESEM has some limitations in terms of 

magnification and resolution. One of the main problems with this method of analysis is 

a phenomenon called charging that is produced by the build-up of electrons and their 

uncontrolled discharge [218]. Once the surface of the material is charged, there is a 

distortion of the image such as abnormal contrast, image deformation or shift that limit 
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the analysis of the morphology; this alteration is more evident at high magnification. 

Nonetheless, high quality micrographs have been obtained allowing to study the 

relationship between morphology and photocatalytic behaviour, as discussed in Chapter 

5.  

 

Thickness measurements of the ZnO layer were included in the morphology analysis. 

Due to the ductility and hardness of the Zn foil substrate, different methods were 

attempted to cut the films and expose the cross section of the ZnO layer. However, only 

in few cases it was possible to obtain high quality cross sectional micrographs of the 

ZnO films. ZnO films that were sectioned using scissors, wire cutters or immersed in 

liquid nitrogen and then cut with scalpel, showed damage of the ZnO nanostructures as 

shown in Figure 3.6(a-c). Other samples were coated with resin to protect the structure 

of the ZnO nanostructures; once the resin was dry, the ZnO films were cut with a 

scalpel. However, the latter method did not allow obtaining high resolution SEM 

micrographs (Figure 3.6-d). Consequently, the analysis of the ZnO thickness was 

limited to ZnO-NFs obtained with KHCO3 which displayed thick ZnO layers and 

nanowire morphology. It was found that by bending the Zn foil substrate for this type of 

films, the ZnO layer was detached from the substrate allowing the measurement of the 

ZnO layer.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 ZnO films cut with different techniques: scissors (a), wire cutters (b), immersion in 

liquid nitrogen and cut with scalpel (c), coated with resin and cut with scalpel (d). 
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3.2.2 Wettability analysis 

The static contact angle is defined as the measurable angle (0˚ – 180˚) that a liquid 

forms once it is in full contact with a solid. Young’s equation (Equation 3.1) describes 

the contact angle of a liquid with a flat-homogeneous surface correlating the surface 

tension of (i) the solid-vapour interface (γsv), (ii) the solid-liquid interface (γsl) and (iii) 

the liquid-vapour interface (γlv). Hydrophilic surfaces have static contact angles in the 

range of 0˚-90˚; hydrophobic surfaces display static contact angles between 90˚ and 

180˚; while surfaces with contact angles higher than 150˚ are considered super-

hydrophobic [219].  A contact angle of 90˚ is obtained when        ; liquids spread 

on surfaces when the difference between      and     is equal or higher than      ; while 

liquids “bead up” on a solid surface when     is lower to     . 

 

                                                                
       

   
                                                          (Eq. 3.1) 

 

Young’s equation applies only when the surface of the solid is flat and chemically 

homogeneous. For rough and chemically homogeneous surface, Wenzel proposed an 

equation that involves the roughness factor (r) and it is used when the liquid is in full 

contact with the solid or substrate (Equation 3.2). 

 

                                                                                                                       (Eq. 3.2) 

 

In the case that penetration of the liquid does not occur, it is assumed that a layer of air 

is beneath; this phenomenon is called a Cassie-Baxter state and the contact angle in that 

case can be calculated using equation 3.3 using the solid fraction of the surface (  .  

 

                                                                                                           (Eq. 3.3)  

 

For smooth and chemically heterogeneous surfaces, Cassie equation (3.3) correlated the 

static contact angles (             with the area fraction of the component surfaces. To 

distinguish between static contact angles measured in flat surfaces and those measured 

on rough surfaces, some authors used the term effective contact angle for the latter case 

(Figure 3.7) [220].     

 

                                                                                                       (Eq. 3.4) 
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Figure 3.7 Difference between static contact angle and static effective contact angle. 

 

The wetting behaviour of rough and non-homogeneous surfaces is still under discussion 

[221]–[223]. Theoretical studies have worked on the derivation and validation of 

Wenzel and Cassie equations under different scenarios[10][220], [224]–[227], while 

other authors have proposed more complex and sophisticated models [223][228]. One 

of the reasons for the absence of a unified model is the different hypothesis about the 

interfacial areas that take part in the calculation of contact angles. For instance the 

experimental study conducted by Gao and McCarthy [221] suggested that the behaviour 

observed during measurements of advancing and receding contact angles is caused by 

“interactions of the liquid and the solid at that three-phase contact line alone” and  

therefore, the interfacial area within the contact perimeter is not relevant.   

 

In this study, static effective contact angle (SEC angle) measurements were used to 

analyse the wetting behaviour of the ZnO-NFs and to determine differences of 

hydrophobicity between them. The analysis was carried out using an Optical Contact 

Angle Measuring device with automated dosing system MD unit (OCA-5, Dataphysics, 

Gerhard UK). The sessile method in air at 20 ºC was used [219]: 2 μL of deionised 

water was dropped on the surface of the ZnO-NFs and the contact angles were measured 

at three different points for each film, within the error ± 2º. 

 

Advancing and receding contact angles were measured in selected films following the 

Drelich’s guidelines [229]. For this measurement, films were placed in a plastic holder 

and deposited in a quartz cuvette with deionized water so that the films and water were 

not in direct contact. The top of the cuvette was sealed with Parafilm® and left them for 

15 minutes obtaining liquid-vapour saturated air within the cuvette. An initial drop of 2 

 

 
 

Static contact angle 

 

 
 

Static effective contact angle 

  
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l of deionised water was deposited onto the surface of the ZnO-NFs and the SEC was 

measured, 2 l of deionised water was added to the drop and the advancing contact 

angle was measured. Finally 2 L of deionised water was removed from water drop and 

the receding contact angle was measured.  

 

Selected ZnO-NFs were exposed to UV light at 254 nm for 6 hours in order to 

determine changes in the contact angle upon UV irradiation as it has been reported 

previously [230]. For this experiment a dark chamber equipped with a UV light source 

(UVG-54 Handheld UV lamp, 6 watts) was used, the ZnO-NFs were spaced 10 cm from 

the UV light. Contact Angles of the ZnO films were measured before and after 3 hours 

and 6 hours of UV irradiation. The contact angles were measured at 3 different points 

for each film, within the error ± 2º. 

 

3.2.3 Analysis of chemical composition 

The composition of ZnO-NFs and ZN-NWs was analysed using energy dispersive X-ray 

spectrometry (EDX, Oxford, ONCA x-ray analyser, Oxfordshire, UK) and X-ray 

photoelectron spectroscopy (XPS, VG Escalab 250) equipped with a high intensity 

monochromated Al Ka source. For the EDX analysis, samples were previously kept in a 

vacuum desiccator at 2x10
-3

 millibars for 36 hours and the analysis was carried out 

simultaneously with SEM analysis. XPS analysis involved a first qualitative scan for 10 

minutes followed by a second and final scan for 2 hours. The final analysis was run only 

for the elements that were found during the first scan and it involved a quantitative 

elemental composition analysis of the elements.  

 

3.2.4 Crystallography analysis 

To analyse the crystal structure of the ZnO-NFs and ZnO-NWs two techniques were 

used: X-ray diffraction (XRD) and transmission electron microscopy (TEM).  XRD 

patterns were obtained at room temperature using an X-ray diffraction system (Philips 

X-ray generator – PW 1710 diffractometer) set in a flat mode and the measurements 

were carried out between 2θ values of 0° and 100° where θ is the incident angle of the 

beam. Selected samples were also rotated 90° in the holder and then scanned between 

2θ values of 20° and 50°.     
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Transmission electron microscope (TEM) micrographs were obtained using a TEM 

from the University of Leeds, UK (Philips CM200 FEGTEM field emission gun 

TEM/STEM with super-twin objective lens, cryoshielding, and Oxford Instruments 

UTW EDX detector) and a transmission electron microscope from the Materials and 

Surface Science Institute of the University of Limerick in Ireland (JEOL JEM-2100F 

with a field emission source with scanning TEM (STEM) attached). For this analysis, 

ZnO powder from the ZnO-NFs was obtained by scratching the ZnO layer. The powder 

was dispersed in ethanol (>99.8%, Sigma Aldrich) and ultra-sonicated for 2 minutes. A 

drop of the suspension was placed on a TEM grid (Lacey Carbon 400 mesh copper – 

Agar Scientific) and let dry at room temperature. The TEMs were operated at 80-200 

kV with resolution to 0.14 nm and micrographs were taken at different magnifications.   

3.2.5 Band gap energy measurement 

Band gap energies were calculated using the UV-Vis absorbance spectra obtained with a 

UV-Vis photospectometer set in reflectance mode (Ocean Optics, USB2000+UV-Vis, 

Florida, USA). Electro-polished Zn foil was initially used as a blank, but the natural 

ZnO layer (formed once the material is exposed to air) altered the measurement, 

therefore a mirror was used as a base line or blank. The energy was calculated using the 

Plank equation E 
  

 
 were E is the band gap energy, h is the Plank constant, C the 

speed of light and is the cut off wavelength obtained from the absorbance spectra for 

each ZnO-NFs (Figure 3.8).  

 

 

 

 

 

 

 

 

 

Figure 3.8 Absorption spectra of ZnO-NF (Na(OH) [0.1M] / 1h / 40 V). 
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3.2.6 ZnO films profiles measurement 

As an alternative method to measure the thickness of the ZnO-NFs, profiles of the ZnO 

layer were obtained using a surface profiler (Veeco Metrology – Dektak 6M). The 

equipment was set to measure a total length of 11 mm. During the analysis, the sensor 

was initially placed on the Zn foil area and automatically moved toward the ZnO layer. 

Subsequently, the sensor was moved lineally along the ZnO surface until the total 

diameter of the ZnO film was reached as shown in Figure 3.9.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Schematic of the profile measurements. 

3.3 Photocatalytic setup  

This study covered two parts where the properties of the photocatalyst were tested. The 

first part was mainly focused on the relationship between physicochemical 

characteristics of the ZnO-NFs and their photocatalytic performance during the 

photocatalytic degradation of phenol in a batch reactor system. The second part 

included testing the ZnO-NFs and ZnO-NWs using alternative photocatalytic systems 

that might improve the degradation of organic pollutants using the immobilised ZnO.  

For the latter part, three different reactors were designed and tested in the photo-

degradation and photocatalytic degradation of methyl orange and phenol, the design of 

these reactors and the photocatalytic experiments will be described in Chapter 6.  

 

The performance of ZnO-NFs as a photo-catalyst was studied using a batch system with 

a total volume of 100 mL. The model compound solutions (25 mL) were deposited in a 

jacketed beaker (reservoir) provided with a magnetic stirrer where temperature was 

controlled using a water cooled cell (Thermo Scientific HAAKEC 10-K10, DC10-K20 

or DC50-K35). For some experiments, oxygen or argon was supplied by flowing them 
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into the reservoir. Additional measurements such as pH, conductivity and Dissolved 

oxygen (DO) were conducted using a benchtop multimeter (Meter set Versa Star®). A 

Handheld UV lamp providing light at 254 nm was placed on the top of the beaker at 4.5 

cm above the solution surface (Figure 3.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Schematic of the batch photocatalytic setup. 

 

To protect people working in the lab from UV-C light exposure and protect the 

experiment from external contamination, the photocatalytic set up was installed in a 

metallic container with two chambers (Figure 3.11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 External chamber used in the photocatalytic setup. 
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3.4 Light source 

Light plays an important role by providing the initial energy for the formation of an 

electron-hole pair.  Ideally the light provided in a photocatalytic process should have a 

uniform radiation field with a constant light intensity; thus a uniform flow of electrons 

can be absorbed by the catalyst along the reaction time [73].  

 

The band gap wavelength for ZnO, and thus the minimal energy to activate it as a 

photocatalyst, is 387 nm. However, a large number of photocatalytic studies with ZnO 

have used light with a wavelength of 254 nm [153], [155], [231]–[233]. To facilitate 

further comparison with other photocatalytic studies, in this project, a Handheld UV 

lamp providing light at 254 nm was selected. The light was monitored using a UV light 

meter (HHUV254SD – OMEGA engineering INC) connected to a UV-C and UV-A 

probe. Direct measurements indicated that the intensity of the light was 0.863 mW/cm
2
; 

using quartz on the top of the reactor, the intensity was reduced to 0.824 mW/cm
2
. 

 

Changes in light intensity were monitored as shown in Figure 3.12. It was found that at 

the beginning of the process the intensity of the light increases with time, followed by a 

stable irradiation after 3 minutes. As a result, for each experiment the lamp was pre-

heated for 5 minutes before starting the photocatalytic experiments. The irradiation was 

checked at different times during the study verifying similar values in all the 

measurements. 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.12 Control of the UV light intensity produced by a Handheld UV lamp  

(error ± 0.01 mW/cm
2
). 

 

Three illumination scenarios were taken into account as a preliminary test for the 

degradation of phenol with ZnO-NFs: Total darkness (with no pre-exposition to light), 
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visible light and UV light. As shown in Figure 3.13, there was not considerable 

reduction in the concentration of phenol in the absence of light or with visible light.  

 

Figure 3.13 Degradation of phenol with ZnO-NFs and different sources of light. 

 

3.5 Analytical measurements of organic compounds 

Phenol p.a. ACS reagent 99-100.5% (Sigma Aldrich); methyl orange (MO) (Across 

Organic); and acetonitrile ≥ 99.9% HPLC grade (Sigma-Aldrich - CHROMASOLV) 

were used as received without further purification.  

3.5.1 UV-Visible Spectrophotometric measurements 

Changes in MO concentration were measured during the experiments using a UV-Vis 

spectrophotometer (UV-1601 Shimadzu UK) in UV absorbance mode at a wavelength 

between 300 and 650 nm. Deionised water was used to establish the baseline and the 

calibration curve was obtained by measuring the absorbance of 5 different 

concentrations of MO at 464 nm as shown in Figure 3.14.  
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Figure 3.14  Methyl orange absorbance spectrum (300 – 650 nm) at different concentrations  

 

3.5.2 High performance liquid chromatography (HPLC) 

A series of preliminary measurements were carried out at different concentrations of 

phenol, mobile phase and wavelengths reported in literature [68], [81], [234]. As a 

result of the preliminary measurements, the method and conditions selected to measure 

changes in the concentration of phenol was established. A Shimadzu HPLC system 

(SCL-10A) equipped with an isocratic pump (Shimadzu Co, Japan, Model LC-10-

ATVP), an auto sampler (Shimadzu, Japan, model SIL-10AD), and a UV-Vis detector 

(SPD-10AV) was used. The reverse phase chromatography was performed with 

Stainless steel, 150 mm X 2.0 mm, C18 column (Thermo, Germany). Aqueous solutions 

of acetonitrile [75:25] and [60:40] were used as a mobile phase. 

 

The chromatographic conditions were established by a series of runs at different 

concentrations of phenol and wavelengths.  Concentrations of phenol at 40, 20, 10, 5 

and 2.5 ppm were prepared with deionized water. These solutions were used to 

determine the sensibility and detection limit of the equipment and to identify the peaks 

and retention times of the phenol. The chromatogram of phenol for each concentration 

was obtained at 254 nm, with a running time of 20 min, and an injection volume of 20 

l (Figure 3.15 a). Additionally, only one peak obtained at 180 seconds was detected 
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(Figure 3.15 b); therefore further peaks formed during the photocatalytic reaction might 

be attributed to by-products of phenol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Chromatogram of phenol at different concentrations at 254 nm run for 200 seconds 

(a) and for 1200 seconds (b)  (error: ±0.01 ppm). 

 

A series of chromatograms of phenol were obtained at the different detection 

wavelengths (i.e. 280 nm, 270 nm, 254 nm, 210 nm), for two concentrations of phenols 

(2.5 ppm and 40 ppm), running time of 5 min, and an injection volume of 20 l. Results 

showed that the wavelength in which the detection of phenol is highest for the selected 

method is at 210 nm (Figure 3.16). Once the range of concentrations and the 

wavelength were selected, the calibration curve was performed as shown in Figure 3.17. 
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Figure 3.16 Chromatogram of phenol [40 ppm] (a) and [2.5 ppm] (b) at different wavelength.   

 

Samples were collected every hour during the photocatalytic degradation of phenol,  

filtered by using a 0.22 m syringe filter unit (Millex-GV, Merck Millipore), kept in 

glass vials (Fisher,VG-100-020c) in a cold room at 4 ˚C until HPLC analysis were 

carried out at room temperature.  
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Figure 3.17 Calibration curve of phenol at 210 nm. 

 

To identify the by-products of the photocatalytic degradation of phenol, 3 compounds, 

commonly generated during the degradation of phenol, were selected and analysed by 

HPLC, namely catechol, hydroquinone and benzoquinone [235]. For this analysis the 

mobile phase used was an aqueous solution of acetonitrile [50:50] and wavelengths of 

210 nm and 270 nm were chosen (Figure 3.18). Once the retention time for each by-

product was determined, a calibration curve at different concentrations was developed. 

Selected samples from the photocatalytic degradation of phenol with ZnO-NFs were 

analysed with the same method.  

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.18 Detection of by-products of phenol decomposition by HPLC 
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3.5.3 Total Organic Carbon  

Total organic carbon (TOC) was measured using a TOC-V CPN Shimatzu analyser. The 

system was initially calibrated with dissolutions of phthalate and sodium carbonate 

(Na2CO3) for measurements of total carbon (TC) and total inorganic carbon (TIC) 

respectively.  The flame was set at 680 ˚C and the injection volume was 20 ml. The 

TOC was calculated based on the results obtained from TO and TIC as following 

TC – TIC = TOC = NPOC + VOC, 

Where NPOC is the non-purgeable organic carbon and VOC is the volatile organic 

carbon. 

 

Prior to the TOC measurements of the phenol samples taken from the photocatalytic 

reaction, an analysis of sensitivity was performed in order to determine the limit of 

detection. Different solutions of phenol ranging between 0.05 ppm and 5 ppm were 

used. Results showed that the system was able to detect the minimal concentration 

tested (0.025 ppm of phenol) with a TOC of 0.01 mg/L as shown in Figure 3.19. 

 

 

Figure 3.19 TOC of different concentration of phenol ranged between 0.05 and 5ppm. 
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3.6 Dye and phenol absorption  

The absorption of MO and phenol onto the ZnO-NFs was compared with the absorption 

of these compounds onto commercial ZnO powder. Different amounts of ZnO powder 

(99.9%, Alfa Aesar) were mixed with 50 ml of 0.1 M methyl orange and with 50 ml of 

0.1 M phenol with a constant stirring for 30 minutes and left for 12 hours in darkness. 

The mixtures were then centrifuged at 5000 rpm for 10 minutes and the initial and final 

concentration of MO and phenol were recorded by UV-Vis spectrophotometry and 

HPLC respectively. The Brunauer Emmett Teller (BET) surface area of the ZnO 

powder was previously measured. With the BET results a relationship between the 

amount of MO and phenol absorbed by the ZnO powder and the total surface area were 

correlated.  

 

Selected ZnO films were cut into circular shapes of 0.8 mm diameter leaving only the 

supported ZnO layer exposed and then cut in half. Half of each film was immersed in 50 

ml of 0.1 M methyl orange solution and the other half in 50 ml of 0.1 M phenol for 12 

hours in darkness with stirring. The initial and subsequent concentrations of MO were 

measured using a UV-Vis spectrophotometer in UV absorbance mode at a wavelength 

of 464 nm, while the changes of phenol concentration were measured by HPLC 

following the procedure described in section 3.5.2.  

 

3.7 Software used in analysis of data  

For this project the following software were used in the collection of data and their 

analysis: Microsoft Word and Microsoft Excel ®, Matlab®, Class VP 5.02®, Image J 

®, and Lab View 210 ®. 

 

3.8 Statistical Analysis and Reproducibility 

All the ZnO-NFs made by anodization in this study were produced following the 

protocols described in Section 3.1. Films that did not show a homogeneous layer by 

visual inspection were not used and therefore not used for characterisation or for 

photocatalytic applications. The characterisation of the ZnO-NFs and ZnO-NWs (i.e. 

contact angle and morphology) was performed in at least three areas of the films and 

differences were reported. For some analysis such as XRD and band gap measurements, 

a set of ZnO-NFs were selected and the analysis were repeated at least three times in 

order to verify results and determine the error.  
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For the preliminary experimental part of the photocatalytic study, single experiments 

were done in order to find the optimal experimental conditions and to determine the 

sensitivity of the equipment. During the photocatalytic experiments involving ZnO-NFs 

and ZnO-NWs, the selected experimental conditions were verified through the reaction 

time. Some experiments were repeated in order to verify reproducibility. Additionally, 

samples of phenol and MO exposed to photocatalytic degradation were randomly 

selected to be reanalysed by HPLC and UV-Vis absorption respectively.  

Data from the experiments and analysis that were repeated was analysed using the 

software Excel®. Standard deviation was calculated and reported during the analysis of 

the results. The statistical analysis of the error generated by calibration of the equipment 

is also registered throughout the analysis.  

 

3.9 Summary  

This chapter described materials, methods and experimental systems used throughout 

the following chapters. The production of ZnO-NFs and ZnO-NWs and their 

characterisation were explained during the first and second section. The setup employed 

in photocatalytic experiments were described in section three, followed by  the 

description of the analytical methods used for measuring the models organic 

compounds. Finally, information about software employed throughout the study and 

about statistical analysis and reproducibility was exposed in the last sections. The 

following chapter will discuss the results and findings of this study and the last chapter 

will provide the conclusion of the study and the proposed future work. 
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4. Chapter 4: Results and Discussion 

 

This chapter presents in detail the production of nanostructured zinc oxide films (ZnO-

NFs), the physicochemical properties of the ZnO-NFs obtained at different experimental 

conditions, and the effects of thermal post-treatment on the composition and 

crystallinity of the films. Additionally, design guidelines for controlling morphology, 

wetting behaviour and surface profile of the ZnO-NFs are discussed. Part of this work 

has been published in RSC advances Journal [212]. 

 

4.1 Pre-treatment of the starting material  

Before anodization, a pre-treatment consisting of annealing and electro-polishing the 

zinc foil took place. During the annealing process, a partial restoration of the 

microstructure of the metal and its initial properties is expected. This process, called 

recrystallization, involves the removal of the dislocations, the formation and growth of  

new grains within the structure and the reconfiguration of the new grain structure [236]. 

Therefore, defects produced during the production of the Zn foil can be minimized, 

improving the quality of the starting material before electro-polishing, and the regularity 

of nanostructures produced by anodization. Zn foil used for fabricating ZnO-NFs was 

annealed at 350 °C for 1 hour. 

 

Electro-polishing is an electrochemical method that improves the surface of metals by 

removing the natural oxide layer remnant layers and surface irregularities, creating a 

smoother surface. Different voltages and reaction times result in diverse qualities of 

electro-polished surfaces due to the variation of the electro-polishing mechanisms. By 

varying voltage, the initial step of electro-polishing (anodic-levelling) is affected. 

During the anodic-levelling irregularities are preferentially dissolved. This dissolution is 

““Nothing in life is to be feared, it is 

only to be understood. Now is the time 

to understand more, so that we may fear 

less.”  

Marie Curie  

John Steinbeck 

 

http://www.goodreads.com/author/show/126903.Marie_Curie
http://todayinsci.com/S/Steinbeck_John/SteinbeckJohn-Quotations.htm
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induced by a differential local charge distribution and occurs on the natural oxide layer 

and on the outer layers of the zinc foil. Once the surface defects are minimal, a second 

mechanism named micro-smoothing takes place. Micro-smoothing involves the 

formation of a thin ionic salt on the surface of the anode that is susceptible to be 

removed by diffusion given to the material a mirror-like aspect [237]. Electro-polishing 

has a significant impact on the production of homogeneous nanostructures [238]. 

 

In order to determine the optimal conditions for electro-polishing of the Zn foil, 

ethanolic solutions of phosphoric acid (H3PO4) and perchloric acid (HClO4) were used 

in different volumetric proportions. HClO4 in the volumetric ratio of 1:2 produced 

mirror-like surfaces and therefore this concentration was used for further tests. Higher 

volume ratios of HClO4 resulted in corrosion of the Zn foil.  

 

Pieces of Zn foil that were electro-polished with HClO4 [1:2] for 15 minutes at 10, 15, 

20 and 25 volts displayed no pitting; however at low voltages a white layer remains on 

the material. In order to obtain an optimal electro-polished surface, the voltage applied 

had to be strong enough to guarantee “anodic levelling” without resulting in corrosion 

of the material. The absence of a mirror-like finish on the Zn foil indicated that the 

anodic-levelling stage only occurred partially, thus a natural oxide layer remained or the 

irregularities were not dissolved. On the other hand, high voltages can lead to a rapid 

and non-homogeneous dissolution of the metal resulting in pitting [215].  

 

During the electropolishing of zinc foil at different reaction times, it was observed that 

after 15 minutes similar surface textures were obtained but with a higher loss of Zn 

mass. After 15 minutes the surfaces were already smoother and further treatment was 

not needed. Based on these results, the Zn foil used for anodization were electro-

polished with HClO4 in the volumetric ratio of 1:2 with ethanol at 20V for 15 min and   

-70 ˚C. It is important to mention that zinc reacts naturally with oxygen forming ZnO 

directly (Equation 4.1). To prevent the formation of a new oxide layer, once the 

electropolishing was carried out, the electro-polished zinc foil was used immediately for 

anodization.  

                                                  2 Zn (s) + O2 (g) → 2 ZnO (s)                                          (Eq. 4.1)  
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4.2 Anodization process   

As it was discussed in Chapter 2, anodization of Zn is not a well understood process. In 

general, it is assumed that Zn nanostructures are formed by the competition between the 

formation of Zn ion complex (Zn
2+

) that oxidise into ZnO and an etching process that 

dissolves the formed ZnO layer. However, the exact mechanisms for the formation of 

the Zn ion complex and the dissolution of ZnO have not been extensively studied. 

Furthermore, the mechanisms that lead to the formation of different nanostructures are 

still unknown.  

 

4.2.1 Proposed formation mechanism of ZnO. 

The majority of the literature about ZnO nanostructures and anodization of zinc have 

described the mechanism for the formation of ZnO nanostructures using equations 4.2 - 

4.4, regardless of the type of electrolyte that was used.  The main issue with using these 

general equations is that they do not take in account the effects of each electrolyte on 

the pH of the media, and the different species that are formed with the dissociation of 

the electrolyte. Herein, a mechanism based on the Zn(II) speciation is proposed, and 

therefore, the effect of pH and the concentration of Zn on the electrolyte solution has 

been taken into account.  

 

Anodization 
 
At the cathode:                     2H

+
 + 2e

-
 → H2(g)                                               (Eq. 4.2)    

             

At the anode:                              Zn → Zn
2+

 + 2e
-    

                                                     (Eq. 4.3a)           

                      Zn
2+

 + 2OH
-
 → Zn(OH)2                                                 (Eq. 4.3b)       

                      Zn(OH)2  → ZnO + H2O                                                  (Eq. 4.3c)       

Etching                        ZnO + HX
*
 → ZnX

*
 + H2O                                               (Eq. 4.4)   

 

 
* X represent the anion of the electrolyte (e.i. PO3

-2) which may form a zinc salt  (e.i. Zn3PO4) during anodization process. 

