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ABSTRACT  

TiO2 nanoparticles have received great amount of research interest due to their interesting 

properties like photocatalysis, self-cleaning, super hydrophilicity etc. This work focuses on 

TiO2 nanofibers (TNF) and nanosheets (TNS). Hydrothermal technique was used for 

synthesising both the nanostructures. The nanostructures were used for water purification via 

two modes: - nanocomposite membrane and photocatalytic hierarchical membranes. As such 

synthesised TiO2 nanostructures were blend with polysulfone to form nanocomposite 

ultrafiltration membranes. Polysulfone (PSF) is a good polymer for membrane synthesis but 

its hydrophobicity results in greater fouling. The addition of hydrophilic TiO2 nanostructures 

can improve the hydrophilicity and enhance the membrane performance. TNF were 

incorporated in PSF along with polyethylene glycol as a pore former.  The novel membranes 

showed high flux and superior antifouling properties. Highest performance was observed at 

10 wt% addition of TNF. TNS was also incorporated in PSF and the membranes were used 

for rejection of dyes. Best performance for congo red dye rejection was observed at 12-15 

wt% addition of TNS. For rhodamine-B dye best performance was observed at 7-10 wt% 

addition of TNS. Apart from ultrafiltration membranes, the photocatalytic activity of the TiO2 

nanostructures were also studied and applied for water treatment. Hierarchical membranes 

(HM) were synthesised using these nanostructures along with modifiers like silver (Ag) & 

graphene oxide (GO).  TNF was doped with Ag to improve their photocatalytic activity and 

used for synthesizing hierarchical membrane for dye degradation. The Ag-TNS membranes 

showed good degradation for rhodamine-B dye. 

TNS had shown better photocatalytic activity during preliminary studies, hence they were 

used extensively for making photocatalytic hierarchical membranes. TNS was modified with 

GO to form a composite and used for hierarchical membrane synthesis. The membranes 

exhibited very good dye removal capabilities. Similarly Ag was also used as a modifier for 

TNS and applied in hierarchical membranes. The membranes showed good congo red dye 

removal capacity and also exhibited potential to work under solar radiation. The capability to 

photo degrade under solar radiation was further explored by synthesising a floating 

photocatalyst by coating low density polyethylene beads with a composite film of Ag-TNS in 

PSF. The beads showed appreciable photo degradation of congo red dye under sun light. 

Keywords: TiO2 nanofibers, TiO2 nanosheets, Polysulfone, Silver, Graphene oxide, 

Nanocomposite membrane, Photocatalysis, Hierarchical membrane 
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CHAPTER 1 

 

INTRODUCTION 

Titanium dioxide (TiO2) is a versatile material due to its remarkable properties like 

photocatalytic activity, hydrophilicity, and chemical inertness. Titanium dioxide has 

extensive applications in various fields like paints, sunscreens, food coloring, 

catalysis, ceramic membranes, photovoltaic cells, and sensors. The applications of 

TiO2 were further widened through the synthesis of nanoscale TiO2. Macroscale to a 

nanoscale reduction in particle size has significantly improved the material property 

and increased the specific surface area multifold. Enhancement in the material 

property has further broadened its applications in many domains like photocatalysis, 

renewable energy, electronics, environmental remediation and chemical engineering.  

Shape and morphology of the titanium dioxide nanomaterials have an important role 

in deciding its application and performance. Different shapes of nanosized TiO2 have 

been synthesized by many researchers. Some of the common types of TiO2 

nanomaterials are nanoparticles, nanotubes, nanofibers, and nanosheets. Titanium 

dioxide nanoparticle (TNP) is the commonly used type of nanoscale titanium dioxide. 

