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ABSTRACT 

Inadequate access to clean water is a pressing problem across the world, which calls out 

enormous research efforts to develop efficient and economic solutions to the safe reuse of 

wastewater. In this dissertation, heterogeneous photocatalysis, superwetting membranes, and 

photocatalytic superwetting membranes have been studied for the removing organic pollutants, 

separating immiscible oil/water mixtures, and treating of oil/water emulsions, respectively. 

Specifically, four research works are included. (1) A sulfite-promoted photodegradation process 

was developed. It was found that the degradation rate of methyl orange (MO) could be greatly 

enhanced by sulfite and scavenging study suggested that sulfite radicals generated by the reactions 

of sulfite with holes or hydroxyl radicals were the reactive species. The developed approach was 

demonstrated as a general approach as it was successfully applied to various pollutants and 

photocatalysts.  (2) To evaluate the adsorption-photocatalysis synergy, mesoporous TiO2 

(amorphous)-BiOBr microspheres were facilely synthesized as the model photocatalysts. 

Homogeneously distributed TiO2 in BiOBr microplates tailored the crystallite size of BiOBr, and 

consequently surface area (22 to 155 m2/g) and adsorption capacity (16 to 54 mg/g of MO) of the 

composites. Developed kinetic modeling that combined adsorption with photocatalysis aided 

elucidating the synergy and quantitatively evaluating the composites. Though high adsorption 

promoted MO photodegradation, we found adverse effects on photocatalysis that could be caused 

by high levels of MO adsorption as revealed by cycling tests. (3) Uniform and smooth TiO2 films 

were conformally coated on stainless steel mesh (SSM) via a biomineralization approach that is 

environmentally benign, facile, and scalable. The TiO2-coating made the meshes superhydrophilic 

and underwater superoleophobic. The coated meshes could separate immiscible oil/water mixtures 

solely driven by gravity with high flux (~3×104 Lm-2h-1), high separation efficiency (~ 99.999%), 
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and excellent anti-fouling capability. The meshes also had great chemical, mechanical and thermal 

durability. (4) Photocatalytic and superhydrophilic PVDF-BiOBr composite membranes were 

fabricated by a facile and scalable phase-inversion method. The composite membranes showed 

photocatalysis-enhanced anti-fouling capability for treating oil/water emulsions.  In summary, 

rational engineering of the photocatalytic reactions, photocatalysts, and membrane surface 

wettability were studied and could help advance the development of photocatalysis and membrane 

technology in wastewater treatment. 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

DEDICATION 

 

To my dearest parents and my sister, your support and encouragement have been 

inspiring me to pursue my dreams.  

To my cute nephews, your innocence and smile always cheer me up. 

To my lovely girlfriend, Di Sun, you’ve been making this journey full of joy. 

 

 

 

 



 

v 

 

ACKNOWLEDGEMENTS 

I would like to thank my committee chair, Dr. Ying Li. He gave me the opportunity and 

support to conduct this research work at Texas A&M University. I want to thank him for giving 

me a lot of valuable suggestions and helping me with my career planning.  

I would like to thank D.Xingmao Ma for being my committee co-chair. I would also like 

to thank my committee members, Dr. Matt Pharr and Dr. Choongho Yu, for their guidance and 

support throughout the course of this research. I want to thank Dr. Bill Batchelor for giving me a 

lot of great suggestions and comments for my manuscripts. I also want to thank. Ahmed Abdel-

Wahab and Dr. Hongcai Zhou. 

I want to thank my colleague Dr. Huilei Zhao, Dr. Fuping Pan, and Dr. Guiying Rao for 

giving me great suggestions on writing and design of experiments. I want to thank my colleagues 

Dr. Chao Li and Xuhui Feng for helping me with my experiments. I want to thank Dr. Peng Zhang 

and Dr. Bahngmi Jung for the collaborations. I also want to thank Dr. Xianmei Xiang, Tianzhu 

Fan, Yang Gang, Zichen Du, Chongjie Gao, Tyler Scott, and the department faculty and staff for 

making my time at Texas A&M University a great experience.  

 

 

  



 

vi 

 

CONTRIBUTORS AND FUNDING SOURCES 

 

Contributors 

This work was supervised by a dissertation committee consisting of Professor Ying Li 

(advisor), Professor Matt Pharr and Professor Choongho Yu of the Department of Mechanical 

Engineering and Professor Xingmao Ma of the Department of Civil Engineering.  

The kinetic modeling in Chapter 4 was developed by Professor Bill Batchelor. The TEM 

analyses and photoluminescence spectra depicted in Chapter 4, as well as the Tafel polarization 

plots in Chapter 5 were conducted with help from Dr. Fuping Pan. The N2 adsorption-desorption 

analyses in Chapter 3 and 4 were conducted by Dr. Peng Zhang. 

  All other work conducted for the dissertation was completed by the student independently.  

Funding Sources 

This work was also made possible by the Qatar National Research Fund under its National 

Priorities Research Program (award number NPRP 8-1406-2-605) and funding from Texas A&M 

Energy Institute. Its contents are solely the responsibility of the authors and do not necessarily 

represent the official views of the Qatar National Research Fund or Texas A&M Energy Institute.  

The use of the Texas A&M University Materials Characterization Facility is also acknowledged. 



 

vii 

 

NOMENCLATURE 

 

BiOBr   Bismuth Oxybromide 

BiOCl   Bismuth Oxychloride 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW1 

1.1 Water scarcity and wastewater treatment 

Inadequate access to clean water is becoming one of the most prevalent problems that beset 

people throughout the world and threaten the sustainable development of human society. In the 

annual risk report of 2015, the World Economic Forum has listed water crises as the largest global 

risk in terms of potential impact.[1] Nearly a third of the global population (~2 billion people) 

lived under conditions of severe scarcity of clean drinking water at least 1 month of the year during 

2015.[2] Moreover, countless people died and were sickened from diseases and contaminations 

associated with unsafe drinking water.[3-5] In addition, water scarcity occurring globally also 

strongly affects industry and agriculture that produce essential products to improve the quality of 

human being lives, because in many processes, like food and beverage manufacturing, as well as 

microchip fabrication, high-purity water is a crucial prerequisite (Figure 1).[6]  

Safe reuse of wastewater can provide clean water supply and mitigate the water scarcity 

problem because tremendous amounts of wastewater has been generated from industries, such as 

the production of textile, petrochemicals and oil/gas (Figure 1). Wastewater also comes from 

municipal usage, natural disasters and accidents-caused oil spills and chemicals leakage, as well 

                                                 

1 Part of this chapter is reprinted with permission from "Visible-light-driven photocatalytic degradation of organic 

water pollutants promoted by sulfite addition" by Deng, Wei, Huilei Zhao, Fuping Pan, Xuhui Feng, Bahngmi Jung, 

Ahmed Abdel-Wahab, Bill Batchelor, and Ying Li, 2017. Environmental science & technology 51(22), 13372-

13379.  Part of this chapter is also reprinted with permission from from "Mesoporous TiO2–BiOBr microspheres 

with tailorable adsorption capacities for photodegradation of organic water pollutants: probing adsorption–

photocatalysis synergy by combining experiments and kinetic modeling" by Deng, Wei, Fuping Pan, Bill Batchelor, 

Bahngmi Jung, Peng Zhang, Ahmed Abdel-Wahab, Hongcai Zhou, and Ying Li, 2019. Environmental Science: 

Water Research & Technology, 5, 769-781. Copyright [2019] by Royal Society of Chemistry. 
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as pesticides-polluted water in agriculture. Due to the increasing industry development and 

population growth, water problems are expected to get worse in the coming decades, along with 

the increasing production of wastewater. This makes scientific research and technology 

development of advanced water treatment methods indispensable to increase water supplies 

through the safe reuse of wastewater. It should be noted that clean water in this context is defined 

as water of quality that meets the requirements for the desired applications while wastewater does 

not. 

The composition of wastewater is complex and could vary significantly depending on the 

source of the pollutants. Typically, the pollutants in wastewater range from pathogens to trace 

chemicals and salts, as shown in Figure 2, including but are not limited to: pathogenic 

microorganisms, suspended and dissolved solids, heavy metals, oils, foulants, anions, pesticides, 

organic compounds (dyes, volatile organic compounds (VOCs), pharmaceuticals, personal care 

products (PCPs)), and salts. [7] To achieve the removal of multiple pollutants, different processes 

are required because of their different physicochemical properties. The treatment level generally 

increases with institutional and socioeconomic capacity. Basic treatment often uses 

coagulation/precipitation/flotation to remove colloidal and other suspended matter, followed by 

chemical or UV/Ozone disinfection. High level treatment methods relies on more advanced 

technologies, such as adsorption, membrane filtration, and catalytic oxidation, to remove 

carcinogenic and endocrine disrupting chemicals that are resistant to traditional treatment 

processes, as well as other contaminants including VOCs, PCPs and cyanotoxins.[7] 
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Figure 1. Water usage and pathways of “waste” water generation. 

 

 

  

Figure 2. Water treatment priorities and processes. Adapted from Ref [7] with permission.  

 

The complex nature of wastewater requires the integration of multiple processes, which 

also explores the synergistic effects to overcome certain inherent limitations of single treatment 

methods. For example, filtration membranes suffer from severe fouling caused by organic 
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pollutants, which can be readily remedied by advanced oxidation processes (AOPs). Meanwhile, 

guided by the “fit-for purpose” strategy, it should be target-oriented when choosing the treatment 

methods for multiple-process systems, so that to ensure the removal of the target constituents but 

not waste the treatment capacity on non-problematic constituents, which is conducive to lower 

treatment costs. [7] In the scope of this dissertation, my research study focuses on the removal of 

organic pollutants, like dyes and phenol, and oils, using photocatalysis and superwetting 

membranes. Detailed background introduction and literature review on the studied research fields 

will be given in the following sections.   

1.2 Photocatalytic Degradation of Organic Pollutants in Wastewater 

Many organic pollutants can cause chronic toxicity, ranging from disruption of fertility to 

cancer. For example, azo-dyes such as methyl orange (MO) are highly mutagenic and 

carcinogenic.[8] Moreover, organic pollutants can cause severe fouling on membranes that are 

used in filtration and desalination processes. Therefore, removal of organic pollutants from 

wastewater is highly demanded. Currently well-developed techniques for organic pollutants 

removal include adsorption,[9] biodegradation,[10] chlorination,[11] Fenton reaction,[12] 

ozonation,[13] combined coagulation/flocculation using sludge,[14] and electrochemical 

oxidation.[15] However, these techniques suffer from high input demands of chemicals and 

energy, as well as the generation of undesirable by-products that may cause secondary-pollutions. 

Consequently, research efforts are in great need to develop techniques that can achieve destruction 

of organic pollutants at lower cost and with less energy, while at the same time minimizing the use 

of chemicals and impact on the environment. 
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Heterogeneous photocatalysis is a promising process for wastewater remediation. Since the 

photocatalytic process can be solely driven by light, the availability of free and inexhaustible solar 

energy endows this technique with great potential as a low-cost, environment-friendly and 

sustainable treatment technology. The fundamental of photocatalysis lies on the production of 

reactive species on photocatalyst surface upon absorbing photon energy (Figure 3). These reactive 

species, such as electron-hole pairs, superoxide radicals and hydroxyl radicals, have reductive or 

oxidative capability and can degrade organic pollutants in the solution phase and adsorbed phase. 

Through multiple degradation pathways, the pollutants are converted to intermediates and finally 

innocuous CO2, H2O and other products.  

 

 

Figure 3. Schematic illustration of the heterogeneous photodegradation process. 

 

As the model photocatalysis system, TiO2/UV has been extensively studied for removing 

various organic compounds in water.[16] The successful demonstration of this model system 

stimulated great research efforts on photocatalytic water treatment.  Current research on subject 

mainly focuses on the following five directions (Figure 4). First, researchers are devoted to 

developing new photocatalysts, visible-light-responsive TiO2-based photocatalysts[17],  
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heterostructured photocatalysts with facilitated charge separation and improved degradation 

efficiency,[18] and novel photoactive materials.[19-21] The second direction emphasizes the 

synergistic benefits of integrating photocatalytic reactions with other treatment methods. For 

example, photo-assisted Fenton process,[22] electrochemically assisted photocatalysis,[23] 

integration of photocatalysis and membrane distillation,[24] and coupled photocatalysis-

ozonation[25] have been studied. The third direction focuses on the development of innovative 

photocatalytic membrane reactors to avoid post-separation of the photocatalysts from the treated 

water but also achieve high efficiency.[26, 27] The fourth direction aims to demonstrate the 

feasibility of applying photocatalysis in the treatment of real wastewater.[28-30] Fundamental 

studies on the underlying mechanisms associated with the photodegradation process are also 

necessary. These studies include reactive species generation,[31, 32] adsorption-catalysis 

synergy,[33, 34] band structure engineering,[35] electron-hole separation,[36] degradation 

pathways,[37, 38] and reaction conditions.[39] These mechanism studies helped understand the 

photodegradation process and advance the design of photocatalysts and reactors. My research in 

this direction focuses on the first two, that are, manipulating reactive species and studying 

adsorption-photocatalysis synergy. More in-depth introduction will be given in Chapter 3. 

 

 

Figure 4. Focused research directions of photocatalysis for water treatment and areas of 

mechanism investigation. 
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1.3 Membrane with Special Wettability for Oil/water Separation 

Oil is a widely existed pollutant in wastewater, especially in oil/gas production industry 

and oil spilled areas. Oil is also a type of organic pollutants, but separation is a more fitting 

approach than destruction to treat oily wastewater. This is because oils can be collected as 

chemicals for further use and separation is usually faster and less challenging than destruction. 

Hence, water separation accounts for an important step of water treatment. Membrane technology 

is attractive for oil/water separation as it works without chemicals addition, with low energy 

requirement and undemanding operations and it can achieve high separation efficiency and speed 

if the wettability of the membranes is well designed.[40] Typically, surfaces of membranes for 

oil/water separation are categorized to two types: hydrophilic/oleophobic surfaces that are 

permeable to water but impervious to oils (Figure 5 ), and oleophilic/hydrophobic surfaces that are 

permeable to oils but impervious to water. By achieving an appropriate combination of surface 

energy and surface roughness, desirable surface wettability can be procured.[41] Therefore, 

surface modification of membranes is deemed a fundamental but powerful approach to engineer 

surface wettability of membranes.[42] 
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Figure 5. Schematic illustration of oil/water separation using hydrophilic and oleophobic 

membrane/mesh. 

 

Applying coatings on porous membranes are widely used to modify the membrane surfaces. 

Stainless steel mesh (SSM), as a porous metallic membrane, is genuinely promising for oil/water 

separation upon coated with suitable surface materials, because SSM is low-cost, robust, flexible, 

and resistant to mechanical wear and chemical corrosion. A wide range of materials have been 

studied as coating materials on SSM to engineer the surface wettability,[43-62]  however, these 

reported surface coatings require complex coating procedures or precursor preparation processes. 