 

The different reactions that occur during the anodization process might vary depending 

on the pH of the electrolyte as it controls the predominant Zn(II) species and the 

dissolution of the ZnO. The speciation of Zn(II) as a function of pH (Figure 4.1) shows 

that at low zinc concentrations, the Zn
2+

 ion is the dominant Zn(II) species up to pH 8.7, 

while Zn(OH)2 dominates from pH 8.7 to pH 11.4. A pH higher than 11.4 results in the 

formation of Zn(OH)3
-
. At high concentrations, on the other hand, stable Zn(OH)2 in a 
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solid phase is present from neutral to high pHs, while at low pH values, Zn
2+

 ion turn 

into Zn(OH)
+
 electropositive Zn(II) complex [239]–[241].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Speciation of zinc as a function of pH a) at fixed zinc concentration of 1x10
-3

 M 

(top) and b) as a function of zinc concentration at 25 ˚C showing only the dominant species 

(bottom) [242] 

 

A percentage of the Zn(OH)2 and Zn(OH)3
-
 produced turns into ZnO (Equation 4.3c) 

while it is likely that a large amount of Zn(OH)(s) precipitates either on the surface of the 

Zn foil or on the anodization reactor (as it was observed during the production of ZnO-

NFs). Simultaneously, once the ZnO is formed, it is exposed to conditions that dissolve 

it in different ways depending on the electrolytes. Under acidic conditions, ZnO turns 

back into Zn ion (Zn
2+

) following the reaction displayed in equation 4.5 [5]. A less 

likely reaction can also occur due to the attack of protons (from the acidic electrolyte) 

on Zn-O bonds followed by the dissociation of Zn (Equation 4.6) [243].   

                     ZnO + 2H+ → Zn2+ + H2O                                                                 (Eq. 4.5) 

          ZnO(s) + H+ → ZnOH+                                                                                                      (Eq. 4.6) 

 

At alkaline pHs, ZnO tend to form hydroxide species. In particular ZnO could dissolve 

by forming hydroxo-complexes with OH (Equations 4.7 – 4.10) [5][243]. At neutral pH, 

on the other hand, ZnO reacts directly with water forming Zn(OH)2. Since the solubility 

of Zn(OH)2 is minimal in water a high precipitation of this product is expected. 

            ZnO + H2O + 2OH- → [Zn(OH)4]
2-                                                                                                   (Eq. 4.7) 

a. 

b. 

Low  

concentration 

High 

concentration 
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                   ZnO(s) + OH− + H2O(l) → Zn(OH)3
−                                                                                                    (Eq. 4.8) 

                   ZnO(s) + 2OH− + H2O(l) → Zn(OH)4
−                                                                                                 (Eq. 4.9) 

             ZnO(s) + H2O(l) → Zn(OH)2                                                                                                       (Eq. 4.10) 

 

Some of the soluble species produced during the dissolution of Zn and the dissolution of 

ZnO can react with dissociated ions from the electrolyte (for instance: HCO3
-
, PO4

-3
, 

Na
+
) to form salt or Zn complexes. Additionally, ions can be attracted by the electrodes 

and be trapped by the newly formed layers of ZnO. The latter phenomenon has been 

discussed for the formation of alumina via anodization [244].  

 

Although the different Zn species that can be formed during the anodization can be 

predicted by chemical and thermodynamic analysis, the actual formation of the ZnO 

nanostructures still remains a not well-known process. The anodization of Zn using 

KHCO3 as electrolyte and the formation of nanowires was therefore analysed in detail 

to elucidate the nanostructure formation. 

 

4.2.2 Formation of nanowires by Anodization of Zn with KHCO3 

Similar to the mechanism for the formation of ZnO by anodization, the mechanism that 

controls the shaping of  ZnO nanostructures during anodization is still not clear. Herein, 

the pH, conductivity and concentration of dissolved Zn were measured during the 

anodization of Zn with KHCO3 [0.05M] at 10 ˚C, 1V and for 1h. This data was 

correlated with the current density diagram obtained during the anodization of Zn and 

compared to the current density diagram for the anodization of aluminium. With this 

information, FESEM micrographs and based on the analysis made in Section 4.2.1, a 

mechanism of the shaping for the formation of ZnO nanostructures is proposed. 

 

During 1 hour of anodization, the pH of the electrolyte was stable at 9.1±0.1 (Figure 

4.2-b). Conductivity, on the other hand, increased during the first 30 minutes and then it 

drops indicating a precipitation of Zn(II) (Figure 4.2-c). According to the speciation of 

Zn (Figure 4.1), three Zn(II) species coexist at pH of 9.1, namely, Zn
2+ 

, ZnO(aq), and 

ZnO(s). The latter species is insoluble and precipitates.  Since the pH values were stable 

during anodization, precipitation of ZnO(s), observed during the reaction, is attributed to 

the increment on the Zn concentration produced by the dissolution of Zn foil and the 

formed ZnO.   
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Figure 4.2  Changes in a) current b) pH of the electrolyte, c) conductivity of the electrolyte and 

d) dissolved Zn on the electrolyte during anodization of Zn foil. 

 

The concentration of Zn dissolved in the electrolyte varied during the anodization 

reaction. As it can be observed in Figure 4.2-d, the dissolution of Zn is higher at the 

beginning of the reaction, between 20 and 30 minutes the concentration of dissolved Zn 

reaches a peak, followed by a drop. This behaviour coincides with the one observed 

during conductivity measurements (Figure 4.2-c). The concentration of zinc increases 

for the dissolution of zinc foil and ZnO (explained in detail in section 4.2.1). It appears 

that under these anodization conditions, after 20 minutes the concentration of Zn(II) 

reaches a maximum value where the predominant Zn(II) species becomes the non-

soluble Zn(OH)2(s).  

 

The plot of the current vs. time obtained during anodization varied with each 

electrolyte. Figure 4.2-a displays the current’s plot for KHCO3; changes in current at the 

beginning of the process are similar to those obtained for alumina [244]. As depicted in 

Figure 4.3, the anodization starts with a value of current (Ao). An initial drop of current 

(from Ao to A1) occurs for the formation of a ZnO layer on the surface of the zinc foil, 

followed by a recovery on the current value to A2. The increase in the current suggests 

the exposure of small areas of Zn to the electrolyte or nucleation of the ZnO. Those 
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fresh areas of Zn become exposed to the electrolyte due to the formation-dissolution 

mechanism discussed earlier.  

 

 

Figure 4.3 Different stages of productions of nanowires analysed by changes in current during 

anodization of of Zn with KHCO3 [0.05M] at 10 ˚C, 1V and 1h. Inset: FESEM of nucleation of 

Zn 

 

FESEM micrographs of anodization carried out for a short period of time (Figure 4.3 – 

inset) revealed a nucleation of the ZnO similar to that of alumina [244]. Unlike alumina, 

after the nucleation there is no formation of pores; instead, the formation of nanowires 

takes place onto or nearby the nucleation sites (Figure 4.4). The formation of the 

nanowires produces a general failure on the current due to the formation of a ZnO layer. 

Slight increases and changes in the current in this stage, are caused by the constant 

dissolution and formation of ZnO and other Zn(II) species following the mechanism 

described in section 4.2.1. It is still unclear whether the formation of the ZnO 

nanostructures occurs from the base of the Zn outward (where the new layers are close 

to the Zn foil) as it occurs with alumina, or if it occurs by deposition of ZnO on the top 

of external layers. Some authors have suggested that in the initial state of the process 

ZnO nanoparticles are formed from the spontaneous nucleation of Zn(OH)2 on the Zn 

foil, and those nanoparticles act as the foundation of more complex nanostructures 

[192], [245].  
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Figure 4.4 FESEM micrographs of the early stages of the formation of nanowires close to the 

pores produced by the nucleation of Zn during anodization. 

 

4.3 ZnO films composition 

Initial analysis of the composition of the ZnO-NFs by EDX revealed that the main 

compounds present in the film were zinc and oxygen. The film produced with H3PO4 at 

1V contained a negligible amount of oxygen, thus indicating a minimal formation of the 

ZnO layer. Since the substrate of the films was zinc foil, this compound was found in a 

major proportion in all the samples. The presence of carbon was initially attributed to 

deposition from the beam during FESEM analysis. Some ZnO-NFs additionally showed 

traces of electrolyte ions (Table 4.1).  

  

Table 4.1 Composition of ZnO-NFs obtained by EDX analysis.  

 

 

Among the electrolytes used in anodization, phosphorus (from the H3PO4 electrolyte) 

was found in a high proportion. As the dissociation of H3PO4 produces the ion PO4
3-

, it 

can either be attracted by the anode or react forming insoluble Zn
3
(PO4)2

, and then 

deposited on the surface of  ZnO-NFs (Equation  4.11).  

 

Anodization conditions       

 C O S P Zn total 

H2SO4 / [0.1M] / 40 V / 1 h / 10 ˚C 2.6 23.4 2.94 - 71.06 100 

H3PO4 / [0.1M] / 1 V / 1 h / 10 ˚C 4.09 2.27 - 0 93.64 100 

H3PO4 / [0.1M] / 40 V / 1 h / 10 ˚C 2.93 16.83 - 5.75 74.49 100 

H3PO4 / [1M] / 40 V / 1 h / 10 ˚C 5.04 36.07 - 13.58 45.31 100 

Estimated composition 
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                                                    3ZnO + 2H
3
PO

4
 →  Zn

3
(PO4)

2   
 + 3H

2
O                                     (Eq 4.11) 

 

Table 4.2 displays the solubility constant of some Zn(II) compounds formed during 

anodization with different electrolytes. The formation of insoluble compounds and their 

subsequent deposition affects the purity of the ZnO films. Therefore, an extensive rinse 

of the ZnO-NFs surface with ethanol and deionised water was included as a part of the 

protocol of production of ZnO-NFs to minimize the presence of electrolyte traces.  

 

Table 4.2 Solubility of  potential compound formed during anodization of Zn. 

Zn species Solubility in water (25 ˚C) Ksp (25 ˚C) 

ZnO 0.16 mg/100 ml 3.86x10
-10

 

Zn(OH)2 - 3.86x10
-17

 

Zn3(PO4)2 - 9.0x10
-33

 

Zn(NO3)2 327 g/100 ml No data found 

ZnC2O4 - 9.0x10
-8

 

Zn(SO4) 53.8 g/100ml No data found  

(-) means negligible data 

 

Further analysis of the composition of ZnO-NFs obtained with different electrolytes was 

performed using X-ray photoelectron spectroscopy (XPS) (Table 4.3). The main 

elements found were Zn(2p) and O(1s). Despite the new rinsing protocol after 

anodization, samples still contained traces of the electrolyte confirming the ZnO 

composition that were found by EDX.  

 

Table 4.3 XPS composition of films obtained with different electrolytes  

 

C (1s) 

% 

Cl (2p) 

% 

F (1s) 

% 

Fe (2p) 

% 

Na (1s) 

% 

O (1s) 

% 

P (2s) 

% 

Zn (2p)  

% 

KHCO3 9.2 - - 1.8 - 55.0 - 34.0 

NaOH 10.0 - - 1.7 4.0 52.1 - 32.2 

Ox. Ac. 34.6* - - 0.8 - 49.2 - 15.5 

H3PO4 17.0 0.6 2.2 1.1 - 53.0 9.8 16.4 

HCl 22.0 2.7 - 1.3 - 47.7 - 26.3 

(-) means negigliable values 
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As previously mentioned, it is believed that, in addition to the deposition of low soluble 

traces of electrolyte (i.e. salts of zinc) on the surface of the ZnO-NFs, anions from the 

dissociation of the electrolyte are incorporated into the ZnO barrier. This phenomenon 

has been described and quantified for anodization of aluminium[244]. The electric 

potential differences might be responsible for this incorporation, where anions 

negatively charged are attracted by the anode. Carbon (initially attributed to deposition 

from the beam during FESEM analysis) is likely to be present due to traces of ethanol 

(used as a solvent during anodization). Traces of Na(1s) found in the ZnO-NFs obtained 

with NaOH are attributed exclusively to deposition of low soluble traces rather than to 

incorporation for electric potential differences. Since sodium is found as cation in the 

electrolyte solution, it is unlikely that it can be attracted by the anode.  

 

4.4 ZnO-NFs morphology. Effect of anodization conditions 

As discussed in previous sections, formation of ZnO and its dissolution are directly 

affected by the electrolyte type and its concentration. During anodization, the applied 

current, temperature and reaction time can also modify the thermodynamic conditions of 

the reaction, and affect the formation of the nanostructures. Herein, the first systematic 

study about the effects of these parameters on the ZnO-NFs morphology is presented. 

Experimental conditions for anodization of Zn foil for 6 types of electrolytes were 

investigated and their effect on morphology was studied.   

 

4.4.1 Effect of type of electrolyte and concentration on film morphology  

FESEM micrographics obtained from the surface of the ZnO-NFs revealed that the 

shape of the nanostructures is determined by the electrolyte (Figure 4.5). Anodization 

performed using H3PO4 as electrolyte results in the formation of flake-like 

nanostructures; HCl, NaOH, HNO3, H2C2O4 generated nano-flowers-like shapes; 

whereas nanorods and nanowires were obtained with KHCO3. The sizes of the 

nanostructures varied from about 100 nm obtained using HNO3 and KHCO3 at 0.1M to 

20 nm found in the films made with NaOH and H3PO4, also at low concentration 

(0.1M).  
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Figure 4.5 SEM micrographs of morphologies obtained with different electrolytes: a) H3PO4 (1 

M, 40 V, 1 min, 10 °C); b) HNO3 (1 M, 1 V, 1 h, 10 °C); c) HCl (0.1 M, 40 V, 1 h, 10 °C); d) 

H2C2O4 (0.1 M, 1 V, 1 h, 10 °C); e) NaOH (0.1 M, 40 V, 1 h, 10 °C); f) KHCO3 (1 M, 1 V, 1 h, 

10 °C) 

 

While the type of electrolyte defines the shape of the nanostructures, it appears that 

concentration of the electrolyte affects their size and their aspect ratio. For all the 

electrolytes used, increasing the concentration results in a higher surface density of 

nanostructures (Figure 4.6). High concentrations of electrolytes lead to an increase in 

the number of nanostructures per unit area and to thicker ZnO layers. For instance, in 

Figure 4.6-a (left), individual nanostructures can be observed, while in the film obtained 

at a higher concentration (Figure 4.6-a (right)) the number of nanostructures appears to 

be higher and therefore no individual nanostructures are visible. Similarly, Figure 4.6-c 

(left) shows a featureless surface, by increasing the concentration of H3PO4 more 

nanostructures and denser arrangements were obtained (Figure 4.6-c (right)). Usually, 
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nanostructures formed at low electrolyte concentrations are well-defined configurations 

where single nanostructures can be observed, as can be observed in Figure 4.6-b (left).  

Regardless of the type of electrolyte, high concentrations of electrolyte involves higher 

concentrations of Zn(II) species (ions) in the solution and, therefore, a higher 

precipitation of Zn(OH)2 and ZnO, following the mechanism postulated in Section 

4.2.1. 

 

Figure 4.6 SEM micrographs of morphologies obtained at 1 V, 10 °C, for 1 minute, with 

different electrolytes at 0.1 M (left) and 1 M (right):  a) H2C2O4 ; b) KHCO3; c) H3PO4; d) HCl. 
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4.4.2 Effect of voltage on film morphology  

Figure 4.7 shows FESEM micrograph of ZnO-NFs surfaces obtained at 1 V and 40 V 

for similar concentrations of electrolyte. The effect of voltage appears to be similar to 

the effect of concentration: A high voltage leads the production of dense nanostructures 

where the number of nanostructures per unit area is high, additionally, nanostructures 

tend to be larger.  For instance, in the FESEM micrograph of the ZnO-NF obtained with 

KHCO3 at 1 V (Figure 4.7-a (left)) single nanowires can be observed, at higher 

temperatures (Figure 4.7-a (right)), on the other hand, the film appears to have more 

nanostructures per unit area and no single nanowires are visible, instead nanowires 

appear in clusters. 

 

In acidic conditions and at high voltage, the rapid generation of Zn
+2

 (Equation 4.5) 

results in pitting of the Zn foil. This phenomenon was observed during the anodization 

of Zn with H2C2O4, H3PO4 and HCl specially at high concentrations.  Anodization with 

KHCO3 at 40 V resulted in the formation of   linked or interpenetrated structures such 

the one shown  in Figure 4.7-d (right). Those configurations might be produced once the 

nanowire reaches a certain length, bend and tangle with adjacent wires. This 

phenomenon might not be observed with other nanostructures due to their short length. 

 

4.4.3 Effect of temperature on film morphology 

Temperature affects the dissolution rate of the ZnO and the flow of ions through the 

electrodes. The effect of temperature on the morphology of the ZnO-NFs varied with 

the electrolyte used and the voltage applied.  It was found that for acidic electrolytes the 

effect of temperature is more evident when low values of voltage and low 

concentrations of electrolyte were used. Films obtained with H3PO4 at 0 °C showed 

dense morphologies with undefined shapes. Anodization with HNO3 at a low voltage        

(1 V) and a low temperature (0 °C) resulted in smaller sizes compared to those produced 

at 10 °C with a small increase of the amount of nanostructures per unit area. With HCl, 

low temperature (0 °C) induced the formation of denser nanostructures. 
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Figure 4.7 FESEM micrographs of morphologies obtained at  10 °C, for 1 hour, with different electrolytes at two 

different voltages 1 V (left) and 40 V (right):  a) KHCO3 (0.1M); b) HCl (0.1M); c) NaOH (0.1M); d) KHCO3 (1M). 

 

Nanostructures produced with C2H2O4 (1 V, 40 V) and with NaOH at 1 V were not 

affected by changes in temperature. However, at 40 V the reduction of temperature 

limits the formation of nanostructures. Since the solvent used in anodization with 

KHCO3 was water instead of ethanol, nanostructures obtained with this salt were more 

susceptible to changes in temperature: films obtained at 0 °C with KHCO3 and at 1 V 



 

76 

 

displayed thicker configurations of nanowires than those produced at 10 °C. For this 

electrolyte, anodization at high voltage, high temperature and long periods of time 

resulted in complete dissolution of the Zn substrate, this suggests that, at these 

conditions,   the etching process of the Zn (Equation 4.4) predominates.  

 

From Figure 4.8, it can be observed that by increasing temperature, the diagram of 

species of Zn(II) shifts to the left direction (toward to lower pH) [239]. Therefore, at 

higher temperatures,  Zn(OH)2 in a solid form is more likely to be present at low pH and 

at higher concentrations of Zn. Increasing the temperature during the production of the 

ZnO-NFs, might also have an effect on mechanical properties such as micro-hardness 

and wear resistance [190].  

 

 

Figure 4.8 Speciation diagram of dominant zinc species as a function of pH,  zinc concentration 

and temperature [242] 

 

4.4.4 Effect of anodization time on film morphology  

The effect of time during anodization varied with the initial morphology of the 

nanostructure (Figure 4.9). In general, nanostructures formed over a longer time period 

tend to be denser with more nanostructures per unit of area. Nanostructures that grow in 

one direction, like the nanowires shown in Figure 4.9-c (left), seem to be longer when 

produced for longer time (Figure 4.9-c (right)). On the other hand, nanostructures that 

grow in two directions, similar to the ones shown in Figure 4.9-a (left), appear to be 

thicker (Figure 4.9-a (right)). Similar to high voltages, longer times contribute to the 

formation of interpenetrated structures (Figure 4.9-b (left) and 4.9-d (left)) due to the 
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formation of longer nanostructures that tend to tilt. This phenomena occurs in particular 

at high concentrations where there are more soluble Zn(II) ions available for the 

formation and precipitation of ZnO as discussed earlier.  

 

Figure 4.9 SEM micrographs of morphologies obtained at 10 °C and over two different 

time periods: 1 minutes (left) and 60 minute (right):  a) HCl (1 M, 1 V); b) H2C2O4  (0.1 

M, 1 V); c) KHCO3 (0.1 M, 1 V); d) KHCO3 (1 M, 40 V) 
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4.4.5 Nanostructures Sizes 

As it has been discussed, anodization conditions have an effect on the final morphology 

of the ZnO-NFs, in particular on the configuration of the ZnO nanostructures over the 

Zn foil surface. The study of nanostructures supported on a substrate limits the 

observation of individual nanostructures and therefore important characteristics such as 

particle size are difficult to determine. In order to evaluate the effect of anodization 

conditions on the particle size itself, nanowires obtained with KHCO3 applying different 

voltages and varying anodization times were collected and examined by TEM. 

 

During the TEM analysis, nanowires obtained by anodization without any post 

treatment showed instability of the ZnO layer. Once the wires were exposed to the 

beam, the surface started to react as it can be observed in Figure 4.10. The radiation 

damage during TEM and SEM analysis has been discussed in the literature [246]. It was 

not possible to establish either the reason of these instabilities or the type of damage 

caused by the beam on the ZnO nanowires. It is speculated that a potential conversion 

from of Zn(OH)2 to ZnO might occur due to the thermal heating from the beam’s 

energy. In order to make the nanowires more stable, before the nanowires were removed 

from the Zn substrate, all the ZnO-NFs were exposed to a thermal post-treatment at 350 

˚C with a rate of temperature increase of 1 ˚C/min for one hour as discussed in section 

3.1.4. The diameters of the wires measured were used to obtain a diameter size 

distribution. An extensive study of the effect of post-annealing on the nanoparticles is 

covered in section 4.10. 

 

 

 

 

 

 

 

 

Figure 4.10 TEM micrographs showing beam damage over a ZnO nanowire 
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The size distribution analysis (Figure 4.11) revealed that time and applied voltages 

during anodization do not have a significant effect on the diameter of the individual 

nanowires. Although small differences in the diameters were observed, all analysed 

samples displayed comparable size distribution and the range of nanorods diameter was 

similar.  

 

Figure 4.11 FESEM micrographs (left) and wire diameter distribution (right) of ZnO-NFs 

obtained with KHCO3 (0.1M) :  a) (5 V, 5 min); b)  (12 V, 30 min); c) (10 V, 5 min); d) (1 V, 1 

hour) 
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4.5 Wetting Behaviour   

Although the compositional analysis of the ZnO-NFs showed slight differences between 

ZnO-NFs produced at different conditions, the main composition found was a 

combination of zinc and oxygen for all samples. Therefore, for the wettability analysis, 

it was assumed that surfaces of each film were chemically homogeneous. The ZnO-NFs 

obtained by anodization without post-treatment showed a wide range of static effective 

contact angles (SEC angles) from 20º to 157º (error ± 2º). 

 

At ambient conditions, ZnO is a non-hydrolytic material with a good chemical stability 

and hydrophobic behaviour with static contact angles of 110˚ for smooth ZnO surfaces 

[247]. ZnO-NFs that displayed SEC angles lower than 110˚, in particular those with 

hydrophilic surfaces, might contain considerable amounts of Zn(OH)2 which can form 

ligands with the water molecules increasing hydrophilicity [248]. These results 

emphasize the importance of a thermal post-treatment to guarantee a full ZnO 

conversion.     

 

The highest SEC angle values, (with a maximum of 152º ± 2º and a minimum of 125º ± 

2º), were found for nanorods and nanowires produced with KHCO3.  It appears that 

nanorod-like structures are likely to display hydrophobic and super-hydrophobic 

surfaces as it has been reported in other studies where these nanostructures were 

produced by different methods [249]. SEC angles higher than 120º were also obtained 

with other electrolytes at certain conditions, i.e. HCl [0.1M] and [1M] at 10 °C, 1h, 40V 

and 1V;  HNO3 [0.1M] and [1M] at 10 °C; H3PO4 [0.1M] and [1M] at 0 °C, 1h and 

40V; 1min and 1V and  NaOH [0.1M] at 40V, 10 °C and 0 °C. For hydrophobic and 

super-hydrophobic ZnO-NFs, differences on the SEC angles were produced by two 

main factors: the morphology of the ZnO-NFs (usually high surface aspect ratio) and 

the ZnO surface energy (typically low surface energies) [250].  

 

For comparative analysis and given the large variety of structures of the ZnO films 

produced, their wetting behaviour will be analysed using the Cassie-Baxter and Wenzel 

models [251], [252] (see section 3.2.2). As shown in Figure 4.12, dense and vertically 

aligned nanostructures with a high aspect ratio, such as nanowires and nanorods 

obtained with KHCO3, result in high SEC angles. For that configuration, it is assumed 

that the liquid that flows through interstices is minimal, trapping more air between the 

nanostructures and forming a solid-air-liquid interface.  
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Figure 4.12 SEM micrographs of morphologies obtained at 10 °C and over two different time 

periods: 1 minutes (left) and 60 minute (right):  a) HCl (1 M, 1 V); b) H2C2O4  (0.1 M, 1 V); c) 

KHCO3 (0.1 M, 1 V); d) KHCO3 (1 M, 40 V) 

 

 

On the other hand, less organized or less well-defined nanostructures, displayed lower 

SEC angles with values similar to those  obtained on smooth ZnO films[181]. Within 

this study it was not possible to establish a difference of contact angle based on the size 

of the nanostructures. Similar studies of ZnO nanostructures obtained through the 

reaction of Zinc powder and hydrogen dioxide (H2O2) suggested that nanostructures 

displayed higher SEC angles than microstructure [247].
  

 

During the measurements of advancing and receding contact angles of ZnO-NFs with 

hydrophobic and super-hydrophobic surfaces, a barrier to the motion of the liquid on the 

contact line (Liquid – Solid interface) was observed. As a result, the observed contact 

angle was higher during the advancing motion (when the volume of the drop was 
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increased), while for receding motion (where the volume of the drop decreased) the 

observed contact angle was lower.      

 

Although the Cassie-Baxter and Wenzel models fit most of the nanostructures obtained 

in this study, some ZnO-NFs with disorganised and unaligned structures displayed 

hydrophobic behaviour. Films produced with H3PO4 at 40 V, 0 ºC for 1 hour and films 

produced with H2C2O4 at 40 V for 1 hour exhibited contact angles higher than 125º 

despite of their irregular conformity and surface abnormalities.  

 

During the characterisation of super-hydrophobic ZnO-NFs, sliding angle (critical angle 

at which a drop of water starts sliding in a tilted surface) was aimed to be measured. It 

has been reported that a water drop on a super-hydrophobic surface trend to slide down 

following a caterpillar-like rolling motion with or without slippage at the solid-liquid 

boundary) [253]–[256]. For ZnO nanostructures, a study conducted by Sakay et al [257] 

discussed  the acceleration motion, sliding acceleration and resistance force caused 

during the sliding of a droplet on a tilted ZnO nanorods films. The super-hydrophobic 

ZnO-NFs obtained in this study, did not show the rolling motion as the water droplet 

never slides or drops regardless the sloped angle of the film as it is shown in Figure 

4.13. Similar phenomena was also observed during the measurement of the sliding 

angle of super-hydrophobic ZnO nanorods [258]. In this study, the water droplet began 

to slide only when the surface was tilted to 70˚. This behaviour was attributed to  low 

surface free energy (which give hydrophobic properties) and high work of adhesion 

values.  
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Figure 4.13 Sliding angles of super-hydrophobic ZnO-NFs  

 

 

 

Changes in the contact angles of ZnO layers upon exposure to light have been reported 

before [230]. Under long term darkness conditions, the wettability of a surface can vary 

from hydrophilic to hydrophobic [259], [260]. Under UV light, on the other hand, there 

is a transition from a hydrophobic to a hydrophilic nature that occurs at different 

transition rates. It is assumed that subsequent to the generation of electron-hole pairs, 

(produced by UV irradiation of the ZnO surface), some of the holes can react with 

lattice oxygen forming surface oxygen vacancies. These vacancies might attract either 

oxygen or hydroxyl groups from water molecules. Additionally, crystalline defects are 

kinetically more favourable to hydroxyl adsorption as described in Equations 4.12(a-c) 

[230]. These changes on the ZnO surface might also affect the photocatalytic activity as 

discussed in Chapter 5. 