Their small size imparts enormous specific surface area and hence they were 

extensively used in photo-degradation of organic contaminants (Akpan and and 

Hameed, 2009). The anatase form of TiO2 is deemed as the most active phase, and 

has an energy gap (EG) of 3.2 eV and is active under ultra violet radiation. To 

improve the photocatalytic activity ,many modifiers/additives were developed. Nobel 

metals, ceramic oxides, carbon nanotubes and graphene oxide are the commonly used 

modifiers (Fujishima et al., 2008). Researchers have thus developed visible light 

active TiO2, which is a big break through, since sun light could be efficiently used for 

photocatalytic degradation of pollutants.  

Titania based photocatalytic degradation is widely used to degrade toxic organics and 

pollutants from water. The distinctive aspect of the photocatalysis is that it breaks 

down the harmful compounds into simple molecules. By absorbing a light of energy 

higher or equal than EG, an electron (e-) gets promoted to conduction band and 
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creates ahole (h+).  The e- and h+moveto the catalyst surface and involve oxidation 

and reduction. Holes can react with H2O or OH- to give hydroxyl radical OH. 

Electron can react with oxygen and produce superoxide radical anion O2
-. The 

hydroxyl radicals (OH) and superoxide radical anions (O2
-) are presumed as the 

major reactive species in the reaction (Fujishima et al., 2000).  

 

Apart from photocatalytic activity, TiO2 nanoparticles also exhibit high 

hydrophilicity, self-cleaning properties and antibacterial traits in presence of ultra 

violet radiation. These properties are of special interest in developing polymer 

nanocomposite membranes, since the hydrophobicity of the polymer membrane is a 

major drawback. For the last two decades titanium dioxide nanoparticles have been 

studiedby many researchers and the following disadvantages are noteworthy: - 

 The smaller size of the nanoparticles makes catalyst recovery very difficult from 

the reaction mixture after its use. 

 Studies on occupational diseases and research in nanotoxicology indicate that 

nano-TiO2 is carcinogenic in nature. Affirming these findings, in 2010, the 

International Agency for Research on Cancer (IARC) has categorised titanium 

dioxide as ''Group 2B carcinogen: potentially harmful''.  

 Use of high quantity of nanoparticles in polymer composites results in particle 

agglomeration and loss of desired properties. 

TiO2 nanofibers (TNF), nanotubes, and nanorods are 1-D nanostructures of TiO2. 

In TiO2 photocatalyst, the photo induced charge carriers tend to drift to the surface to 

initiate surface redox reactions. In spherical particles, the advantages from high 

surface to volume ratio owing to reducing size are considerably lessened due to 
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morecharge carriersrecombination at surface defects. Whereas, in nanofibers and 

rods, the increased delocalization of charge carriers, enabling them to freely move 

about the whole length of the crystal and can significantly reduce the probability of 

charge carrier recombination on the heterogeneous boundary and get better 

photocatalytic activity. Among the size and shape, the shape of the nanocrystals 

offersmore flexibility in escalating the multiplicity of electronic states than 

merelydecreasing the size of the system (Xie and Shang, 2007). 1-D structures of 

TiO2 have been applied to water-splitting, environmental remediation, self-cleaning, 

and sensors.Recent reports on suggest that alkaline hydrothermal method can produce 

good nanofibers of TiO2. The nanofibers have mechanical robustness and can be 

bundled to form networks and webs (Wu et al. 2011).  

TiO2nanosheets (TNS) are 2D nanostructures with a thickness of a few nanometers 

and its length and breadth in near micro scale. The ultra-thin sheet structure provides 

very good specific surface area and the larger size enables easy catalyst recovery 

from the reaction mixture. These nanostructures are difficult to synthesize with 

effective size control. Hydrothermal methods have been proved to produce good 

quality nanosheets (Hu et al., 2014). TiO2 nanosheets show improvedphotocatalytic 

activity than TiO2 nanoparticles (Chen et al., 2014). Very few literaturesare available 

about the applications of TiO2 nanosheets (Nakata and Fujishima, 2012). Although 

TiO2nanosheetshave exhibitedsubstantial photoactivity and gained interest among 

researchers, there are relatively lesserreports on the photocatalytic activity of TNS. 