Therefore, considering the massive amount of oily wastewater and its complex compositions and 

properties, the coating methods should be simple, facile, inexpensive and scalable, meanwhile, the 

coating materials should be durable to preserve surface wettability under harsh conditions with 

chemical corrosion and mechanical wear. Research on coating materials and methods are still in 

great need to fulfil these goals. 
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1.4 Photocatalytic-Superwetting Membranes for Oil/Water Emulsions Treatment 

Comparing immiscible oil/water mixtures, emulsions are more challenging to treat, mainly 

because the small size of oil droplets requires the membranes with smaller pore size at a cost of 

flux reduction. In addition, oil-fouling occurs during separating oil/water emulsions even though 

the membranes are superoleophobic. This is because oil droplets are “soft-particles” that maybe 

mechanically trapped in the pores.  Polymer membranes (such as PVDF) with high porosity and 

obtainable small pore size are suitable for treating oil/water emulsions. Moreover, polymer 

membranes have relatively good mechanical and chemical durability and are available for large 

scale fabrication. Nevertheless, pristine PVDF membranes are usually hydrophobic and have to be 

modified to achieve superhydrophilicity and oleophobicity. In addition, ways to mitigating oil-

fouling on membranes are also necessary to enable long-term use without additional 

cleaning/recovery actions. 

 

 



 

10 

 

CHAPTER 2 

MATERIAL CHARACTERIZATION TECHNIQUES 

This chapter summarizes the material characterization techniques used in this dissertation. 

X-ray diffraction (XRD) was performed on a D8 Advance diffractometer (Bruker-AXS, 

Karlsruhe, Germany) using Cu Kα irradiation at 40 kV and 40 mA. XRD patterns from 10° to 80° 

2θ were recorded at room temperature. The step increment was set as 0.05° 2θ and the counting 

time per step was 1s. The surface morphology was obtained by an ultra-high resolution field-

emission scanning electron microscope (FE-SEM, JEOL JSM7500F, Japan) equipped with a cold 

cathode UHV field emission conical anode gun. Fourier-transform infrared spectroscopy (FTIR) 

was performed on a Nicolet iS50 FT-IR spectrometer (Thermo Scientific) equipped with a liquid 

nitrogen cooled HgCdTe detector. UV–vis diffuse reflectance spectra were measured on a Hitachi 

U4100 UV–vis-NIR Spectrophotometer (Japan) with Praying Mantis accessory. Micromeritics 

ASAP 2420 physisorption analyzer was used to determine the Brunauer–Emmett–Teller (BET) 

surface area at liquid nitrogen temperature (77.3 K). Prior to measurement, the BiOBr powder was 

degassed in vacuum at 100 °C for 12 hr. X-ray photoelectron spectroscopy (XPS) was performed 

using Omicron's DAR 400 with Mg X-ray source. Tafel polarization curves were obtained on a 

three-electrode electrochemical cell. A Pt flake and an Ag/AgCl (3 M KCl) were used as the 

counter electrode and reference electrode. A 0.6 M NaCl aqueous solution was used as electrolyte 

and corrosion medium. Prior to each electrochemical test, the SSM and TSSM (14 mm ×14 mm) 

samples were immersed in a corrosive medium (0.6 M NaCl aqueous solution) for 30 min to obtain 

a steady electrochemical state. The sweep rate of the potential was 2 mV s−1. The concentrations 

of MO and RhB were analyzed on a UV−Vis spectrophotometer (UV-2600, Shimadzu) at the 

wavelengths of 464 nm and 554 nm. The concentration of phenol was measured by a high-pressure 
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liquid chromatography (HPLC-2030C, Shimadzu) equipped with a reversed phase C18 column 

(Kinetex, model# 00F-4601-E0). A mixture of acetonitrile and deionized water, flowing at a rate 

of 1.0 mL/min, was used as the mobile phase.  
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CHAPTER 3 

SULFITE-PROMOTED PHOTODEGRADATION OF ORGANIC WATER POLLUTANTS2 

3.1 Background and Hypothesis 

Photo-induced electron-hole pairs can readily react with oxygen and water to produce 

superoxide radicals and hydroxyl radicals. With suitable redox potentials, other compounds can 

also react with electron-hole pairs and produce corresponding reactive species, so providing such 

compounds provides a way to manipulating reactive species involved in photocatalysis and 

possibly enhancing contaminant degradation. Based on this strategy, several chemicals have been 

reported to be able to help generate reactive species and enhance photodegradation efficiency.  

Emad et al. reported that the addition of H2O2 could promote the production of  hydroxyl radicals 

and consequently the photocatalytic degradation of antibiotics by the TiO2/UV system.[63] 

Hazime et al. found that K2S2O8 could also help generate hydroxyl radicals and degrade imazalil 

by UV-illuminated TiO2 nanoparticles.[32] However, the addition of H2O2 and K2S2O8 led cost 

increase, which stimulates the research to explore other low-cost chemicals that can enhance 

photodegradation efficiency.  The sulfite radical is an example of an active species that possess 

reducing and oxidizing capabilities which can be applied to effectively degrade organics such as 

phenol, chlorpromazine, olefin, and polyunsaturated fatty acid.[64-68] Sulfite radicals are usually 

created upon the photolysis of sulfite anions under middle UV light or via sulfite anions reacting 

                                                 

2 Part of this chapter is reprinted with permission from "Visible-light-driven photocatalytic degradation of organic 

water pollutants promoted by sulfite addition" by Deng, Wei, Huilei Zhao, Fuping Pan, Xuhui Feng, Bahngmi Jung, 

Ahmed Abdel-Wahab, Bill Batchelor, and Ying Li, 2017. Environmental science & technology 51(22), 13372-13379.  

Part of this chapter is also reprinted with permission from "Response to Comment on “Visible-Light-Driven 

Photocatalytic Degradation of Organic Water Pollutants Promoted by Sulfite Addition" by Deng, Wei, Huilei Zhao, 

Fuping Pan, Xuhui Feng, Bahngmi Jung, Ahmed Abdel-Wahab, Bill Batchelor, and Ying Li, 2018. Environmental 

science & technology 52(3), 1677-1678. Copyright [2019] by American Chemical Society. 
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with transition metal ions and other radicals like hydroxyl radicals.[69-72] Since sulfur dioxide is 

a major air pollutant and sulfite is a product from flue-gas desulfurization process, it is an attractive 

idea to convert sulfite waste into useful sulfite radicals through a photocatalytic process and to 

enhance photodegradation of organic water pollutants (Figure 6a).[73, 74] 

 

3.2 Experiment Details 

BiOBr microspheres were synthesized through a facile method at room temperature.[75] 

Typically, bismuth nitrate (3 mmol, 1.47 g) was dissolved in a mixed solution of deionized water 

(8.5 mL) and acetic acid (4.5 mL), followed by 15 min magnetic stirring to obtain a clear and 

transparent solution. Then KBr solution (3 mmol, 0.357 g in 10 mL deionized water) was added 

into the above solution under rigorous stirring and the mixture was stirred for another 30 min to 

ensure complete precipitation. The precipitate was collected by centrifuging and washed 

thoroughly with ethanol and deionized water for six times. The final product was dried at 80 °C in 

a vacuum furnace overnight. BiOI was synthesized using the same manner described above with 

KI as the iodine source. Bi2O3 was obtained by annealing the synthesized BiOBr sample in air at 

550 °C for 2 hr. 

Sodium sulfite (Na2SO3) was used as the sulfite source. Various target organics and 

photocatalyst were investigated to demonstrate the versatility of the developed approach: tested 

target organics included Methyl orange (MO), Rhodamine B (RhB) and phenol; tested 

photocatalysts included bismuth oxybromide (BiOBr), bismuth oxyiodide (BiOI), bismuth oxide 

(Bi2O3), and commercial titanium oxide (P25). Visible light (λ ≥ 400 nm) was used for BiOBr, 

BiOI, and Bi2O3, and simulated sunlight for P25. The experimental setup is illustrated in Figure 
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6b, where a suspension of photocatalyst, sodium sulfite and organic pollutants is illuminated and 

stirred. For every certain time, the concentration of the pollutant in the suspension is measured to 

obtain the time-resolved concentration change of pollutants under illumination measured. Batches 

of experiments with varied sulfite doses, different photocatalysts and pollutants were conducted to 

investigate the effects of sulfite dose and demonstrate the versatility of the sulfite-promoted 

photodegradation. 

 

 

Figure 6. Schematic diagram of (a) introducing sulfite into photodegradation to simultaneous 

treatment air pollutant (sulfur dioxide) and water organic pollutants, (b) laboratory setup for proof-

of-concept studies. 

 

3.3 Characterization Results of the Photocatalyst: BiOBr 

The main photocatalyst used in this study is BiOBr. The XRD pattern of the prepared 

BiOBr sample is shown in Figure 7a, which indicates high crystallinity of the sample with 

diffraction peaks well indexed to the tetragonal structure of BiOBr (JCPDS File No. 73-2061).[76] 

The bandgap is estimated to be 2.82 eV from the inset in Figure 7b, and the calcuated conduction 

band and valence band positions are 0.27 V and 3.09 V vs NHE, respectively. The morphology of 
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the prepared BiOBr sample is shown in Figure 7c and d. The BiOBr sample has a 3D hierarchical 

micro-spherical structure with an average diameter of 6 µm and it is constructed by densely stacked 

thin microplates originating from the layered structure of the bismuth oxyhalide. The microspheres 

are interconnected to form larger aggregates, which make them easy to collect after water treatment 

due to their large sizes. The space between the microplates within the microspheres can promote 

light trapping and thus enhance the photocatalytic performance.[77] In addition, N2 adsorption-

desorption analysis shows that BiOBr has a H3 type hysteresis loop that is typically shown by 

aggregates of plate-like particles, according to the IUPAC classification.[78] The BET surface area 

of the BiOBr sample is calculated to be 4.71 m2/g (Figure 8). 

 

 

Figure 7. (a) XRD patterns, (b) UV-vis diffuse reflectance (the inset gives the band gap that is 

2.82eV) and (c, d) SEM images of the synthesized BiOBr microspheres.  
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Figure 8. Nitrogen adsorption–desorption isotherms of the BiOBr sample. 

 

3.4 Photocatalytic Degradation of Organic Pollutants Assisted by Sulfite 

The photodegradation of MO under visible light was used as a probe to evaluate the 

performance of BiOBr microspheres and the enhancement brought by sulfite (Figure 9). In the 

absence of sulfite, only 25% of MO was degraded by BiOBr under visible light irradiation for 30 

min, while 70% removal was achieved with the addition of 5 mM sulfite (Figure 9a). The 

enhancement was more evident at high sulfite concentrations, where 90% and 96% removals were 

observed with 10 mM and 20 mM sulfite, respectively. Since 10 mM sulfite alone without catalyst 

yielded negligible degradation of MO, it is confirmed that sulfite participated in the photocatalytic 

degradation process. The apparent pseudo-first-order rate constants were calculated by regression 

using a linearized, first-order decay model ( 0ln( / )C C kt− = , Figure 9b), where 0C  is the initial 

concentration of MO, C is the concentration after irradiation for a certain time t, and k is the rate 

constant. As displayed in Figure 9c, the rate constant increased by about 10, 20, and 29 times upon 

the addition of 5, 10, and 20 mM sulfite, respectively. The improvement greatly depended on the 
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concentration of sulfite, implying that the increase in the rate constant should be ascribed to sulfite. 

It was noted that the rate constant increased linearly with the sulfite concentration when sulfite 

was less than 10 mM but the rate of improvement was less prominent at a higher sulfite 

concentration, implying that the rate of production of photo-induced electrons and holes is the rate 

limiting factor at high sulfite concentrations. As shown in Figure 9d, rapid decrease at the 

wavelength of 464 nm was achieved in the UV-vis absorption band of MO solution under visible 

light in the presence of BiOBr and 10 mM sulfite. Neither a shift of the absorption band nor an 

emergence of new absorption band was observed, indicating that MO was degraded and no other 

chromophoric molecules were produced. Besides high photoactivity, long term durability of the 

photocatalyst is also required for practical water treatment applications. Figure 10 indicates that 

there was no significant change in degradation efficiency after four cycles, demonstrating that 

BiOBr has high stability in the developed sulfite-assisted photocatalytic process. 

 

 



 

18 

 

 

Figure 9. (a) Photocatalytic activities of BiOBr for the degradation of MO under visible light 

with/without Na2SO3, and (b) kinetic fitting. (c) The dependence of MO degradation rate constant 

on sulfite concentration. (d) Time resolved UV-vis absorption of MO solution under visible light 

with BiOBr and 10 mM Na2SO3. The initial concentration of MO was 10 ppm and the loading of 

BiOBr was 0.5 g/L. 

 

 

Figure 10. Cycling test of BiOBr for the degradation of 10 ppm MO under visible light with 0.5 

g/L BiOBr and 10 mM Na2SO3. Irradiation time for each cycle was 15 min. 
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In addition to MO, RhB and phenol were also tested as target compounds to generalize the 

effect of sulfite on photocatalysis by BiOBr. In the absence of sulfite, the degradation of RhB was 

relatively slow (Figure 11a) and the gradual blue shifts of the absorption band were attributed to 

the removal of ethyl groups.[79] After 30 min irradiation, RhB molecules were fully de-ethylated 

to the core structure of rhodamine and a new absorption band at 506 nm appeared.[79] 

Interestingly, in the presence of 10 mM sulfite (Figure 11b), the absorption band of RhB at 554 

nm decreased without a blue shift, implying a direct destruction of the core rhodamine structure. 

However, the addition of sulfite didn’t improve the mineralization of RhB (Figure 11c), rather, 

sulfite might scavenge holes and hydroxyl radicals that are believed to be essential of 

mineralization.[79] This implies that the developed approach functions as an efficient method for 

decolorization of wastewater. Further study on the approach may offer improvement in terms of 

mineralization. The photodegradation of phenol, a persistent water pollutant, was also examined 

to confirm the function of sulfite. The degradation of phenol was also studied, and the results show 

that without sulfite there was only 5% photodegradation of phenol, while the addition of 20 mM 

sulfite resulted in 78% photodegradation after visible light irradiation for 30 min (Figure 12a). All 

these results on MO, RhB, and phenol degradation show that adding sulfite is a powerful approach 

that can significantly enhance visible-light-driven photocatalysis using BiOBr as the model 

catalyst. 
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Figure 11. Time resolved UV-vis absorption of RhB solution with BiOBr under visible light (a) in 

the absence and (b) presence of 10 mM Na2SO3. (c) TOC removal of RhB after 1 hr simulated 

sunlight irradiation.  

 

We have further demonstrated that sulfite-enhanced photocatalysis could be achieved with 

several other photocatalysts besides BiOBr (Figure 12b and c). The kinetics of MO degradation 

illustrated in Figure S3 show that the photocatalytic activities of Bi2O3, BiOI and P25 in the 

presence of 10 mM sulfite far exceeded those in the absence of sulfite. Specifically, MO 

photodegradation by Bi2O3 under 30 min visible light irradiation was increased from 16% without 

sulfite to 92% with sulfite; the degradation by BiOI under 30 min visible light irradiation was 

increased from 40% without sulfite to 86% with sulfite; and the degradation by P25 under 15 min 

simulated sunlight irradiation was increased from 39% without sulfite to 92% with sulfite.  
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Figure 12. (a) photocatalytic activities of BiOBr for the degradation of phenol under visible light 

irradiation with/without 20 mM Na2SO3. (b) photocatalytic activities of Bi2O3 and BiOI for the 

degradation of MO under visible light with/without 10 mM Na2SO3. The initial concentration of 

MO was 10 ppm and the loading of Bi2O3 and BiOI was 0.5 g/L. (b) Photocatalytic activities of 

P25 for the degradation of MO under simulated sunlight with/without 10 mM Na2SO3. The initial 

concentration of MO was 40 ppm and the loading of P25 was 0.2 g/L. 