 

                                                                                                                              (Eq. 4.12a) 

                                                                    O
2-

 + h
+
   O

-                                                                                              
(Eq. 4.12b) 

                                                   O
-
 + h

+
   ½ O2 + Vo (Oxygen vacancy)                                    (Eq. 4.12c) 

    

 

ZnO-NFs that were kept in a dry box for several days maintained a constant contact 

angle. On the other hand, ZnO-NFs exposed to air and humidity from the environment 

displayed lower contact angles due to the absorption of moisture from the atmosphere 

[261]. The hydrophobicity of ZnO nanostructures obtained through a hydrothermal 
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synthesis method [257], [262]; magnetron sputter deposition [230], [247], [249], [259] 

and anodization [179] has been reported before, but the analysis of super-

hydrophobicity and comparative analysis between morphologies and wettability are still 

limited.  

 

4.6 Crystallinity of ZnO-NFs 

For this analysis, crystallinity has been interpreted as the content fraction of crystal 

phase compared to amorphous material. The crystallinity of the ZnO-NFs obtained by 

anodization without any post treatment was examined by XRD.  XRD patterns were 

compared to the JCPDS XRD for ZnO and Zn. Results revealed that films contained 

ZnO in the crystal phase. However, it was assumed that samples also contained fraction 

of amorphous ZnO that are not detected by XRD. Similarly to other studies [181], 

[193], [194], XRD patterns revealed that the crystal phase of the ZnO-NFs consist of 

wurtzite-type crystals.  The peaks with the strongest intensity were (101), (100) and 

(002); while (102), (110) and (103) peaks were not detected.  

 

Differences in the XRD patterns imply that anodization conditions affect the 

crystallinity of the ZnO. Figure 4.14 displays the XRD spectra of ZnO-NFs obtained 

with NaOH [0.1M] at different voltages and times. Differences in the intensity of the 

peak at [002] and [100] indicate that the amount of crystal phase and the preferential 

orientation of those crystallites are different between the films. Additionally, small 

differences in the full width at half maximum (FWHM) suggested that the crystal size 

of the ZnO-NFs varied with anodization conditions.  
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Figure 4.14 XRD spectra of films obtained with NaOH. a) [0.1M], 1V, 1 min, 10°C.   b) 

[0.1M], 1V, 1 hour, 10°C.  c) [0.1M], 40V, 1 min, 10°C.  d) [0.1M], 40V, 1 hour, 10°C 

 

The use of Scherrer equation is one of the most established ways to calculate the crystal 

size (D) using XRD patterns (Equation 4.13). This equation correlates the wavelength 

of X-ray radiation ( ), the diffraction angle ( ) and the full width at half maximum 

(FWHM). However, this method is only suitable to estimate ‘the sizes of particles in the 

direction  vertical to the corresponding lattice plane’  and also do not include changes 

in the FWHM produced by distortion of  the crystalline lattice [52]. Therefore, crystal 

size measurements were performed using TEM.  

 

                                                                                    
    

         
                                                                (Eq. 4.13) 

 

 

Crystal size distribution obtained from the analysis of TEM images (Figure 4.15), 

revealed that the crystal size of nanowires varied with anodization conditions. The 

crystal size of samples obtained at 10 V and 1 hour was in the range of 5-10 nm, while 

for samples produced at 5 V for 15 minutes the range was between 9 and 16 nm. 

Changes in the size of the ZnO crystals obtained by anodization have also been reported 

a 

b 

c 
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by Basu et al [125], [163]. In this study, the crystal size was calculated based on the 

XRD patterns and the Scherrer equation; crystal sizes were in the range of 2.41– 5.22 

nm and were obtained by varying the concentration of the electrolyte (oxalic acid). 

Unlike Basu’s study, in this project different crystal sizes were obtained using the same 

concentration of electrolyte but varying voltage and anodization time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

 

 

 

 

 

Figure 4.15 crystal size distribution of ZnO-NFs obtained with KHCO3 (0.1M):  (5 V, 5 min) 

(a) ;  (12 V, 30 min) (b); (10 V, 5 min) (c) and (1 V, 1 hour) (d) 

 

The growth of ZnO crystallites using different synthesis methods such as solution-based 

chemistry and chemical bath deposition has been extensively discussed [263], [264]. 

However, a systematic study of the growth of ZnO crystallites during anodization has 

not yet been reported in the literature. 
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4.7 ZnO-NFs profiles    

ZnO films showed different profiles that vary from convex to concave (Figure 4.16). 

ZnO-NFs obtained with KHCO3 tend to be convex, indicating that for this electrolyte 

the predominant process during anodization was the formation of the ZnO and Zn(OH)2 

nanostructures. The thickest layer was about 260 m and it was obtained with KHCO3 

[0.1M] at 40 V, 10 °C, and 1 hour. On the other hand, acid electrolytes such as HCl and 

HNO3 tend to form films with concave profiles. Anodization with NaOH and H2C2O4 

result mainly in the formation of ZnO-NFs with flat profiles.  

 

 

 Figure 4.16 Types of ZnO films profiles: Convex profile (red line) HNO3 

(0.1M/1V/10°C/1min); flat profile (lilac line) H2C2O4 (0.1M/40V/10°C/1min); concave profile 

(purple line) H3PO4(0.1M/1V/10°C/60 min). 

 

The formation of concave profiles can be produced when, at certain conditions of 

anodization, the dissolution of Zn and etching process predominates over the formation 

of ZnO nanostructures. As a result, the high rate formation of (i) Zn
+2

 and ZnOH
+ 

ions
 

(in acid media) and (ii) [Zn(OH)4]
2-

; 
 
Zn(OH)3

−
; Zn(OH)2 (in alkaline media), result in  

thinning of the zinc foil. Additionally, it was found that the growth of the nanostructures 

is not homogeneous along the Zn foil surface, indicating that the formation of the ZnO 

layer can be affected by external factors such as stirring. For ZnO-NF with convex 

profiles, on the other hand, the predominant process is the formation of nanostructures, 

while for flat profiles both mechanisms (formation and dissolution) occur at similar 

rates. 

 

4.8 ZnO-NFs band gap energy  

Band gap was measured through UV-Vis absorption spectroscopy. Absorbance and 

band gap energies were plotted and the differential of absorbance was calculated as 
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shown in Figure 4.17. The energy absorbed for each film appears to be affected by the 

morphology and the thickness of the ZnO-NFs. Higher values of absorbance were found 

in the ZnO-NFs obtained with Na(OH) and with HNO3;  both films showed low surface 

density with flower-like morphology (see Figure 4.5-b and 4.5-e). The lowest 

absorbance intensity was displayed by nanowire morphologies produced with KHCO3, 

which were also the thickest films in this study (Figure 4.5-f). 

 

In addition to the scattering of light produced by the nanostructures, slight variation of 

the chemical composition of the ZnO-NFs might be the responsible for the differences 

in absorbance intensity found in this study.  

 

 

 

 

 

 

 

Figure 4.17 UV-visible absorbance spectra (a) and differentiated absorbance spectra (b) of ZnO 

films produced with NaOH [0.1M] at different experimental conditions. (Red line 

40V/1min/10˚C; light purple line 40V/1min/0˚C; blue line 40V/1h/0˚C; dark purple line 

40V/1h/10˚C. 

 

Although band gap energy is a material and crystal structure property,[125] it has also 

been suggested that morphology factors such as nanostructuration [265]–[267] and 

particle size [268] modify the band gap emission.  While bulk ZnO exhibits a band gap 

energy of 3.37 eV, films obtained in this study displayed band gap energies in a wider 

range from 3.27 to 3.50 eV. The largest band gap energies were found on films with the 

largest and denser nanostructures obtained with H2C2O4 and KHCO3. Small 

nanostructures tend to have lower band gaps energies with some exceptions. Similar to 

the absorbance intensity, differences in band gaps values can be produced by variation 

on morphology and composition of the ZnO-NFs.  

 

Changes in band gap energies produced by differences in morphology not only involve 

the nanostructuration of the ZnO but also the potential scattering of light produced by 

the different shapes of the ZnO-NFs.. Additionally, crystalline defects such as oxygen 
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vacancies have been recognised to have an enhancement in the band gap emission 

[269], [270]. In other studies, the variation on band gap in ZnO films have been 

attributed to the quantum confinement effect [163]. However, given the exciton Bohr 

radius for ZnO particles (2.34 nm) [271] and the nanostructure size of the ZnO-NFs 

(larger than 20 nm), the quantum effect is likely not to occur in this case.  

 

4.9 Thermal Post-treatment  

Results shown up to now refer to ZnO-NFs without any post-treatment. In this section, 

the results of ZnO-NFs exposed to thermal post-treatment will be discussed. ZnO-NFs 

were also exposed to alternative non-thermal post-treatments and these results will be 

discussed in Chapter 5. For the thermal post-treatment or post-annealing, ZnO-NFs 

produced with KHCO3 under similar anodization conditions were exposed to different 

temperatures for different times. A slow heating and cooling rate was maintained (1 

˚C/min) to minimize stress and strain on the nanostructures. Samples were analysed 

before and after the post-treatment in order to identify changes produced during this 

process.   

 

TEM micrographs (Figure 4.18) of single nanowires show changes in the crystallinity of 

the material. Nanowires that were not exposed to thermal post-treatment displayed a 

smooth surface (Figure 4.18-a) while the surface of post-annealed wires showed 

superficial and interstitial cracks (Figure 4.18-b) that affect the surface roughness of the 

wires. It is assumed that post-annealing affected the crystallinity of the ZnO-NFs in four 

ways [217]: (i) Some of the Zn(OH)2 formed during anodization turned into ZnO;  (ii) 

amorphous ZnO turned into wurtzite structures increasing the total amount of 

crystallites in the films; (iii) initial ZnO crystallites formed during anodization became 

larger and (iv) crystal defects decreased.  
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Figure 4.18 TEM micrographs of nanowires before (a) and after (b) post-annealing at 350 ˚C, 

1h, 1 ˚C/min and their magnification (bottom)  

 

At high temperature, the high diffuse activation energy of the ZnO atoms allow them to 

be relocated in the crystal lattice, thus grains with lower surface energy fuse into larger 

grains [272]. It is also been suggested that during the crystal growth, small crystallites 

merge together in a process called “coalescence” and amplify the boundaries of the 

grains making larger crystallites. Additionally, it has been observed that due to post-

annealing, an increase in porosity and surface roughness occur [217].   

 

XRD patterns confirm the changes in crystallinity produced when the ZnO-NFs are 

exposed to post-annealing treatment at different temperatures (Figure 4.19) and 

different time periods (4.20). Changes in the intensity of the XRD peaks revealed that 

the material became more crystalline once it was exposed to the thermal post-treatment; 

additionally, the peaks become broader indicating an increase in the grain size. Due to 

the overlap of the (101) peak with the (002) Zn peak it was difficult to determine the 

preferential orientation of the crystallites. However, it was observed that regardless of 

the time or temperature of the post-annealing, once the material became crystalline, the 

orientation of the structure remained constant maintaining a constant peak ratio. In 

addition, a small shift of the position of the diffraction peaks was observed indicating 

Cracks 

Cracks 
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that the post-annealing conditions produced a minimal tensile stress on the ZnO wires 

[272].  

 

As shown in Figure 4.19, samples post-treated at 300 ˚C and 350 ˚C displayed an 

increase in the intensity of the (100) and (002) peaks. The similarity between the 

diffraction patterns obtained at 300 ˚C and 350 ˚C indicates that any post-annealing 

beyond 300 ˚C  will result in similar changes in the crystallinity of the material. Post-

treatment of ZnO-NFs obtained by anodization of Zn are limited to a maximum of 350 

˚C due to the melting point of the zinc substrate (400 ˚C).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 XRD of ZnO films obtained with KHCO3 [0.05M], 1V, 10C, 1h and post-annealing 

under different temperatures 

 

It is important to mention that the range of temperatures used during the post-treatment 

of ZnO-NFs is narrow and therefore no representative changes in the XRD peaks were 

observed. However, similar studies on thermal post-treatment on ZnO have reported 

large changes in crystal size and surface roughness [217]. Additionally, the magnitude 

and direction of the tensile and compress stress of the ZnO crystal lattice is significant 

only at higher temperatures (> 600 ˚C).  
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Post-annealing time appears to produce more notable changes in the crystallinity of 

ZnO-NFs compared to the temperature. From Figure 4.20 it can be observed that the 

intensity of the diffraction peaks for the (100), (002) and (101) planes increase with 

time. Reductions in the width full half maximum (WFHM) distance suggest that the 

sizes of the grains increase in the post-treated samples. TEM images were used to 

calculate the crystal size distribution and to analyse the effect of the post-treatment in 

the crystal size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 XRD of ZnO films obtained with KHCO3 [0.05M], 1V, 10C, 1h exposed to 

different times of post-annealing.  

 

 

The crystal size distribution of ZnO-NFs post-annealed at 350 ˚C for different periods 

of time show that crystal size is affected by the post-annealing time. Samples exposed to 

18 hour and 36 hour of post-annealing displayed bigger crystallites compared to those 

exposed for only 1 hour (Figure 4.21 b-c). The crystal size distribution revealed a 

doubling of the initial crystal size going from a range of 5-10 nm to a range of 10-20 nm 

(Figure 4.21-a). Although the range of crystal size was similar for the films exposed to 

18 and 36 hours, the distribution of crystal size in this range were slightly different. 

Films exposed to 18 hours post-treatment displayed higher number of crystal in the 

range of 15 and 16 nm, while ZnO-NF post-annealed for 36 hours had the higher 

number of crystal with sizes of 12, 14 and 16 nm.   
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Figure 4.21 Crystal size distribution (a) and TEM micrographs of (b-c) crystals of samples 

post-annealed at 1h and 18h respectively  

 

Since post-annealing led to an increase the crystal size and to a change in the surface of 

the nanowires (cracks) (see Figure 4.18), similar analysis of the effect of post-annealing 

in the morphology of the ZnO-NFs was carried out using FESEM, TEM and wire size 

distribution analysis of ZnO-NFs samples post-annealed at 350 ˚C for different periods 

of time. Figure 4.22 displays FESEM micrographs of the surface of ZnO-NFs before 

and after post-annealing. Results revealed that changes produced at crystal scale are not 

reflected on the morphology of the ZnO-NFs where the initial configuration of the 

nanowires is preserved.  

 

Unlike crystal size, post-annealing treatment had a minimal effect on the size of the 

nanostructures. Different post-annealing times resulted in obtaining a similar nanowire 

size distribution (Figure 4.23) with a range of sizes between 50 and 140 m.  Nanowires 

that were exposed to 1 hour post annealing have similar diameter to those exposed to 18 

hours and 36 hours.   
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Figure 4.22 FESEM micrographs of ZnO-NFs (KHCO3/1V/1h/10˚C) (a) before and (b) after 

post-annealing at 300 ˚C for 1 hour with a rate temperature of 1 ˚C/min. 

 

 

Figure 4.23 TEM micrographs of ZnO nanostructures; (b-c) wire of samples post-annealed at 

1h and 18h respectively and (a) its crystal size distribution.  
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4.10 Rational design guidelines for controlled formation of ZnO nanostructures 

via anodization 

As previously mentioned, anodization is a multi-parameter process controlled mainly by 

the type and concentration (C) of the electrolyte, the applied voltage (V) across the cell, 

the temperature (T) of the electrochemical bath and the anodization time (t). For the 

simultaneous analysis of these parameters and their effect in some properties of the 

ZnO-NFs, data collected in this project and from previous published studies were 

combined and analysed [212]. The main aim of this parametric analysis was to elucidate 

which combination of C, V, T and t will give a certain nanostructure. Temperature was 

excluded as a parameter from the analysis due to the lack of data from literature.  Large 

numbers of publications have reported this parameter only as ‘room temperature’ rather 

than quantify it. Since different electrolytes at different concentrations have been used 

and reported for anodization of Zn, the pH of those solutions has been measured to offer 

a common analysis framework.  

 

For the morphology analysis, ZnO nanostructures developed in this work and those 

already published in the literature have been classified in six groups.  Additionally, each 

type of surface configuration or nanostructure was symbolized with a dot and a colour 

as follows:   

 smooth – no nanostructure (dark blue dots) 

 pitting – corrosion (light blue dots) 

 aligned arrays of 1D nanostructures– nanowires, nanoneedles, nanorods (green 

blue dots) 

 2D – nanoplatelets, nanoflakes (orange blue dots) 

 3D arrangement – interpenetrated nanostructures (red blue dots) 

 

For the wetting behaviour analysis, results of contact angles of the ZnO films obtained 

were classified into three large groups: 

 Hydrophilic surface (contact angle < 90°) 

 Hydrophobic surface (90° ≤ contact angle ≤ 120°) 

 Super-hydrophobic surface (contact angle > 120°) 

 

For the profile analysis, ZnO films were classified as follows: 

 ZnO layer predominantly concave  

 ZnO layer predominantly flat 

 ZnO layer predominantly convex  
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Figure 4.24 displays a 3D plot with morphologies of nanostructures (symbolized with 

dots) that were obtained with different electrolytes at different concentrations and, 

therefore, different pH.  To simplify the analysis without omitting a third variable, 

Figure 4.24-a was rotated (Figure 4.24-b and 4.24-c) to better visualise the distribution 

of the different morphologies for different pHs, voltages and times.  

 

 

 

 

Figure 4.24 3D plot of the Morphology of  ZnO-NFs obtained by anodization at 

different experimental conditions  

 

From Figure 4.24-b and 4.24-c it is evident that the type of the electrolyte (analysed by 

pH) has the strongest influence over the morphology of nanostructures obtained by 

anodization. 2D nanostructures (orange dots) were obtained at low and high pH, while 

1D nanostructures such as nanowires and nanorods (green dots) were obtained 

exclusively at neutral pH. Although these morphologies (1D and 2D) have been 

obtained with a variety of voltages and anodization times, most of the studies have used 

voltages lower than 20 V and periods of time shorter than 1 hour.  Low pH and low 

voltage leads to the presence of featureless surfaces regardless of the reaction time (dark 

a b 

c 
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blue dots). Pitting and corrosion (light blue dots) are more common at low pH and high 

voltage. Since 3D interpenetrated nanostructures (red dots) seems to be formed for the 

extensive growing of 1D and 2D nanostructures over time, they were mainly found in 

long term reactions regardless of the pH.  

 

The parametric analysis of wetting behaviour was carried out using mirror-like plots 

with different dot colours symbolizing different wetting behaviour of the ZnO-NFs 

(Figure 4.25). With this type of plots it is possible to visualize eight possible 

combinations of experimental conditions, for instance, a simultaneous comparison of 

the effect of voltage, pH, and temperature (Figure 4.25-a); or voltage, pH, and time 

(Figure 4.25-b) can be made. Results revealed that, for all investigated temperatures, 

super-hydrophobic surfaces (red dots) are produced mainly at low pH and high voltage 

(40 V). 

  

Figure 4.25 Mirror-like plot of wetting behaviour of ZnO-NFs obtained by anodization at 

different experimental conditions   

 

 

 

a

  a 

b

  a 
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Super-hydrophobic surfaces also predominate at neutral pH regardless of the voltage, 

time or temperature. It is important to mention that the morphologies that predominate 

at this pH are aligned 1D nanostructures which follow the Cassie-Baxter and Wenzel 

models for hydrophobic and super hydrophobic surfaces respectively as discussed in 

section 4.5.  On the other hand, hydrophilic surfaces are produced mainly at low pH and 

low voltage (1 V). Similarities between dots from the lower middle row (Low V/High 

T) with the upper middle row of dots (Low V/Low T), revealed that, at low voltage (1 

V), the wetting behaviour of the ZnO-NFs is not affected either by time or by 

temperature.  High voltage and longer times lead to super-hydrophobic surfaces being 

formed (Figure 4.25-a, top row). 

 

Figure 4.26 shows the mirror-like plot of profiles obtained in this study at two different 

temperatures (Figure 4.26-a) and two anodization times (Figure 4.26-b). No clear 

dependence of the profiles on voltage, temperature or time was found. Convex and flat 

profiles were more common at neutral and at high pH; while at low pH concave profiles 

predominate, in particular at low voltage (1 V).   

 

Figure 4.26 Mirror-like plots of the Surface profile analysis of ZnO layer obtained by 

anodization of Zn at different experimental conditions  

a

  a 

b

  a 
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Based on the ZnO-NFs analysed in this study, results of the rational design guidelines 

were summarized in a matrix (Table 4.4). The matrix compares the different 

combinations of anodization conditions with the more likely morphologies that can be 

formed. Green areas indicate that a correlation between the experimental parameters and 

the morphology was produced in this study or has been reported in the literature. For 

instance pitting and corrosion are more likely to occur at low pH with high voltage and 

long reactions.  “1D aligned arrays – hydrophobic” have been obtained at neutral pH 

with a variety of voltages and times reaction. The lack of green areas in the “1D aligned 

arrays – Hydrophilic” row indicate that this combination have not been reported yet. 2D 

arrays (hydrophilic and hydrophobic) films have been obtained mainly at low pH 

regardless voltage and time. 3D arrays (either hydrophilic or hydrophobic) are produced 

exclusively at long time anodization regardless voltage and pH.  

 

Table 4.4 Matrix summarising the results obtained from the rational design guidelines

 

4.11 Summary 

The mechanism of the formation of ZnO-NFs was analysed based on thermodynamic 

speciation of Zn(II) and comparing current plots from anodization of alumina with 

anodization of zinc. The band gap energies, crystallinity and profiles of the ZnO-NFs 

were discussed. The wettability of the ZnO-NFs was correlated to the morphology using 

Cassie-Baxter and Wenzel models. The effect of thermal post-treatment on ZnO-NFs 

also was studied.  

 

From the analysis of the morphology of the ZnO-NFs and its correlation to anodization 

parameters the following conclusions were found: Anodization can be controlled 

through the synthesis conditions. The shape of the nanostructures is determined mainly 
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by the type of electrolyte, while the nanostructure surface density increases with 

concentration, voltage and time. The time also determines the size of nanostructures, 

leading to the formation of 3D interpenetrated nanostructures once the nanostructures 

reach a certain length. The effect of temperature varies with the electrolyte, where acids 

at low temperatures reduce the formation of nanostructures considerably. Time and 

applied voltage during anodization do not have significant effects on the diameter of the 

individual nanowires while crystal size of nanowires varied with anodization conditions. 

Dense and well-aligned nanostructures with high aspect ratios display high contact 

angles, while low aspect ratios and less ordered surfaces show lower contact angles, 

forming hydrophilic surfaces. 

 

From these results the following design guidelines are devised:  

- 1D aligned arrays, usually (super-) hydrophobic, are mainly obtained at near neutral 

pH regardless of voltage and time. 

- 3D arrays (hydrophobic and hydrophilic) are formed for long reaction times, 

regardless of the pH and the voltage. 

- 2D arrays can be formed at low and high pH regardless of the voltage and time. 

However, 2D arrays formed at high pH display hydrophobic behaviour only at high 

voltage.  

- The anodization conditions where corrosion and pitting are more common are low pH, 

high voltage and for long-reaction times.  

 

Finally, it was also found that thermal post-treatment does not affect the general 

morphology (shapes and arrangement of the nanowires) but modifies the surface of 

nanowires and increases the size of the crystallites. 
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5. Chapter 5: ZnO nanostructured films as a photocatalyst for 

water treatment in a batch reactor. 

 

The production and characterisation of ZnO-NFs has been described in detail in Chapter 

4. This chapter will discuss the application of ZnO-NFs for the photocatalytic 

degradation of phenol (used as organic model compound) using an external jacketed 

batch reactor (see section 3.3). This chapter is divided in three parts: In the first section, 

the initial analysis of the degradation of phenol in the batch system is presented. The 

effect of ZnO-NFs morphology and crystallinity on the photocatalytic degradation of 

phenol is examined in the second section. Finally, the effect of dissolved oxygen on the 

degradation of phenol and changes in ZnO-NFs morphology caused by photocatalysis 

are reported in section three.  

 

5.1 Initial analysis: Degradation of phenol in the batch reactor.   

Phenol is an organic compound produced and used in different industrial sectors. Phenol 

is mainly produced at large scale in the petrochemical industry and used as a precursor 

for the production of polycarbonates, epoxies, Bakelite and nylon in the polymeric 

sector. It is also used to manufacture a range of pesticides and herbicides and a variety 

of pharmaceuticals compounds including salicylic acid [273]. As a result of its 

extensive use and the low control of its disposal, phenol has been widely found in both 

industrial effluents and natural streams [274], [275]. Due to its toxicity and recalcitrant 

properties, phenol has a strong negative impact on the environment and is considered a 

priority pollutant by the U.S. Environmental Protection Agency. Therefore, studies 

related to the degradation of this compound are interesting from an environmental point 

of view. Additionally, since the mechanism for the degradation of phenol is well 

understood, and its by-products are well defined, it is a practical model compound to be 

used when studying novel photocatalysts. 

“The scientist is not a person who gives the 

right answers; is the one who asks the right 

questions.”  

 Claude Lévi-Strauss 

http://www.goodreads.com/author/show/33321.Claude_L_vi_Strauss
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During photocatalysis, pollutants are simultaneously exposed to different processes that 

reduce the pollutant concentration in the source water, namely; adsorption of 

compounds on the catalyst surface, degradation due to the effect of light (photolysis) 

and degradation due to the effect of the catalyst once it is activated by light 

(photocatalysis). In photocatalytic studies for environmental applications, one of the 

challenges is to establish the real contribution of photolysis in the decomposition of 

pollutants during the photocatalytic reaction. In this study, preliminary experiments 

were carried out to determine the degree of both photolytic and photocatalytic 

degradation of phenol in the batch reactor under the selected conditions (a concentration 

of phenol of 5 ppm, stirring at approximately 1000 rpm and radiation using 

monochromatic UV-C light with a wavelength of 254 nm). Although high temperatures 

appear to be favourable for the photocatalytic reactions with organic compounds under 

UV-C light [276], the temperature for all the experiments was set at 10 ˚C to avoid 

potential evaporation produced by the UV lamp heating the water surface.  

 

5.1.1 Adsorption and photolysis of phenol in the batch reactor  

To measure the adsorption of phenol on the ZnO-NFs, prior to each photolytic and 

photocatalytic experiment, samples were immersed in the phenol solution in darkness 

for 30 minutes to ensure the adsorption equilibrium was reached. Phenol concentration 

was measured before and after adsorption. The concentration of phenol decreased by 

less than 2% for all experiments. Therefore, any further changes in concentration were 

attributed to degradation by photolysis and photocatalysis.  

 

The degradation of phenol produced by photolysis was studied for 4 hours reaction in 

the batch reactor using UV-C light with a wavelength of 254 nm and without ZnO-NFs. 

Although the effect of light in photolysis and photocatalysis has been extensively 

discussed [276]–[281], there are still divergent opinions about the most suitable 

wavelength for photocatalysis with semiconductor metal oxides. Highly energetic short 

wavelength light has been recognised as being more effective in photocatalytic 

degradation of organic pollutants than longer wavelength light [276]–[278]. However, 

comparative studies have also reported better degradation of pollutants at longer 

wavelengths [279]–[281].  
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Chemical compounds exposed to UV light undergo photochemical reactions in which 

molecular bonds can be broken leading to simpler molecules [280]. Additionally, under 

UV light exposition, there is a small generation of hydroxyl radicals (Equation 5.1) that 

contributes to the degradation of the organic compounds [282].  