High specific surface area, nano-scale thickness, and low defect density prevents e–

/h+ recombination at surface defects (Zou et al., 2014). 

1.1 POLYMER NANOCOMPOSITE MEMBRANES 

A membrane is an inter-phase between two phases acting as a selective barrier. In 

many processes, during the separation of gaseous or liquid mixtures, semipermeable 

membranes are used which can allow one or more constituents of the mixture to pass 

through more readily than the others.Membranes canhave typical pore sizes that can 

give rise to retention of certain species. Separation using membranes isisothermal and 

can be operated at low temperatures with lesser energy in comparison to thermal 

separation processes. Also, up scaling of membrane processes and their incorporation 
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along with other reaction processes is easier. Polymeric membranes are easy to 

synthesize, possessseparation selectively, and are inexpensive. The use of polymer 

membranes is gaininginterestbecause of thebroadvariety of applications.  

1.1.1 Types of Membrane Filtration 

Membranes are basicallycategorized into 4 classes, depending on the size of their 

pores. 

Microfiltration (MF): The mean pore size variesbetween 0.1 to 10 microns and 

operates at lower pressure 0.1–2 bar. MF is commonly used for pre-treatment. They 

reject particulates by sieving mode. 

Ultrafiltration (UF): UF rejects particles and large molecules by size exclusion or 

sieving mode. Ultrafiltration membrane is characterized depending on its molecular 

weight cut-off.Molecular weight cutoff is the molecular mass of a solute having 90 % 

rejection. Soluteshaving molecular mass higher than the cut-off have high rejection. 

The cut-off for Ultrafiltrationis in the range of 1000 Da to 100000 Da. Ultrafiltration 

removes high macromolecules, colloidal particles, organic and inorganics. Lower 

molecular weight organics and ions such as Na+, Ca2+, Cl-, and sulfate cannot be 

removed.  In UF, a low operating pressure is required to achieve high flux. 

Ultrafiltration process is considered as pre-treatment process prior to RO.  

Nanofiltration (NF): The property of NF is in the middle UF and RO. NF 

membraneoriginated 1970 in the form of modified reverse osmosis 

membranepossessing highflux. They needa lesseroperating pressure (2-20 bar) when 

compared toreverse osmosis. Moreover, NF combines high permeability with good 

rejection of dissolved organics (MM>200 Da). Their cut-off lies in the range of 150 

to 1000 Da.  

Reverse osmosis (RO): RO ismainly used for desalination. This process employs 

dense membranewithhigher hydrodynamic resistance.Good permeability isobtained 

only at very high pressure (10–70 bar). Separation occurs because of sorption and 

diffusion. 

1.1.2 Membrane Fouling 

The deposition of the impurites on membrane surface during filtration is called 

fouling. As filtration process progresses, large size pollutants get rejected and thus 



the amount of these pollutants 

increases. This phenomenon is called cake formation (Fig. 1). 

Fig. 1 Schematic 

As the cake gains more thickness, it tends to resist 

decline with time. Finally,

needs to be cleaned. The most common disadvantage of the membrane 

water purification is fouling. Foulingcauses

several substances can cause

microbes. Even after much

colloidal fouling is still 

membrane via to the development

Other process conditions also 

1.1.3 Polysulfone 

 Polysulfone (PSF) membrane iswidelyin usagedue its good thermal resistance, 

mechanical properties and chemical stability.

hydrophobicity, whereas 

hydrophilicity tocounter 

fouling is due to low hydrophilicity.

1.1.4 Improving hydrophilicity

Several methodsarereported

membrane. The main methods are

materials. Inorganic nanoparticles, when incorporated in the membrane,

enhance hydrophilicity and

gross defects in the membrane. There 

of these pollutants deposited on membranes active surface gradually 

increases. This phenomenon is called cake formation (Fig. 1).  