 

Moreover, we compared Na2SO3 with other oxidants, like H2O2 and K2S2O8, in terms of 

their contributions to photocatalysis (Figure 13). H2O2 increased the photodegradation because it 

could improve the quantum efficiency of the formation of superoxide radicals and hydroxyl 

radicals,[80] while the increase was much smaller than that promoted by Na2SO3. On the other 

hand, K2S2O8 didn’t contribute to the photocatalysis but it could directly oxide MO as 

peroxydisulfate is a powerful oxidizing agent with a oxidizing potential of 2.01 V.[81] Therefore, 

comparing to H2O2 and K2S2O8, Na2SO3 is more promising to enhance the photodegradation of 

organic pollutants. 
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Figure 13. Photodegradation of MO under visible light for comparison of 10 mM Na2SO3, H2O2 

and K2S2O8. The initial concentration of MO was 10 ppm and the loading of BiOBr was 0.5 g/L. 

 

3.5 Mechanism Study of Sulfite-enhanced Photocatalysis  

Understanding the mechanism of sulfite-enhanced photocatalysis, including the roles of 

sulfite, types of reactive species, and possible formation pathways of the reactive species will help 

extend this novel approach to broader photocatalytic applications. The mechanism was 

investigated using the BiOBr/MO/sulfite system by addressing the following three questions. Does 

the addition of sulfite promote oxidization or reduction of MO? What are the reactive species and 

how are they generated from sulfite and the photocatalyst? Are other active species like oxygen 

important to sulfite-assisted photodegradation? 

Na2SO3 and Na2S have been widely used as sacrificial agents for photoelectrochemical 

hydrogen generation due to their hole-scavenging capability.[82] Thus, if sulfite-enhanced 

photocatalysis was mainly due to the effect of hole scavenging and promoting the availability of 

electrons for reduction reactions, other scavengers like EDTA and Na2S should play the same role. 
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However, as indicated in Figure 14, both EDTA and Na2S almost completely inhibited the 

photodegradation of MO by BiOBr. Therefore, it appears that holes played an important role 

during MO degradation and hole scavenging was not the main function of sulfite. 

We believe that the active species responsible for increased MO degradation is the sulfite 

radical (
•-

3SO ) as it could react with organics via addition to carbon-carbon double bond and H 

atom abstraction.[68] To exclude the contributions of other possible active species involved in the 

photodegradation process, scavenging experiments of aqueous electron, 
•-

4SO /
•-

5SO , and oxygen 

were also conducted. The possibility of aqueous electrons reacting with MO was studied using 

nitrate as an electron scavenger. Figure 14 shows that the addition of 20 mM nitrate to 10 mM 

sulfite solution did not have significant effect on MO photodegradation compared to that without 

nitrate. This result indicates that aqueous electrons did not make a substantial contribution to the 

sulfite-assisted enhancement in photocatalysis. To probe other sulfite related active species, such 

as 
•-

4SO  and 
•-

5SO , that may be produced by reactions of 
•-

3SO with oxygen via a free radical chain 

mechanism,[83] experiments under anaerobic conditions in a sealed cell were conducted, and the 

results in Figure 14 show that sulfite greatly improved MO degradation at about the same level in 

the absence of oxygen as in the presence of oxygen. Therefore, sulfite radical itself was responsible 

for MO degradation, rather its reaction products with oxygen. 

There are two possible pathways for the formation of 
•-

3SO . In the first pathway, sulfite 

anions are oxidized by photo-induced holes directly. This is feasible, since the redox potential of 

•- 2-

3 3SO / SO couple is 0.75 V (vs NHE, at pH=7),[84] which is much lower than the VB position of 

BiOBr (3.09 V): 
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2

3 3SO SOVBh+ − •−+ →    (1) 

The second pathway to produce sulfite radicals is through reaction of sulfite anions with hydroxyl 

radicals ( OH•
)[85]. This reaction is also feasible, because the redox potential of OH/OH• −

(2.18 

V vs NHE, at pH=7)[86] is higher than that of 
•- 2-

3 3SO / SO (0.75 V): 

 2+H O OH+HVBh+ • +→   (2) 

 
2

3 3OH SO SO OH• − •− −+ → +   (3) 

To confirm that photo-induced holes contributed to the formation of sulfite radicals via the 

tow pathways as illustrated by Eqs (1)(2)(3), active species trapping experiments were conducted 

in the presence of 10 mM sulfite with isopropyl alcohol (IPA) used as a scavenger for holes and 

hydroxyl radicals (Figure 14). In the BiOBr/MO/sulfite suspension, the addition of IPA 

significantly inhibited the degradation of MO, especially when the concentration of IPA was 330 

mM. This supports the hypothesis that the sulfite radical is the active agent and is produced by 

reaction with holes or hydroxyl radicals. Nevertheless, it is possible that the effect of IPA is not as 

a hydroxyl radical scavenger, but that it reacts with 
•-

3SO or with sulfite/bisulfite and thus impeded 

the degradation of MO. To investigate this, the UV-vis absorption band of 
2-

3SO (200 to 260 nm) 

was monitored in the BiOBr/MO system under visible light irradiation to indicate the dependence 

of sulfite consumption rate on IPA addition. Figure 15a shows that without adding sulfite there 

was no absorbance band from 200 to 260 nm, while a clear absorption band appeared upon the 

addition of sulfite and the absorbance decreased with time (Figure 15b), indicating the 

consumption of sulfite upon illumination. When IPA was added at a concentration of 15 mM 
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(Figure 15c) or at 330 mM (Figure 15d), the rate of sulfite loss slowed down, and it is particularly 

significant at 330 mM IPA. This result suggests that IPA did not react with sulfite/bisulfite or 

sulfite radicals but rather competed with sulfite for holes or hydroxyl radicals. It further supports 

the hypothesis that sulfite radicals were generated by sulfite/bisulfite anions reacting with holes or 

hydroxyl radicals following Eqs (1)(2)(3). 

 

 

Figure 14. MO concentration percentages left after 30 min visible light irradiation in the absence 

or presence of various scavengers under aerobic or anaerobic conditions. The initial concentration 

of MO was 10 ppm and the loading of BiOBr was 0.5 g/L.  
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Figure 15. The UV-vis absorption band changes of 
2- -

3 3
SO /HSO  in the BiOBr/MO suspensions under 

visible light irradiation.  

 

We have further evaluated our BiOBr/sulfite/MO system under truly aerobic condition by 

purging it with a stream of 100 ml/min air, and we have compared the MO degradation kinetics 

with and without air purging. As displayed in Figure 16a, it is obvious that air purging retards the 

degradation of MO, another evidence that 
4SO•− and 

5SO•− should not be the major reactive species 

in our BiOBr/sulfite/MO system. We also monitored the sulfite concentration in the system and 

we indeed observed faster sulfite depletion with air purging (Figure 16b and c). This result agrees 

with literature that sulfite can be scavenged by oxygen. However, in our reaction system, even 

under truly aerobic conditions 3SO•− is still the major reactive species as evidenced by the 

experimental result that a more aerobic system led to less MO degradation. Some explanations are 

given below. Firstly, Sulfite radicals generated in our system is caused by reaction of photo-
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generated holes reacting with sulfite; hence, as long as photo-illumination continues, the 

generation of sulfite radicals is non-stopping as long as there is sulfite present, and the hole 

generation should be the rate-limiting step for 
3SO•− generation. The air purging may have depleted 

sulfite so fast (Figure 16c) that little sulfite is left to react with photo-generated holes to form 
3SO•−

, thus impeding the MO degradation. Secondly, even though oxygen can react with 
3SO•−  to 

produce 
5SO•− , the generated 

5SO•−  could react with 2

3SO −  and produce 2

5SO −  and 
3SO•− , which is 

called chain reaction that can regenerate 
3SO•− .4 Thirdly, because of the strong oxidizing capability 

of 
4SO•−  and 

5SO•− , they are prone to react with photo-generated electrons and it is possible they are 

scavenged by electrons before reacting with MO. All the above discussion and the expeirmental 

results (Figure 16) support the conclusion that in a truly aerobic system involving 

BiOBr/sulfite/MO under photo-illumination, 
3SO•− , not 

4SO•−  or 
5SO•− , is the major reactive species 

for MO degradation.  

 

 

Figure 16. (a) Photodegradation kinetics of MO without and with 100 ml/min air purging under 

visible light irradiation, and the UV-vis absorption band changes of 
2- -

3 3
SO /HSO  in the MO solutions 

(b) without and (c) with air purging. The initial concentration of MO, sulfite and BiOBr were 10 

ppm, 10 mM and 0.5 g/L, respectively. HCl was added to adjust the initial pH to 7.5. 
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All these results support the hypothesis that the sulfite radical is the main active species in 

degrading MO in the sulfite-promoted photodegradation process. These sulfite radicals are derived 

from sulfite/bisulfite anions reacting with holes or hydroxyl radicals. The overall process is 

illustrated in Figure 17. It should be noted that although holes and hydroxyl radicals can attack 

MO molecules directly,[16] they make little contribution to the degradation of MO compared to 

sulfite radicals when sulfite is present, since the degradation rate is slow without sulfite whereas 

significant enhancement of degradation is obtained upon the addition of sulfite. Furthermore, the 

concentration of sulfite (10 mM) was much higher than that of MO (0.03 mM), so it is more likely 

for holes and hydroxyl radicals to react with sulfite anions than with MO.  

 

 

Figure 17. The proposed pathways of sulfite radicals formation and MO photodegradation under 

visible light using BiOBr. 

 

However, it is unknown that how the organics are degraded, i.e., what are the degradation 

pathways. Recently, few studies using chromatography and mass spectroscopy techniques, like 

LC-MS and GC-MS, have analyzed the sulfite-promoted photodegradation intermediates of MO 

and suggested the photodegradation pathways.[87-89] These studies proposed that high oxidative 

SO3
∙- and OH∙ could destroy the N=N bonds, methyl bonds, and ethanediamine groups and also  
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make aromatic substitution of one of the benzene rings with hydroxyl groups.[87] The analysis on 

the intermediates also showed that the sulfite group was added into the organics and the 

intermediates, suggesting that the sulfite radicals mainly oxidize (take electrons from) the organics 

to produce reactive organic species that are unstable or easy to react with other species, 

consequently, the organics, including the target pollutant and intermediates, are converted to 

molecules of lower molecular weights. Further study is still in need to prove this mechanism 

conclusively. 

 

3.6 Conclusion 

In summary, we have developed a sulfite-enhanced visible-light-driven photodegradation 

process using BiOBr/methyl orange (MO) as the model photocatalyst/pollutant system. We found 

that the degradation rate of MO was greatly enhanced by sulfite, and the enhancement increased 

with the concentration of sulfite. The degradation rate constant was improved by twenty-nine times 

in the presence of 20 mM sulfite. Studies using hole scavengers suggest that sulfite radicals 

generated by the reactions of sulfite (sulfite anions or bisulfite anions) with holes or hydroxyl 

radicals are the active species for MO photodegradation using BiOBr under visible light. The 

sulfite-assisted photocatalysis approach has also been successfully demonstrated in the 

photodegradation of RhB and phenol. The developed method implies the potential of introducing 

external active species to improve photodegradation of organic pollutants. 
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CHAPTER 4 

PROBE ADSORPTION-PHOTOCATALYSIS SYNERGY BY COMBINING EXPERIMENTS 

AND KINETIC MODELING3 

4.1 Background and Hypothesis 

Adsorption of organic pollutants onto the surface of photocatalysts is important for the 

photodegradation process [90] and a wide range of photocatalysts with high adsorption capacity 

have been developed and achieved high photodegradation efficiency, benefiting from the 

adsorption-photocatalysis synergy.[33, 34, 91-100] However, the majority of these photocatalysts 

are not appropriate to serve as model photocatalyst to thoroughly investigate the synergy because 

of the following reasons: 1) adsorption sites and photoactive sites are associated with different 

components and the increased distance between these sites undermines the synergistic effect 

between adsorption and photocatalysis; [34, 91-95] 2) nanosized photocatalysts, though have high 

adsorption due to large surface area and have the same sites for both adsorption and photocatalysis, 

do not have tailorable adsorption capacity and suffer from difficult recollection after use;[33] 3) 

the content of photoactive component in the composites is low because of the adsorption is 

determined by the non-photoactive matrix.[96] In this context, it is beneficial to develop a series 

of model photocatalysts that have the adsorption sites and photocatalysis sites on the main 

component, microstructured morphology, and adsorption capacity that can be easily tailored to 

study the adsorption-photocatalysis synergy.  

                                                 

3 Part of this chapter is reprinted with permission from "Mesoporous TiO2–BiOBr microspheres with tailorable 

adsorption capacities for photodegradation of organic water pollutants: probing adsorption–photocatalysis synergy 

by combining experiments and kinetic modeling" by Deng, Wei, Fuping Pan, Bill Batchelor, Bahngmi Jung, Peng 

Zhang, Ahmed Abdel-Wahab, Hongcai Zhou, and Ying Li, 2019. Environmental Science: Water Research & 

Technology, 5, 769-781. Copyright [2019] by Royal Society of Chemistry. 
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In addition to experiments, kinetic modeling is a powerful tool to study the adsorption-

photocatalysis synergy and quantitatively evaluate the performance of photocatalysts with high 

adsorption capacity. Nevertheless, a simple pseudo first-order model, 0ln( / ) pfoC C k t= − , is widely 

used for evaluating high adsorption photocatalysts.[95-100] This approach considers only the 

amount of organic pollutants in solution but not the amount adsorbed on the photocatalyst surface. 

As such, it will be inaccurate whenever the amount of adsorbed pollutant is a substantial fraction 

of the total. More comprehensive kinetic modeling methods are developed but are not applied to 

elucidate the synergy or quantitatively study the appropriate model photocatalysts.[101-106] 

Moreover, research efforts have been mainly focused on demonstrating photodegradation 

promotion brought by high levels of adsorption, adverse effects of adsorption, such as 

accumulation of recalcitrant degradation intermediates on the photocatalyst surface and 

diminished recyclability of the photocatalysts, have received much less attention. Therefore, 

combination of developing comprehensive kinetic model and designing appropriate model 

photocatalysts, as well as investigation on adverse effects of high adsorption, are in need to gain a 

deeper understanding of the synergy and help advance solar-driven photodegradation of organic 

wastewater pollutants.  

In this study, we synthesized mesoporous TiO2(amorphous)-BiOBr microspheres via a 

facile one-pot solvothermal method. This approach produced photocatalysts with tailorable surface 

areas and adsorption capabilities that were used as model photocatalysts to explore the adsorption-

photocatalysis synergy. We further performed kinetic modeling that considered adsorption and 

photocatalytic reactions in order to elucidate the synergy and extract the values of rate constants 

from experimental data to quantitatively evaluate the photocatalysts. The adverse effects of high 

levels of adsorption were also investigated.[107] 
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4.2 Experiment Details 

TiO2-BiOBr microspheres were synthesized through a facile one-pot solvothermal method. 