 

                                          2H2O → H3O
+
 + OH

-
                                                 (Eq. 5.1a) 

                                             OH
-
 + hv → OH

•
                                                     (Eq. 5.1b) 

 

The photolysis of the phenol in the batch reactor was minimal with only a reduction on 

the concentration of about 10%. Although the degradation of phenol by photolysis has 

been reported as negligible under similar UV-C wavelength irradiation [283], previous 

experiments, carried out in this project with different volumes of phenol in solution, 

showed that photodegradation in the range of 20-30 % can be reached when small 

volumes of phenol solution were irradiated by UV light. The molar absorption 

coefficient of phenol (ε= 2340 cm
-1

/M) [284] and its absorbance spectrum (Figure 5.1) 

indicate that phenol has a strong tendency to absorb UV light in the range of 220 and 

300 nm with a maximum absorption peak at 270.8 nm. Since the wavelength of light 

used in this project was 254 nm, a high photolysis of phenol was expected. The low 

oxidation of phenol by photolysis pointed out a potential irradiation constraint given 

either by the small irradiation area or by irregular irradiation along the water column.  

 

 

Figure 5.1 Absorption spectra of phenol, p-nitrophenol and benzene [285]  

 

Values of pH during the photolysis of phenol decreased from 6.2 to 5.9, indicating a 

slight acidification of the solution. The change in pH occurs due to the formation of 

acetic and formic acid during the decomposition of phenol and its by-products [68] .   
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5.1.2 Photocatalytic degradation of phenol as a model compound in the batch 

reactor 

During the photocatalytic degradation of organic compounds, the formation of multiple 

by-products (phenolate intermediates and acids) occurs. These reactions are therefore 

considered as multicomponent systems [286]. The most common by-products of 

phenol’s degradation are catechol, benzoquinone, hydroquinone, acetic acid, formic 

acid and CO2 [68]. Table 5.1 shows the solubility, pKa, molecular structure and 

dissociated form of phenol and its by-products. These properties will be used during the 

analysis of the phenol degradation throughout this chapter.   

 

Table 5.1 Phenol and common by-products produced during photocatalytic degradation [286]. 

Species Solubility in 

water (20 ˚C) 

pKa in 

water 

Molecular 

structure 

Dissociated form 

phenol 8.3 g/100 mL 9.0 

 

 

  

catechol 43 g/100 mL 9.5 

 

 

  

benzoquinone 1.0 g/100 mL -- 

 

 

 

  

hydroquinone 5.9 g/100 mL 9.9 

 

 

 

 

 

 

acetic acid Miscible 4.8 

 

 

 

 

 

formic acid Miscible 3.8 

 

 

 

 

 

 

In order to identify the kinetics of the degradation and mineralisation of phenol in the 

selected setup, 12 hour long experiments were carried out.  Figure 5.2 displays the 

photocatalytic degradation of phenol and the evolution of phenolate by-products (i.e. 

catechol, benzoquinone and hydroquinone) as a function of time. 
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Figure 5.2 Degradation of phenol and by-products for 12 hours in a batch reactor using ZnO-

NF as a photocatalyst 

 

The formation of by-products affects the degradation rate of the phenol. Phenol and its 

by-products can be physisorbed through hydrogen bonds and chemisorbed through 

reactions with OH radicals producing ring alkylated intermediate products [287]. As 

observed in Figure 5.2, after 4 hours the concentration of catechol started to decrease 

while the concentration of benzoquinone remained quasi constant. Two factors might 

affect the degradation of benzoquinone; (i) its low solubility in water compared to the 

other phenolate intermediates (see Table 5.1) that limits its adsorption on the 

photocatalyst, and (ii) the potential formation of benzoquinone produced from the 

oxidation of phenol and catechol which maintains the concentration of benzoquinone 

quasi constant. A potential photodegradation pathway for phenol is shown in Figure 5.3, 

including the formation of acetic and formic acid [68].  

 

Fractional life method was used to determine the kinetic order of the reaction [288]. The 

slope of the trend-line displayed in Figure 5.4a indicates that the order of the reaction is 

approximately one. Furthermore, by using the integration rate method, the kinetic order 

of the reaction was verified as shown in Figure 5.4b. The oxidation of phenol obeyed 

pseudo first-order kinetics in agreement with other photocatalytic studies with both 

powder and supported ZnO [137], [283] and with TiO2 [68], [137]. First order kinetics 

are expected at low concentrations of phenol as the number of catalytic sites is not the 

limiting factor of the reaction rate (ri), and therefore ri is proportional to the phenol 

concentration. 
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Figure 5.3 Proposed degradation pathway of phenol and by-products for a 12 hours batch 

reactor experiment using ZnO-NF as a photocatalyst (adapted from [68]) 
 

 

 

 

Figure 5.4 Plot of fractional life method (a) and integral rate method (b) used to determine the 

kinetic order reaction of the photocatalytic degradation of phenol. 

 

Kinetic constants were calculated for all the photocatalytic reactions in this study using 

the integration rate method. Values of kinetic constant for the photocatalytic 

degradation of phenol in the batch reactor were found in the range of 0.10 to 0.44 h
-1

. 

On the other hand, the range of kinetic constants in the tubular reactor were in the range 

of 0.59 to 1.60 h
-1

. Table 5.2 displayed values of kinetic constant, reported in literature, 

for the photocatalytic degradation of phenol under different experimental conditions and 

types of reactors.  
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Table 5.2 Kinetic constant of photocatalytic degradation of phenol in different studies  

Photocatalyst Dose 

(g/L) 

light Reaction 

time 

(min) 

Type of reactor Co 

(ppm) 

Final 

degradation 

K (h-1) Ref. 

TiO2 (suspension) 0.5 Xe lamp 

(Simulating 

Solar 

spectrum) 

150 Discontinuous 

cylindrical 

microreactors 

placed in a Solar 

Simulator 

90 77% 0.582 [289] 

Degussa P- 25   

TiO2-coated acrylic 

sheets  

- Low 

pressure 

mercury 

lamps. UV-

A 400 nm 

(0-300) Batch 

photoreactor 

100 - 0.096 [290] 

Degussa P- 25   

TiO2-coated acrylic 

sheets   

- Low 

pressure 

mercury 

lamps. UV-

A 400 nm 

(0-300) Batch 

photoreactor 

10 - 0.27 [290] 

ZnO (suspension) 2 254 nm 20 Batch 

reactor system 

80 58.7% 1.2 [283] 

ZnO (suspension) 2 254 nm 20 Batch 
reactor system 

40 45% 1.99 [283] 

Degussa P-25 

(suspension) 

1 HPA 400W 

lamp 

360 Helical 

photoreactor 

(500mL) 

Flowrate: 0.11 

l/min 

10 97.3% 2.34 [235] 

Degussa P-25 

(suspension) 

1 HPA 400W 

lamp 

365 nm 

360 Helical 

photoreactor 

(500mL) 

Flowrate: 0.23 

l/min 

10 99.8% 1.70 [235] 

ZnO powder produced 

by sol-gel process 

(suspension) 

1 Black light 

mercury 

HgV 125 

W UV 

lamp 

120 Batch 
reactor system 

50 76% 0.9 [291] 

ZnO powder produced 

by sol-gel process 

(suspension) 

1 Black light 

mercury 

HgV 125 

W UV 

lamp 

120 

 

Batch 

reactor system 

100 70% 0.6 [291] 

ZnO powder produced 

by sol-gel process 

(suspension) 

1 Black light 

mercury 

HgV 125 

W UV 

lamp 

120 Batch 

reactor system 

200 60% 0.42 [291] 
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It is difficult to compare the values of kinetic constant from table 5.2 due to the 

differences in experimental conditions. However, it is possible to establish that reactions 

performed with suspended photocatalyst showed higher rates than reactions with 

supported photocatalyst. Between the studies reported in table 5.3, the highest constant 

rate for the degradation of phenol (2.34 h
-1

) was obtained in a helical photoreactor at a 

flow rate of   0.11 L/min with TiO2. On the other hand, in batch systems the highest 

flow rate obtained was 1.2 h
-1 

with suspended ZnO. The later kinetic constant is 2.7 

times higher than the maximum constant found in this study with the batch reactor. 

Therefore, photocatalytic reactions at different stirring velocities were performed in 

order to evaluate the effect of external mass transfer resistance in the reaction. This 

experiment aimed to establish the best condition of mixing to assure high mass transfer 

between the solid photocatalyst and the liquid phase. This will be discussed in detail in 

section 5.3.1.  

 

Total organic carbon (TOC) measurements confirmed the decomposition of phenol and 

its by-products (Figure 5.5). The TOC mineralisation was fitted to a zero order kinetic 

model (r
TOC 

= k
TOC

). A similar behaviour has been reported for the degradation of 

phenol with TiO2 [68]. TOC decreases due to the formation of CO2 and its subsequent 

release from the solution. After 12 hours the TOC was reduced between 75 and 80 %, 

showing the elimination of the total organic matter present in the solution (i.e. Phenol 

and its by-products). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 TOC variation during the photocatalytic degradation of phenol and by-products in a 

batch reactor using ZnO-NF as a photocatalyst. 
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During the 12 hour experiment, the pH and the conductivity of the phenol solution were 

recorded. Unlike photolysis, during the photocatalytic reaction there was a slight 

increase of the pH, with values changing from 6.2 to 6.5. A possible reason for this 

increase in pH is the dissolution of ZnO and formation of Zn(OH)2 due to photo-

corrosion of the ZnO-NFs. Since the pH affects the dissociation of the phenol and its 

by-products, and also determines the surface charge of the photocatalyst, changes in pH 

alter the adsorption of these compounds on the ZnO-NFs affecting the interfacial 

electron transfer and the photoredox process [292]. As the pH of point of zero charge 

(pHPZC) for ZnO is 9.0 ±0.3, and the pH of the phenol solution was in the range of 6.2-

6.5, the surface of the ZnO-NFs was positively charged during the photocatalytic 

experiments. Therefore the adsorption of anions with negative charge, such as the 

phenolate intermediates, was more likely to occur.  

 

It was observed that the conductivity increased throughout the photocatalytic reaction 

(Figure 5.6-a).  Changes in conductivity can be attributed to multiple reasons, namely; 

the formation of ions produced from the degradation of phenol, the formation of CO2 

that remains soluble in the solution and the production of Zn(II) ions into the solution 

due to dissolution of the photocatalyst. The dissolution of the ZnO was confirmed by 

measuring the total concentration of dissolved Zn as shown in Figure 5.6-b. Changes in 

both conductivity and concentration of dissolved Zn did not follow the same trend, 

showing that the formation of by-products and CO2 also contributes to the increase of 

conductivity. This was also confirmed during the photolysis experiments where 

conductivity always increased despite the absence of any ZnO-NF. 

 

 

 

 

 

 

 

 

 

Figure 5.6 Change in conductivity (a) and dissolved Zn(II) ions (b) during the photocatalytic 

degradation of phenol for 12 hours in a batch reactor using ZnO-NF as a photocatalyst 
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A rise in the concentration of dissolved Zn might occur when ZnO is affected by 

photodegradation and is partially dissolved. A drastic drop in the concentration occurred 

after 8 hour of reaction, this is herein attributed to a re-precipitation of the Zn ions as 

will be discussed in detal in section 5.3.2. At this range of pH (6.2 – 6.5), the most 

likely Zn(II) species in solution was Zn
2+

; the accumulation of this ion in the solution 

affected the thermodynamic stability of the system favouring the production of 

insoluble Zn(OH)2(s)  and producing a strong precipitation (see the thermodynamic 

speciation of Zn – Figure 4.1). As it will be discussed throughout this chapter, this 

phenomenon of “dissolution – re-deposition” occurs even during the early stages of the 

reaction.  

 

A further detailed analysis of the kinetics of phenol degradation on ZnO-NFs is beyond 

the scope of this work, which is instead focused on understanding the relationship 

between ZnO-NFs properties and photocatalytic behaviour.  

 

5.1.3 Effect of external mass transfer on the overall degradation rates in the 

batch reactor 

Heterogeneous photocatalysis with supported photocatalyst can be affected by external 

mass transfer limitation. This condition is given by a slow diffusion of pollutants from 

the fluid boundary layer around the catalyst (liquid phase) to the external surface of the 

photocatalyst (solid phase). A study conducted by Chen et al [294] with immobilised 

photocatalyst (Degussa P25) in a semi-batch photoreactor, concluded that external mass 

transfer resistance can be considerably reduced by increasing the flow rate, leading to 

higher degradation rates. Internal mass transfer resistance, on the other hand, were 

difficult to assess directly as it is an intrinsic catalyst property and varies with the nature 

of the catalyst, coating method and thickness of the film [294].  In the present study, the 

effect of external mass transfer in the batch reactor was analysed during the degradation 

of phenol at different stirring velocities. By increasing the stirring speed, the fluid 

boundary layer is reduced, minimizing the mass transfer resistance. Once the mass 

transfer limitation is minimal, any increase in stirring speed does not affect the 

photocatalytic activity. At that point, the reaction is performing in the kinetically 

controlled regime rather than the mass transfer controlled regime. For this experiment, 

ZnO-NFs produced with KHCO3 [0.05M] at 1 V for 1h and 10˚C were used as a 

photocatalyst for the degradation of phenol [5ppm]. 
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Figure 5.7a shows changes in phenol concentration during photocatalytic degradation at 

different stirring velocities and their kinetic constant. Low degradation of phenol (less 

than 20%) was observed in absence of stirring. Degradation in that experiment was 

produced mainly by photolysis, adsorption and “mass transfer limited” photocatalysis. 

Once the system was stirred, the degradation of phenol increased due to higher diffusion 

of the phenol in the system. As shown in Figure 5.7b, stirring velocities higher that 706 

rpm result in similar final degradation of about 80% after 4 hours. The later result 

indicates that at high stirring velocities (higher than 706 rpm) the external mass transfer 

resistance becomes minimal and constant. Therefore, under similar experimental 

conditions (i.e. pollutant concentration, temperature, stirring velocity and illumination) 

changes in the photocatalytic degradation of phenol are caused by intrinsic 

photocatalytic properties. Further experiments were carried out at 1000 rpm. 

 

Figure 5.7 Photocatalytic degradation of phenol at different stirring velocities in a batch reactor 

using ZnO-NF as a photocatalyst (a). Correlation between the final degradation of phenol after 4 

hours of reaction and stirring velocity .  

 

5.2 Correlation between ZnO-NFs morphology and their photocatalytic 

performance. 

As discussed in Chapter 4, different properties of the photocatalyst can affect its 

performance in the degradation of organic pollutants in water. It is widely recognised 

that surface area is one of the most important properties in photocatalysis [133], [135], 

[295], [296]. Some studies with ZnO powder and ZnO films have shown an 

enhancement of photocatalysis due to an increase in the surface area [134], [297], [298]. 
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However, other authors [133], [299], [300] have suggested that surface morphology is 

even more important than surface area in photocatalysis since the former involves both 

the surface area and the active photocatalytic surface area (where photons reach the 

surface of the catalyst and activate it).   

 

One of the most extensive studies into determining the predominant properties that 

affect the activity of a given photocatalyst, is the one carried out by Dr. Othani’s 

research group, where 35 commercial TiO2 powders were statistically analysed [301]. A 

correlation between six physical and structural properties of the catalyst (i.e. specific 

surface area, density of crystalline defects, primary particle size, secondary particle size 

and content of anatase and rutile phases) and photocatalytic activity was obtained 

through multivariable analyses. Although photocatalytic activity was fairly reproduced 

for five types of reactors, authors suggested that other properties such as morphology 

have important effect on the photocatalytic activity.  

 

Herein a systematic study of the effect of ZnO-NF morphology and its photocatalytic 

behaviour is presented. Although preliminary experiments (see Section 5.1.2) showed 

that 12 hours were necessary for total degradation of phenol (TOC), shorter experiments 

of 4 hours were chosen as they are sufficient to show the impact of morphology on 

photocatalysis.  

 

5.2.1 Effect of Crystallinity on the photocatalytic performance of ZnO-NFs 

As discussed in Section 4.10, the thermal post-treatment in air applied to the ZnO-NFs 

affected the nanowire’s roughness, increased its crystallite size, reduced the crystal 

defects and increased the content of ZnO in the films compared to the amount of 

Zn(OH)2. Additionally, it was determined in Section 4.10 that the nanowires’ diameter 

and morphology were unaltered during the post-annealing.  For this analysis, ZnO-NFs 

with different post-annealing times and, therefore, different crystallinity were used in 

the photocatalytic degradation of phenol as is shown in Figure 5.8. Results show that 

changes produced by post-annealing have a considerable effect in the photocatalytic 

performance of the ZnO-NFs. All the experiments with post-treated ZnO-NFs resulted 

in higher phenol degradation after 4 hours compared to those films without post-

annealing. However, no significant differences in the phenol degradation rate were 

observed between ZnO-NFs post-annealed at different times.  
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The size of the ZnO crystals does not appear to have a major effect on the degradation 

of phenol with all the experiments displaying similar kinetic constants in the range of 

0.21 to 0.26 h
-1

 regardless their crystal sizes. ZnO-NFs post-annealed for 1 hour (crystal 

sizes in the range of 5-10 nm) displayed similar photocatalytic performance to those 

post-annealed for 18 and 36 hours (crystal sizes in the range of 10-20 nm) despite 

having crystals that are almost double the size (Figure 5.8-inset). This result is in 

contrast to what was observed by Pardeshi et all [302], who have reported a direct 

relationship between crystallite size and photocatalytic performance of ZnO. However, 

in Pardeshi’s study, the ZnO samples with different crystallite size also displayed 

different bang gaps energies, and thus differences in the photocatalytic performance can 

be related to crystal defects (that affect the band gap energy) rather than the crystallite 

size of the photocatalyst. Additional to the crystal’s size,  Wahi et al [303] proposed that 

the crystal orientation affects photocatalysis due to different water adsorption modes on 

ZnO powder. In the present study, this potential effect was not considered due to all the 

ZnO-NFs showed similar orientations (as analysed by XRD and discussed in Section 

4.11.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Photocatalytic degradation of phenol with ZnO-NFs exposed to no-post- annealing, 

and to 30min, 1h, 18h and 36h of post-annealing. Crystal size distribution of ZnO-NFs (inset) 
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on the wires surface (and the potential increase in surface area) during post-annealing 

(see Figure 4.18) did not affect ZnO-NF photocatalytic performance. As will be 

discussed in Section 5.3.3, ZnO-NFs that were post-treated with oxygen plasma did not 

suffer changes of roughness and still displayed similar photocatalytic performance to 

ZnO-NFs that were post-annealed.  

 

The differences between amorphous ZnO and crystalline ZnO, are attributed to the 

potential higher content of ZnO compared to Zn(OH)2 and the reduction in crystal 

defects are responsible for the differences in photocatalytic performance between post-

annealed and non-annealed ZnO-NFs. A higher purity of ZnO increases the effective 

number of electron-holes pairs, while less crystallite defects reduce the recombination 

of electron-hole pairs [304]. Additionally, these two factors have influence on the 

photocatalytic activity of the ZnO-NFs due to their influence on band gap energies 

[265]–[268].  

 

5.2.2 Effect of morphology on the photocatalytic performance of ZnO-NFs: 

nanostructure arrangement  

To study the effect of morphology on the photocatalytic performance of ZnO-NFs, two 

scenarios were considered: (i) Nanostructures (i.e. nanowires) with the same shape but 

different arrangement (e.g. single nanowires, flower-like nanowires, interpenetrated 

nanowires) and (ii) different shapes of the nanostructures. For the former case, ZnO-

NFs obtained with KHCO3 were produced at different anodization conditions and post-

annealed at 350 ˚C for 1 hour. All ZnO-NFs displayed similar wire diameter 

distributions (see Figure 4.11) but different crystal sizes (see Figure 4.15). For this 

analysis, the effect of the crystal size was considered negligible as established before in 

Section 5.2.1.   

 

Figure 5.9 (a-b) shows the FESEM micrographs of the ZnO-NFs surface morphologies 

with similar nanostructures i.e. nanowires, but in different arrangements. Based on 

visual observation of the FESEM micrographs and on the ZnO layer thickness, the films 

can be morphologically described as follows: 

 Figure 5.9-a displays a ZnO-NF surface with high aspect ratio and a denser nanowire 

distribution (with more nanostructures per unit area). This film displayed a thick 

ZnO layer of 34.8 m ± 0.1 m.    
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 Figure 5.9-b shows the ZnO-NFs with a low density configuration where individual 

nanowires can be observed. The thickness of this ZnO-NF was 6.2 m ± 0.1 m.  

 The ZnO-NF pictured in Figure 5.9-c displays low density configuration. This film 

displayed a ZnO film thickest of 14 m ± 0.1 m. 

 The ZnO-NF shown in Figure 5.9-d had an interpenetrated structure with nano-wires 

growing in different directions. Additionally, this film displayed a thick ZnO layer 

of 34.8 m ± 0.1 m. This film was the thickest film with a average ZnO thickness 

of  47 m ± 0.1 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Top: FESEM images of ZnO nanowires obtained with KHCO3 [0.05M] at 10 ˚C  (a) 

1V/ 1 h; (b) 10V/ 5 min; (c) 1V/ 30 min; (d) 5V/ 15 min. Bottom: Degradation of phenol with 

the different arrangements of nanowires.  
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Different ZnO nanostructure arrangements resulted in different levels of phenol 

degradation (Figure 5.9-e). The highest degradation was obtained with the film that 

displayed the highest aspect ratio while the lowest degradation occurred with the 

interpenetrated nanowire film. It appears that the morphology not only determines the 

surface area where phenol can be adsorbed, but also the area that can be illuminated and 

activated by light (photo-active surface area). 

 

As previously discussed in Chapter 2, the measurement of the surface area in films 

represents a challenge. Between the different methods used to measure total surface area 

of catalysts, BET, t-plot and as-plot method are the most well-recognised. These 

techniques are based on a mechanism of physical adsorption of gas molecules on the 

solid catalyst surface [305], which required specialised equipment set up in powder 

form that limits the study of supported photocatalyst. Herein, adsorption experiments 

with a metal were performed to compare the adsorption capacity of the films and 

therefore to establish differences in surface areas.  Based on the study performed by 

Mahdavi et al  [306],  magnesium was absorbed on the surface of the ZnO-NFs.  

 

Following the procedure reported by Mahdavi, the ZnO-NFs were immersed in 10 mL 

of MgCl2 [150ppm] and left overnight, constantly shaken and at room temperature. 

After completing the adsorption experiment, films were removed from the solution and 

rinsed thoroughly with deionised water. Desorption was performed by immersing the 

ZnO-NFs in 10 mL of 0.01M CaCl2 solution for 24 hours. The solutions were filtered 

and the concentration of Mg was measured by atomic absorption spectroscopy.  

 

Figure 5.10 (top) shows the concentration of magnesium adsorbed by the ZnO-NFs and 

measured from the desorption experiments. The highest adsorption was achieved by the 

ZnO-NFs obtained at 10 V for 5 minutes. A comparison between the adsorption 

capacity of Mg (Figure 5.10 top) with the kinetic constant of the photocatalytic 

experiments (Figure 5.10 bottom) evidence that surface area is not the only controlling 

factor. The ZnO-NF with higher adsorption capacity for Mg displayed the lowest 

degradation of phenol by photocatalysis. On the other hand, the film with the higher 

kinetic constant had low adsorption capacity.  
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Figure 5.10 Top: Adsorption of Mg by the ZnO-NFs. Bottom: Kinetic constant of 

photocatalytic degradation of phenol with ZnO-NFs obtained at different anodization 

conditions. 

 

An additional factor that can affect the photocatalytic performance of the films is their 

capacity to absorb light. It appears that dense morphologies with large number of 

nanostructures per unit area (forest-like morphologies) can be better at capturing light 

than bare thin films. Dense morphologies have higher ability to retain photons within 

the nanostructures. Additionally, light reflected by some nanostructures can be also 

absorbed by surrounding nanostructures. On the other hand, bare thin films or 

featureless films can reflect the light easier, resulting in a lower absorption of light. To 

analyse this aspect, the absorbance of light of the ZnO-NFs was measured. Figure 5.11 

shows the absorbance of the films at different wavelengths. ZnO films show higher 

absorbance of light in the region of 380 to 200 nm. The film obtained at 1 V for 1 h 

displayed the highest absorbance of light followed by the film obtained at 1 V and 30 

min of anodization reaction. A trend was found between the absorbance values at 254 

nm (Figure 5.12 top) and the kinetic constants of the photocatalytic degradation of 

phenol (Figure 5.12 bottom). These results suggest that for the ZnO-NFs the absorbance 
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of light plays an important role in the photocatalytic performance. It is important to 

highlight that the light absorbance is directly related to the morphology of the 

nanostructures, which determine the capacity of the films for capturing photons, and 

therefore affect their photocatalytic activity. 

 

Figure 5.11 ZnO-NF light absorbance at different wavelengths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Top: ZnO-NFs light absorbance at 254 nm. Bottom: Kinetic constant of 

photocatalytic degradation of phenol with ZnO-NFs obtained at different anodization 

conditions.  
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Finally, to evaluate the hypothesis that the differences in phenol degradation would be 

due to the ZnO-NFs thicknesses, the kinetic constant of the photocatalytic degradation 

of phenol obtained after 4 hours of reaction was correlated with the thickness of each 

film. As shown in Figure 5.13, no direct relationship between ZnO layer thickness and 

photocatalytic performance was found. Different degradations of phenol (represented by 

the kinetic constant) were obtained regardless of the thickness of the ZnO-NFs, and the 

two thickest films displayed both the highest and the second lowest degradation.  

 

Since the photon penetration depth for polycrystalline ZnO at 254 nm (about 0.13 m) 

[307] is lower that the ZnO-NFs thickness (6.2 – 47.9 m), it is assumed that the light 

penetration was similar for all of the tested ZnO-NFs. Therefore, the innermost ZnO 

layers were not exposed to UV light and therefore did not act in the photocatalytic 

reaction. As all the photocatalytic experiments were carried out under similar photon 

penetration depth, differences in photocatalytic degradation of phenol here are not 

related to the thickness of the ZnO-NFs. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 a) Comparison of ZnO-NFs thickness with kinetic constants for photocatalytic 

degradation of phenol with films obtained with KHCO3 [0.05M] at 10 C  and  1V/ 1 h (a); 10V/ 

5 min (b); 1V/ 30 min (c); 5V/ 15 min (d). b) FESEM of cross section of ZnO-NF. 
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arrangements displayed different rates of conductivity changes, it is asserted that (i) 

some morphologies tend to be more stable against photo corrosion than others and (ii) 

the rate of degradation of phenol and formation of by-products dissociated in water 

varies with the morphology of the ZnO-NF.  

 

 

 

 

 

 

 

 

 

Figure 5.14 Comparison between phenol degradation with ZnO-NFs obtained at different 

anodization conditions (left) and their respectively conductivities (right) 

 

5.2.3 Effect of Morphology on photocatalytic performance of ZnO-NFs: Different 

shapes of nanostructures  

 

Photocatalytic experiments were conducted using ZnO-NFs with different surface 

morphologies (i.e. different shapes). All the films used herein were post-treated at 350 

˚C for 1 hour and 1 ˚C/min.  As discussed in Sections 5.2.1 and 5.2.2 differences in 

crystalline size and the thickness of the ZnO-NFs do not affect the photocatalysis. 

Therefore, the differences in the degradation of phenol can be attributed to differences 

in the morphology of the ZnO-NFs. Figure 5.15 displays both the FESEM micrographs 

of the different morphologies used in this analysis, and the degradation of phenol 

obtained with the different ZnO-NFs (top and bottom respectively).  
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Figure 5.15 FESEM micrographs of ZnO-NF used for photocatalytic studies (top) and their 

photocatalytic activity in the (bottom)  
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In general, the rate of degradation of phenol varied with the shape of the nanostructures. 