Fig. 1 Schematic representation of membrane fouling 

As the cake gains more thickness, it tends to resist the flow. Thus, the flux starts to 

Finally, the flux drops to a minimum and the membrane surface 

The most common disadvantage of the membrane 

fouling. Foulingcauses flux reduction. In membrane processes 

several substances can cause fouling, such as organics, particulates, colloidal

much development in membrane processes, particulate and 

 the major factor causing flux drop.Fouling 

development of extra barrier layer on the membrane 

process conditions also influence fouling.  

membrane iswidelyin usagedue its good thermal resistance, 

and chemical stability.The maindrawback of poly

, whereas for better performance a membrane should ha

 membrane fouling. The lowerpermeate flux

hydrophilicity. 

hydrophilicity 

reported in literature to increase the hydrophilic

. The main methods are surface treatment and incoporation of hydrophilic 

nanoparticles, when incorporated in the membrane,

ydrophilicity and they modify the transport properties without introducing 

membrane. There have been several reports on nanocomposite 

5 

surface gradually 

 

the flux starts to 

brane surface 

The most common disadvantage of the membrane separation in 

. In membrane processes 

colloidals, and 

, particulate and 

Fouling degrades the 

membrane surface. 

membrane iswidelyin usagedue its good thermal resistance, 

polysulfone isthe 

for better performance a membrane should have 

erpermeate flux and higher 

drophilicity of a 

of hydrophilic 

nanoparticles, when incorporated in the membrane, are found to 

transport properties without introducing 

nanocomposite 



6 
 

membranes, wherein nano additives like carbon nanotubes, graphene oxide, nano clay 

etc., have shown very good property enhancement. Addition of inorganic 

nanoparticles like Al2O3, Fe2O3, SiO2, CaCO3, TiO2 etc., have also resulted in better 

hydrophilicity and antifouling properties. These inorganic nanoparticles are highly 

hydrophilic in nature and thus improve the hydrophilicity of the membranes. 

Improved hydrophilicity enables better interaction with water than the foulant, thus 

the membrane gains better antifouling property. 

1.1.5 TiO2 nanomaterials as membrane additives 

TiO2 nanomaterials possess catalytic activity, super-hydrophilicity, self-cleaning 

property, and bacterial resistance which makes them best material for membrane 

modifiers. Researchers have tried blending TiO2 nanoparticles in polymers and the 

results have shown improvement in surface hydrophilicity of membrane resulting in 

greater flux recovery (Yang et al., 2007). Titanium dioxide nanofiber and nanosheets 

are some of the different morphological forms of titanium dioxide nanomaterials. 

TNF and TNS fiber have an edge over the nanoparticles due to its higher dimensions; 

which in turn results in greater interfacial interaction in composites. Also, they are 

less prone to agglomeration than the small size nanoparticles. TNF and TNS can 

hence serve as a better reinforcing material in composites due to greater interface 

interaction. 

1.2 PHOTOCATALYTIC MEMBRANE REACTORS 

Membrane reactor (MR) is a piece of equipmentwhichmerges membrane separation 

along withchemical reaction as a single unit. Combination of reaction and separation 

can bring down the processing cost. Also membrane reactors are capable of 

selectively removing only the product thus shifting the reaction equilibrium towards 

the product side and enabling a faster rate of reaction.  In a membrane reactor (Fig. 

2), the active layer of the membrane has been coated with a photocatalyst. On 

irradiating with photons of suitable energy this catalyst layer gets activated. Initially, 

films of pollutant get adsorbed on to the catalyst, and subsequently get degraded to 

smaller molecules like water and CO2 and pass out along with permeate. The next 

layer gets adsorbed and the same process goes on as long as photons are incident on 

the active layer. Thus ideally a membrane reactor does not get choked due to fouling. 