Typically, bismuth nitrate pentahydrate (2 mmol, 0.98 g) was dissolved in 30 ml ethylene glycol, 

followed by the addition of certain amount of TBOT as the titanium precursor. Then CTAB (2 

mmol, 0.729 g) was added into the above solution under rigorous stirring, and the mixture was 

stirred for another 30 min. The solution was transferred into a 50-ml Teflon-lined reactor and 

heated at 160 ºC for 12 h. After cooling down to room temperature, the precipitate was collected 

and washed thoroughly with ethanol and deionized water. The final product was dried at 80 °C in 

a vacuum furnace overnight. Amorphous TiO2 was synthesized using the same process except no 

bismuth nitrate was added to the solution. The TiO2-BiOBr samples were labeled as TBB-x, where 

x is the atomic ratio of TBOT to bismuth nitrate in the precursor solutions. 

The extent of MO adsorption onto the photocatalysts was measured in experiments with 

10 mg photocatalysts dispersed in 100 ml of a 10 mg/L MO solution under magnetic stirring. MO 

concentrations in the adsorbed phase at different times were calculated by dividing the difference 

between the initial and measured solution concentrations of MO by the photocatalyst loading. The 

adsorption isotherms were obtained from results of equilibrium adsorption experiments conducted 

using 0.25 g/L of TBB-0.6 and a range of doses of MO (5, 10, 20, 30, 40 50, 70, 100 mg/L). After 

the solutions were stirred for 1 hr, the MO concentrations in solution were then measured and the 

concentrations in the adsorbed-phase were calculated. The photoactivities of the samples were 

evaluated via kinetic experiments on the photodegradation of MO, RhB and phenol under 

simulated sunlight provided by a 150 W solar simulator (Oriel Sol1A, Newport). Typically, 7.5 
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mg photocatalyst was dispersed in 50 ml MO or RhB solution at 15 mg/L. While for phenol 

degradation, 12 mg photocatalyst was dispersed in 40 ml of a 10 mg/L phenol solution. pH values 

of the solutions were close to neutral without further adjustment. Prior to irradiation, the 

suspension was stirred in dark for 1 hr to ensure adsorption equilibrium. To conduct the cycling 

tests, the spent photocatalysts after the initial test were collected, washed with water, dried and 

used for the second test.  

  

4.3 Characterization Results of the TiO2-BiOBr Microspheres 

XRD patterns of the BiOBr and TiO2-BiOBr samples are shown in Figure 18a. All 

diffraction peaks are well indexed to the tetragonal structure of BiOBr (JCPDS File No. 73-

2061),[76] but no characteristic peak of crystalline TiO2 is observed, indicating that TiO2 is in 

amorphous phase. The synthesized pure BiOBr has high crystallinity as determined by the sharp 

diffraction peaks with high intensity, while TiO2-BiOBr samples possess weakened crystallinity 

shown by the broadened and low-intensity diffraction peaks. The principal peaks near 32 º could 

be deconvoluted to two major peaks that are indexed to (012) and (110) facets of BiOBr phase. 

The full width at half maximum (FWHM) of the (110) peaks are calculated and shown in Figure 

18b, where the composites were found to have larger FWHM than pure BiOBr. The smaller 

crystallites would result in larger surface areas and would be more efficient in transferring charge 

carriers (electrons and holes) in bulk to the crystallite surfaces. Possible doping of Ti atoms may 

introduce defects into BiOBr crystal structures, which also affects crystallinity. Significant peak 

shifts to large 2 theta angles are also observed in magnified XRD spectra (Figure 18b), suggesting 

the doping of Ti and chemical interactions between TiO2 and BiOBr.[96] In addition, some 
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indicative peaks of BiOBr, such as (001), (011), (012), (112), (014) and (121), are very weak or 

not visible in the patterns of TiO2-BiOBr samples, probably because TBOT impedes the growth 

of these facets or the facet coupling between BiOBr and TiO2 makes these facets less 

detectable.[108] 

 

 

Figure 18. (a) XRD spectra and (b) magnified spectra of the samples. 

 

The morphology of the samples is presented by SEM images (Figure 19). Pure BiOBr has 

a three-dimensional hierarchical microsphere structure with an average diameter of about 3 μm. 

The microspheres are constructed by stacked thin microplates, as clearly shown in Figure 19a. 

TiO2-BiOBr samples also have similar microsphere structure, implying TBOT does not change the 

formation route of BiOBr, that is, the growth of BiOBr microplates followed by self-assembly to 

microspheres[73, 74, 109]. Compared with BiOBr, TiO2-BiOBr samples have more perfect 

spherical structure, indicating TBOT possibly also functions as a potential surfactant that could 

modify microstructures in the synthesis of BiOBr. Microplates in TiO2-BiOBr samples are more 

densely stacked but have less sharp edges. This becomes more obvious as TiO2 content increases 

and is most likely the result of decreased crystallinity of BiOBr. EDS mapping images of TBB-0.6 
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microspheres confirmed that elements Bi, O, Br and Ti are distributed homogeneously within 

individual microspheres (Figure 20). In addition, there are no exotic TiO2 nanoparticles, clusters 

or nanowires observed in TBB-0.3, 0.4, 0.6 and 1, suggesting that amorphous TiO2 is uniformly 

distributed in BiOBr microplates. TBB-2 has aggregates coated on the microsphere surface (Figure 

2g) and we found that TBB-2 had almost the same adsorption capacity and photodegradation 

performance as TBB-1, therefore, TBB-2 was not included in the following sections. It is 

interesting to note that solvothermal treatment of TBOT and CTAB mixture solutions without 

adding bismuth nitrate yielded large irregular-shaped amorphous TiO2 blocks that were not 

observed in the TiO2-BiOBr composites (Figure 2h). This suggests that during the synthesis 

process of TiO2-BiOBr composites, BiOBr crystallites formed first and confined the formation of 

amorphous TiO2 to the space between BiOBr crystallites inside the microplates. At the same time, 

amorphous TiO2 inhibited the growth of BiOBr crytallites and led to the formation of smaller 

BiOBr crystallites. This nondestructive incorporation of TiO2 into BiOBr enables not only uniform 

distribution of TiO2 in BiOBr, but also the retainment of the microsphere structure of BiOBr. This 

results in increased interfacial area between TiO2 and BiOBr, easy collection of the photocatalysts 

after use, and improved light trapping due to multiple reflections among the microplates. 

 TEM analyses were performed on BiOBr and TBB-0.6 to investigate the morphology and 

crystal structure. The BiOBr sample has clear lattice fringes and high crystallinity (Figure 21a, b). 

The inter-planar lattice spacings of 0.278, 0.281 and 0.351 nm are attributed to the (110), (012) 

and (012) planes of BiOBr, respectively. Compared to BiOBr, TBB-0.6 has less clear lattice 

fringes because of the lower crystallinity and smaller crystallites (Figure 21c, d). The spacings in 

TBB-0.6 are attributed to the (110) planes of BiOBr phase but are slightly smaller than 0.278 nm, 

which is in accord with the XRD spectra. Areas with no clear lattice structure are also observed 
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between BiOBr crystallites and highlighted in Figure 3d with dashed lines. These areas are 

possibly amorphous TiO2 as discussed in the XRD analysis. Therefore, it is high likely that 

amorphous TiO2 formed between BiOBr crystallites. As a result, the size of BiOBr crystallites in 

TBB-0.6 (about 5 to 10 nm) is much smaller than that in pure BiOBr (about 20 to 40 nm).  

 

 

Figure 19. SEM images of (a) BiOBr, (b) TBB-0.3, (c) TBB-0.4, (d, e) TBB-0.6, (f) TBB-1, (g) 

TBB-2, and (h) amorphous TiO2. 

 

 

Figure 20. SEM and EDS mapping images of TBB-0.6. The images show uniform distribution of 

the elements. 
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Figure 21. TEM and HRTEM images of (a, b) BiOBr and (c, d) TBB-0.6. 

 

The surface compositions and chemical states of the samples were investigated by XPS. 

The survey spectra (Figure 22a) confirm the existence of Bi, O, Br and C in all samples and Ti in 

TiO2-BiOBr samples. The Bi 4f spectra of BiOBr (Figure 22b) can be resolved into two spin orbit 

components at binding energies of 159.4 eV and 164.8 eV that are attributed to Bi 4f7/2 and Bi 

4f5/2, respectively. This indicates that the chemical state of bismuth in the sample is Bi3+. 

Significant peak shifts of bismuth to lower binding energies are observed in TiO2-BiOBr samples 

possibly because of the strong interactions between TiO2 and BiOBr.32 suggesting the intimate 

contact between TiO2 and BiOBr. The spectra ranging from 450 eV to 470 eV (Figure 22c) of the 

TiO2-BiOBr composites can be deconvoluted into three components. For example, the spectrum 

of TBB-0.3 is deconvoluted to Ti 2p3/2 and Ti 2p1/2 at binding energies of 458 eV and 464.9 eV, 

as well as a peak for Bi 4d3/2 at 465.4 eV. The peak of Bi 4d5/2 is located around 440 eV and is 
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shown in Figure 4a. Therefore, it is affirmed that titanium exists in the samples and as TiO2, since 

no evidence of Ti3+ is presented. As the concentration of TBOT in the precursors increases from 

TBB-0.3 to TBB-1, the areas of Ti 2p peaks become larger and the peaks shift to lower binding 

energies, corresponding to higher TiO2 contents and stronger chemical interactions between TiO2 

and BiOBr. The atomic ratios of Ti to Bi in the samples calculated from XPS spectra and SEM-

EDX are compared with the ratios in synthesis precursors in Figure 22d. The measured ratios from 

XPS are slightly higher than measured from SEM-EDX, indicating that the composites probably 

have slightly higher TiO2 contents on the surface of the microspheres, but the difference is not 

significant and the distribution of TiO2 is relatively uniform.  

 

  

Figure 22. XPS spectra of the samples: (a) survey, (b) Bi 4f and (c) Ti 2p, as well as (d) atomic 

ratios of Ti to Bi measured from XPS and SEM-EDX compared with the ratio in the synthesis 

precursors; a 1:1 line (y=x) was also added in (d) for comparison. Bi 4d3/2 overlaps with Ti 2p1/2 

around 465 eV, which is clearly shown in (c) but not in (a). 



 

39 

 

Nitrogen adsorption–desorption isotherms of BiOBr and TiO2-BiOBr microspheres show 

typical type-IV curves that indicate the mesoporous nature of the samples (Figure 19a). BiOBr has 

a H3 type hysteresis loop that is typically shown by aggregates of plate-like particles, according 

to the IUPAC classification.[78] The existence of such particles is confirmed by the SEM images 

(Figure 19) that show that all samples are microspheres formed by aggregation of microplates. 

TiO2-BiOBr samples have predominant H2 type hysteresis loops and keep the feature of the H3 

type. The broader H2 type hysteresis loops associated with capillary condensation are attributed 

to a narrow range of uniform mesopores. As exhibited in Figure 23b, BiOBr and TiO2-BiOBr 

composites have similar major mesopore width around 3.6 nm determined by Barrett-Joyner-

Halenda (BJH) method.[78] Though large spaces exist between the microplates that have sizes 

ranging from tens to hundreds of nanometers (Figure 19), it is believed that mesopores with widths 

around 3.6 nm should exist inside the microplates, possibly between BiOBr crystallites. Figure 

23c shows that TiO2-BiOBr microspheres possess remarkably increased specific BET surface 

areas and pore volumes compared to BiOBr. A 6-fold increase of specific surface area is achieved 

for TBB-1, compared to BiOBr. The introduction of TBOT probably reduces the crystallite size of 

BiOBr and increases the number of mesopores between the crystallites, which explains why TiO2-

BiOBr samples show the same mesopore width as BiOBr but have much larger pore volumes and 

surface areas. Therefore, the surface areas of the composites could be facilely tailored by the 

amount of TiO2.  
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Figure 23. (a) Nitrogen adsorption-desorption isotherms at 77 K, (b) pore size distributions of the 

samples, and (c) effect of precursor Ti/Bi on specific BET surface areas and pore volumes of the 

samples. 

 

The optical properties of the samples were characterized by UV-vis diffuse reflectance 

(Figure 24a). The light absorption of TiO2-BiOBr and pure BiOBr is mainly located in UV range. 

TBB-0.3, 0.4 and 0.6 have stronger UV absorbance than BiOBr while TBB-1 has almost the same 

absorbance with BiOBr, which is possibly caused by the change of morphology and crystallinity. 

The corresponding tauc plots (Figure 24b) indicate that TiO2-BiOBr microspheres have slightly 

large band gaps than pure BiOBr. This should be ascribed to the introduction of amorphous TiO2. 

The photoluminescence spectra shown in Figure 24c offer insights on the recombination and 

lifespan of photo-induced electrons and holes in the samples. The spectra were obtained at an 

excitation wavelength of 300 nm. All the samples show similar spectra patterns with broad 

emission peaks at around 470 nm and 550 nm, but the emission intensities vary significantly. TiO2-

BiOBr samples have much weaker emission intensities than BiOBr. This is probably because the 

composites have smaller BiOBr crystallites that facilitate the diffusion of photoinduced electron-

hole pairs to crystallite surfaces and have intimate TiO2-BiOBr heterojunctions, resulting in higher 



 

41 

 

separation efficiency of the pairs. Meanwhile, the significantly decreased crystallinity of TBB-0.6 

and TBB-1 could retard the electron-hole separation, consequently, TBB-0.6 and TBB-1 have 

slightly stronger emission intensities than TBB-0.3 and TBB-0.4.  

 

 

Figure 24. (a) UV-vis diffuse reflectance spectra, (b) corresponding tauc plots, and (c) 

photoluminescence spectra of the samples. 

 

Based on the characterization results and discussions, the synthesis process of TiO2-BiOBr 

microspheres is proposed and illustrated in Figure 25. Upon heating, bismuth precursor (Bi3+) and 

bromine source (CTAB) start reactions to produce BiOBr crystallites in ethylene glycol. Titanium 

precursor (TBOT) does not change the formation route of BiOBr microspheres (self-assembly of 

microplates to microspheres), but TOBT molecules are dispersed among initially produced BiOBr 

crystallites and inhibit the further growth and connection of the small BiOBr crytallites to produce 

large crystallites. As heating continues, TBOT molecules are decomposed, consequently, 

amorphous TiO2 and mesopores are formed between small BiOBr crystallites. Therefore, 
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amorphous TiO2 tailors the size of BiOBr crystallite, pore volume and surface area of TiO2-BiOBr 

composites but does not change the microplates-assembled microsphere structure. 

 

 

Figure 25. Schematic illustration of the synthesis process for TiO2-BiOBr microspheres. 

 

4.4 Adsorption Kinetics and Isotherms 

 The adsorption kinetics of MO on the samples are shown in Figure 26a, where both BiOBr 

and TiO2-BiOBr samples exhibit fast adsorption, since over 95% of the equilibrium adsorption 

occurs in less than 10 min. However, amorphous TiO2 shows negligible adsorption of MO and 

TiO2-BiOBr samples show much higher adsorption capacity than BiOBr. Concentration of the 

adsorbed phase at equilibrium on TBB-0.6 and TBB-1 is about 54 mg/g, which is around 3.4 times 

than that on BiOBr. The correlation between equilibrium adsorption amounts and surface areas of 

the samples reveals that the enhanced adsorption capacity of the composites can be mainly 

attributed to the surface area improvement (Figure 26b). It can be concluded that adsorption sites 

are on the surface of BiOBr, because amorphous TiO2 alone does not adsorb MO, but the 

introduction of TiO2 reduces the crystallite size of BiOBr and consequently results in larger surface 

area and higher adsorption. The adsorption isotherm of MO on TBB-0.6 is presented in Figure 26c 

and was fitted using both the Langmuir model and the Freundlich model. The Freundlich model 
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uses an empirical equation to describe the relation between the concentration of a solute in the 

adsorbed-phase ( eq ) to the concentration of the solute in the fluid ( C ): 
n

eq KC= , where K (mg1-

nLn/g) and n  (0<n<1) are the Freundlich constants. Compared to the Langmuir model, the 

Freundlich model fitted the data better. The parameters of the Freundlich model are listed in Figure 

26c and will be used in the kinetic modeling to be developed.  