As shown in Figure 5.15-b, a difference of 40% in phenol degradation was found 

between the lowest and highest degradation level observed after 4 hours of reaction. 

Although no direct relationship was found between the morphologies and degradation 

rate, some trends were identified. With some exceptions, large and complex 

nanostructures (with a potentially high surface areas) result in low degradation as the 

UV light might not be able to penetrate through the top surface and reach the total 

surface area of the photocatalyst. On the other hand, small nanostructures tend to scatter 

the light in smaller proportions and they are thus more likely to be reached by the UV 

light and therefore more photo-active surface area participates in the reaction. 

 

The ZnO-NF that displayed the best photocatalytic performance (Figure 5.15-a) had a 

nano-flake like morphology; while the lowest degradation was obtained with the 

interpenetrated nanowire film (Figure 5.15-l). Films visualized in Figure 5.15-c and 

Figure 5.10-e displayed initial featureless surfaces and therefore a low surface area was 

expected, however their photocatalytic performances were better than ZnO-NFs with 

defined nanostructures such as those depicted in Figure 5.10(f-l). The latter result 

confirms that, in heterogeneous photocatalysis with a supported photocatalyst, surface 

area is not the only controlling factor.  

 

As shown in Figure 5.16, for immobilised photocatalysts, the surface area does not 

determine the photocatalytic activity as some area cannot be reached by the light 

(Figure 5.16-b). Therefore, the property named in this work as photo-active surface area 

(which is function of the total surface area and morphology) plays an important role due 

to it defines the area that can be activated by light. Additionally, if the photon 

penetration length is taking into account, a new property named herein as photo-active 

surface volume can be established, and defined as the total volume of photocatalyst that 

can be activated by light at certain wavelength light. Since the photon penetration length 

is function of the wavelength light, the photo-active surface volume is function of the 

type of light applied (Figure 5.16-c). It is important to clarify that with thin films (which 

have a thickness lower than the photon penetration length) the photo-active surface 

volume is also function of the thickness.  
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Figure 5.16 Schematic of photo-active surface area and photo-active surface volume for 

immobilised photocatalysts.   

 

Other studies have also described some aspects of the relation between morphology, 

particle size and photocatalytic activity of  ZnO films [308] without providing an 

analysis about the effect of morphology in photocatalysis. For instance, Li and Haneda 

[133] found a linear relationship between the amount of adsorbed substrate 

(Acetaldehyde) compare to the photocatalytic activity once the data is normalised 

(divided by BET surface area). In this study it is suggested that morphology has a 

higher influence on photocatalysis than the surface area. Other studies have also 

suggested that well aligned nanostructures displayed better photocatalytic degradation 

of different organic compounds and its by-products [134], [297], [309].  Herein no 

correlation between the alignments of the nanostructures and their photocatalytic 

performance was found.  

 

Changes in conductivity, during the photocatalytic experiments, were not directly 

related to the dissolution of Zn in the water. Figure 5.17 shows the conductivities 

measured during each photocatalytic experiment and the final value of dissolved Zn (red 

font). Additionally, to facilitate a comparison between the degradation of phenol (Figure 

5.15 bottom) and changes in conductivity (Figure 5.17), the same symbols were used 

and the codification (letters from ‘a’ to ‘l’ ) used for the FESEM micrographs in Figure 

5.15-top was kept.  
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Different values of dissolved Zn were found regardless of the conductivity and the 

photocatalytic performance in terms of phenol degradation. For instance, ZnO-NFs 

named “a”, “b” and “c” (see arrows in Figure 5.17) displayed the 3 highest levels of 

photocatalytic degradation of phenol (Figure 5.15 bottom), however they displayed 

different changes in conductivity and different final values of dissolved Zn. As 

discussed previously, apart from Zn dissolution, differences in conductivity values are 

related to production of different by-products with different solubilities (see Table 5.1).  

 

 

Figure 5.17 Changes in conductivity and final value of dissolved Zn produced during 

photocatalytic degradation of phenol with different ZnO-NFs. The nomenclature used in this 

figure is the same as Figure 5.10 and includes the electrolyte used during the production of the 

ZnO-NFs by anodization.  

  

5.3 Stability of ZnO-NFs morphology during photocatalytic reactions. 

The main constraint to the extensive use of ZnO as a photocatalyst is its instability in 

water and its photo-corrosion [127]. The erosion and deactivation of ZnO has been 

attributed to either the formation of Zn(OH)2 once it is exposed to water [127], or to the 

changes in morphology from the use of its molecular oxygen (from the  crystal lattice) 

during photocatalysis [153]. Therefore, external factors such as the oxygen level and pH 
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have an effect on the stability of the photocatalyst. In addition UV light accelerates the 

dissolution of ZnO. It has been suggested that residual photo-generated holes on the 

ZnO surface could attack the Zn-O bond dissociating Zn
2+

 as it is displayed in equations 

5.2(a-c) [231].  

 

    ZnO(s) + hv → ZnO(s) + h
+ 

+ e
−
 (photocatalysis)                                  (Eq. 5.2a) 

            h
+
+e

−
→hv (or heat) (re-combination)                                          (Eq. 5.2b) 

  ZnO(s) + 2h
+
→  Zn(aq.)

2+
+ ½ O2 (ZnO photo-dissolution)                      (Eq. 5.2c) 

 

The numbers of electron-holes are directly proportional to the number of photons that 

reach the ZnO surface which are also proportional to the intensity of the light. 

Therefore, higher intensities of incident light result in a higher ZnO dissolution rate 

[231].  

 

This section, will discuss the stability of the ZnO-NFs under different oxygen levels, the 

formation of new nanostructures during the photocatalytic reaction and alternative post-

treatments that might improve the stability of the ZnO-NF.  

 

5.3.1 Effect of Oxygen level on the morphology of ZnO films during 

photocatalytic reactions 

Oxygen plays an important role in photocatalysis as it is needed for the oxidation of 

compounds and for the formation of reactive oxygen species. During photocatalytic 

reactions, oxygen from different sources is present i.e. dissolved oxygen (DO) from the 

water solution, oxygen from the ZnO material and molecular oxygen from the 

dissociation of water. Despite some studies have reported the concentration of DO 

during photocatalytic experiments for depuration of water pollutants [310][153], it is 

still not clear the origin of oxygen that is used for the photocatalytic degradation of 

those contaminants (see Section 2.2.4). Although the effect of different levels of DO on 

the stability of the photo-catalyst morphology has been discussed before, to the authors 

knowledge, anoxic conditions in photocatalysis have not been reported yet. Therefore, 

the present section presents the first analysis of photocatalytic degradation of phenol 

under anoxic conditions.  
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The Photocatalytic degradation of phenol was performed at three different levels of 

dissolved oxygen including a non-saturated DO solution, a saturated DO solution and 

anoxic conditions. The phenol solution was saturated with DO by bubbling air 

continuously while the non-saturated DO conditions were obtained by natural 

absorption of oxygen from the environment in the open batch reactor. For the anoxic 

experiment, a minimal level of DO was obtained by flowing argon into the phenol 

solution before and during the 4 hours reaction; in addition, these experiment was 

carried out in a closed-bag inflated with argon to avoid potential dissolution of oxygen 

from the environment (Figure 5.18). All experiments were carried out using ZnO-NFs 

obtained with KHCO3 [0.05M] at 10 ˚C 1V for 1 hour of anodization reaction and 

exposed to thermal post-treatment at 350 ˚C for 1 hour with heating rate of 1 ˚C/min. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 Set up of the photocatalytic experiment at anoxic conditions. 

 

The concentration of DO was monitored throughout the reactions and the results are 

displayed in Figure 5.19-b. Experiments with and without air flow (saturated and 

unsaturated) displayed similar values of DO, it was due to a high absorption of oxygen 

by the phenol solution caused by the stirring. During the first hour of photocatalysis at 

anoxic conditions low levels of DO (less than 1 mg/mL) was observed in solution.  

Figure 5.19-a shows the degradation of phenol at different levels of DO. After the first 

hour, all the experiments showed similar degradation of phenol regardless of the level 

of DO. 
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Figure 5.19 OD concentration measured throughout the photocatalytic reaction (a). 

Photocatalytic degradation of phenol under different oxygen dissolved conditions (b).  

 

Phenol was partially degraded under anoxic conditions where the concentration of 

phenol decreased by 30%. In anoxic conditions, the reaction rate is mass-transfer-

limited by the supply of oxidant, therefore, the reaction might follow the Mars-van 

Krevelen (MvK) mechanisms where the oxidation of phenol occurs using oxygen from 

the ZnO lattice (see Section 2.2.3). After 180 minutes, the reaction rate declines 

presumably due to the deficiency of available oxygen from the ZnO structure. A 

regeneration of the ZnO might occur when the lost surface oxygen from the lattice is 

replaced by dissolved oxygen [311]. However, as the DO was negligible in this 

experiment, this self-protective mechanism of regeneration becomes minimal leading to 

high corrosion of the photocatalyst or low degradation of phenol due to the lack of 

oxidant (electron acceptor).   

 

Experiments with higher levels of oxygen displayed higher degradation of phenol due to 

the dissolved oxygen acting as an electron acceptor [312], [313]. The reaction 

conducted under saturated and unsaturated DO conditions showed similar results with 

values of degradation of phenol ranging between 50 and 55% after 4 hours of reaction. 

The latter results agreed with those from the study conducted by Ali et al [299] with 

ZnO films, where similar photocatalytic degradation of methylene blue was obtained 

under oxygen rich and oxygen-limited conditions. The results in the present study 

indicated that the requirement of oxygen for the oxidation of phenol is satisfied even at 

low concentrations of dissolved oxygen and therefore an excess of oxygen does not 

have any favourable effect on the reaction rate.  
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To study the effect of the DO on the morphology of the ZnO-NFs, FESEM micrographs 

were taken before and after photocatalytic degradation of phenol (Figure 5.15). The 

initial morphology of each ZnO-NF was a collection of nanowires distributed semi-

homogeneously along the surface and with a star-like structures formed for the 

accumulation of nanowires in one area (Figure 5.20-a). After the reaction under anoxic 

conditions, the main features of the nanowire structures remained but the nanowires 

were partially covered with an extra layer of material presumably deposition of 

Zn(OH)2 (Figure 5.20-b). It is assumed that ZnO nanostructures were preserved under 

anoxic conditions due to the minimal photocatalytic activity, suggesting that photo-

corrosion of ZnO is higher when photocatalytic processes occur.  

 

Figure 5.20 FESEM micrographs of ZnO morphologies before and after photocatalytic 

degradation of phenol. (a) Initial morphology; (b) reaction without Oxygen saturated with 

Argon; (c) unsaturated with oxygen; (d) saturated with oxygen. 

 

On the other hand, reactions which occurred under unsaturated and saturated DO 

conditions showed a total alteration of the initial nanowire morphology shape (Figure 

5.20-c and 5.20-d). It was found that during the photocatalytic degradation of phenol, 

new flake-like nanostructures were formed. Additionally, it was observed that a high 
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level of DO leads to the formation of bigger flake-like nanostructures. No similar results 

of variation of morphology produced during the photocatalytic reaction were found in 

the literature. Studies have reported that high levels of dissolved oxygen protect the 

ZnO nanostructures as it avoids the use of oxygen from the ZnO lattice during 

photocatalytic reactions[299], [309] which are not in accordance with the findings of the 

present study.  

 

Further analysis of the flake-like nanostructures showed that their composition was a 

combination of ZnO and Zn(OH)2 (Table 5.3). The composition of nanostructures 

formed during the experiments under unsaturated and saturated DO is similar, 

suggesting that the changes produced by different DO levels are mainly morphological. 

Additionally, about 25% of the composition resulted to be carbon. As the photocatalytic 

process involves adsorption of the organic pollutants, the carbon found is attributed to 

traces of phenol and phenolate intermediates adsorbed on the photo-catalyst.  Finally, 

the composition analysis revealed traces of iron which are attributed to minimal 

dissolution of the cathode. These traces do not affect the photocatalytic performance of 

the ZnO, since the proportion of iron is minimal so no photo-Fenton effects were 

considered.  

 

Table 5.3 Composition of ZnO films after photocatalytic degradation of phenol under different 

dissolved oxygen conditions 

 

C 1s % Fe 2p % O 1s % Zn 2p % 

Unsaturated DO 23.1 1.3 54.5 21.1 

Saturated DO 26.5 1.0 52.3 20.1 

 

Measurements of Zn concentration by atomic absorption confirmed the presence of Zn 

in the phenolic solution. Variations (increases and decreases) in the concentration of 

dissolved Zn(II) indicated that, during the photocatalytic reaction, some ZnO was 

dissolved. The Zn
2+

 ions then reacted with the dissolved oxygen forming fresh Zn(OH)2 

and ZnO which are re-deposited on the top of the film forming the new nanostructures. 

 

An increase in the conductivity was observed for all the experiments (Figure 5.21). The 

experiments conducted under anoxic conditions display the lowest increase in 

conductivity followed by the experiment with air flow (saturated DO). Since the final 

concentrations of dissolved Zn in all the experiments were similar with values ranging  
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between 4.5 to 5.0 ppm; the differences of changes in conductivity are mainly attributed 

to level of degradation of phenol expressed in formation of ionic by-products and CO2 

as discussed before.   

 

 

Figure 5.21 Changes in conductivity measured along the photo catalytic reactions with different 

oxygen dissolved conditions.  

 

5.3.2 Formation of new ZnO nanostructures during photocatalytic reaction. 

During the photocatalytic reactions at different DO levels (section 5.3.1) and with 

different morphologies (section 5.2.1), the formation of new nanostructures was 

observed on the film surface. To have a better understanding of the mechanism that 

controls this process, a new set of experiments and analysis was carried out. Initially, a 

piece of Zn foil was exposed to air for 24 hours leading to the formation of a natural 

ZnO layer; simultaneously two other pieces of Zn foil, with the same dimensions, were 

immersed in deionised water for 24 hours. One of the pieces immersed in water was 

irradiated with UV light. FESEM micrographs of the films were taken before and after 

of the water immersion and changes in the conductivity of the water during the first 5 

hours of the experiment were recorded.  

 

FESEM micrographs revealed that the initial Zn foil (Figure 5.22-a) was covered by a 

featureless ZnO layer. Zn foil immersed in water (Figure 5.22 b-c), on the other hand, 

showed a formation of particles on the top of the surface. The sizes of these particles 

varied between 0.20 m and 0.50 m and had quasi-spherical shapes. UV light did not 
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inhibit the formation of the particles in water, but it affected the number of particles per 

area and the texture of the nanostructures surface. Nanoparticles exposed to UV light 

(Figure 5.22-c) have a rougher surface compared to those without UV exposure (Figure 

5.22-b). High values of conductivity for the experiment with UV light suggests a high 

dissolution of Zn ions caused by light, and therefore the difference in surface texture is 

likely to be caused by photocorrosion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 FESEM micrographs of Zn foil exposed to different external environments. Zn foil 

exposed to air (a); Zn foil immersed in deionised water (b); Zn foil immersed in deionised water 

with UV irradiation (c). 

 

According to evidence about the corrosion mechanisms of Zn [239], and based on the 

thermodynamic speciation of Zn(II) presented in Figure 4.2, it is suggested that once the 

Zn foil is exposed to deionised water, the thin natural layer of ZnO and the Zn(II) itself 

dissolved forming Zn
2+ 

ions which react with oxygen forming ZnO and Zn(OH)2. 

Additionally, once the concentration of  Zn(II) reaches a certain threshold concentration 
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a re-precipitation on the top of the foil occurs. Although the mechanism of dissolution 

of Zn
0
 and deposition of ZnO and Zn(OH)2 is similar to the one suggested in section 

5.3.1 for the formation of flake-like nanostructures, the formation of nanostructures in 

pure deionized water is different as it does not involve redox reactions.  

  

Similar experiments to the previous ones with Zn foil were conducted with ZnO-NFs 

immersed in water and phenol solution. In the presence of phenol, the morphology tends 

to varied dramatically, while in water ZnO-NFs were slightly modified with only a 

deposition of ZnO on the surface of the nanowires (this deposition will be extensively 

discussed in Section 5.3.3).  ZnO-NFs appear to be more stable in water (even when are 

exposed to UV light) due to the absence of processes associated to photocatalytic 

reactions than occur on the surface of the photocatalyst.  

 

The morphologies of different ZnO-NFs were analysed before and after being exposed 

to a photocatalytic experiment, and the micrographs are presented in Figure 5.23 and 

Figure 5.24.  FESEM micrographs revealed that the initial morphology of the ZnO-NFs 

serves as a template for the final shape of the new nanostructures. As a result, flat ZnO 

layers tend to form small flake-like morphologies (Figure 5.23-c and 5.23-e); nano-

wires tend to turn into nano-flakes like structures (Figure 5.24-g, 5.24-j and 5.24-l), and  

2D morphologies such as flakes and flower-lake morphologies turn into highly dense, 

porous sponge-like structures as it can be observed in Figure 5.23-a, 5.23-b, 5.24-h, and 

5.24-k. Amorphous structures observed in Figures 5.23-d and 5.23-i resulted in similar 

shapes but bigger nanostructures after the photocatalytic reaction.  

 

It is evident that another factor that affected the initial morphology of the ZnO-NFs is 

the mechanical abrasion produced during the agitation process. Agitation plays an 

essential role during photocatalysis as it assures adequate mass transfer between the 

pollutant and oxygen present in the water and the photo-catalyst. Experiments that were 

carried out without any type of stirring resulted in a significantly lower degradation of 

the Phenol and in a lower modification of the initial morphology of the photocatalyst.   
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Figure 5.23 FESEM micrographs of ZnO-NF before (left) and after (right) photocatalytic 

experiments, showing the formation of new nanostructures.  
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Figure 5.24 FESEM micrographs of ZnO-NF before (left) and after (right) photocatalytic 

experiments, showing the formation of new nanostructures. 
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The apparent “stability” of the ZnO-NF morphologies in those experiments is attributed 

to the lack of mechanical abrasion and the minimal use of the photo catalyst due to mass 

transfer limitation and lack of oxidation reactions.  

5.3.3 Alternative post-treatments 

Based on the results obtained by immersing Zn foils in deionised water (see Section 

5.3.2) and with the aim of increasing both the surface area and the photo-active surface 

area of the ZnO-NF, additional ZnO nanostructures were deposited on the top of the 

initial nanowires. ZnO-NFs (nanowires) were immersed in water for 24 hours in 

darkness followed by a dry process and a thermal post-treatment at 350 ˚C for 1 hour in 

air. Figure 5.25-a shows the FESEM micrograph of the initial morphology with a 

nanowire configuration. Figures 5.25-b and Figure 5.25-c show the deposition of a new 

layer on the top of the initial nanostructures. EDX analysis confirmed that the new layer 

was composed of Zn and oxygen. Higher magnification of the FESEM micrographs 

(Figures 5.25 d-f) revealed a homogeneous deposition of new quasi-spherical 

nanostructures on the surface of the nanowires similar to those observed in Figure 5.22-

b. As discussed before, the absence of redox reactions results in the deposition of new 

nanostructures without affecting the initial morphology of ZnO nanowires.  

 

The ZnO-NFs treated with the new nanostructures were used as a photo catalyst for the 

degradation of phenol. Despite the potential increase in the surface area of the photo-

catalyst caused by the new nanostructures, no significant improvement in the 

photocatalytic performance was achieved.  The degradation of phenol after 4 hours was 

similar to the experiments using standard ZnO-NFs (not immersed in deionised water) 

as shown in Figure 5.26. This result supports the hypothesis of the limited effect of 

surface area in photocatalysis [133][299][300] and strengthens the hypothesis of the 

importance of the photo-active surface area. Since the new nanostructures deposited in 

the ZnO-NF showed a denser configuration, there was an effect of light scattering that 

limited the use of the total surface area of the photocatalyst. As a result, the potential 

enhancement in photocatalysis given by a larger surface area is negatively compensated 

by a lower photo-active surface area.  
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Figure 5.25 FESEM micrographs of Zn-NF before (a) and after (b-e) deposition of new 

nanostructures on the surface of nanowires. (The new nanostructures are shown at different 

magnifications)  
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Figure 5.26 Comparison of the photocatalytic performance of ZnO-NFs with and without 

deposition of new nanostructures on the surface of the nanowires (photocatalytic degradation of 

phenol).  

 

Another post-treatment investigated in this work was oxygen plasma. As discussed 

before, thermal post-treatments vary the crystallinity of photocatalyst and change the 

surface texture of the nanowire while improving the photocatalytic performance of the 

ZnO-NFs (see section 4.11). However, the post-annealing treatment involved some 

challenges that might limit the production of homogeneous ZnO layers: After post-

annealing some of the ZnO-NFs displayed cracks in their surface and occasionally the 

ZnO layer peeled off exposing the Zn foil as shown in Figure 5.27. These issues were 

likely to be produced by the different linear thermal expansion coefficients of the two 

materials (29.7x10
-6

 m/(m K) for Zinc and  7.47x10
-6

 m/(m K) for ZnO)[314] and the 

growth of the crystallites at high temperature. To overcome this issue, an oxygen 

plasma port-treatment was tested. 
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Figure 5.27 FESEM micrographs of Zn-NF displaying cracks (a) and loose of the ZnO layer (b) 

due to thermal post-treatment 

 

ZnO-NFs were exposed to plasma-treatment with oxygen for 20 minutes. Regardless of 

the morphology or thickness of the ZnO-NFs, all the films displayed homogeneous ZnO 

layers after being exposed to the plasma treatment and neither visible cracks nor 

detachments of the ZnO layer were observed as shown in Figure 5.28 . 

 

Figure 5.28 TEM micrographs of ZnO films obtained with KHCO3 [0.05M], 1V, 10C, 1h 

exposed to different post-annealing: with not post treatment (a); thermal post-treatment at 350 

˚C for 1 h (b); oxygen plasma post-treatment (c).  

 

 

 In terms of morphology, no differences were found after the oxygen-plasma post-

treatment. The photocatalytic degradation of phenol using the ZnO-NF treated with 

plasma result in 12% enhancement of the photocatalytic activity compared to similar 

films treated with heat, and 36% enhancement compared to ZnO-NFs with no post-

treatment as shown in Figure 5.29. 

 



 

139 

 

   

Figure 5.29 Comparison of the photocatalytic performance of ZnO-NFs exposed to thermal 

post-treatment and oxygen plasma post-treatment  

 

After the photocatalytic reaction, the morphology of the ZnO-NF did not show strong 

variation apart from the deposition of a new ZnO layer on the top of the nano-wires. 

Unlike the homologous ZnO-NFs that were post-annealed, no formation of flakes-like 

nanostructures occurred, indicating that this post-treatment provides more stability to 

the photocatalyst (Figure 5.30).  

 

 

Figure 5.30 FESEM micrographs of Zn-NFs  (post-treated with oxygen plasma) before (a) and 

after (b-c) photocatalytic degradation of phenol 

 

During oxygen plasma treatment, the amount of photocatalyst increased as Zn(OH)2 

turned into ZnO and changes in oxygen surface occurred varying the hydrophobicity of 

the ZnO-NFs [315]. Optical studies have also suggested that oxygen plasma suppresses 

the presence of chemisorption sites (oxygen deficiency sites) and oxygen 
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vacancies[316]. Based on this, the enhancement of the photocatalytic activity of the 

ZnO-NF is attributed to changes in crystallinity produced by oxygen plasma treatments 

as observed by XRD analysis (Figure 5.31). The increase in stability of the 

photocatalyst morphology occurred mainly due to the minimal thermal stress suffered 

by the material which results in low dissolution of the material. As observed in Figure 

5.32, the final value of dissolved Zn in the reaction with film treated with oxygen 

plasma is considerable lower than the experiment with the post-annealed film, which 

agreed with the morphological stability discussed before.  

 

 

 

Figure 5.31 XRD of ZnO films obtained with KHCO3 [0.05M], 1V, 10C, 1h exposed to 

different post-annealing: with not post treatment; thermal post-treatment at 350 ˚C for 1 h; 

oxygen plasma post-treatment. 

 

 
Figure 5.32 Changes in conductivity measured along the photo catalytic reactions with different 

post-treatment. (Colour font show the final concentration of dissolved Zn in the phenol solution) 
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5.4 Summary 

This chapter investigated the photocatalytic performance and stability of ZnO-NFs 

produced by anodization of Zn, using phenol as a model compound and performing the 

reactions in a batch reactor. The first section discussed the preliminary experiments 

where the kinetic reactions of photolysis and photocatalysis of the phenol in the batch 

reactor were established. It was found that photolysis of phenol in this reactor was less 

than 10% and the main by-products identified during the photocatalytic degradation of 

phenol were catechol and benzoquinone. The reaction rate of phenol obeys pseudo-first 

order kinetics while the TOC degradation followed pseudo-zero order kinetics. In the 

second section, the effect of crystallinity and morphology of the ZnO-NFs was 

investigated. It was found that crystal size does not affect the photocatalytic 

performance of the films while the morphology has an important impact on the 

degradation of phenol. It was suggested that the main factor that influences the 

photocatalysis is the light absorbance capacity of the ZnO-NF, which determines the 

active photocatalytic surface area and it is function of films morphology. Finally, the 

stability of the ZnO-NFs was tested under different oxygen levels including anoxic 

conditions. Degradation of phenol occurred even at very low oxygen conditions where 

the degradation of phenol, according to other authors, follows the Mars-van Krevelen 

mechanism. Additionally, the formation of new nanostructures that were produced 

during the photocatalytic reaction was studied and a mechanism of formation was 

proposed. It was demonstrated that oxygen plasma post-treatment enhances the 

photocatalytic activity of the ZnO-NF by 36% while making the photocatalyst more 

stable for the photocatalytic degradation of phenol.   
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6. Chapter 6: Alternative reactors to study the photocatalytic 

performance of ZnO nanostructures. 

 

As discussed in Chapter 5, the stirred batch reactor showed some limitations for 

photocatalytic processes resulting in low degradation of phenol (less than 70% after 4 

hours of reaction). Variation of the batch system can enhance the degradation of organic 

compounds and provide alternatives to study the stability of the photocatalyst under 

different flow regimens [317]. This Chapter discusses the design of two alternative 

types of reactors used in a recirculated batch systems and their use with the supported 

ZnO nanostructures. The first type of reactor was a flat plate photocatalytic reactor (FP-

PCR). For this type of reactor two models were built; one made with stainless steel and 

another with epoxy acrylic. The FP-PCRs were intended to study the photocatalytic 

performance of the ZnO-NFs under laminar and turbulent flow conditions. However, 

mass transfer limitations (discussed in this Chapter) prevented achieving this target. A 

tubular annular photocatalytic reactor (TA-PCR) was also designed and ZnO 

nanostructured wire (ZnO-NW) was used as photocatalyst.    The photocatalytic activity 

and morphological stability of the ZnO-NFs and ZnO-NWs were tested during the 

photodegradation and photocatalytic degradation of phenol (used as a model 

compound). Additionally, in preliminary work, ZnO was deposited on optical fibers for 

future applications in photocatalysis. The experiments reported in this Chapter were 

carried out with the aim of studying the stability of the ZnO nanostructures and 

therefore no kinetic analysis were considered during the tests. 

 

“You never change things by fighting the 

existing reality. 

To change something, build a new model that 

makes the existing model obsolete.” 

 R. Buckminster Fuller 

http://www.goodreads.com/author/show/11515303.R_Buckminster_Fuller
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6.1 Photocatalytic reactors for ZnO-NF(s) studies.   