The layer of pollutant remains adsorbed on the surface

The cake never gains sufficient thickness to decline the flu

advantage of a membrane reactor is that the pollutant not only gets separated but also 

gets degraded.  

Fig. 2 Schematic representation of photocatalytic membrane reactor mechanism.
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1.2.1 Nanocatalyst based membrane reactor 

Nanomaterials have received much attention due to their enhanced catalytic activity. 

But their small size makes catalyst recovery a challenge. Most of the nanomaterials 

are toxic and potential carcinogens. Due to their high catalytic activity

have developed various methodologies to use these nanocatalysts in membrane 

reactors. Some of the common methodologies seen in literature are composite 

assembly, hierarchical physical assembly and sputtering. In case of 

nes, the nano additive is directly added to the polymer cast 

solution, thereby giving a uniform dispersion of additive throughout the membrane. 

Although an overall enhancement of performance with regard to flux and antifouling 

in the membrane, with regard to photocatalytic

encapsulation of the nanomaterials in the polymer matrix reduces the effective 

exposed catalyst surface area and thereby the catalytic property cannot be completely 

case of self-assembly of nanomaterials on top of membranes
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major drawback is the narrow thickness of the self-assembly layer. The week 

mechanical stability of the assembly layer is also a disadvantage. Week attachment 

puts the assembly layer at risk during back washing after rejection. Sputtering is a 

good method to obtain uniform layers but it is an energy intense method, expensive 

and also it is difficult to make catalyst undergo phase transformation since polymer 

membranes cannot be calcined at high temperature. Recently synthesis of polymer 

membranes with a photocatalyst deposited on top via pressurized filtration to form a 

hierarchical structure or hierarchical membrane have been reported. Hierarchical 

assembly of nanomaterials on membranes have shown much better results due to the 

achievement of adequate thickness of photocatalyst layer and complete exposure of 

the feed to the photocatalyst layer. 

1.2.2 TiO2 nanomaterials based hierarchical membranes 

Assembly of photocatalytic nanomaterials on top of polymeric support membranes 

forming a hierarchically structured membrane has been developed by researchers. 

These Hierarchical membranes have shown to have better prospects for being 

developed into membrane reactors. Initially, a well-dispersed suspension of the 

nanomaterial in water is prepared. This suspension is filtered through a membrane of 

suitable pore size. When pressurized from the top the water gets filtered away and the 

nanomaterial gets compressed and coated over the membrane. One of the significant 

reports on hierarchical membranes using TiO2 nanomaterials is by Bai et al. (2010). 

They successfully synthesized a hierarchically multifunctional TiO2nano-thorn sphere 

layer on top of a cellulose acetate membrane (Dia 4.7 cm, pore size 200 nm). This 

membrane was compared with a similar membrane synthesized using commercial 

TiO2 P25 powder. The water permeation and dye removal rates of methyl blue and 

humic acid and their degradation under UV light using hierarchical TiO2nano-thorn 

membrane were far superior when compared to commercial P25 coated membrane.   

The base membrane of thehierarchical membrane should have a pore size lower than 

the size of nanomaterial being loaded on top of it. When nanoparticles are used 

instead of other shapes, the membranes should have very low pore sizes, and this 

result in lower flux and greater operating pressure.  So in terms of catalyst recovery 

and in terms of application in hierarchical membrane, nanoparticles are not a good 

choice. TiO2nanosheets and nanofibers have better prospects in this regard since their 
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structure imparts good mechanical stability to the top layer and also overcome the 

above-mentioned problems.  

1.3 SCOPE AND OBJECTIVES OF THE RESEARCH WORK  

Based on the literature survey carried out the following observations were made. 