 

 

Figure 26. (a) Time-resolved adsorption kinetics of MO on the samples and (b) the correlation 

between equilibrium adsorption amount and surface area of the samples; (c) adsorption isotherms 

of MO on TBB-0.6. The parameters of the Freundlich model are listed. 

 

4.5 Kinetic Modeling of Combined Adsorption with Photocatalytic Reactions 

The single-phase, batch, pseudo-first-order model ( 0ln( / ) pfoC C k t= − ) is often used;[95, 

96, 98-100] however, this simple model is not appropriate for systems where strong adsorption 

occurs and the amount of contaminant in the adsorbed phase is substantial relative to the total 

amount in the system. When this is the case, the material balance for the system must consider 

how reaction changes the concentrations in all phases. This is true regardless of what form of rate 
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equation is used.[101-106] In such a system, the amount of contaminant in the adsorbed phase 

must be considered in the material balance, regardless of what form of rate equation is used. Such 

an approach will be taken here. First, assume that the rate of reaction per unit mass of photocatalyst 

( mr ) is proportional to the surface concentration of adsorbed target compound ( q ), that is m sr k q=  

, where sk  is the intrinsic reactivity of the photocatalyst. The rate of removal per unit volume of 

solution (r) can be obtained by multiplying by the photocatalyst concentration solid loading ( D ), 

i.e. sr k Dq= . If the rate of mass transport from the bulk solution to the surface of the photocatalyst 

and the rate of adsorption onto the photocatalyst from the adjacent solution are rapid compared to 

the rate of surface reaction, then the surface concentration can be assumed to be in equilibrium 

with the bulk solution concentration. Adsorption kinetic data indicate that adsorption of MO onto 

the photocatalysts was complete within a few minutes, while MO degradation took tens of minutes. 

Therefore, the assumption of adsorption equilibrium is not unreasonable. However, additional 

kinetic data may show that transport kinetics play some role in the observed removal kinetics. 

When substantial adsorption occurs, the material balance needs to consider that the target 

compound exists in both the solid and solution phases: d(mass of target in system/volume of 

solution)/dt = rate of removal:  

 ( )
d

C Dq r
dt

+ = −   (4) 

Differentiation, application of the chain rule (
dq dq dC

dt dC dt
=  ) and rearrangement give: 

 / (1 )
dC dq

r D
dt dC

= − +   (5) 
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If a linear isotherm applies ( pq K C= ), this would provide a result that appears to be like 

that in a system with first-order removal rate without considering adsorption ( / appdC dt k C= ), but 

the apparent first-order reaction coefficient would include effects of adsorption (

/(1 )app s p pk k K D DK= + ). 

Since the Freundlich adsorption isotherm (
nq KC= ) well fits data for equilibrium 

adsorption on TBB-0.6, it is used to describe adsorption equilibria:
n n

s fr k DKC k DC= = , where 

fk  is the overall rate constant ( f sk Kk= ). Combining this rate equation with the material balance 

equation for a batch system when adsorption is important gives:  

 
11

n

f

n

k DCdC

dt KnDC −
= −

+
  (6) 

Note that the derivative of the solution concentration is not equal to the rate of MO degradation 

per volume of solution (
n

fk DC ). The denominator on the right side makes the derivative of 

solution concentration ( /dC dt ) to be less than the rate of MO degradation, because MO is being 

removed both from the surface of the solid and from the solution. Simulations of photodegradation 

kinetics with equilibrium adsorption were then performed by solving Eq.(6) numerically 

employing MATLAB function ode45. The overall rate constants were also obtained by nonlinear 

fitting of the experimental data via MATLAB function nlinfit.  

To study the effects of the adsorption capacity ( K ) and rate constants ( fk  and sk ) on 

photodegradation kinetics, simulations were conducted at various values of ( K , sk , fk ) and the 

results are presented in Figure 27a for solution phase concentrations and in Figure 27b for total 
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concentrations. The total concentration of MO can be defined as the amount in the solution and on 

the photocatalyst surface per volume of solution and it was calculated assuming adsorption 

equilibrium ( n

totalC C DKC= + ). It is important to remember in examining Figure 27a, that the 

slopes of the concentration-time plots are not equal to the rate of degradation. However, the slopes 

in Figure 27b are equal to rate of degradation. When K  is kept constant at 5, the concentrations 

in the adsorbed and the solution phases after the dark period (t = 0) are not affected by different 

values of sk , but increasing values of sk  (0.1, 0.12, 0.2) do result in more rapid degradation. This 

should be expected because sk represents the intrinsic reactivity of the photocatalyst. When sk  is 

held constant at 0.2, the higher value of K  (10 vs 5) yields not only higher removal due to 

adsorption (lower solution concentration at t  =0 in Figure 27a), but also more rapid 

photodegradation kinetics (greater slope in Figure 27b). This unambiguously demonstrates the 

benefits of the adsorption-photocatalysis synergy. When the overall rate constant ( fk = K sk ) is 

held at 0.5 and K  and sk  vary, it is seen that the adsorption plays a more significant role than 

photocatalysis in removing pollutants from solution but not in total removal. For example, the 

purple line ( K =20, sk =0.025) shows lower MO concentrations in solution (Figure 27a) but higher 

total concentrations in solution and on solid (Figure 8b) than the dashed black line ( K =5, sk =0.1). 
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Figure 27. Parametric simulation results: (a) change of MO concentration in solution and (b) 

change of the total MO concentration in solution and on photocatalyst surface with varied 

adsorption constant ( K ), intrinsic reactivity constant ( sk ) and overall rate constant ( fk ). MO dose 

( inC ), catalyst loading ( D ), and Freundlich adsorption coefficient (n) used in the simulations were 

15 mg/L, 0.15 g/L and 0.287, respectively. 

 

4.6 Photodegradation Kinetics of Experiments and Simulations 

Pseudo-first-order rate constants (kpfo) are often calculated to quantitatively assess 

degradation kinetics. When a compound exists in only one phase and is removed by a first-order 

reaction in a completely mixed, batch reactor, the decay model can be expressed as 

0ln( / ) pfoC C k t= − . These rate constants were calculated in order to compare the photoactivity of 

BiOBr and TBB-0.6 for degradation of RhB and phenol (Figure 28). It is worthy to note that 

although both BiOBr and TBB-0.6 have negligible adsorption capacity for phenol, TBB-0.6 still 

outperforms BiOBr in the degradation of this pollutant, with the rate constant for TBB-0.6 being 

about 2.1 times that for BiOBr. This implies TBB-0.6 might have more active sites on its surface, 
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because of its larger surface area and it might have more efficient electron-hole separation due to 

smaller crystallite size.  

 

 

Figure 28. Experimental and fitted photodegradation kinetics of (a) RhB and (b) phenol using 

BiOBr and TBB-0.6. The rate constants and fittings were derived using the pseudo first-order 

model. The dose of RhB was 15 mg/L and the concentration of photocatalyst was 0.15 g/L. The 

dose of phenol was 10 mg/L and the concentration of photocatalyst was 0.3 g/L. 

 

Photodegradation kinetics of MO with the samples are shown in Figure 29. The loading of 

photocatalysts (0.15 g/L) and MO dose (15 ppm) were carefully chosen to show removal by both 

adsorption and photocatalytic reaction. As expected, amorphous TiO2 yielded negligible removal 

of MO neither by adsorption nor photodegradation. This demonstrates that both adsorption sites 

and photocatalysis sites are located on BiOBr crystals in the composites, while amorphous TiO2 

serves the role of tailoring BiOBr crystallite size, surface area, and adsorption capacity. TBB-0.6 

and TBB-1 removed about 50% of MO from the solution solely by adsorption. After simulated 

solar irradiation was applied, MO was degraded, and concentrations declined in both the solution 

phase and the adsorbed phase. Although TiO2-BiOBr composites achieved higher removals of MO 
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from the solution phase than BiOBr did, it is difficult to evaluate the extent of MO degradation 

based on the data presented in Figure 29, because it shows only the MO concentration change in 

solution and but not the changes of MO in the adsorbed phase.  

The kinetic model was also used to describe experimental results of photodegradation of 

MO. A complete adsorption isotherm was determined only for TBB-0.6 (Figure 26c); however, 

one data point for adsorption equilibrium for each photocatalyst were obtained in experiments ( t  

= 0 in Figure 29). These data points were used to calculate the values of K for all photocatalysts, 

assuming that the value of n  is the same as for TBB-0.6:  

 0 0( ) / ( )n

in t tK C C DC= == −   (7) 

Values for the rate constants for each photocatalyst were then obtained from nonlinear fitting of 

the experimental data (shown in Figure 29) using Eq. (6) as the model function and fk as the 

coefficient to be estimated. Values of these coefficients are summarized in Table 1. The calculated 

values of K  for TBB-0.6 obtained from Eq. (7) are slightly different from the one obtained from 

adsorption isotherm (Figure 26c). This is reasonable because the adsorption isotherm gave a value 

of K  that is averaged over a series of MO doses. Numerical simulations were performed with 

these rate constants and the simulation results were compared with experimental data. Figure 29 

shows that experimental data are reasonably well fitted by simulation results, which indicates the 

suitability of the kinetic model and its rate constants. The overall rate constants ( fk ) for TiO2-

BiOBr samples increase with adsorption capacities and are much higher than those for BiOBr, 

which provides evidence for the adsorption-photocatalysis synergy. The demonstration of the 

correlation between adsorption and photodegradation indicates the benefits of designing model 

photocatalysts with tailorable adsorption capacities and comprehensive kinetic modeling. The 
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calculated intrinsic reactivities ( sk ) of TBB-0.4 and TBB-0.6 are slightly smaller than that of 

BiOBr, possibly because the high levels of MO adsorption block light from illuminating the 

photocatalysts and some recalcitrant degradation intermediates take up surface active sites. In this 

circumstance, the calculated intrinsic reactivity depends not only on the activity of the 

photocatalyst itself but also on the amount of light striking the surface and the availability of 

surface sites for MO.  

 

 

Figure 29. Experimental photodegradation kinetics of different samples and fitted simulation 

curves. The data of amorphous TO2 are not fitted. 
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Table 1. Values of K , fk , sk  for different photocatalysts that were obtained from nonlinear 

fitting of experimental data (Figure 29). The value of n is 0.287. 

 

 

 

 

 

4.7 Cycling tests 

Cycling performance of TBB-0.6 for the removal of MO, RhB and phenol, as well as 

BiOBr for the removal of MO were tested. The illumination time for the cycling tests was carefully 

chosen to enable more than 95% total removal of the target pollutants at the end of the first cycle. 

As shown in Figure 30b, the adsorption capacity and photoactivity of TBB-0.6 decreased 

substantially after the first cycle and only 23% overall removal was achieved in the fourth cycles. 

Though the adsorption capacity of BiOBr also decreased after the first cycle, the photoactivity did 

not have significant change. The overall removal of MO in the fourth cycle remained more than 

95%. This was expected since BiOBr had much lower adsorption capacity than TBB-0.6, thus the 

effect of intermediates accumulation on BiOBr was not significant. However, the performance 

drop of TBB-0.6 did not occur with the degradation of RhB and phenol, which indicated that the 

photoactivity of TBB-0.6 itself was stable under simulated sunlight irradiation. Therefore, high 

levels of adsorption on TiO2-BiOBr composites did have pollutants-dependent adverse effects on 

the recyclability of the photocatalysts that may be caused by the accumulation of MO degradation 

intermediates on the photocatalyst surface. Since TBB-0.6 has large surface area and high 

Samples BiOBr TBB-0.4 TBB-0.6 TBB-1 

Cin (mg/L) 15 15 15 15 

K (mg1-nLn/g) 7.2 16.9 24.9 27.4 

ks (min-1) 0.024 0.014 0.021 0.025 

kf (mg1-nLn/g/min) 0.17 0.24 0.52 0.68 
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adsorption for MO, it is possible that it also has high adsorption for the degradation intermediates 

of MO.  

FITR spectra of pristine TBB-0.6, spent TBB-0.6 (after one cycle photodegradation test) 

and MO were measured to investigate possible MO photodegradation intermediates that were 

adsorbed on the surface of TBB-0.6. As shown in Figure 31, pristine and spent TBB-0.6 had an 

absorption band at 1620 cm-1 for O–H bending vibrations of chemically adsorbed water and a band 

at 460 cm-1 for Bi-O vibrations. The bands at 1427 and 1369 cm-1 of the N=N bond in MO (Figure 

30a) were not observed on spent TBB-0.6, indicating that the adsorbed intermediates might not 

have the azo bond. The bands at 1119 cm-1 for S=O stretching vibrations and at 1037 cm-1 for C–

H stretching vibrations of the benzene ring were observed on spent TBB-0.6. In addition, spent 

TBB-0.6 had a broad absorption band near 600 cm-1 that possibly incorporated C–S stretching 

vibrations (624 and 563 cm-1) and C–H stretching vibrations (698 cm-1).[110] This FTIR analysis 

suggests that the adsorbed intermediates probably had sulfonated aromatic rings that are widely 

regarded as MO photodegradation intermediates in literature.[37, 38, 111] Since considerable 

studies have shown that aromatic sulfonates have high adsorption at mineral oxide–water 

interfaces,[112, 113] we think aromatic sulfonates from the photodegradation of MO may have 

high adsorption on TiO2-BiOBr composites, which impedes the adsorption and photodegradation 

of MO on the photocatalyst surface. However, to gain clear understanding of the adverse effects 

brought by the intermediates, the sorption affinities of the intermediates need further investigation. 

The photodegradation of RhB is reported to follow the N-deethylation, chromophore cleavage, 

ring opening and mineralization paths, producing more types of possible intermediates.[114, 115] 

Aromatic carboxylic acids, like benzoic, salicylic and phthalic acids, are  a major type of RhB 

degradation intermediates and have varied adsorption affinities on metal oxides,[114, 116] but it 
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has been revealed that BiOBr has unique ability for decarboxylation.[117] This may explain that 

TBB-0.6 showed good recyclability for RhB degradation, but further study is required. 

 

 

Figure 30. (a) The molecular structures of methyl orange and rhodamine B; (b) cycling 

performance of TBB-0.6 for the removal of MO (15 mg/L, 150 min illumination), RhB (15 mg/L, 

180 min) and phenol (10 mg/L, 90min), as well as BiOBr for the removal of MO (15 mg/L, 300 

min) were tested. The illumination time for the cycling tests were carefully chosen to enable more 

than 95% total removal of the target pollutants at the end of the first cycle.  
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Figure 31. FTIR spectra of MO, pristine TBB-0.6 and spent TBB-0.6 (after one cycle 

photodegradation test). 