As discussed in Section 2.2.6 (photocatalytic reactors), the majority of the studies 

related to the design of photocatalytic reactors have been focused on slurry reactors and 

only few models have been proposed for supported photocatalysts. Slurry reactors 

(conventional and thin-film), where the catalyst is dispersed in the media, provide high 

surface to volume ratios that allow high contact between the photocatalyst and the 

molecules of pollutants facilitating the photocatalytic reaction [98]. However, light-

related factors such as the optical thickness  (known also as opacity of the 

photoreactor) and the scattering albedo () given by the photocatalyst in suspension  

limit the use of larger amount of photocatalyst and make the radiation absorption-

scattering modelling complex [100].  

 

As discussed in Chapter 5, the photocatalytic degradation of phenol obtained with the 

stirred batch reactor was less than 70%, and the total degradation of organic compounds 

measured by TOC was only 50% after 4 hours of reaction. Additionally, the 

morphology of the ZnO-NFs suffered from photocorrosion and mechanical abrasion, 

and the formation of new nanostructures was also observed. Since photoreactions 

proceed rapidly in reactors with a small volume of irradiated solution, micro reactors are 

a good solution as they have a remarkably large surface-to-volume ratio compared with 

conventional batch reactors [107]. Therefore, for the design of the new photocatalytic 

reactors, small volumes were preferred.  

    

Two flat plate photocatalytic reactors (FP-PCR) were designed and used in the 

photolysis and photocatalytic degradation of methyl orange and phenol. The reactors 

(one made on stainless steel and the other with an epoxy acrylic based material) were 

designed to work with constant recirculation of the model compound solutions. During 

the experiments the solution was kept in an external jacketed beaker (reservoir) 

provided with a magnetic stirrer where temperature was controlled using a water cooled 

cell (Thermo Scientific HAAKEC 10-K10).  Oxygen was supplied by flowing air into 

the reservoir and additional measurements such as pH, conductivity and Dissolved 

oxygen (DO) were measured using a benchtop multiparameter (Meter set Versa Star®) 

(Figure 6.1).  
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Figure 6.1 Reservoir and multi-meter used in the photocatalytic setup. 

 

The whole setup was placed in a two chamber metallic box to avoid human exposure to 

the UV light.  The largest chamber was used as the irradiation area where the 

photocatalytic reactor was placed. The small chamber was used to contain the reservoir 

with the oxygen supply and the probes for pH, OD and conductivity measurements. In 

this way the reservoir could be checked and samples could be taken without being 

exposed to UV light (Figure 6.2).   

 

The model compound solutions were pumped into the reactor by means of a peristaltic 

pump   (Micro-pump magnetically coupled gear pump head GJ series) with a range of 

flow rates from 30 to 1100 ml/min controlled by a gear pump driver (Ismatec gear pump 

drive Model MCP-Z Standard). UV light was provided using a UV-lamp (UVG- 54 

Handheld UV lamp, 254 nm UV / 6 Watts) and Swagelok fittings were used for 

connecting the different parts of the set up.   
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Figure 6.2 Schema (top) and picture (bottom) of the FP-PCR setup  

 

 The design guidelines selected for the photocatalytic reactors were: 

a) The reactors were designed to hold the ZnO-NFs produced in the lab (1cm 

diameter).  

b) Constant light exposition area, therefore all experiments with ZnO-NFs were run 

under similar conditions of light intensity. Also it guaranteed a constant 

photolysis area.  

c) Constant and minimal column of water over the catalyst, therefore a potential 

absorption of light produced by the model compounds was minimal. 

d) Plug-flow regime without dead zones. The reactors were designed to work under 

a wide range of Reynolds numbers (100-3500). For the range of laminar regime 
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the entrance length were calculated and used as a guide for the total length of the 

reactor and position of the catalyst. 

e) The materials of the reactors, pipes and connexions were chemically inert to the 

selected model compounds.  

 

6.1.1 Stainless steel flat plate batch photocatalytic reactor design 

The metallic FP-PR consists of two stainless steel plates with a single channel 1 cm in 

width, 17 cm in length, and 0.5 mm in depth allocated on the top plate. The bottom plate 

had a threaded hole with a diameter of 1 cm to screw the ZnO-NF holder. This system 

allowed installing and removing the ZnO films without opening the reactor which was 

closed by 8 screws allocated on both sides along the reactor.  The entrance and exit of 

the channel was made of stainless steel pipe (1/4 in) with a slope of 30 degrees (Figure 

6.3). A quartz glass 0.5 mm thick, 2 cm long and 1.5 cm wide was placed on the top of 

the reactor above the ZnO film holder section. The quartz window was sealed with 

silicone and the top of the frame was closed with screws. The intensity of the light was 

measured in the reactor with and without the quartz. The value obtained exposing the 

UV light meter probe directly to the light was 0.836 mW/cm
2 

while the light intensity 

measured through the quartz was 0.824 mW/cm
2 

with a reduction in the light intensity 

of only of 1.4 %. 
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Figure 6.3 schema and picture of stainless steel flat plate batch photocatalytic reactor. Section 

AA (a); lateral view (b); Section BB (c); upper view (d). Top figure shows different parts of the 

reactor: top plate (1), bottom plate (2), outlet tubing (3) and quartz window (4) 

 

To ensure a stable flow in the photocatalytic area (below the window), the entrance 

length (Le) was calculated for different flows and thus different Reynolds number (table 

6.1). Le was calculated using Equation 6.1 for laminar flow and Equation 6.2 for 

turbulent flow where Re is Reynolds number and Dh is the hydraulic diameter [318]. 
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For noncircular tubes and channels Dh is defined as the relationship between the cross 

sectional area (A) and the wet perimeter (WP) (Eq 6.3):  

 

                                                          
  

  
                                                                            

 

The Reynolds number is defined by the Manning formula (eq. 6.4) where  is the 

density of the fluid (water), v the velocity and  the dynamic viscosity of the fluid. 

 

                                                             
        

 
                                                                    

 

Table 6.1 Entrance length for the FP-PCR calculated at different Reynolds numbers. 

Re v (m/s) Q (m
3
/s) Q (ml/min) Le (cm)  

3500 3.73 1.49E-05 895.18 1.61 

3000 3.20 1.28E-05 767.30 1.57 

2500 2.66 1.07E-05 639.41 1.53 

2000 2.13 8.53E-06 511.53 11.29 

1500 1.60 6.39E-06 383.65 8.47 

1000 1.07 4.26E-06 255.77 5.65 

500 0.53 2.13E-06 127.88 2.82 

200 0.21 8.53E-07 51.15 1.13 

150 0.16 6.39E-07 38.36 0.85 

100 0.11 4.26E-07 25.58 0.56 

 

In order to work at different laminar flows, the entrance length selected was 11.5 cm 

and the reactor was designed with a total length of 17 cm. The total residence time (tr-t) 

of the fluid in the reactor (channel) and the residence time in the irradiation area (tr-p) of 

the reactor were calculated using the total length of the channel (lch) and the length of 

the photolysis area (lp) using Equation 6.5-a and 6.5-b respectively. The number of 

times that the total volume of the model compound is recirculated (Nr) after 4 hours 

varied with the flow rate (see Table 6.2). Additionally, the retention time of the 

pollutant on the illuminated area is inversely proportional to the flow rate. As a result, 

the total light exposition (tle) is constant regardless of the flow rate. For instance, 
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experiments at low flow rates have high retention times and a small number of 

recirculations (Nr), while experiments at high flow rates have low retention times and a 

large number of recirculations. 

     

                                                               
     

 
                                                                   

                                                               
    

 
                                                                   

 

Table 6.2 Residences times for the FP-BR calculated at different Reynolds numbers. 

Re v (m/s) Q (mL/min) tch (s) trp (s) 
Nr 

(cicle/min) 

Cumulative 

residence 

time(s) 

3500 3.73 895.18 0.046 0.0040 36 
0.14 

3000 3.20 767.30 0.053 0.0047 31 
0.14 

2500 2.66 639.41 0.064 0.0056 25 
0.14 

2000 2.13 511.53 0.080 0.0070 20 
0.14 

1500 1.60 383.65 0.106 0.0094 15 
0.14 

1000 1.07 255.77 0.160 0.0141 10 
0.14 

500 0.53 127.88 0.319 0.0282 5 
0.14 

200 0.21 51.15 0.798 0.0704 2 
0.14 

100 0.11 25.58 1.595 0.1408 1 
0.14 

 

The head loss (hf) for the reactor (channel) was calculated using the Darcy-Weisbach 

equation (Equation 6.6) which is considered valid for ducts regardless their cross 

section and for both laminar and turbulent flows [318]. In the Darcy-Weisbach 

Equation, L is the length, g refers to acceleration due to gravity, and f is the Darcy 

friction factor. For laminar flow f= flam and is defined by equation 6.7.  

                                                               
 

  
 
  

  
                                                                   

                                                                
    

      
                                                                   

 

The Pressure drop in the channel (ΔPr ) was calculated using equation 6.8 and results 

are displayed in Table 6.3. 
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The frictional losses (hfa) along the photocatalytic set up were calculated for each 

section of the circuit (Valves, elbows, and pipes that connect the reactor with the 

reservoir) using Equation 6.9. The total pressure drop was calculated as the sum of all 

the pressure drops of the segments (ΔPa) (Equation 6.10) and the pressure drop in the 

reactor  or channel (ΔPr) (Table 6.4).  

 

                                                                    
    

  
                                                                    

                                                                     ∑                                                           

 

Table 6.3 Head loss and pressure drop for the FP-PCR calculated at different Reynold number 

Re f lam hf (m) ΔPr (Pa) ΔPr (bar) 

2500 0.04 1.52 14917.61 0.149 

2000 0.04 1.22 11934.09 0.119 

1500 0.06 0.91 8950.57 0.090 

1000 0.09 0.61 5967.05 0.060 

500 0.18 0.30 2983.52 0.030 

200 0.45 0.12 1193.41 0.012 

150 0.60 0.09 895.06 0.009 

100 0.90 0.06 596.70 0.006 

 

Table 6.4 Total head loss and pressure drop for the photocatalytic setup calculated at different 

Reynolds number 

Re Total hf (m) Total ΔP (bar) 

2500 2.22 0.22 

2000 1.41 0.14 

1500 0.78 0.08 

1000 0.34 0.03 

500 0.080 0.008 

200 0.010 0.001 

150 0.0051 0.0005 

100 0.0017 0.0002 

 

6.1.2 Preliminary experiments with FP-PCR - Photolysis of Methyl Orange 

Methyl orange (MO) was used as model compound for an initial scan to establish the 

experimental conditions in the FP-PCR and to pre-evaluate the photocatalytic 
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performance of the ZnO-NFs in this type of reactor. MO, among other azo-dyes, 

represents an environmental risk due to its bio-recalcitrant nature and toxicity, and 

therefore degradation studies are important from an environmental point of view [46]. 

However, the main reason to use MO was the feasibility to measure changes in 

concentration using a spectrophotometer. Since MO has high capability of light 

absorption, some of the changes in colour might be produced by decomposition 

(decolouration) while others might be produced by degradation as will be discussed in 

this section. As a result, after the preliminary experiments with MO, phenol was used 

with the selected experimental conditions (results will be discussed in Section 6.5.1). As 

no analytical studies were performed with MO, changes produced are generically 

indicated as “decomposition” of the MO. 

 

The photolysis of MO was tested at 123.8 mL/min for different initial concentrations 

and results are displayed in Figure 6.4. Initial low concentrations resulted in higher 

decolouration of MO after 4 hours of reaction; as shown in Figure 6.4-a  the lowest 

concentration used in the experiment (1.25 ppm) resulted in a final decomposition of 

about 40% while  the photodegradation of MO at 10 ppm was only 10%.  There was no 

linear relationship between initial concentration and the final decomposition after 4 

hours (Figure 6.4-b red dots).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Photolysis of MO at different initial concentration (a). Final Photodecomposition of 

MO after 240 min for different flows and  light absorbance at the different MO concentrations 

(b) (lines in Figure 6.4-a are used as a guide to facilitate visualization of the trends) 
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The total absorbance of light by MO in the fluid column was calculated for the different 

concentrations (M) using Beer-Lambert law with a pathway of 0.05 cm and a coefficient 

extinction of 2.68x10
4
 cm

-1
M

-1
. As shown in Figure 6.4b, the total absorbance 

decreased with concentration. Although the total absorbance is directly proportional to 

the MO concentration, the final decomposition of MO decreased exponentially.  

 

In a laminar flow, with high volumes of liquid, molecules located in the upper layer 

absorbed a large amount of the UV light, reducing the potential degradation of 

molecules located in lower layers. By increasing the concentration, the absorption of 

light in the upper layers increases and the intensity of light in the lower layers decreases, 

reducing the level of degradation on the total system (Figure 6.5). On the other hand, 

with small volumes of liquid and low concentration, the effect of light absorption is 

lower and the penetration of light for the different layers can be similar.  

 

 

Figure 6.5 Schema of light absorbance at different concentrations on the model compound in 

the illuminated zone of the FP-PCR  

 

Beer-Lambert law was also used to calculate the absorbance and transmittance of light 

at different depths in the illuminated zone of the FP-PCR. As shown in Figure 6.6a, the 

absorption of light increased with concentration and with optical thickness. However, 

values of transmittance (Figure 6.6b) indicated that more than 90% of the light passed 

through the liquid column and therefore the lower layers were also illuminated. This 

result indicates that the differences in the photolytic degradation of MO in the reactor 

were due to the kinetic reactions rather than light absorption limitations. 
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Figure 6.6 MO absorbance (a) and MO transmittance (b) of light at different optical thickness 

in the illuminated zone of the FP-PCR  

 

 

MO solutions were flowed at different rates through the reactor. Different flows result 

in different levels of decomposition of the dye as displayed in Figure 6.7-a. The 

photodegradation of MO was considerably higher with a total degradation of 65% 

obtained at the highest flows that were tested (250 ml/min). The degradation of the MO 

by light is directly related to the flow as it is shown in Figure 6.7-b. To the author’s 

knowledge the information related to the photolysis of MO is very limited:  

Photocatalytic studies that have used it as a model compound mentioned negligible 

photolysis under UV (350 nm) and solar light illumination after 2 hours of reaction in a 

stirred batch reactor  [47], while another study displayed decolouration of less than 10% 

after 2 hours of reaction in a Pyrex reaction cell [157]. Moreover no information of 

photolysis of dyes under different flow rates in the same photocatalytic reactor was 

found in the literature.  
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Figure 6.7 Photolysis of MO at different flows (a). Final photodecomposition of MO after 240 

min at different flows (b) (lines in Figure 6.6-a are used as a guide to facilitate visualization of 

the trends) 

 

The relationship between the flow-rate and the rate of decomposition of the MO was 

analysed by conducting a mass balance analysis of the system. For this analysis, it was 

assumed that (i) the reaction only occurred in the UV irradiated volume and (ii) the 

reservoir was perfectly mixed. The initial concentration of MO that entered the reactor 

(C0) corresponded to the concentration of MO at the outlet of the reservoir (g/mL). 

Similarly, the concentration in the outlet (C1) in the reactor was similar to the 

concentration in the entrance of the reservoir, as shown in Figure 6.7.  

 

 

 Figure 6.8 Reactor modelling  of the FP-PCR for photolysis  

 

As reported by Pickett [319], changes in concentration within the system is given by 

Equation 6.11 and 6.12, where  is the volumetric flow rate (mL/s), VR is the volume in 
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the reservoir (mL) and Vp is the volume in the photoreactor (mL) which also 

corresponds to the volume in the illuminated zone.   

 

In the photoreactor                              

                
   

  
                     

 

In the reservoir where mixing took place 

              
   

  
                  

 

Assuming a differential reactor (with a conversion lower than 5% in each time), the 

resulting differential equation is [81] given by Equation 6.13, where Rp is the 

photocatalytic reaction rate and VP and VR remain constant: 

   

  
     (

  

     
)                 

 

From Equation 6.13 it can be observed that changes in concentration of MO in the 

reservoir are directly proportional to RP. At high flow rates, the reaction rate in the 

photoreactor is higher due to the dye being recirculated more times through the reactor, 

resulting in high degradation of MO (measured in the reservoir).  As other dyes, MO 

can be degraded via direct photolysis when the MO molecules absorb light [320]. The 

absorption of photons results in a transition from an electronic ground state to an 

electronically excited state. If the absorbed energy is sufficient, a molecular 

transformation occurs via bond cleavage, rearrangement, oxidation, or reduction [320]. 

Additionally, electron transfer within the molecule might result in the destruction of 

conjugated bonds causing decolouration [321].  

 

The high decomposition of MO by photolysis represented an issue for the study of 

photocatalysis. Even in short reactions, the photolysis was high and therefore it was 

difficult to distinguish which portion of decomposition of the pollutant is caused by the 

exposure to UV light (photolysis), by the photocatalytic effect or by a potential synergy 

between both processes. Therefore, the lowest flow (27.2 ml/min) with the lowest 

photolysis effect was selected for further analysis with MO, and the value of photolysis 

was displayed in all the plots as a reference. 
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6.1.3 FP-PCR used as a slurry photocatalytic reactor for the decomposition of 

MO. 

As discussed in Section 2.3.2, the use of powder photocatalysts provides not only a high 

photocatalytic active area but also minimizes mass transfer limitations as the pollutant is 

perfectly mixed with the catalyst. The FP-PCR was used as a slurry reactor for the 

degradation of MO [2.5 ppm] with two different amounts of commercial ZnO powder 

(Particle Size: 44 m, BET specific surface area: 5.3 ± 0.5 m
2
 g

-1
) dispersed in the MO 

solution. The experiments were carried out at 27.2 mL/min (Figure 6.9).  

 

Figure 6.9 Photocatalysis of MO [2.5 ppm] with ZnO powder (Flow: 27.2 ml/min) 

 

The use of powdered ZnO results in an enhancement of the MO photodecomposition 

suggesting the occurrence of photocatalytic degradation in addition to photolysis as 

shown by comparing the curves with and without ZnO powder in Figure 6.9. Larger 

doses of photocatalyst lead to a higher degradation of MO. For 0.2 mg/mL of ZnO 

powder there was a total reduction on the concentration of MO of 36 %. By increasing 

the catalyst loading to 1.05 mg/mL, the decomposition after 4 hours reached 50 %. 

Large amounts of photocatalyst result in higher degradation of dyes due to the 

increment in the photo-active surface area. However, as discussed in the literature [47], 

the increase of catalyst loading also results in higher scattering of light produced by the 

ZnO particles suspended in the solution (scattering albedo), and therefore further 

increases in the photocatalyst doses do not have any enhancement effects.   

 

In the presence of photocatalyst, the reaction of MO degradation initiates by the 

photoexcitation of the ZnO powder and the formation of an electron-hole pair. The high 
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oxidative potential of the hole (h
+

VB) leads to the direct oxidation of the dye to reactive 

intermediates (as shown in Equations 6.14) and to the degradation by the hydroxyl 

radical (•OH) as shown in Equations 6.15 and depicted in Figure 6.10 [47]. The direct 

oxidation shown by the Equation 6.12 differs from the direct photolysis described in 

Section 6.1.2. In the former case, there is the participation of the h
+

VB (formed during 

the photo activation of the ZnO) with the formation of the reactive dye during 

photocatalysis as shown in Equations 6.14 and 6.15.  

 

Direct oxidation: 

                          (MO/ZnO) +hν→ (MO/ZnO)(e
−

CB  + h
+
 VB)                           (Eq. 6.14a) 

                        h
+
 VB + dye → dye•+  →  oxidation of the dye                         (Eq. 6.14b) 

Oxidation by hydroxyl radical: 

h
+

VB + H2O →  H
+
 + •OH 

h
+

VB + OH
−
 → •OH 

                               OH• + dye → degradation of the dye                                   (Eq. 6.15) 

 

 

 

Figure 6.10 Degradation pathway for methyl orange  (adapted from L. Gomathi Devi et al 

[322] and Wang et al [323]) 

6.1.4 ZnO-NFs as a photocatalytic material in FP-PCR. 

The photocatalytic performances of the ZnO-NFs were tested in the FP-PCR for the 

photocatalytic degradation of MO [2.5 ppm] at 27.2 mL/min and 250 mL/min. The 

ZnO-NFs used herein were obtained by anodization with KHCO3 at 1V, 10 ˚C and 1 

hour and post-annealed at 350 ˚C for 1 hour at 1 ˚C/min. To avoid dead zones on the 
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FP-PR and potential restrictions of the flow made by the ZnO-NF, the film was placed 

on the reactor assuring an even level with the base of the channel as shown in Figure 

6.11.  

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Pictures of the ZnO-NF placed in FP-PCR. General view of the reactor (a); non-

levelled ZnO-NF (b), levelled ZnO-NF (c) 

 

Figure 6.12 displays the photolysis and photocatalytic results obtained at the lowest and 

highest tested flows. Results show no significant enhancement of the decomposition of 

MO regardless the flow. The experiment run at the lowest flow rate (27.2 mL/min) 

showed an enhancement of only 10% in the decomposition; while at high flow (250.2 

mL/min) it was less than 5 %. As the photocatalytic activity of the ZnO-NF was already 

tested in the degradation of phenol (see Section 5.1) and the photocatalytic degradation 

of MO was already tested with ZnO powder, it was assumed that the low photocatalytic 

degradation observed was produced by a low diffusion of the MO molecules in the 

reactor. Changes in the initial MO concentration might improve the mass transfer 

between the MO and the ZnO-NF and therefore higher photocatalytic decomposition 

could be reached.    
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Figure 6.12 Photolysis and photocatalysis of MO [2.5 ppm] with ZnO-NFs at the highest and 

lowest tested flow.  

 

Minimal concentrations of substrate (MO) results in a lower absorption rate on the 

photocatalyst and therefore a low overall degradation rate. By increasing the 

concentration of substrate, still below saturation of the photocatalytic surface, more 

molecules are likely to be absorbed. As the reaction at low concentration of substrate is 

not limited by the photocatalyst active sites, the reaction obeys apparent first-order 

kinetics [324]. In contrast, at high concentrations, the majority of the photocatalytic 

active area is occupied by the substrate and its by-products; the demand of reactive 

species is higher but the formation of OH• and O2•
-
 remains constant, resulting in a 

constant reaction rate. On the other hand, a reduction in the reaction rate occurs when 

slow diffusion of by-products reduces the photocatalyst  absorption capacity, or when 

the high concentration of dissolved substrate affects the absorption of light [325].   

 

For the test of the films in the FP-PCR, three different concentrations of MO were 

tested at the lowest flow rate. All the experiments displayed similar results with no 

enhancement on the degradation produced by photocatalysis (Figure 6.13). The fact that 

different initial concentrations resulted in similar degradations suggested that issues 

other than the initial concentration of the substrate, and related to the absorption-

desorption of the pollutant on the photocatalyst surface, affected the process in this 

reactor.  
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Figure 6.13 Photocatalysis at different concentration of MO at 27.2 mL/min. (Inset: enlarged 

Figure)  

 

With the aim of understanding the low photocatalysis of MO in this type of reactor, 

selected experimental conditions from this section were used in the photocatalytic 

degradation of phenol in the FP-PCR. Additionally, a non-metallic reactor was built   

and the ZnO-NFs were tested using phenol as a model compound.  

 

6.1.5 Turning to a more stable model compound 

Although several studies have used dyes as model compounds to study photocatalysis 

[144], [145], [326]–[329], the use of these molecules is still a matter of debate as they 

can be degraded in the presence of light by different routes including the injection of 

photoexcited electrons on the photocatalyst (see Section 6.1.4). In addition, dyes are 

susceptible to decolouration caused by the destruction of their conjugated bonds [53] 

and due to their large extinction coefficient, the absolute molar amount of dye can be 

significantly smaller than the total amount of the photocatalyst [52]. Therefore, dyes are 

an excellent model compound for preliminary photocatalytic tests (especially when 

photolysis studies are performed) but present several limitations when conducting a 

rigorous study of the photocatalytic performance of materials or for kinetic studies.  
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Phenol has a low extinction coefficient (ε= 2.34x10
3
 cm

-1
M

-1
) [284] compared to MO 

(ε= 2.68x10
4
 cm

-1
M

-1
) and thus its capacity of absorbing light is minimal. Therefore, 

this compound is suitable for photocatalytic studies as discussed in Section 5.1. 

Although UVC light can directly degrade it by breaking its conjugated bonds, the 

molecules do not have the capacity of injecting photoexcited electrons on the 

photocatalyst. Therefore, after the photolysis of phenol is established at certain 

experimental conditions, further changes in its concentration can be attributed to 

photocatalysis.  As a part of the analysis carried out with the metallic FP-PCR, 

photolysis and photocatalytic experiments were carried out with phenol [20 ppm] at 

27.2 mL/min and at 250 mL/min.  

 

As shown in Figure 6.14, the photolysis of phenol in the FP-PCR was minimal. Phenol 

exposed to UV light (in absence of the photocatalyst) with a flow rate of 27.2 mL/min 

displayed a photolysis of 12 % while the degradation of phenol at 250 mL/min was only 

2 %. On the other hand, no photocatalytic degradation of phenol occurred regardless of 

the flow rate. For the experiment run at 27.2 mL/min, the experiment including a ZnO-

NF (photocatalysis) resulted in lower total degradation compared to the photolysis at a 

similar flow rate. The latter result could indicate a potential radical scavenger effect 

given by the metallic material of the reactor.  

 

 

Figure 6.14 Photolysis and photocatalysis of phenol [20 ppm] at different flows  
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The negligible photocatalysis observed in the FP-PCR can be also attributed to external 

mass transfer limitations. In heterogeneous photocatalysis, these limitations occur when 

one or more of the basic steps related to absorption or desorption of the reactants do not 

take place in the system (see Section 2.2). External mass transfer limitations are a 

common issue in photocatalytic reactors that use immobilised photocatalyst [330]–

[332]. Different comparative studies, most of them carried out in annular reactors, have 

found a mass transfer rate for laminar flow in the order of 10
-3

 mm.s
-1

 with a 

considerable increase in the mass transfer rate for turbulent flow.  

 

In order to increase the mass transfer rate, a set of experiments were carried out at 

higher flow rates (700 mL/min) where turbulent flow is fully developed (see Table 6.2). 

In addition to increasing the flow rate, a lower concentration of phenol was used and the 

amount of phenol was reduced by half. Results displayed in Figure 6.15 showed that 

turbulent flow did not improve the photocatalytic degradation of phenol under the 

selected conditions.  

 

. Figure 6.15 Photocatalysis of phenol at two different initial concentration and two volumes of 

solution in the FP-PCR at flow rate of 700 mL/min (Inset: enlarged Figure)  

 

Studies with phenols and dyes have demonstrated the relationship between the 

degradation rate and the initial concentration in photocatalytic reactions using different 

reactor configurations [46]. However this dependence was not observed in the FP-PCR 
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due to the lack of photodegradation produced by the mass transfer limitations discussed 

before.  

 

Although mass transfer limitations are a common issue in photocatalytic reactors that 

use immobilised photocatalysts, there is limited information available about this 

phenomena, in particular in reactors that work in recirculated flow mode [81]. Other 

studies with alternative reactors have also reported mass transport limitations. For 

instance, the spinning disk reactor (SDR) has been recommended under specific flow 

regimes in order to minimise a drop in reaction rate [106].  A comparative study 

between this reactor and the annular one highlights the advantages of the SDR where 

the high photocatalytic performance was mainly attributed to the higher average 

photonic efficiency and the large average volumetric flow rate due to the small volume 

of substrate treated per second in the reactor [333]. 