Addition of TiO2 nanomaterials can improve hydrophilicity and enhance membrane 

performance. Addition of TiO2 nanoparticle in polymers is restricted due to additive 

agglomeration. Addition of TiO2 nanofibres and nanosheets in polymer ultra-filtration 

membranes has not been reported. TiO2 nanoparticles have shown toxicity and are 

considered potential carcinogens. In the field of photocatalysis using TiO2 

nanoparticles,no much emphasis has been given to catalyst recovery.  Immobilization 

of photocatalyst in polymer matrixes as composites largely decreases catalyst activity 

due to lower exposed catalyst area. Hierarchical membranes having a hierarchical 

assembly of photocatalyst on their top layer are a good option to improve exposed 

catalyst area. Little work has been done on hierarchical membrane based on TiO2 

nanosheets and nanofibers. 

Accordingly, the following are the objectives of this research work: 

1. To synthesize and characterize TiO2 nanofibres and nanosheets. 

2. To study the photocatalytic activity of TiO2 nanofibres and nanosheets using dye 

degradation. 

3. To study the effect of modifiers, like silver (Ag) and graphene oxide (GO) on the 

photocatalytic activity of the nanomaterials. 

4. To synthesize and characterize polymer nanocomposite ultrafiltration membranes 

incorporated with TiO2 nanomaterials. 

5. To synthesize and characterize TiO2 nanomaterial based photocatalytic hierarchical 

membranes.
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CHAPTER 2 

 

LITERATURE REVIEW 

2.1 SYNTHESIS OF TiO2BASED MEMBRANES 

Anderson et al. (1988) reported about the synthesis of titania and alumina ceramic 

membranes using alkoxide as starting materials via sol-gel technique. Crack-free 

unsupported membranes with thicknesses up to 120 µm were prepared on α-alumina 

supports. Supported TiO2 membranes were fabricated with thicknesses up to 0 .5 µm. 

Chang et al. (1994) investigated the thermal and hydrothermal stability of titania, 

Al2O3 membranes. It was observed that at temperatures more than 450 °C (titania) 

and 900°C (alumina) meta stable to stable transition occurred with modifications in 

pore structure. Unsupported titania, alumina or zirconia membranes of about 20 µm 

in thickness could be fabricated via sol-gel method. The supported titania, alumina, 

and zirconia membranes were synthesized via dip coating using alumina support 

disks. 

Wu et al. (2000) studied effects of sol characteristics and calcination temperature on 

TiO2 tubular membranes. Tubular TiO2/Al2O3 membrane was produced with 

thickness of 1.5 mm by the colloidal methodusing sol-gel method. Water 

permeability of the synthesized membrane improved with higher calcination 

temperature.  

Titania membranes on Al2O3 support were synthesized by sol-gel technique. The 

titania sol used had a mean size of 55.6 nm. TiO2 membrane of thickness of 1µm was 

obtained and exhibited homogeneity with a defect free surface. It also had lower pore 

size of 4.7 nm, larger specific surface area (75m2/g), and lesser crystalline size (8.3 

nm) (Puhlfürß et al. 2000). 

Benfer et al. (2001) produced Zirconia and titania nanofiltration membranes using a 

polymeric sol gel technique. They prepared nanofiltration (NF) membranes, 

polymeric sols were poured into tubular supports consisting of an ultrafiltration 

membrane. Due to capillary action, a part of the products of the polycondensation 

reaction gets absorbed into the membrane. This leads to faster polycondensation 
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reaction at the support surface. A polymeric gel layer forms and the excess sol was 

poured away. The gel layer was dried over a period of 3 days and thenpyrolyzed at 

500 °C to form the ceramic top coat.  

A novel type of thin-film-composite (TFC) membrane was developed using TiO2 

nanoparticles, to address biofouling problem in membranes. The photocatalytic 

bactericidal and anti-fouling effect was studied. Introduction of TiO2 nanoparticles on 

commercial TFC membrane and its application in reverse osmosis showed  

significant resistance to microbial fouling and lesser loss of RO permeability (Ho et 

al. 2003). 