 

4.8 Conclusion 

 This study synthesized TiO2(amorphous)-BiOBr microspheres through a one-pot 

solvothermal process. BiOBr provided adsorption sites and photocatalysis sites, while amorphous 

TiO2 was uniformly distributed in BiOBr microplates and tailored the size of BiOBr crystallites, 

surface area and adsorption capacity for MO. The composites with varied adsorption capacities 

were used to investigate the adsorption-photocatalysis synergy. Furthermore, kinetic modeling that 

combines adsorption with photocatalysis was developed to aid this investigation and to evaluate 

photocatalysts with high levels of adsorption. Both experiments and kinetic modeling proved that 

adsorption promoted photodegradation, however, it was also found that high levels of adsorption 

might have pollutant-dependent adverse effects on recyclability of TiO2-BiOBr composites. In 

summary, this study has 1) designed model photocatalysts with tailorable adsorption capacities to 

study the adsorption-photocatalysis synergy; 2) combined experiments and kinetic modeling to 
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provide a useful approach to elucidate the synergy and quantitatively evaluate the photocatalysts; 

3) implicated the necessity of examing the recyclability of photocatalysts that have high levels of 

adsorption. 

 

 



 

56 

 

CHAPTER 5 

EFFICIENT OIL/WATER SEPARATION BY A DURABLE UNDERWATER 

SUPEROLEOPHOBIC MESH MEMBRANE WITH TIO2 COATING VIA 

BIOMINERALIZATION4 

5.1 Background and Hypothesis 

Oil/water separation is important in treating industrial oily wastewater and rapidly 

responding to oil spills. Membrane technology is attractive for oil/water separation because it 

works without chemicals addition, with undemanding operations, and it can achieve high 

separation efficiency and speed if the surface wettability of the membranes is well designed.[40] 

Typically, surface wettability of membranes for oil/water separation can be categorized to two 

types: hydrophilic/oleophobic surfaces that are permeable to water but impermeable to oils, and 

oleophilic/hydrophobic surfaces that are permeable to oils but impermeable to water. By achieving 

an appropriate combination of surface energy and surface roughness, desirable surface wettability 

can be procured.[41] Therefore, surface modification of membranes is deemed a fundamental but 

powerful approach to engineer surface wettability.[42] 

Applying coatings on membranes is widely used to modify membrane surface wettability. 

Stainless steel mesh (SSM) is a type of low-cost and chemically stable porous membrane. It has 

better thermal durability than polymer membrane and superior mechanical properties comparing 

to ceramic membranes, but pristine SSM cannot separate oil/water mixtures because its surface is 

both hydrophobic and underwater oleophobic. Therefore, suitable surface coatings are necessary 

                                                 

4 Part of this chapter is reprinted with permission from "Efficient Oil/Water Separation by A Durable Underwater 

Superoleophobic Mesh Membrane with TiO2 Coating Via Biomineralization" by Deng, Wei, Chao Li, Fuping Pan, 

and Ying Li, 2019. Separation and Purification Technology, 222, 35-44. Copyright [2019] by Elsevier B.V. 
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to prepare SSM for oil/water separation. A wide range of materials have been studied as coating 

materials on SSM to engineer surface wettability. Polymers have been extensively researched as 

coating materials on SSM as polymers have good chemical stability and are easy to construct 

microstructures.[45-50, 118-120] Inorganic materials, with good thermal and mechanical 

properties, are deemed promising candidate coating materials. Stainless steel meshes coated with 

boron nitride nanotubes,[121] ZnO nanowires,[61, 62] silica nanoparticles,[57, 58] zeolite 

films,[59, 60] Cu microflakes,[122] and graphene oxide[123] have been developed for oil/water 

separation. TiO2 has also attracted specific research interest as a coating material to equip 

substrates with hydrophilicity and oleophobicity, because it is inexpensive, nontoxic, and has good 

thermal, chemical and mechanical stability. Various TiO2 nanostructures, such as nanoparticles, 

nanotubes, nanofibers, and nanowires, have been used to construct coatings on meshes and 

membranes for oil/water separation purpose and the factors governing the separation process have 

been investigated.[52-55, 124] However, these reported surface coatings require complex coating 

procedures or precursor preparation processes, such as long-time hydrothermal process and 

spray/dip-coating followed by calcination, that are often chemically, energetically and 

operationally intensive. For example, reported coating methods for TiO2 are limited to spray or 

dip coating using sols made from either TiO2 nanostructures or titanium precursors. In these 

methods, preparation of the stable sols is usually time-consuming and post-annealing at high 

temperatures is required. Moreover, some of these coatings are not chemically and mechanically 

durable. For example, ZnO is naturally not stable in acidic or basic environment (pH less than 5 

or greater than 11);[125] Cu is readily oxidized in air; and resistance to mechanical wear, such as 

abrasion, of these prepared meshes and membranes was rarely studied. Therefore, research on 
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coating materials and methods is still in great need to facilely prepare durable superwetting 

membranes. 

Biomineralization is a biomimetic synthesis process that has emerged as a promising 

method to synthesize metal oxides such as TiO2 as it generally attains a high-yield mineral product 

in a cost-effective, energy-efficient, and environmentally benign manner.[126, 127] This process 

makes use of the hydrolysis and condensation of water-soluble titanium precursor to produce TiO2, 

catalyzed by amino group-rich chemicals.[126] The process involves only two precursors reacting 

in aqueous solutions at environmentally benign conditions: neutral pH, ambient temperature and 

pressure, and no hazardous materials, like concentrated acids and explosive chemicals, are 

involved. These features make the approach a facile and scalable synthesis approach. A large 

number of TiO2 and TiO2-based materials have been synthesized by biomineralization and applied 

for photocatalytic,[126-130] electrochemical,[131-134] and sensing applications.[135, 136] 

However, no study has been reported on applying this biomineralization approach in preparing 

TiO2 coatings on meshes or membranes for engineering surface wettability and for oily wastewater 

treatment. 

Because of these eminent advantages, biomineralization may be a suitable process for 

coating TiO2 on SSM to endow the surface with hydrophilicity and oleophobicity. In this work, 

we prepared TiO2-coated SSM (TSSM) via a biomineralization approach and studied its surface 

wettability, separation capacity (flux and efficiency), anti-fouling capability, and durability under 

chemically, thermally and mechanically harsh conditions. We also extended the developed coating 

route to apply TiO2 coatings on other substrates, including nonwoven SSM, cellulose filter paper, 

and PVDF membrane for oil/water separation. The proof-of concept studies in this work suggest 
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the potential applicability of the biomineralization-enabled TiO2-coating method and the facilely 

fabricated durable TSSM for oil/water separation and oil-spill cleanup. 

 

5.2 Experimental Details 

 Typically, 5 pieces of SSM (30 mm × 30 mm) were precleaned by sonication in ethanol 

for 10 min and UV/Ozone treatment for 15 min (UV/Ozone ProCleaner, Nanosciences). The 

precleaned meshes were put in a 15 mL PEI solution (20g/L, pH=7) for 5 min to allow the 

adsorption of PEI molecules on SSM surface. The meshes were then rinsed with deionized water 

and put in a 15 mL Ti-BALDH solution (20 g/L) for another 5 min, during which PEI molecules 

reacted with Ti-BALDH molecules through nucleophilic substitution initiated polycondensation 

and produced TiO2 on the surface of SSM. The PEI and Ti-BALDH solutions were shaken at 300 

RPM (Mini Shaker, VWR International) while the meshes were immersed in the solutions to make 

uniform reactions on the mesh surface. The TiO2-coated meshes were then rinsed with deionized 

water and dried. The coating process was repeated by desired cycles and the TiO2-coated SSM 

was labelled as TSSM. TiO2-coating on nonwoven SSM and filter paper were carried out using 

the same approach, while the coating process for PVDF membrane was modified. Since the PVDF 

membrane is hydrophobic, isopropanol (IPA) was used to prepare the solutions of PEI and Ti-

BALDH, and the two solutions were sonicated during the biomineralization process.  

Oil content in permeate was obtained by measuring the total organic carbon (TOC) level 

on a TOC analyzer (TOC5000A, Shimadzu). Microscopic images of water droplets (3 µL) and oil 

droplets (3 µL, dyed as red using oil red) on meshes and membranes were obtained by a USB 

digital microscope (200 × magnification, Jiusion). Water contact angles (WCA) and underwater 
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oil contact angles (OCA) were then calculated from the images using ImageJ (National Institutes 

of Health, USA) with a drop analysis plugin, LB-ADSA.[137] Each measurement was repeated by 

three times. Separation experiments of oil/water mixtures: the coated-mesh/membranes with a 

diameter of 20 mm were fixed between two plastic tubes using a 3D printed fixture. 40 mL 

immiscible oil/water mixtures (50 v/v%) were poured onto the mesh and separation was achieved 

by the force of gravity. The TiO2-coated PVDF membrane was used for the separation of 

oil/emulsions (2000 ppm petroleum in water, prepared by a mechanical blender) assisted by 

vacuum filtration. During separation, the bottom plastic tube of the setup was connected to a 

vacuum port.  

The anti-fouling capability was explored via cycling test. In each cycle, 40 mL 

petroleum/water mixture (v:v=1:1) was used as the feed solution. The cycling test was carried out 

continuously and no cleaning treatment of TSSM was employed between cycles. 

Calcined TSSM was obtained by calcining TSSM at 450 ºC for 2 h and sonicated TSSM 

was obtained by sonicating TSSM in deionized water for 1 h (Ultrasonic Bath, Branson). Crumpled 

TSSM was obtained by folding TSSM and unfolding it using hand. Abrasion test of TSSM was 

performed on an 800-grit sandpaper (silicon carbide, McMaster-Carr) as illustrated in Figure 32. 

The load was 350 g on a 30 mm × 30 mm TSSM, which equals to a pressure of 3.8 kPa. The 

abrasion length was 2 m in total: 1) 0.1 m along longitudinal direction; 0.1 m along the direction 

opposite to that in 1); 3) 0.1 m along transverse direction; and 4) 0.1 m along the direction opposite 

to that in 3); these 4 steps were repeated by 5 times. To test the chemical resistance, 4 pieces of 

TSSM were immersed in solutions of 0.1 M HCl, 0.1 M NaOH, 1 M NaCl, and ethanol for 24 h, 

respectively. Then the TSSMs were washed, dried and compared with pristine TSSM in terms of 

hydrophilicity and oleophobicity. In addition, to demonstrate the potential of TSSM for separation 
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oil/water mixtures of high salinity, acidity, and alkalinity, the oleophobicity of TSSM in solutions 

with varied NaCl concentrations and in solutions with varied pH was measured. 

 

 

Figure 32. Schematic diagram of the abrasion test. 

 

5.3 Characterization Results 

The surface compositions and chemical states of SSM and four-cycle-coated TSSM were 

investigated by XPS. The survey spectra (Figure 33a) prove the existence of Fe in SSM and Ti in 

TSSM. The Ti 2p spectra of TSSM (Figure 33b) are well resolved into two spin orbit components 

at binding energies at 458.4 eV and 464.1 eV that are attributed to Ti 2p3/2 and Ti 2p1/2, 

respectively. XRD testing shows that SSM and TSSM have almost identical spectra and no 

characteristic peaks of crystalline TiO2 were detected (Figure 34). Therefore, it is affirmed that 

titanium exists in the samples as Ti4+ and the formed TiO2 is in amorphous phase as generally 

reported from the biomineralization approach.[128, 129, 133] N was also detected in TSSM and 

two splitting peaks at 399.0 eV and 401.5 eV could be assigned to secondary amino and tertiary 

amino groups that are from PEI.[129, 138, 139] Fe spectra of SSM are deconvoluted to two major 

peaks at 710.4 eV and 724.1 eV for Fe 2p3/2 and Fe 2p1/2 from Fe2O3, one small peak at 706.4 eV 

for Fe 2p3/2 from iron metal, and another small peak at 719.1 eV that is probably a satellite peak 
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of the main 2p3/2 peak.[140] Fe was not detected in TSSM because the detection depth of XPS is 

just few nanometers, which confirms that the mesh surface was fully covered by TiO2-coating.  

It is clearly shown in Figure 35a and b that the pristine SSM is woven by smooth-surface 

wires with a diameter of 25 μm using the Twill Dutch weave style and the opening diameter is 

about 5 μm. As seen in the high magnification images (Figure 35c), densely aggregated particles 

with size around 20 nm are observed and are possibly Fe2O3 particles as indicated by XPS analysis. 

Interestingly, four cycles of TiO2 coating did not lead to distinguishable morphology change even 

in high magnification SEM image (Figure 35d-f), indicating the roughness change caused by TiO2 

coating is not evident. The surface of the stainless steel wires kept smooth both before and after 

TiO2-coating. EDS element mappings (Figure 35g-i) indicate the uniform distribution of Ti on the 

mesh surface, while Ti was not detected on pristine SSM (Figure 36). The weight ratio of Ti 

derived from EDS spectra is 0.29 wt%; however, considering that the detection depth of EDS is 

just few micrometers, the weight ratio of TiO2 in the mesh should be much lower than 0.29 %. 

Approximate calculations were carried out to estimate the thickness, based on the measured 

relative content of Ti (or Ti/Fe ratio) from top-view EDX analysis and the geometrical relations 

between the TiO2 layer and mesh wire. The following equation was used: 
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Where 25ssmd m=  is the diameter of SSM wire, 
2TiOt is the thickness of TiO2 layer, 

2

34200 /TiO kg m =  is the density of TiO2, 2deptht m= is the estimated detection depth of EDS at 

20 kV,[141] 
37700 /ssm kg m = is the density of stainless steel, and 
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= = . The thickness of four cycles of TiO2-coating was 

estimated to be around 16 nm, which is very thin compared to the size of SSM wire. Fe was 

detected in TSSM by EDX since the detection depth of EDS is bout several micrometers. In 

addition, TSSM has lightly darker color than SSM but no other visible change was observed. C, 

Cr, and Mn of high contents were also detected, and they may also affect surface wettability of 

SSM, which however will not change the conclusion of study that focuses on the difference 

between SSM and TSSM. It is concluded that a uniform, thin and smooth TiO2 layer was 

conformally coated on SSM via the biomineralization approach.  

 

 

Figure 33. XPS spectra of SSM and TSSM with four coating cycles: (a) survey, (b) Fe 2p, (c) Ti 

2p and (d) N 1s. 
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Figure 34. XRD spectra of SSM and four-cycle-coated TSSM. 

 

 

Figure 35. SEM images of (a, b, c) SSM and (d, e, f) four-cycle-coated TSSM, as well as (g, h, i) 

EDX mapping of the TSSM. 

 



 

65 

 

 

Figure 36. EDS spectra of (a) SSM and (b) TSSM. 

 

5.4 Proposed coating process 

Reviewing the reported mechanism of biomineralization,[126, 133, 142, 143] we propose 

that the biomineralization-enabled TiO2-coating on SSM follows a layer-by-layer manner and the 

coating process is illustrated in Figure 37. First, PEI molecules are adsorbed on the surface of 

SSM; then the positively charged PEI molecules on the SSM surface adsorb and concentrate 

negatively charged titanium precursor (Ti-BALDH molecules) via electrostatic and hydrogen 

bonding interactions; when PEI molecules and Ti-BALDH molecules are in close proximity, 

hydrogen bonding between Ti-OH of Ti-BALDH molecules and N-H of PEI molecules initiates 

nucleophilic substitution of a Ti-O oxygen atom on another adjacent titanium atom; as the process 

proceeds, polycondensation reaction occurs subsequently to produce TiO2. Since the pristine SSM 

is hydrophobic and has smooth surface and relatively simple porous structure, TiO2 is coated on 

the surface as a uniform and thin layer, with no aggregated nanoparticles observed. This approach 

needs only two simple steps, i.e., dipping the substrate in PEI solution and dipping PEI-adsorbed 

substrate in Ti-BALDH solution, and the process proceeds at environmentally benign conditions, 

making it a facile and scalable approach for uniform and thin TiO2 coating on SSM. 
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Figure 37. Schematic illustration of the biomineralization process of Ti-BALDH catalyzed by PEI 

for TiO2-coating on stainless steel mesh. The representative reactions were illustrated on one single 

mesh wire and the typical experimental coating process was shown at the bottom. 