 

6.1.6 Epoxy acrylic flat plate batch photocatalytic reactor. 

In order to eliminate the potential radical scavenger effect given by the metallic FP-

PCR, a non-metallic material was used in a new design of a flat plate photocatalytic 

reactor obtained via 3D printing. The epoxy acrylic FP-PCR was designed based on the 

hydraulic calculations made for the metallic FP-PCR. It consisted in a monolithic 

structure with a rectangular internal channel of 17 cm length, 0.8 cm width and 1mm 

depth. The inlet and outlet sections were in parallel to the flow without any slope and 

with connections for stainless steel tubing (1/4 in.) as shown in Figure 6.16. The 

irradiation section has a UVC transparent quartz window situated 11.3 cm from the 

entrance (Le) assuring a stable flow in the photocatalytic area (see Table 6.1).  

 

Similar photolytic and photocatalytic experiments to the ones carried out with the 

metallic FP-PCR were performed with the epoxy acrylic FP-PCR (see section 6.1.5). As 

for reactions run in the metallic FP-PCR, no degradation of the phenol by photolysis or 

photocatalysis was obtained with the epoxy acrylic FP-PCR. Since the epoxy acrylic 

material of the reactor does not interact with the ions or the electrons generated during 

the activation of the photocatalyst, it was established that radical scavengers did not 

affect the reaction. Therefore, the external mass transfer limitation was assumed to be 

the main issue responsible for the absence of photocatalysis in this type of reactor. 

Another limitations found in photocatalytic processes is the slow electron transfer 
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between the photocatalyst and the absorbed oxygen or hydroxyl groups produced by the 

slow adsorption kinetics of these species [334]–[336].  

 

 

Figure 6.16 CAD-drawing (a) and picture (b) of the epoxy acrylic flat plate batch photocatalytic 

reactor. 

 

6.2 Exploring new shapes of photo catalyst substrate: From flat shape to 

cylindrical shapes  

The fluid dynamics in non-cylindrical systems such channels or a ducts with non-

uniform geometries is complex. In catalytic processes and in particular in photocatalytic 

reactions, the variation of dynamic properties when a liquid flows through a system 

might cause serious issues of mass transfer. Therefore, the probability of having limited 

absorption-desorption of the pollutants on the surface of the catalyst increases.  

  

Since part of this study was aimed at testing the supported ZnO nanostructures in 

reactors with different configurations, (and due to the technical issues with the FP-PCRs 

previously discussed) it was decided to explore alternative shapes of supported ZnO 

nanostructures and reactor configurations. As a result, a single tubular annular 

photocatalytic reactor (TA-PCR) was designed and the supported photo catalyst was 



 

157 

 

obtained using Zn wire as the starter material for the anodization process. After 

anodization of the Zn wire, ZnO nanostructures were formed on the surface of the wire. 

This type of photocatalyst was named Nanostructured-ZnO-Wire (ZnO-NW). 

 

6.2.1 Tubular annular photocatalytic reactor (TA-PCR) design. 

The tubular annular photocatalytic reactor (TA-PCR) consisted of a 25 cm long-UVC 

transparent-quartz tubing, with an internal diameter of 0.4 cm. The ZnO-NW was 

placed inside of the tubing along its length as shown in Figure 6.17. The reactor has an 

annulus configuration where the model compound solution (i.e. phenol) flowed between 

the quartz tubing and the ZnO-NW.  The external part consists of a set of 6 UVC lamps 

(TUV 6W T5 UVC 22cm tube Phillips®) placed around the quartz tubing at a distance 

of 1.5 cm. The UVC lamps were also contained by a polycarbonate tube that acts as a 

jacket protecting the lamps from scratches and mechanical damage while providing a 

support for them. During operation, the polycarbonate jacket was wrapped with 

aluminium foil to minimize UV exposure to people. 

 

 

Figure 6.17 Tubular annular batch photocatalytic reactor (TA-PCR) 

 

The TA-PCR was connected to the FP-PCR set up by using a three way valve (Figure 

6.18) and therefore the pump, reservoir and two-chamber metallic box displayed in 
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Figure 6.1 was used for all the reactors. Sampling and the measurements of conductivity 

and pH took place in the reservoir. Additionally, by using a “T” connection in the inlet 

and outlet of the quartz tubing it was possible to apply a current directly to the wire and 

perform electric assisted photocatalysis (EAPC).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18 Schematic (top) and picture (bottom) of the TA-PCR setup 
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For the TA-PCR, velocity and flow were calculated for different Reynolds number 

using Equation 6.4. The hydraulic diameter (Dh) was calculated for an annular 

configuration using Equation 6.16, where Do is the internal diameter of the quartz tube 

(4 mm) and Di is the diameter of the Zn wire (1 mm). The entrance lengths for laminar 

and turbulent flows were calculated with Equation 6.1 and Equation 6.2 respectively. 

Retention time in the quartz pipe (tr-q) was calculated using Equation 6.17 where lq is 

the length of the quartz pipe. Results of these calculations are displayed in Table 6.5. 

 

 

                                                 
            

    
   

         
                                                  

 
 

                                                                   
    

 
                                                                     

 
 

Table 6.5 Entrance length and retention times for the TA-PCR.  

Re v (m/s) Q (ml/min) Le (cm) tpi (s) tpp (s) 

Nr 

(cicle/min) 

4000 0.67 1890.6 10.5 0.37 0.30 38 

3000 0.50 1418.0 10.0 0.50 0.40 28 

2500 0.42 1181.6 9.7 0.60 0.48 24 

2300 0.38 1087.1 82.8 0.65 0.52 22 

2000 0.33 945.3 72.0 0.75 0.60 19 

1000 0.17 472.7 36.0 1.50 1.20 10 

600 0.10 283.6 21.6 2.49 1.99 6 

500 0.08 236.3 18.0 2.99 2.39 5 

200 0.03 94.5 7.2 7.48 5.98 2 

100 0.02 47.3 3.6 14.96 11.96 1 

50 0.01 23.6 1.8 29.91 23.93 1 

 

 

 

The TA-PCR contained a set of six UVC tubes, 212.1 mm in length and with a diameter 

of 16 mm, with the following electric characteristics: 6 W, 42 V and 0.16 A and a 

theoretical UV-C irradiation of 1.7 W as shown in Figure 6.19 . 
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Figure 6.19 Photometric data, UVC lamps 6 W phillips used for the TA-PCR [337]. 

 

 

6.2.2 Nano-structured photocatalytic wires (ZnO-NW) for photocatalytic 

applications 

The anodization of the Zn wires with KHCO3 has been described in detail in Section 

3.1.3.  Changes to the morphology of the wires after electro-polishing were analysed by 

FESEM (Figure 6.20).  After electro-polishing, the surface of the wires becomes more 

even and smooth. However, defects such as creases on the wire surface remained even 

after prolonged electro polishing. 

 

Anodization of Zn wire using KHCO3 as electrolyte resulted in the formation of a 

homogeneous layer of nanowires on the Zn wire surface (Figure 6.21). The growth of 

ZnO-NW is considered to follow the proposed mechanism for the formation of ZnO 

nanostructures by anodization at neutral pH discussed in Section 4.2.1 (Proposed 

mechanism for formation of ZnO nanostructures by anodization). However, given the 

radial configuration of the substrate the ZnO film is exposed to different tensions during 

the anodization process as will be discussed later. 
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Figure 6.20 FESEM micrographs of 1 mm wire. Zn wire (a,d);  annealed Zn wire (b,e) and 

electro polished Zn wire in Perchloric acid – Ethanol [1:2] at 20v, -70C for 15 min (c,f).  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.21 FESEM micrographs of ZnO-NW showing area with and without ZnO layer 
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Similar to the anodization of Zn foil (see Section 4.4), variation of the anodization time 

affected the morphology of the ZnO-NWs (Figure 6.22). As shown in Figure 6.21-a, Zn 

wire anodized for only 1 minute showed minimal nanostructure formation. Wires 

exposed to anodization for 5 minutes (Figure 6.22-b) and 15 minutes (Figure 6.22-c) 

resulted in a denser layer with more nanowires per unit area; both ZnO-NWs displayed 

axial formation of nanowires homogeneously distributed along the surface as shown in 

Figures 6.21(e-f). On the other hand, anodization run for 1 hour (Figure 6.22-d) resulted 

in different arrangement where the nanowires form flower-like structures (Figure 6.22-

g).  

 

Figure 6.22 Anodization of Zn wire at 0.1M, 1 V, 10 C and 1 min (a),   5 min (b), 15 min (c,e,f) 

and 45 min (d,g).  

 

Longer anodization leads to the formation of thicker ZnO films. In general, thick ZnO 

films obtained for more than 1 hour at 1V and 10 ˚C were more likely to crack and 

peeled off during the formation of the ZnO layer (Figure 6.23). This is the result of a 

potential radial tension produced during the over-growth of the ZnO nanowires in the 

inner part of the film, which stresses the ZnO layer causing cracks. As shown in Figure 

6.24, ZnO nanostructures formed in a radial configuration have a restrained space at the 

base of the film (at the interconnection between the Zn substrate and the ZnO layer) 

generating tension between the growing nanostructures. In the outer or external area of 

the film, on the other hand, the ZnO nanostructures have more space to grow and 

therefore minimal tension occurs in that zone.  
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Figure 6.23 Cracks formed as a result of anodization of Zn wire at 0.1M, 1 V, 10 C and 70 min 

(a-b) 

 

 

 

 

 

Figure 6.24 Schema of ZnO-NF and ZnO-NW showing radial tension. 
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ZnO-NWs were post-annealed at 350 ˚C for 1 hour at a heating rate of 1 ˚C /min. Thin 

ZnO-NWs were less likely to crack during the thermal post-treatment compared to the 

flat ZnO-NFs. The radial configuration of the ZnO-NW with minimal tension in the 

outer areas of the film might help release tension produced during thermal treatment 

(see Figure 6.24). A set of ZnO-NWs produced with non-electro polished Zn wires 

displayed higher stability of the ZnO layer. It is suggested that the initial roughness of 

the non-electro polished wires (See Figure 6.19-b) helps the attachment of the ZnO film 

to the substrate. 

 

6.2.3 ZnO-NW as photocatalytic material  TA-PCR 

The photolysis of 50 mL of a phenol solution [5 ppm] was tested at 10 ˚C in the TA-

PCR at two different flow rates, 38.4 ml/min and 255 ml/min, for 4 hours (Figure 6.25). 

The photodegradation of phenol was discussed in Section 5.1.1. Unlike the flat plate 

reactor (FP-PCR), the configuration of the TA-PCR allowed high degradation of the 

phenol by photolysis. 38% of the phenol was degraded during the first hour, followed 

by a 20% degradation during the second hour and 5% in the last hour of reaction. This 

result suggests that the concentration of the pollutants affect the rate of 

photodegradation. 

 

Figure 6.25 Photolysis of phenol [5 ppm], at two different flow rates and 10 ˚C. 

 

There was no significant difference in the photodegradation of phenol for different flow 

rates (Figure 6.25). Since the total light exposure time after 4 hours of reaction is 

constant regardless of the flow rate (see Table 6.7), and with no parallel reactions 

outside of the illuminated area (see Section 6.1.2.), the degradation of phenol occurs 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 50 100 150 200 250 300

C
/C

o
 

time (min) 

38.5 mL/min

255 mL/min

k = 0.25 h-1 

k = 0.29 h-1 

 



 

165 

 

only in the illuminated area. Therefore, similar photodegradation is obtained when 

molecules had a long retention time in the reactor but is only recirculated a few times 

(low flow rates) compared to molecules that have short residence time but are 

recirculated more times, as is the case with high flow rates.    

 

In an attempt to minimize the effect of the photolysis in the tubular reactor, the numbers 

of UV lamps was decreased to 3 instead of 6 lamps. Results of photolysis with 3 UV 

lamps around the quartz tubing resulted in similar effects to those experiments carried 

out with 6 lamps indicating an optimal radiation in both cases. Further experiments 

were carried out using only 3 UV lamps. As the photolysis in the AT-PCR resulted in a 

high degradation of phenol, the potential photocatalysis will be determined by the 

enhancement of the photolysis process, with base photolysis depicted as reference. 

 

To test the photocatalytic performance of the ZnO-NWs in the tubular reactor, 3 types 

of experiments were performed at 255 ml/min. The first experiment consisted of using a 

Zn wire within the reactor. By doing this it was possible to determine any potential 

photocatalysis produced by the natural ZnO layer formed on the Zn wire surface. For 

the second experiment, a ZnO-NW was produced with KHCO3 at 1 V for 1 hour at 10 

˚C and used as photocatalytic material. The last experiment involved applying a voltage 

of 0.02 V to the system by connecting the ends of the Zn wire, and connecting them to a 

current supplier (see Figure 6.18). Changes in morphology of the Zn wire and the ZnO-

NWs were studied. Additionally, the conductivity and concentration of dissolved Zn in 

the phenol solution were recorded during the experiments. 

 

With the tubular configuration, the main mass transfer limitations discussed in Sections 

6.15 and 6.16 was minimised, and after 2 hours 65% of the phenol was degraded. 

Results displayed in Figure 6.26 show that the natural ZnO layer formed on the surface 

of the Zn wire acts as a photocatalytic material. After the first hour an enhancement of 

13% of the degradation of phenol occurred. This difference increased after the second 

hour where the degradation of phenol was 20% higher compared to photolysis 

degradation.  The Photocatalytic degradation of phenol using the ZnO-NW showed an 

enhancement of phenol degradation of 35% during the first hour and 50% during the 

second hour, resulting in almost total degradation of phenol after three hours of 

reaction. By applying electricity (0.2 V / 0.9 Amps) to the Zn wire, the electric assisted 
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photocatalysis (EAPC) results in a similar degradation to that obtained with ZnO-NW 

with an enhancement of 45% after 2 hours.  

 

Figure 6.26 Photolysis, photocatalytic and electrical assisted photocatalysis (EAPC) 

degradation of phenol [5 ppm], 10 ˚C, in the TA-PCR  

 

By comparing the two experiments carried out with zinc wire (covered by a natural 

layer of oxide) with and without electricity it was observed that the small current 

applied to the system has a substantial impact on the photocatalytic degradation of 

phenol. The role that electricity played in the enhancement of phenol degradation is not 

yet clear and further studies are needed. It is suggested herein that phenomena such as 

changes in wettability of the material, minimization of the electron-hole recombination 

and a potential direct electro-catalytic oxidation might occur during the EAPC. 

 

Although the electro-wetting performance of nanostructured metal oxides has not been 

widely studied [250], it has been demonstrated by different studies that by applying an 

external electric field the hydrophobicity of films change (electro-wetting) [338]. These 

changes are related to the absorbed species on the surface that varied the total charge of 

the material. During the EAPC, the charge of the surface of the wire covered by thin 

ZnO layer might vary improving the absorption of chemical species, resulting in a 

higher degradation of phenol. 

  

The EAPC process can be mistaken as a photo-electro-catalysis and electro-catalytic 

oxidation. Photo-electro-catalytic studies for water treatment are performed in an 
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electrochemical cell where the photocatalyst material is used as a working electrode and 

an external counter is usually placed parallel (see Section 2.2.7) while in the EAPC an 

electric field was applied directly to the substrate of photocatalyst material. Despite the 

differences between the two processes, the reduction on the electron-hole recombination 

given by the electrons during electro-photo-catalysis and discussed by different studies 

[339], [340] is also likely to occur in the EAPC. As discussed in Section 2.2 the 

minimization of the electron-hole recombination results in a higher number of reactive 

species and therefore improves the photocatalytic degradation of phenol. 

 

 As discussed in Section 5.1.2, changes in conductivity occur for different reasons such 

as the formation of ions (dissociation of by-products), formation of soluble CO2 and 

dissolution of Zn(II) ions. The phenol degradation obtained during the EAPC reaction 

showed the highest changes in conductivity followed by the ZnO-NW photocatalysis, 

the Zn-wire photocatalysis and photolysis respectively (Figure 6.27-a). Changes in 

conductivity produced during the photolysis of phenol are mainly attributed to the 

formation of by-products and the CO2. The conductivity registered during the EAPC 

experiment displayed higher values compared to the other reactions. Unlike electro-

photo-catalysis, a reduction on the conductivity rate was observed during photolysis and 

photocatalysis after 2 hours of reaction.  

 

 

 

 

 

 

 

 

 

 

Figure 6.27 changes in conductivity (a) and concentration of dissolved Zn (b) in the TA-PCR  

 

The concentration of soluble Zn was recorded for the different reactions and the results 

are displayed in Figure 6.27-b. Values of dissolved Zn were similar for the reactions 

with the Zn wire (i.e. electro-photocatalysis and photocatalysis). The highest values of 
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dissolved Zn in these reactions occurred for the formation and further dissolution of 

ZnO and Zn(OH)2 during the reaction, as it was discussed throughout Chapter 5. During 

photocatalysis with the ZnO-NW, the dissolved Zn tended to decrease after 3 hours of 

reaction indicating the potential precipitation of the Zn(II) species. Additionally, the 

concentration of dissolved Zn obtained during the photocatalytic degradation of phenol 

with ZnO-NW is considerably lower than those obtained with the ZnO-NF in the batch 

reactor and discussed in Chapter 5. The latter results indicate a higher stability of the 

ZnO-NW produced either due to the arrangement of the ZnO-NWs themselves, or due 

to the configuration of the reactor. The stability of the morphology of the ZnO-NW and 

changes in the Zn wire was studied by FESEM.  

 

Figure 6.28 shows the FESEM micrographs of the Zn wire used in the photocatalytic 

and electro-photocatalytic experiments. After the photocatalytic reaction, the Zn wire 

was found to be covered by a thin layer of ZnO, and the surface was relatively 

homogeneous with no formation of well-defined nanostructures (Figures 6.28-a and 

6.28-b). On the other hand, after the EAPC reaction the formation of clustered 

nanostructures was observed on the surface of the Zn wire (Figures 6.28-c and 6.28-d). 

The fact that the formation of these nanostructures only occurred in the electro-

photocatalytic experiment indicates that the applied voltage played an essential role in 

the formation of the new nanostructures. This process is also related to the high 

conductivity and dissolved Zn measured in the solution. 

 

 

 

 

 

 

 

 

Figure 6.28 FESEM of Zn wire after photocatalytic (a-b) and EAPC (c-d) reaction. 
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Unlike experiments carried out with ZnO-NF in the batch reactor (see Section 5.3.2), 

the initial morphology of the ZnO-NW (Figures 6.28-a and 6.28-b) suffered minor 

changes, with only a slightly deposition of new ZnO and Zn(OH)2 material observed on 

the top of the nanowires (Figure 6.29-c and 6.29-d). As depicted in Figure 6.30, the 

flow and recirculation of the solution minimized accumulation of dissolved Zn near to 

the nanostructures and further re-deposition. As a result no formation of new 

nanostructures occurred. It is suggested herein that the radial configuration of the photo 

catalyst provides higher stability to dissolution. This stability of the material agreed 

with the low concentration of Zn found in the experiment with ZnO-NW (Figure 6.27-

b) compared to the FP-PCR case.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.29 FESEM of Zn-NW before (a,b) and after (c,d) photocatalytic reaction. 
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Figure 6.30 Proposed schema of the dissolution and precipitation of Zn(II) in the FP-

PCR and TA-PCR. 

 

It is noted that the volume of the phenol solution treated with TA-PCR (50 mL) was 

double the one used in batch experiments (25 mL) and thus the degradation obtained 

with the ZnO-NW and the TA-PCR appears to be much higher than the one obtained 

with batch reactor. Furthermore, differences in the experimental conditions made it 

impossible to compare the two systems for several reasons. For example: (i) Though 

ZnO-NWs and ZnO-NFs were obtained under similar anodization conditions, the total 

area of anodization in the wire was higher and thus a larger surface area of the 

photocatalyst was obtained. (ii) The ratio of the area of the photo catalyst to the volume 

of solution of the pollutant was also different for each system. For instance, by 

comparing only the area of the Zn foil and Zn wire, the area-volume ratio was 2.3 times 

higher in the TA-PCR (experiments performed in the batch reactor (see Chapter 5) with 

the ZnO-NF had a ratio of 0.08 cm
2
/mL while the one for the experiment performed 

with the tubular reactor and the ZnO-NW was 0.19 cm
2
/mL). Finally, (iii) the total UV 

light exposure was higher in the TA-PCR, and the scattering of light produced by the 

water column in the batch reactor could decrease the intensity of light that reached the 

surface of the photo catalyst.  

 

Results obtained with the TA-PCR were inconclusive, and thus further experimentation 

is required to study not only the ZnO-NWs but also the effect of electricity applied 

directly to the photocatalyst. This future work will be further discussed in Chapter 7. 
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6.3 Deposition of ZnO on optical fibers  

To complement the exploration of new photocatalyst substrates, ZnO was supported on 

optical fibers. In addition to the potential uses of optical fibers coated with ZnO for 

environmental photocatalytic applications (i.e. photocatalytic reactors), the potential 

development of active devices such as phase modulators, wavelength modulators, 

electric field sensors and field sensors make this composite material attractive for 

further studies [341].  

6.3.1 Preparation of the sol-gels 

Sol gel deposition can be used as a low cost method to produce solid materials using a 

sol-gel as an intermediate step, giving the possibility of developing films or fibers 

directly from the solution [42].  Often the precursors are involved in a sequence of 

reactions such as hydrolysis of the molecular precursor, polymerization, condensation 

by dehydration, nucleation and growth, producing oxides networks [43]. A variety of 

ZnO films obtained by sol-gel deposition at different conditions of pre and post heat 

treatment with a vast variety of precursors, solvents, additives and substrates has been 

reported in the literature [44]. The simplicity, potential uses of low temperatures and 

low cost makes this method ideal for the production of thin and transparent ZnO films 

in glass and optical fibers.  

 

In this project, two different methods of Sol gel deposition were used for coating optical 

fibers with a ZnO layer [45], [46]. The first sol-gel, named SGA, was obtained by 

mixing Zinc acetate dehydrated with ethylene glycol (99% Alfa Aesar) in three different 

proportions. The mixture was dropped in a round bottom single neck flask provided 

with a water jacketed reflux column on top and heated in a water ethylene glycol bath to 

150 ºC (Figure 6.31). The temperature was kept constant for 15 minutes, during this 

time the formation of a transparent solution was observed. The obtained liquid was left 

to cool to room temperature where a semi-transparent brittle solid was formed. The 

solid was dissolved in a mixture of glycerol and propanol, and a drop of triethylamine 

(99.9%, Sigma Aldrich) was added. The mixture was kept at room temperature and left 

overnight with constant stirring. The Sol-gel had a precipitate associated to the excess 

of zinc acetate; therefore a further filtration took place using a SPE Supelco Visiprep® 

and a hydrophilic-lipophilic balanced (HLB) adsorbent (3 ml cartridge). The filtrated 

sol-gel was collected in a glass vessel and stored in darkness. As the proportion of Zinc 

acetate dehydrate and ethylene glycol for the preparation of the sol-gels varied, the 
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obtained samples were labelled as a SGA1, SGA2 and SGA3. Quantities of the 

compounds used to obtain the different sol-gels are reported in table 6.6.  

 

 

Figure 6.31 Schema of the set-up for the production of Sol-gel 
 

 

 

 

Table 6.6 Composition of the Sol-Gel samples for ZnO deposition experiments 

Compound SGA1 SGA2 SGA3 SGB4 SGB5 

Zinc acetate dehydrate  5.0 g 1.0 g 0.50 g 0.52 g 0.53 g 

Ethylene glycol 1.5 ml 0.25 ml 0.20 ml - - 

n-propil alcohol 10 ml 2 ml 1 ml - - 

glycerol 0.25 ml 0.05 ml 0.025ml - - 

Ethanol - - - 25 ml 25 ml 

water - - - 0.2 ml 0.2 ml 

Triethylamine 3 drop 1 drop 1 drop - - 

PVP - - - 2 g 1 g 
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For the second Sol-gel method named SGB, zinc acetate was dissolved in ethanol 

(>99.8%, Sigma Aldrich) under vigorous stirring; deionised water was added drop by 

drop. After 15 minutes polyvinylpyrrolidone (PVP) was added drop wise and after 20 

minutes the sol-gel became clear. The Sol-gel was left overnight under stirring at room 

temperature to allow stabilization. The proportion of glycerol, propanol, and PVP added 

was varied to obtain different sol-gels which were labelled as a SGB4 and SGB5. (Table 

6.6). 

 

6.3.2 Coating of glass and optical fibers 

Glass slides that were 5 cm long and 2.5 cm wide (VWR International) were washed 

with detergent and rinsed extensively with deionised water, followed by a degreasing 

process with Ethanol (>99.8%, Sigma Aldrich) in an ultrasonic bath (Fisher Scientific, 

FB 15048) for 10 minutes. The glass slides were also dried at 30 ºC for 1 hour and left 

to cool in air at room temperature. Slides were tilted 45º and coated by dropping sol-

gels from the top and left to spread along the surface. Two slides (SGB4a, SGB5a) were 

immersed a second time in order to obtain thicker films. After 15 minutes the glass 

slides were dried in air at 500 
o
C (CWF1100, Carbolite) for one hour at heating rate of 1 

o
C/min.  

 

White and transparent films were obtained over the glass as shown in Figure 6.32. 

Layers formed with the SGA displayed a white and non-homogeneous deposit of ZnO 

with a rough surface. On the other hand, layers obtained with SGB were homogeneous 

and translucent. The slides that were coated twice displayed a less homogeneous layer 

compared to the single-coated ones. Additionally, the adherence of the layer to the glass 

was higher with SGB. The PVP used in the production of SGB played an important role 

improving the adherence between the glass and the ZnO layer making it less susceptible 

to peel off.  
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Figure 6.32 Sol-gel depositions over glass slides 

 

The Photonic Crystals fibers (PCF) used in this project were developed by the centre for 

photonics and photonic materials of the department of physics at the University of Bath. 

The PCFs showed different internal configurations (Table 6.7) and were labelled as 

PCF01, PCF02, and PCF03. The PCFs were cut to be 5 cm long and the external 

polymer was removed from the PCFs with a razor blade and cleaned with cotton buds 

impregnated with acetone. The fibers were immersed in SGA and SGB for 1 minute. 

Samples were removed from the sol-gels, hung from one end (allowing the removal of 

the excess of sol-gel), and then left to dry at room temperature for 1h. Some samples 

were immersed a second time in order to obtain a thicker layer. All samples were dried 

in air at 500 ºC for 1 hour with a heating rate of 1 ºC/min. Samples were stored in 

darkness in a desiccator cabinet for future analysis.   

Table 6.7 PCF internal configurations[342] 

Code Internal configuration 

PCF01 Non “endlessly single mode” ESM fiber (microscope) 

PCF02 19 cell Hollow-core photonic bandgap fibers (HC 

PBGF) with large holes 

PCF03 Hollow-core HC 1550-01  with Large holes 

 

Similar to the layers obtained with the glass slides, the ZnO coating obtained with SGB 

resulted in a homogeneous layer while samples coated with SGA were less 

homogeneous (Figure 6.33). PCFs that were immersed twice in the SGB displayed a 

ticker homogeneous layer. As shown in Figure 6.34, the use of SGA results in ZnO 

layers with accumulation of particles in the surface (6.34c). On the other hand, FESEM 
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revealed that the surfaces of the fibers coated with the SGB were smooth and no 

nanostructures were observed on the surface. The composition of the layers obtained 

with SGA and SGB was analysed by XRD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.33 PCF2 coated with SGA and SGB  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.34 FESEM micrographs of PCF2 coated with SGA1 (a), SGA2 (b),  SGA3 (c),  SGB4 

(d),  SGB5(e).   