 

5.5 Surface Wettability testing 

Hydrophilicity and oleophobicity, representing the affinity to water and repellence to oil, 

are essential for a mesh to be applicable for oil/water separation. These two properties were 

characterized by water contact angle (WCA) in air and underwater oil contact angle (OCA). As 

indicated in Figure 38a and Figure 39a, the pristine mesh was hydrophobic with a WCA of 120º 

and oleophobic with an OCA of 115º. This suggests that the pristine mesh could not separate 

oil/water mixture since it would retain both water and oil. Nevertheless, the surface wettability 

was effectively remedied by TiO2 coating that improved both surface hydrophilicity and 

underwater oleophobicity. With two or more coating cycles, WCA was reduced to 0º (Figure 39) 

and OCA was increased to around 160º, which proved that a few coating cycles of TiO2 could 

make the mesh surface superhydrophilic and underwater superoleophobic. Therefore, TiO2-
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coating by the biomineralization approach built up the required surface wettability for oil/water 

separation. We also noted that the coated meshes with three, four and five cycles of coating have 

almost the same water fluxes during oil/water separation (Figure 39c). To reduce the experimental 

uncertainties caused by undercoating or overcoating, TSSM with four coating cycles was used for 

followed experiments. Besides dichloroethane, TiO2 coating also enhanced the repellence to other 

types of oil, including hexadecane, paraffin oil, petroleum oil, and soybean oil (Figure 40). 

Compared with the pristine mesh that has OCAs ranging from 40º to 115º for the tested oils, TSSM 

is superoleophobic to all these oils since the OCAs are around 160º. As the biomineralization 

approach gives smooth, uniform, and conformal TiO2 coating on the mesh, the change of surface 

wettability brought by TiO2 coating should mainly be attributed to the altered surface energy, 

instead of surface roughness change. Benefiting from the superhydrophilic and superoleophobic 

properties, it is feasible to use TSSM for the separation of various oil/water mixtures.  

 

  

Figure 38. (a) water contact angles (WCA) in air and (b) underwater oil contact angles (OCA) of 

SSM and TSSM with different cycles of TiO2 coating. The oil droplets used in the measurements 

were 3.0 µL dichloroethane droplets. 
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Figure 39. Wetting behavior of water on (a) SSM, (b) four-cycle-coated TSSM, and (c) water 

fluxes in the separation of petroleum/water mixtures (v:v=1:1) using the meshes with three, four 

and five cycles of TiO2 coating. 

 

 

Figure 40. Underwater oil contact angles (OCA) of different types of oil on four-cycle-coated 

TSSM. The insert pictures are microscopic images of corresponding oil droplets (3.0 µL) on the 

TSSM. 
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5.6 Separation of immiscible oil/water mixtures 

The separation capability of TSSM for immiscible oil/water mixtures was evaluated using 

the apparatus where a piece of TSSM (diameter: 20 mm) was fixed between the two tubes (Figure 

41). A 40 ml oil/water mixture (v:v=1:1) was poured onto the top tube. Water quickly passed 

through the coated mesh solely driven by gravity while oil stayed on top of it (Figure 41a-c). 

Therefore, the mixture was efficiently separated without external energy input. To quantitatively 

evaluate the separation performance, separation flux and oil content in permeate for three types of 

oil/water mixtures were measured and are presented in Figure 41d. A flux around 3×104 L m-2 h-1 

was achieved for separation of petroleum/water mixture and fluxes about 2.5×104 L m-2 h-1 were 

also achieved for hexadecane/water and paraffin oil/water mixtures. The high fluxes on TSSM are 

mainly attributed to the large pores and surface superhydrophilicity/superoleophobicity of TSSM. 

Oil content in the permeates was below 8 ppm, corresponding to an oil rejection rate that is about 

99.999%. This excellent oil rejection capability manifests the benefits of surface superwettability 

of TSSM.  

In addition, to demonstrate the anti-fouling capability and feasibility for long-term use, 

cycling tests of TSSM were performed. In each cycle, a 40 ml petroleum/water mixture (v:v=1:1) 

was used as the feed. After one cycle of separation was done, oil was poured out and the second 

cycle begun with another 40 ml mixture. This process was repeated for 36 times and no cleaning 

action on TSSM was taken between the cycles. The flux of each cycle and oil content in permeate 

of every 6 cycles were recorded and displayed in Figure 41e. It’s clearly shown that the separation 

flux and separation efficiency did not decline over the cycles. The flux stayed around 3×104 L m-

2 h-1 and the oil content in permeate fluctuated slightly but kept below 8 ppm. Moreover, TSSM 
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maintained its separation capability after being stored in water for four months, as shown in Figure 

41e. This demonstrates that TSSM has prominent resistance to oil-fouling and long-term stability 

and it can be attributed to the excellent underwater superoleophobicity of TSSM that has low 

affinity to oils, good durability of TiO2 coating, as well as the smooth surface of TSSM that may 

be less likely to mechanically trap oils, comparing to rough surfaces that have 

micro/nanostructures, such as nanorods and nanofibers.[47, 61, 62] [6, 14, 15]. These results 

emphasize the advantages of smooth and uniform coating via the biomineralization approach 

where superwettability is solely engineered by surface energy modification while surface 

roughness is not altered. Therefore, TSSM is suitable for long-term use in oil/water separation. 
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Figure 41. Photographs of the separation apparatus and gravity-driven separation process of 

petroleum/water (v:v=1:1) mixture: (a) before separation, (b) during separation and (c) after 

separation; oil was dyed as red and water was dyed as blue; (d) permeation fluxes and oil contents 

in permeates for the separation of the three mixtures , and (e) anti-fouling and long-term stability 

tests using petroleum-water mixtures (v:v=1:1). The 4-month-stored TSSM was prepared by 

immersing a piece of TSSM in water for four months. 

 

5.7 Durability test 

Oily wastewaters from industry and oil spills in ocean usually have complex compositions 

and chemical properties, like high salinity, strong acidity and alkalinity, which may modify the 
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interfacial energies of mesh–water and oil-water interfaces, and hence modify oil repellence of the 

meshes. To investigate this potential effect, the OCA of TSSM was measured under water of varied 

NaCl concentrations and pH. Results in Figure 42a show that pH did not affect OCA notably and 

high salinity increased OCA, possibly via modifying the interfacial energies. These results indicate 

that the high salinity, acidity and alkalinity have no adverse effects on the surface oleophobicity 

and separation functionality of TSSM. In addition, to understand whether the surface wettability 

is stable in chemical solutions, TSSM was immersed in different solutions, including 0.1 M HCl, 

0.1 M NaOH, 1 M NaCl solutions, and absolute ethanol, for 24 h and then washed and dried. 

Surface wettability of the treated TSSM was tested. The results are displayed in Figure 42b, where 

no significant change of OCA occurred. This sturdy oil repellent capability of TSSM demonstrates 

that TSSM is stable in chemically harsh conditions in terms of surface wettability. In addition, 

electrochemical Tafel analyses shown in Figure 43 indicate that TSSM may have improved 

corrosion resistance than SSM, because the corrosion potential (Ecorr) of TSSM (−0.23 V) is 

higher than that of SSM (−0.25 V). Though the corrosion current (Icorr) of TSSM, 97.9 nA, is 

slightly larger than that of SSM, 83.1 nA, it is possibly because TSSM is much more hydrophilic 

than SSM and has a larger surface area in contact with the corrosion solution. Thus, uniform and 

conformal TiO2-coating not only is not stable in chemically harsh conditions but also improves 

the stability of the mesh. In summary, TSSM has good stability in chemically harsh conditions and 

stable oleophobicity under water with high salinity, acidity and alkalinity, which is beneficial for 

the long-term operation in chemically harsh conditions. 
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Figure 42. (a) Underwater oil contact angles (OCA) of TSSM measured under water of different 

pH and salinity; (b) underwater OCA of TSSM after immersion in different solutions for 24 h; 

TSSM was immersed in the solutions and then washed and dried before measuring OCA in 

deionized water. Dichloroethane was used as the oil. 

 

 

Figure 43. Tafel polarization plots of uncoated stainless steel mesh (SSM) and TiO2-coated 

stainless steel mesh (TSSM).  

 

 Thermal stability and resistance to mechanical wear are other aspects to evaluate the 

durability of meshes with surface coatings. To explore the durability of our TSSM prepared via 

the biomineralization approach, calcination, sonication, abrasion and crumpling tests, were carried 

https://www.sciencedirect.com/topics/materials-science/thermal-stability
https://www.sciencedirect.com/topics/materials-science/wear-of-materials
https://www.sciencedirect.com/topics/materials-science/surface-coating
https://www.sciencedirect.com/topics/chemical-engineering/calcination
https://www.sciencedirect.com/topics/materials-science/abrasion
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out. The oleophobicity and oil/water separation capability of the worn TSSM were then 

characterized, and the results are shown in Figure 44. Calcination at 450 °C for 2 h and sonication 

for 1 h did not undermine the oleophobicity and separation capability of TSSM, suggesting that 

TiO2 was firmly coated on the mesh. As exhibited in Figure 45d–f, calcination at 450 °C for 2 h 

did not cause any crack or peeling-off on the surface, and the surface morphology of calcined 

TSSM was similar to that of calcined SSM (Figure 45a-c). Abrasion at a load of 350 g for 2 m 

severely damaged the surface structure of the mesh (Figure 46) and consequently, OCA dropped 

down about 17°. Nevertheless, the abraded TSSM still had good oil rejection capability. The oil 

content in the permeate was 2.7 ppm, close to that achieved on the pristine TSSM. This is possibly 

because abrasion only damaged the top surface of TSSM while the pore structure and TiO2-coating 

on the inner pores are still intact after abrasion. The decrease of separation flux should be caused 

by the increased resistance for water passing through the mesh because the TSSM with reduced 

oleophobicity tended to have an oil film barrier formed on the surface. Crumpled TSSM (Figure 

47) maintained good oleophobicity and separation flux, but oil rejection ability was impaired. This 

can be explained as follows. During crumpling, TiO2 on the surface was not damaged, but the pore 

structure in the crumpled area might be altered. The size of some pores became larger and some 

smaller. The enlarged pores could allow a certain amount of oils to pass through the mesh and 

therefore increased the oil content in permeate. But it should be noted that even TSSM was 

crumpled the oil content was still at a low level (10.7 ppm). Therefore, the biomineralization 

approach derived TSSM, in terms of both the mesh itself and TiO2-coating, is durable and has 

good thermal stability, as well as good stability in chemically and mechanical harsh conditions. 

This implies the as-prepared TSSM is a promising candidate for oil/water separation applications 

under harsh conditions. 

https://www.sciencedirect.com/topics/materials-science/calcination
https://www.sciencedirect.com/topics/materials-science/crack
https://www.sciencedirect.com/topics/materials-science/surface-morphology
https://www.sciencedirect.com/topics/materials-science/pore-structure
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Figure 44. Underwater oleophobicity and oil/water separation capability of pristine TSSM and 

TSSM after thermal treatment and mechanical wear tests. Oleophobicity was characterized by 

underwater contact angles of dichloroethane and petroleum droplets on the meshes. Petroleum-

water mixtures (v:v=1:1) were used for the separation experiments. 

 

 

Figure 45. SEM images of (a, b, c) calcined SSM and (d, e, f) calcined TSSM. 

 

 

Figure 46. SEM images of abraded TSSM. 



 

76 

 

 

 

Figure 47. Photographs of the crumpled TSSM and unfolded TSSM after crumpling. 

 

5.8 Biomineralization-enabled TiO2 coating on other substrates 

We have also applied the biomineralization approach to other substrates: nonwoven 

stainless steel mesh, cellulose filter paper, and PVDF membrane. We found that after TiO2-

coaitng, all these mesh/membranes possessed superhydrophilicity and underwater 

superoleophobicity (Table 2). Specifically, both TiO2-coated nonwoven stainless steel mesh 

(Nonwoven TSSM) and TiO2-coated filter paper had underwater OCAs of about 160° for 

dichloroethane and petroleum, and good oil rejection capability. Oil content in permeate was lower 

than 10 ppm. The separation flux of coated filter paper was much smaller than that of TSSM and 

nonwoven TSSM because the filter paper had more complicated multiple-layer porous structure 

(Figure 48c and d). As the separation of oil/water emulsions is more challenging than separation 

of immiscible oil/water mixtures, stainless steel meshes with relatively large pore size and simple 

porous structure are not suitable for treating oil/water emulsions. Instead, we used TiO2-coated 

PVDF membrane for vacuum-assisted separation of 2000 ppm petroleum in water emulsions 

because TiO2-PVDF membranes have finer porous structure and smaller pore size than stainless 

steel mesh,[144] as well as nanoparticles-constructed rough surface and underwater 

https://www.sciencedirect.com/topics/chemical-engineering/cellulose
https://www.sciencedirect.com/topics/materials-science/emulsion
https://www.sciencedirect.com/topics/materials-science/pore-size
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superoleophobicity obtained from TiO2 coating (Figure 49a–c). As displayed in Figure 49 d, the 

original emulsion was white and opaque, while the permeate was transparent and clear. According 

to TOC test, only 0.7 ppm oil was left in the permeated water after separation and the 

corresponding separation efficiency was about 99.97%, suggesting that the TiO2-coated PVDF 

membrane possessed prominent oil rejection ability for oil/water emulsion. Therefore, the 

biomineralization approach is versatile to enable TiO2 coating on various mesh/membranes for 

oily wastewater treatment. It is interesting to note that for substrates that are hydrophilic and have 

rough surface and complex pore structures, like cellulose filter paper (Figure 48c and d) and PVDF 

membrane (Figure 49a), the TiO2 coatings are not so smooth as formed on SSM but rough with 

observable nanoparticles aggregation. We think that the coating morphology is mainly determined 

by the porous structure, surface wettability and roughness of the substrates that are to be coated.   

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/nanoparticles
https://www.sciencedirect.com/topics/chemical-engineering/agglomeration
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Table 2. Oleophobicity and oil/water (immiscible petroleum/water mixtures) separation capability 

of Pristine TSSM, TiO2-coated nonwoven stainless steel mesh (Nonwoven TSSM) and TiO2-

coated filter paper. TiO2 coating was prepared by the developed biomineralization approach. 

 OCA of 

dichloroethane (º) 

OCA of 

petroleum (º) 

Oil content 

 (ppm) 

Flux 

(×104∙Lm-2 h-1) 

Pristine TSSM 160.3±0.9 159.2± 0.6 3.0 3.01±0.17 

Nonwoven TSSM 161.7±4.9 158.5±3.5 0.8 6.89±0.31 

TiO2-filter paper 163.0±1.7 167.9±1.1 9.7 0.07±0.01 

 

 

 

Figure 48. SEM images of (a, b) TiO2-coated nonwoven stainless steel mesh (Nonwoven TSSM) 

and (c, d) TiO2-coated cellulose filter paper. 
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Figure 49. (a) SEM image of the TiO2-coated PVDF membrane prepared by biomineralization for 

vacuum-assisted separation of oil/water emulsion; images of oil red dyed (b) dichloroethane and 

(c) petroleum oil droplets on the TiO2-coated PVDF membranes, submerged in water; (d) 

photographs of 2000 ppm petroleum in water emulsion and collected water after separation using 

the TiO2-coated PVDF membrane. 