 

The XRD analysis was carried out in a Philips X-ray generator – PW 1710 

diffractometer set in powder mode. ZnO powder was extracted by scraping the layer 

from the glass slides. Both methods of sol-gel production led to the production of 

polycrystalline ZnO (Figure 6.35). The XRD patterns coincided with the 

crystallographic phase of the ZnO (JCPDS36-1451). The peaks with the strongest 
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intensity were (101), (100) and (002) and (103) while peaks (102), (110) were not 

detected. The preferential orientation after the post-treatment was (101) and (100) for 

both methods. The FWHM obtained from the XRD peaks revealed that the ZnO 

produced by SGB lead to the formation of bigger crystals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 6.35 XRD of  ZnO powder (a), SGA (b),  SGB (c). 

 

Since the coating of optical fibers was conducted as a proof of concept and with an 

associated project with the Centre for Photonics and Photonics Material of the 

University of Bath, no further analysis was performed.  

 

6.4 Decolouration of MO by ZnO-NF in darkness 

Two ZnO-NFs produced with HCl and KHCO3 were immersed in 10 mL of MO. The 

vessels were totally covered with aluminium foil and left in darkness for 24 hours with a 

constant agitation made by an electrical orbital shaker. As a control, the same amount of 

MO was used in similar conditions. Changes in concentration were registered before 

and after using an UV-Vis spectrophotometer to measure the absorbance of the MO.  

After 24 hour, the MO solutions with ZnO-NW showed high decolouration while the 

control remained unchanged as shown in Figure 6.36-a and 6.36-b. MO was 

decolourised in about 90% by the ZnO-NF produced with HCl and 80% by the ZnO-NF 

produced with KHCO3 respectively as shown in Figure 6.36-c.  
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Figure 6.36 Changes in colour produced by ZnO-NF in darkness after 24 hours. Initial samples 

(a), samples after 24 hours (b), Changes in MO absorbance (c).The anodization conditions of 

the ZnO-NF were: HCl [0.1M], 1h, 1V, 10 ˚C and HKCO3 [0.1M], 1min, 40V, 10 ˚C. 

 

The MO solutions with the ZnO-NFs were left in darkness for another period of 24 

hours. The final absorbance was measured and the ZnONFs were removed from the 

solution. After this extra 24 hours in darkness, an extra-decolouration of about 1% and 

6% occurred for the films produced with HCl and KHCO3 respectively. The ZnO-NF 

produced with KHCO3 was found to be coloured by the dye indicating absorption of the 

MO on the surface. However, the surface of the ZnO-NF produced with HCl did not 

change in colour and a white ZnO layer was observed as shown in Figure 6.37.  

 

 

 

 

 

 

 

 

 

Figure 6.37 Final decolouration of MO produced by ZnO-NF in darkness after 48 hours and 

their respective ZnO-NFs.  The anodization conditions of the ZnO-NF were: HCl [0.1M], 1h, 

1V, 10 ˚C and HKCO3 [0.1M], 1min, 40V, 10 ˚C. 
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Similar experiments were carried out with different ZnO-NF morphologies and with 2 

doses of ZnO powder (0.8 and 1.2 mg) for 15 hours. As displayed in Figure 6.38, with 

ZnO powder the MO absorbance decreased 5% for the lower doses (0.8 mg) and 10% 

for the highest doses (1.2 mg). These changes are attributed to an absorption process of 

the MO in the ZnO surface. On the other hand, a MO decolouration of 70 to 80% was 

obtained with the ZnO-NFs. Since the majority of the ZnO-NFs did not show visible 

yellow colour on their surface, it is presumed that changes in the absorbance (measured 

on the solution) are not caused by a simple adsorption of the dye on the ZnO surface. 

Similar experiments where photocatalytic materials have been immersed in MO 

solutions and left in darkness have reported no changes in the concentration or colour of 

the dye [47]. For instance, Madhab C et al [343] used a doubly interpenetrated porous 

semiconductor metal-organic framework in the decomposition of MO, the study 

reported no “changes in the UV spectra of the MO” in absence of light. 

 

 

Figure 6.38 Final decolouration of MO produced by ZnO powder and by ZnO-NF with 

different morphologies and obtained at different anodization conditions.  

 

Herein, it is not clear if the changes in the MO absorbance were due to degradation or 

decolouration of the dye.  As discussed in section 6.1.2 and 6.1.3, MO suffers structural 

changes produced either by photolysis (mainly by the destruction of conjugated bond 
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caused by either absorption of photons [320] or by electron transfer [321]) or by 

photocatalysis where highly reactive species induce direct oxidation or oxidation by 

hydroxyl radicals (See Equations 6.11 to 6.12) [47]. These structural changes can lead 

to either decolouration of the dye (by reduction of conjugated bonds) or to degradation 

of the molecule. 

 

Since the experiments carried out here did not involve exposure to light, it is suggested 

that a non-well established mechanism occurred in darkness. It is hypothesized herein 

that the decolouration of the dye could have occurred in different ways: (i) by a 

previous photo activation of the ZnO-NF by white light (From the laboratory), (ii) by a 

activation of the ZnO-NF given by photons absorbed by the dye before the darkness 

conditions happened (this can occur due to  the high capacity of dyes of absorbing 

photon from the visible light [52]), (iii) by a catalyst decolouration produced by the Zn 

or by the combination of Zn/ZnO and (iv) by an electron transfer mechanism from the 

media to the dye induced by internal reactions such as the dissolution and precipitation 

of Zn(II) species. The latter hypothesis is based on the morphological changes observed 

and discussed in Section 5.3.2.   

 

Very limited literature about these phenomena or similar ones was found. Pradhan et al 

[73], have reported degradation of MO [10-
5
 M] in darkness produced by ZnO doped 

with Al. In this study ZnO and ZnO-Al films were produced by spry–pyrolysis and 

supported on Pyrex glass. ZnO-Al showed better performance for the degradation of 

MO after 3 hours of photocatalysis with 80% of the MO degraded. Authors suggested 

that the degradation of MO in darkness can be due to a migration of electrons from the 

aluminium atoms to the surface producing O2•
-
 radicals favouring decomposition even 

in darkness. As this study measured the MO changes only by monitoring its 

decolouration using a UV-vis spectrophotometer, it is not clear which type of 

decomposition MO suffered. Scott, et al [344], examined the role of UV-light pre-

treatment and time relaxation on Pt/TiO2 particles for the catalytic and photocatalytic 

degradation of formic acid. In this study, formic acid was partially mineralised by 

Pt/TiO2 in darkness. This degradation increased with a pre-illuminated treatment. 

Additionally, the catalytic degradation of formic acid by Pt/TiO2 in absence of light due 

to the catalytic action of the Pt is discussed. It is also suggested that the presence of 

metal in the metal oxide photocatalysts improve the electron-hole separation due to the 

photogenerated electrons accumulating in the metal which can also mediate the 
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reduction of the molecular oxygen. The two latter studies have observed similar 

phenomena (degradation in darkness) with doped materials. Herein, the ZnO-NFs were 

not doped. However, a potential catalytic role of the Zn foils should be considered in 

further studies.      

 

By comparing the changes in the final absorbance spectrums with the ZnO-NF 

morphologies, a relationship was found between morphology and decolouration (Figure 

6.39). Featureless morphologies such as the depictured in Figure 6.39-a and 6.39-b 

result in lower MO decolouration compared to the films that display more complex 

morphologies (Figure 6.39-c to 6.39-h). As the nanostructures arrangement became 

more complex and the size of the nanostructures appears to be larger, the decolouration 

of MO increases. For instance, The ZnO-NF in Figure 6.39-a produced the lowest MO 

decolouration (70%) and no nanostructures can be observed in the FESEM micrograph, 

Figure 6.39-e displays visible nanostructures and a final decolouration of 75%, while 

Figure 6.39-f has the largest nanostructures with a nanowire arrangement and display 

the highest MO decolouration (80%). These results suggest that the mechanism of MO 

decolouration occur on the surface of the ZnO layer and therefore morphology and in 

particular surface area plays an important role.  
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Figure 6.39 Comparison between final decolouration of MO produced by different ZnO-NFs 

and their morphology. 
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6.5 Summary 

In this chapter alternative reactors and shapes of supported materials were explored for 

the study of the ZnO nanostructures. In the first section, the design and use of the flat 

plate photocatalytic reactor was discussed. A preliminary test of the FP-PCR using MO 

and phenol as a model compounds showed a mass transfer limitation of the reactor 

which resulted in minimal degradation of the compounds. It was found that the changes 

in concentration of MO observed during the experiments were due to decolouration 

produced by UV light rather than degradation. The second section presented the work 

carried out with the tubular annular photocatalytic reactor and a brief analysis on the 

production and properties of the ZnO-NW was presented. Photolysis, photocatalysis and 

EAPC was studied for the degradation of phenol in the TA-PCR reactor. ZnO-NW used 

in this reactor showed higher morphological stability and no formation of new 

nanostructures were observed. The current applied during the EAPC was found to 

improve the degradation of phenol and to participate in the formation of nanostructures 

on the Zn wire. The coating of glass and optical fibers by sol-gel deposition was 

discussed as a proof of concept for further studies. Finally, in the last section, the 

degradation of MO by ZnO-NF in darkness and the relationship between the 

decolouration of MO and morphology of the ZnO-NW was presented.  
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Chapter 7: Conclusions and future work. 

 

The aim of the work presented throughout this thesis was to conduct a systematic study 

of the correlation between anodization variables, the physicochemical properties of the 

obtained nanostructured ZnO films and the photocatalytic activity of the films, paying 

considerable attention to morphology and its stability under reactions degradation of 

pollutants in water. The project was divided in three stages.  (i)  Production of ZnO-

NFs, their characterisation as photocatalytic materials and an analysis of the correlation 

between anodization parameters and intrinsic ZnO-NFs properties which were presented 

in Chapter 4. (ii) ZnO-NFs were used as a photocatalyst for the degradation of phenol in 

a batch reactor. The photocatalytic activity, morphological stability and the effect of the 

ZnO-NFs properties on the photocatalytic degradation of phenol was discussed in 

Chapter 5. (iii) Two types of reactors were designed and tested to study the 

photocatalytic performance and morphological stability of the ZnO nanostructures 

under different mixing conditions. The design, preliminary test, and the production of 

ZnO-NWs were presented in Chapter 6.  Additionally, the decomposition of methyl 

orange in darkness with ZnO-NFs was discussed and preliminary work on the 

deposition of ZnO on optical fibres was discussed. This chapter will conclude the main 

findings obtained from the result of the present work and propose possible future work.    

Conclusions presented in this section will follow the schematic order of the previous 

chapters. 

 

7.1. Conclusions 

7.1.1. Production of ZnO-NF for photocatalytic applications                                                                                                                                                                                                                             

Nanostructured ZnO films were obtained via the anodization of Zn foil. It was found 

that the initial annealing and electropolishing does not have any effect on the formation 

of the nanostructures as similar morphologies were obtained regardless of the annealing 

“An expert is a person who has made all the 

mistakes that can be made in a very narrow 

field.”  

 Niels Bohr 

 

http://www.goodreads.com/author/show/821936.Niels_Bohr
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and electropolishing conditions, however, in order to standardize the initial appearance 

of the zinc surface, these processes are highly recommended before anodization.  

  

7.1.2. Mechanism of anodization of ZnO and formation of nanostructures 

A mechanism of ZnO nanostructure formation was proposed based on: (i) theoretical 

data of speciation of Zn(II), (ii) measurements of pH, conductivity, dissolved Zn and 

current density during anodization and  (iii) by comparing current density plots of the 

well-studied anodization of alumina with the ones of anodization of zinc. The proposed 

mechanism suggests that the formation of ZnO nanostructures result from the 

competition between dissolution of the initial Zn and ZnO and the deposition of  

different species of Zn(II) such as ZnO, Zn(OH)2 and zincates produced by the reaction 

between the Zn
+2

 with the dissociated electrolyte. It is also postulated that, as the pH of 

the electrolyte determines the predominant Zn(II) species present in the solution, and 

the dissolution rate of the Zn and ZnO, pH has a strong effect on the formation of 

nanostructures and, therefore, its effect has to be accounted in anodization studies. The 

formation of nanowires with KHCO3 initiate with a formation of a ZnO layer followed 

by an initial nucleation of the ZnO layer, similar to the one formed during the 

production of alumina pores by anodization of Al. Afterward, the process follows the 

mechanism of dissolution and precipitation explained before with a higher rate of 

deposition compared to dissolution that results in the formation of nanostructures rather 

than pore-like structures. 

  

7.1.3. Anodization conditions and its effect in ZnO properties 

From the morphological analysis of the ZnO-NFs and its correlation to anodization 

parameters, the following conclusions were found:  

 

a) The shape of the nanostructures is determined mainly by the type of electrolyte 

which also determines the pH of the process. The nanostructure surface density 

increases with concentration, voltage and time. The latter experimental condition 

also determines the size of nanostructures, leading to the formation of 3D 

interpenetrated nanostructures once the nanostructures reach a certain length.  

b) The effect of temperature varies with the electrolyte used and the voltage 

applied. 
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c) Dense and well-aligned nanostructures with high aspect ratios display high 

contact angles, while low aspect ratios and less ordered surfaces show smaller 

contact angles, forming hydrophilic surfaces.  

d) Changes in time and in the applied voltage result in similar size distribution of 

the wire diameters. 

e) Nanowires with different crystal size distribution are produced by varying 

voltage and anodization times. This result provides great opportunities for 

further studies where samples with different crystal sizes are required for optical 

and photocatalytic properties.  

 

7.1.4. Guidelines for controlled formation of ZnO nanostructures via anodization 

From results obtained during the study of the correlation between anodization 

parameters and ZnO nanostructure properties, the following design guidelines can be 

devised:  

 

a) 1D aligned arrays, usually with super-hydrophobic surfaces, are mainly obtained 

at near neutral pH regardless of voltage and time.  

b) 3D arrays (hydrophobic and hydrophilic) are formed for long reaction times, 

regardless of the pH and the voltage.  

c) 2D arrays can be formed at low and high pH regardless of the voltage and time. 

However, 2D arrays formed at high pH display hydrophobic behaviour only at 

high voltage.  

d) The anodization conditions where corrosion and pitting are more common are 

low pH, high voltage and long-time reactions.  

 

7.1.5. ZnO-NF as a photocatalytic material for the degradation of phenol in batch 

reactor  

Phenol was successfully degraded by the ZnO-NFs in a batch reactor. Among the 

analysed by-products, benzoquinone was found at the highest concentration followed by 

catechol and hydroquinone. After 12 hours of photocatalytic reaction with the ZnO-

NFs, 90 % of the phenol was degraded but some by-products still remained in the 

solution. Since the concentration of benzoquinone increased parallel to the degradation 
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of other by-products and phenol, a proposed degradation pathway was given, showing a 

preferential formation of this compound. 

 

The size of the ZnO crystals does not have a major effect on the photocatalytic 

degradation of phenol. The thickness of the ZnO layer used for photocatalytic 

experiments was found to be higher than the photon penetration depth of the 

polycrystalline ZnO and therefore similar degradation of phenol was observed at 

different ZnO layer thickness.  

 

The shape and the arrangement of the nanostructures are correlated to the photocatalytic 

performance of the ZnO-NFs. Although no direct measurements of the BET specific 

surface areas were carried out, visual analysis made using FESEM micrographs and 

with adsorption of metal (Mg) suggested significant differences of surface area between 

the ZnO-NFs used in photocatalytic experiments. For instance, ZnO-NFs that displayed 

an apparent high surface area did not show the highest rate of phenol degradation. In 

contrast, some ZnO-NFs with hardly any formation of nanostructures degraded phenol 

in a higher rate. As a result, a clear trend between morphology and photocatalysis was 

not found. In contrast to other studies where the total surface area is categorised as the 

main key factor for improving photocatalysis; this study added valuable work to the 

essential role of the total photo- active surface area in photocatalyst which appears to be 

directly related to the morphology of the photocatalyst. Additionally, a new property 

named herein photo- active surface volume is proposed to describe the total volume of 

catalyst that can be activated by light at certain wavelength.      

 

Acidification of the phenol solution, found during photocatalysis, is produced by the 

formation of acidic by-products while the increase in conductivity and changes in 

dissolved Zn are related to the dissolution of the ZnO layer and the formation of ions 

and CO2 during the degradation of phenol.    

  

7.1.6. Stability of ZnO-NF during photocatalytic reactions 

Phenol can be degraded by photocatalysis even at minimal concentrations of dissolved 

oxygen. Oxygen saturated and unsaturated solutions of phenol resulted in similar 

degradation rates.  Under anoxic conditions absorbed dissociated hydroxyl groups from 
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water, and oxygen from the ZnO lattice, are used in the production of reactive species 

and degradation of phenol.   

 

During the photocatalytic degradation of phenol in the batch reactor, the formation of 

new nanostructures was observed. High levels of oxygen contribute to the formation of 

the new nanostructures due to the increase of the production and precipitation of ZnO 

and Zn(OH)2. On the other hand, under anoxic conditions this phenomena was minimal 

and the initial morphology of the ZnO-NFs remained. 

 

The formation of the new morphologies appears to be related to oxidation process 

occurring during the photocatalytic degradation of phenol. ZnO-NFs exposed to water 

without being exposed to UV light maintained their initial morphologies but a layer of 

ZnO and Zn(OH)2 was deposited on the top of the nanowires. During the photocatalytic 

reaction, on the other hand, the initial morphology of the ZnO-NF varied dramatically. 

It appears that the initial morphology of the nanostructures serves as a template for the 

new morphologies. 

 

7.1.7. Effect of Post-treatment of ZnO-NF in photocatalytic activity 

The thermal post-treatment lead to the formation of cracks on the ZnO nanowire 

surfaces and changed the crystallinity of the nanostructures without affecting the 

general morphology of the ZnO-NFs. The crystallinity  of the ZnO nanostructures vary 

with post-annealing time, however, after a certain period of post-treatment, no further 

changes are produced. ZnO-NFs exposed to post-annealing displayed higher 

degradation of phenol due to the changes in crystallinity and in the ZnO content.  

 

Hierarchical nanostructures produced by immersion of ZnO-NFs in deionised water did 

not enhance the photocatalytic degradation of phenol. On the other hand, oxygen plasma 

treatment appears to be a promising post-treatment. ZnO-NFs treated by oxygen plasma 

displayed an enhancement in the degradation of phenol by 40% and 10% compared to 

the untreated films and post-annealed films respectively. Additionally to the positive 

effect on phenol degradation, ZnO-NFs treated with oxygen plasma were more stable 

during the photocatalytic reaction, the dissolution of Zn was lower and the final 

morphology remained similar to the initial. The higher stability produced by the oxygen 
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plasma treatment appears to be related to a minimal thermal stress during the post-

treatment where no cracks were produced on the surface of the nanowires.  

 

7.1.8. Photocatalytic experiments with FP-PCR 

Photocatalytic experiments in the FP-PCR with MO and phenol revealed a mass transfer 

limitation. This minimizes internal and external mass transfer processes between the 

model pollutants and the photocatalyst resulting in no photocatalytic degradation. 

Changes in the initial concentration of the MO and phenol and variation of the flow rate 

did not improve the mass transfer and no degradation of the model pollutants was 

observed.  

 

7.1.9. ZnO-NW and cylindrical reactor 

ZnO nanowires were grown on the Zn wire surface by anodization using KHCO3 as 

electrolyte. The anodization of a Zn wire follows similar mechanisms to the anodization 

with Zn foil. Thick ZnO layers growing in a radial shapes were more susceptible to 

display cracks on the surface due to a radial tension on the base of the nanostructures. 

On the other hand, after thermal post-treatment, thin ZnO layers grown on the wire were 

more stable that the ones grown on the Zn foil as the former ones did not display cracks.  

 

Phenol was successfully degraded by the ZnO-NWs in the TA-PCR.  Mass transfer 

limitations in this type of reactor were minimal compared to the FP-PCR with 65% of 

phenol degradation reached after 2 hours of reaction using the TA-PCR.  As the total 

illumination exposition time was constant for all the experiments, phenol exhibited 

similar photolytic degradation regardless the flow rate.  

 

A natural oxide layer formed on the surface of the Zn wire acted as a photocatalyst 

enhancing the degradation of phenol by 20% after the second hour compare to 

photolysis. Furthermore, ZnO-NWs enhance the degradation by 35% during the first 

hour and 50% during the second hour of reaction. By applying a low current to the Zn 

wire, the phenol degradation rates were found similar to the ones obtained with 

nanostructured materials. This process, named herein as electric assisted photocatalysis 

(EAPC), differs from the photo-electro-catalysis in the way that electricity is applied to 

the system; however the reduction on the electron-hole recombination given by the 
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electrons during electro-photo-catalysis is also likely to occur during the EAPC and is 

likely to be the responsible for the enhancement of the phenol degradation.   

 

The radial configuration of the ZnO-NW appears to be more stable against photo 

corrosion and mechanical abrasion. The initial and final morphology of the ZnO-NWs 

used in photocatalytic reactions were similar and no modification on the shape of the 

nanowires was observed. The flow in the TA-PCR, which acts as a stirring process, 

improved the mass transfer between phenol molecules and the photocatalyst, and also 

minimised the re-deposition of ZnO on the nanowires. On the other hand, It was found 

that the low current applied to the Zn wire during the EAPC induced the formation of 

nanostructures on the Zn wire surface.  

 

7.1.10. Decomposition of MO with ZnO-NF in darkness   

ZnO-NFs decolourised methyl orange in dark conditions. The process appears to be 

related to the morphology of the ZnO-NF and in particular to the surface area. A trend 

between decolouration of MO and morphology was found.  

 

7.1.11. Deposition of ZnO on optical fibers surface. 

ZnO was successfully deposited on the surface of optical fibres; the most homogeneous 

ZnO layer was obtained with the sol-gel labelled as SGB4 and SBG5. These two sol-

gels were obtained using PVP which appear to improve the adherence of the sol-gel on 

the optical fibre and to the formation of a smooth ZnO layer without affecting the final 

composition of the layer.  

 

7.1.12. Concluding Remarks 

This thesis has addressed some of the gaps in knowledge about the relationship between 

the production of ZnO photocatalytic nanostructures by anodization, their photocatalyst 

properties and their photocatalytic activity. It postulated a mechanism for the formation 

of the ZnO nanostructures and provides a useful guideline for the control of the 

morphology of nanostructures during their production by anodization. Conclusions 

obtained from the correlation between morphology and photocatalytic activity 

contributes to the understanding of the factors that control photocatalysis and in 

particular gives strong evidence of the photo-active surface which no necessarily are 
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correlated to the surface area. The latter contribution represents a significant step 

towards to the development of nanostructured photocatalysts based on efficient 

morphologies rather than only large specific surface areas. It also provides information 

about the stability of the ZnO material as a photocatalyst and evidences the formation of 

new nanostructures during photocatalysis which have not been reported before. Finally, 

three not-well-known processes and phenomena were identified: The advantages of 

using oxygen plasma as a post-treatment during the production of ZnO nanostructures, 

the phenomena of decomposition of dyes in darkness by the ZnO-NFs and the 

enhancement of photocatalysis made by EAPC with a small voltage applied directly 

across the photocatalyst substrate.   

 

7.2. Future work. 

Proposed future work presented in this section cover (i) further experiments that might 

contribute to a better understanding of the work discussed throughout this thesis and (ii) 

new projects based on the results obtained in this project.  

7.2.1. Mechanism of nanostructures formation via anodization of Zn. 

Although a mechanism for the ZnO nanostructures formation was proposed in this 

thesis, subsequent analysis is recommended to fully understand the physiochemical 

changes involved in this process. Some of the analyses suggested are: A chemical 

identification of each Zn(II) species formed during anodization and a comparison of the 

different changes of current density, pH, conductivity and  dissolved Zn during 

anodization  reactions for different electrolytes is needed.    

7.2.2. Further study of crystal size and crystal defects produced during 

anodization. 

Although it was found that crystal size distribution was affected by anodization voltage 

and anodization time, no further studies correlating these parameters were carried out. A 

further analysis will provide higher support to control the crystal size of the ZnO 

nanostructures.   

 

ZnO-NF obtained at different anodization conditions displayed different band-gap 

energies. Although hypotheses explaining the reason of these differences were 

postulated, no further analysis was performed. An analysis of crystal defects in films 
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with different band gap energies used in a photocatalytic reaction will contribute to 

understanding its effect on the photocatalytic activity.  

7.2.3. An alternative post-treatment to enhance the photocatalytic activity and 

morphological stability of ZnO nanostructures. 

Oxygen plasma post-treatment was explored in this work. Results showed an 

improvement in the photocatalytic performance and stability of the ZnO-NFs. However, 

the different experimental conditions such as irradiation time and intensity of this 

treatment were not tested and only a morphological analysis of the ZnO-NFs exposed to 

oxygen plasma was carried out. Further analysis will add major understanding on the 

effect of the treatment on the material properties and its potential use for improvement 

photocatalytic materials. Some of the aspects that can be studied are: (i) changes in 

crystallinity, composition and lattice defects produced by the oxygen plasma post-

treatment on the ZnO-NFs (ii) effect of oxygen plasma irradiation time on the 

photocatalytic performance of ZnO-NFs and (iii) analysis of stability of the ZnO-NFs 

morphology under different oxygen plasma irradiation conditions. Additionally, other 

types of plasma such as Hydrogen plasma and argon plasma can be explored.  

 

7.2.4. Further analysis on the photocatalyst in anoxic photocatalytic reactions.  

In this work, it was shown that photocatalytic degradation of phenol occurs under 

anoxic conditions suggesting that the reaction followed the Mars-van Krevelen 

mechanism. Additionally, it was shown that the composition of the ZnO-NFs were 

similar after reactions under saturated and unsaturated oxygen conditions. However, the 

composition of the ZnO-NFs used at anoxic conditions was not studied and no studies 

related to oxygen vacancies in the ZnO lattice were conducted. A study of the 

crystallinity of the ZnO nanostructures before and after photocatalytic reactions and, in 

particular, on the lattice defects and oxygen vacancies might allow for better  

understanding of the mechanism of the photocatalytic reactions under anoxic 

conditions.  

  

7.2.5. ZnO-NW and TA-PCR 

Results obtained in this work showed the potential use of the TA-PCR to study different 

aspects of the stability of the supported photocatalyst among other photocatalytic 
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aspects and the electro assisted photocatalysis. A set of experiments and analysis 

proposed herein are: 

a) Effect of flow rate on the mass transfer between supported photocatalyst and 

substrate, including the effect on the photocatalytic degradation of phenol at 

different flow rates.  

b) Analysis of morphological stability of ZnO-NWs under different flow rate 

conditions. 

c) Study of the effect of applied voltage and flow rate on the potential electro-

oxidation reaction (in absence of UV light) and on the electric assisted photo 

catalysis.   

d) Study of the effect of applied current on the stability of the ZnO-NWs in electro 

assisted photocatalysis. 

7.2.6. Further studies of the degradation of dyes by ZnO-NFs in darkness 

conditions.  

Results obtained in this work showed the potential use of ZnO-NFs for the 

decolouration of dyes with a minimal use of energy. Further analytical studies about 

degradation of MO including detection of by-products and reduction of the total organic 

carbon can provide more information about the mechanism of the decolouration. A 

further morphological analysis of the ZnO-NFs is recommended, as it can show 

structural changes (similar to those observed in this thesis). Potential formation of ZnO 

layer produced during the process in dark can produce internal reactions with transfer of 

electrons from the media to the absorbed dye inducing molecular transformation of the 

dye.  
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