 

To highlight the advantages of the biomineralization-enabled coating approach and coated 

meshes developed in this work, we compared our developed TSSM with other reported TiO2-based 

membranes and coated stainless steel meshes for oil/water separation. As shown in Table 3, the 

fabrication methods of most reported meshes and membranes require the preparation of precursor 

sols or seeds and post-annealing at high temperature, making these methods time and energy-

consuming. The biomineralization-enabled coating approach developed in this work, however, is 

facile and carried out at ambient conditions. In addition, our developed TSSM has good 

mechanical durability and higher oil rejection efficiency than those reported meshes and 

membranes. Therefore, we believe the coating approach and coated meshes we developed in this 

work are promising for oil/water separation. 
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Table 3. Comparison of the TiO2-coated meshes developed in this work with other reported TiO2-

based membranes and coated stainless steel meshes for oil/water separation. 

Membrane Materials Fabrication Method Oil Rejection 

Rate 

Flux 

(Lm-2h-1) 

Mechanical Stability 

TiO2 nanoparticles on 

SSM [55] 

Preparation of TiO2 sol; dip-

coating;  

annealing at 500 °C 

99.5% for 

petroleum ether 

1780 Could stand sonication 

and tape striping test 

TiO2 nanoparticles on 

SSM [53] 

Spray coating of TiO2 

nanoparticles 

95.5% for 

petroleum ether 

Not 

reported. 

Not reported 

Various TiO2 

nanostructures on glass 

fiber filter [124] 

Hydrothermal synthesis of 

TiO2 nanostructures; 

Filtration 

99.89% for crude 

oil 

Not 

reported. 

Not reported 

TiO2 nanowires on Ti 

mesh [145] 

Anodization; annealing at 350 

°C  

99.5% for 

petroleum ether 

16954 Could stand flowing 

sands impact and tape 

adhering 

Zeolite on SSM 

[146] 

Hydrothermal synthesis of 

zeolite seeds; seeding; 

annealing at 550 °C 

99.7% for hexane 80000 Not reported 

Polydimethylsiloxane 

(PDMS) on SSM [120] 

Vapor deposition at 550 °C 99.0 % for 

petroleum ether 

80000 Not reported 

Graphene oxide on SSM 

[123] 

Graphene oxide via a 

modified Hummers method; 

sonication 

99 % for hexane 36000 Not reported 

TiO2 thin film on SSM 

in this work 

Dip-coating assisted 

biomineralization at ambient 

conditions 

99.999 % for 

petroleum oil 

30000 Could stand abrasion, 

sonication and 

crumpling 

 

5.9 Mechanism of oil/water separation using TSSM 

To illustrate the oil/water separation process enabled by TSSM, a model is provided to 

compare the wetting behavior of oil and water on SSM and TSSM. The cross-section views of the 

systems are shown in Figure 50, where two adjacent mesh wires are used as a unit in the model. It 

is noted that the woven structure of the mesh requires more complex structural representation but 

the approximation in the model should be able to provide insights into the oil/water separation 

process. SSM is hydrophobic and oleophobic in air and the formed menisci of water and oil are 

stable on SSM as shown in Figure 50a and b.[52, 62, 120] Consequently, oil and water cannot 
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spontaneously pass through SSM, unless the required intrusion pressure, ΔP, is overcome by 

externally applied pressure. The intrusion pressure is calculated as 2 cos( ) /P d  = − ,[147, 148] 

where   is the interfacial tension between liquid and air or liquid and liquid,   is the contact 

angle, and d  is the distance between two adjacent wires, as shown in a. After TiO2 coating, the 

surface energy is changed and TSSM becomes superhydrophilic. Thus, TSSM is readily wetted by 

water and the intrusion pressure is negative, indicating that water is able to pass through TSSM 

spontaneously (Figure 50c). Upon being wetted in water, the TSSM surface adsorbs water and a 

water film is formed. This continuous water film prevents the formation of air pockets and repels 

oil. As a result, the intrusion pressure of oil penetrating the water-wetted TSSM is positive and oil 

is blocked but water is allowed to pass through the mesh to implement efficient oil/water separation 

(Figure 50d). 

 

 

Figure 50. Schematic diagrams of oil and water wetting models on SSM and TSSM. (a, b) SSM is 

hydrophobic and oleophobic. Intrusion pressures are positive, i.e., θ > 90 º and ΔP > 0. (c) TSSM 

is superhydrophilic and is readily wetted by water, i.e., θ = ~ 0 º and ΔP < 0. (d) TSSM is 

superoleophobic under water and the intrusion pressure of oil penetrating a water-wetted TSSM is 

positive.  



 

82 

 

5.10 Conclusion 

In conclusion, TiO2-coated stainless steel meshes were facilely fabricated via the 

biomineralization approach in an environmentally benign manner. The uniform, smooth, thin and 

conformal coating of TiO2 endowed the mesh with superhydrophilicity and underwater 

superoleophobicity. It could selectively separate water from various oil/water mixtures driven by 

gravity with a high separation flux (~3×104 L m-2 h-1), high oil rejection efficiency (~ 99.999%), 

and excellent resistance to oil fouling. In addition, this coated mesh possessed excellent durability 

to use under chemically, thermally and mechanically harsh conditions. The biomineralization 

approach also found success in applying TiO2 coating on other mesh/membranes for the 

application in oil/water separation. Thus, we envision that this biomineralization-enabled TiO2-

coated mesh has potentials for applications in the removal of oil from water. 
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CHAPTER 6 

PHOTOCATALYTIC AND SUPERWETTING MEMBRANES FOR OIL/WATER 

EMULSIONS TREATMENT5 

6.1 Background and Hypothesis 

As presented in Chapter 5, the TiO2-coated stainless steel mesh was capable of efficiently 

separating immiscible oil in water mixtures, however the coated mesh cannot treat emulsified oil 

in water mixtures, i.e., oil/water emulsions. This is mainly because the oil droplets in emulsions 

are of hundreds of nanometers to tens of micrometers, while the pore size of the mesh is around 5 

micrometers.  Inherently, polymeric membranes are competent to separate the emulsions because 

of the ease to obtain small pore size and fine porous structure. PVDF membranes are particularly 

attractive due to their good mechanical and chemical durability, which enables wide applications 

in filtration techniques. Generally, pristine e PVDF membranes are hydrophobic and oleophilic, 

and not suitable for treating oil in water emulsions. To solve this problem, several methods have 

been developed, including post surface coating, adding inorganic particles and modifying the 

phase-inversion process. Shi et al. reported binding TiO2 nanoparticles to the surface of PVDF 

membrane via silane coupling turned the membrane into superhydrophilic and Yuan et al. obtained 

superhydrophilic and superoleophobic surface by interfacial polymerization-constructed 

hydrogel.[149, 150] Composite PVDF membranes with improved hydrophilicity could be 

fabricated by facilely direct compounding nanoparticles with PVDF precursor solutions followed 

by the phase-inversion process, but these prepared composite membranes could not achieve 

                                                 

5 This chapter includes unpublished results. 
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superhydrophilicity (water contact angles were larger than 50 º).[151-153] By modifying the 

phase-inversion process, Zhang et al. developed a salt-induced phase-inversion approach for 

fabricating poly(acrylic acid)-grafted PVDF membranes with superwettability. These works 

advanced the development of superwetting membranes and their applications for oil/water 

separation.  

Though superoleophobic surfaces have low oil-adhesion, oil-fouling and subsequent flux 

decline are still a major barrier that hinders the applicability of superwetting membranes. In 

addition, surfactant stabilization prevents the oil droplets from coalescence, exacerbating the 

fouling problem and furthering flux decline. A tentative solution is using photocatalytic reactions 

to degrade adsorbed oils on the membrane surface and thus achieve self-cleaning. Li et al. prepared 

photocatalytic porous membrane based on hierarchical TiO2 nanotubes for oil/water separation 

and the photocatalytic effect was used degrade organic pollutants (such methylene blue) but not 

mitigate oil-fouling.[154] Zhang et al. prepared a TiO2-coated mesh for oil-water separation and 

demonstrated the self-cleaning capability by recovering the surface wettability from oleic-acid-

contamination using light irradiation but didn’t study oil-fouling mitigation.[54] More recently, 

Liu et al. reported GO/g-C3N4@TiO2 membrane that could recover the permeate flux of DI-water 

assisted by simulated sunlight, however, for every 10-min separation of the oil/water emulsion, 20 

min rinsing by DI-water and 60 min irradiation were required to recover the fouled membrane. 

Moreover, the preparation of the precursor materials for this reported membrane is relatively 

complex.[155] Therefore, it is still necessary to develop photocatalytic superwetting membranes 

from facile approaches that can employ photocatalytic effect to efficiently mitigate oil-fouling. 

In this work, we fabricated photocatalytic-superhydrophilic PVDF-BiOBr composite 

membrane from the phase -inversion approach, which is the most common, cost-effective and 
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scalable method for the fabrication of polymeric membranes. The as-prepared PVDF-BiOBr 

membrane showed great capability for oil rejection and oil-fouling mitigation. 

 

6.2 Preliminary Results 

Three membranes samples were prepared and compared in this section for preliminary 

testing. The pristine PVDF membrane was fabricated by the facile phase-inversion approach. The 

approach was modified to fabricate the PVDF-BiOBr and PVDF-BiOBr(microsphere) 

membranes. The fabrication of these two membranes, bismuth nitrate and potassium bromide or 

synthesized BiOBr microspheres were added into the PVDF dope solution. Then the 

hydrophilicity, morphology and emulsion separation capability were examined. 

As shown in Figure 51, the prepared PVDF-75C membrane has a water contact angle of 

about 80º and it is stable in air, indicating that the membrane is not superhydrophilic and cannot 

be completely wetted by water. Interestingly, adding bismuth and bromide precursors into the dope 

solution made the membrane become superhydrophilic and this trended increased with the 

temperature of the water bath, while directly adding BiOBr microspheres into the dope solution 

did not help improve the hydrophilicity. This is probably because adding bismuth and bromide 

precursors could produce BiOBr nanocrystals uniformly distributed inside the PVDF matrix. 
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Figure 51. Time-resolved change of (a) water droplet on the PVDF-BiOBr-75C membrane and (b)  

water contact angles on different membranes. 

 

The oleophobicity of the PVDF-BiOBr membrane was evaluated by measuring the 

underwater oil contact angle (Figure 52). The PVDF-75C membrane is superoleophobic but the 

PVDF-BiOBr-75C membranes has an oil contact angle of ~ 140 º. The prepared membranes were 

used to tentatively separate emulsified 200 ppm hexadecane in water mixtures with and without 

irradiation under a pressure of 3 kPa. The results in Figure 53 indicate that irradiation and 

hydrophilicity helped improve the permeate flux. It is interesting the PVDF-BiOBr-75C membrane 

showed much slower flux decline under dark than under light, though had a lower initial flux. 

There are two possible reasons. One is that photocatalytic reactions may break oil droplets into 

smaller droplets that can penetrate into the membrane and block the membrane. The second is that 

photocatalytic reactions may produce some intermediates and alter the surface wettability. Further 

study will be followed to investigate this. 
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Figure 52. Photographs of oil droplets (3 µL dichloroethane) on the PVDF-75C and PVDF-BiOBr-

75C membranes. 

 

 

Figure 53. (a) time-resolved change of the permeate fluxes of separating oil/water emulsions using 

the membranes with or without irradiation; (b) photographs of the emulsion and permeates; (c) 

UV-vis absorbance of the permeates. 

 

6.3  Future Work 

In next step, the PVDF-BiOBr membranes will be optimized to further improve the surface 

oleophobicity. The effects of photocatalysis on fouling mitigation will be systematically 

investigated to demonstrate the beneficial synergy of endowing the membrane with 

superwettability and photoactivity. 



 

88 

 

CHAPTER 7 

CONCLUSION AND FUTURE WORK 

In this dissertation, I investigated approaches for improving photodegradation efficiency 

and novel membranes for oil/water separation. I demonstrated that by manipulating the reactive 

species using sulfite, the generated sulfite radicals could promote photocatalytic degradation of 

organic pollutants. I also studied the adsorption-photocatalysis using well-designed model 

photocatalysts to further the understanding of this synergy and help develop high-adsorption 

photocatalysts. To prepare durable superwetting membranes for separating immiscible oil/water 

mixtures, I developed a facile biomineralization-enabled TiO2-coating approach and the coated 

membranes showed great capability for oil/water separation. I also fabricated novel photocatalytic-

superhydrophilic polymeric composite membranes to treat oil/water emulsions and the 

photocatalytic effects helped mitigate oil-fouling.  

Photocatalysis for water treatment has been studied for decades and researchers have 

explored enormous number of new photocatalysts that are claimed to outperform P25 TiO2 (a 

commercially available benchmark photocatalyst), however, studies and applications of this 

technique are still limited to lab-scale or small-scale validation. Novel photocatalytic membranes 

that can address the post-separation/mass-transfer-limitation dilemma are believed to help 

photocatalysis advance toward practical applications, however, the reported photocatalytic 

membranes are not satisfactory so far, leaving great opportunities in this direction. Since polymeric 

membranes offer suitable matrices for hosting nanosized and microsized photocatalysts, I believe 

photocatalytic polymeric membranes could be a promising design to apply photocatalysis for 

practical water treatment. Since the photocatalysts should be compatible with the polymer 
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matrices, the structures, morphologies and preparation methods of the photocatalysts and the 

polymer membranes should be considered simultaneously.  

Adding filler materials into polymer membrane could also help develop novel membranes 

to treat wastewater. Depending on the added materials, multi-functioned composite membranes 

can be prepared. Photocatalytic, electrocatalytic, photothermal, and superwetting properties are 

readily to be incorporated into membranes by adding one to several different filler materials 

through appropriate fabrication process. Different filler materials can be either mixed in one 

membrane layer or added to different layers in a laminar structure. It is also possible to apply post-

coating to further modify these composite membranes. Making these composite membranes is a 

great way to integrate multiple treating methods into one module seamlessly at low cost and 

compact size. Meanwhile, the integration of different techniques is able to overcome some inherent 

limitations of certain techniques. In addition, these modules with multiple functions should help 

the decentralization of water treatment.  

Based on these discussions, my future work will focus on the following directions. 

1) Improve the mineralization efficiency of the sulfite-promoted photodegradation 

approach; improve the utilization efficiency of sulfite (or other added chemicals) by innovative 

reactor design or photocatalytic membrane development. 

2) Combine adding filler materials and surface coating to fabricate photocatalytic-

superwetting membranes for treating oil/water emulsions with anti-fouling capability. 

3) Develop multi-functioned laminar membranes that have photocatalytic, photothermal 

and superwetting properties for hybrid membrane distillation. 

4) Study electrocatalytic membranes and couple electrocatalysis with other techniques for 

water treatment. 



 

90 

 

 In summary, my future work will emphasize on using sunlight and electricity as energy 

sources for water treatment with the assistance of membrane technology. 
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