In 2003, Kim et al. studied about the synthesis of TNP self-assembled on a TFC 

membrane made of aromatic polyamide. This work devised the photocatalytic 

destructive capability of TiO2 against microbes as an effective tool to reduce 

biofouling. The self-assembly of TiO2 nanoparticles was formed by coordinate and 

hydrogen bonds with COOH groups of the polymer. The novel membrane showed 

enhanced photo-bactericidal effect on E. coli under ultra-violet radiation. 

Bosc and Guizard(2005) developed mesoporous anatase coatings for photocatalytic 

membrane separation. These coatings exhibited comparativelyhigher photocatalytic 

efficiency than theconventional coatings prepared by sol-gel technique. The 

photocatalytic activity was analyzed using organic dye degradation. Experiments on 

separation coupled photo-oxidation indicated larger scope of such functionalized 

membranes. 

Ding et al. (2006) developed titania ultrafiltration membranes by a novel 

method.Directly from nanoparticle suspension by a wet chemical routine,this was the 

transitional product before drying and calcination during the synthesis process. The 

thickness of membrane layer is directly proportional to the square root of dipping 

time. 30 seconds of dipping time was essential to form a crack-free TiO2 coating. 

This yielded a TiO2 layer of 5.9 µm thickness and a mean pore size of 60 nm.  

Patterson et al. (2006) derived a method for direct coating of a TiO2 layer on the 

centrifugally casted tubular ceramic support. The coating was prepared by dip coating 

the tubular ceramic support in a homogeneous sol of TiO2.A thin crack free TiO2 

membrane in anatase phase was obtained. The membranes were found to be in the 

nanofiltration range. 
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Bosc et al. (2006) synthesized anatase TiO2 membranes with hierarchical porosity 

and evaluated their performance. The TiO2 coatingwas synthesized using anorganic–

inorganic hybrid suspensions made by mixing polystyrene latex, a TiO2 hydrosol, and 

triblock copolymer. This suspension was coated on to porous alumina substrates via 

dip coating and subjected to heat treatment to remove the organic content. They 

reported that hierarchical porosity has increased the flux and selectivity. 

Wang et al. (2006) manufactured tubular titania microfiltration (MF) membranes 

synthesized by dip-coating technique and investigated their corrosive resistances. The 

anatase layers of titania membranes were more stable than alumina supports in a 

boiling corrosive medium. 

Wang et al. (2007) prepared an asymmetric pure TiO2 membranes by repeated sol-

coating method coupled with a joint drying method and customized sintering 

procedure. The results showed that the novel membranes with pore size of 0.10 µm 

and active layer thickness of 15-20 µm were synthesized with desired fluid 

permeation properties and incredible in situ photocatalytic activity. 

In 2007, Madaeni and Ghaemi studied the self-cleaning properties of TiO2 

nanoparticles assembledon a reverse osmosis membrane. The procedure for self-

assembly was similar to Kim et al (2003). It was observed that on UV irradiation, the 

TiO2 coated membranes showed greater flux and fouling resistance than the nascent 

membrane. It was observed that at higher TiO2 content, the flux started to decline due 

to blockage of pores. The effect of SiO2 particles along with TiO2 was also studied. 

Addition of SiO2 in TiO2 leads to the formation of binary oxide with charge 

imbalance, which imparts Lewis acidity, and thus the surface acidity increases. With 

increased acidity, the surface can now strongly absorb hydroxyl radicals. This has 

increased the hydrophilicity, self-cleaning property, and photocatalytic activity of the 

membranes. They also briefly discussed the about the effect of membrane roughness 

the coatings. The rise in roughness of the membrane results in lower contact angle and 

increased the flux.  

Hong et al. (2008) prepared complete TiO2 membranes for separation and in situ 

photocatalysis on a porous rutile support by dip-coating method.  The membranes 

were synthesized using an aqueous suspension of TiO2 nanoparticles via dip coating 

method and further sintered via calcination. Special emphasis was given to the 
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coating suspension stability and sintering control. It was reported that the anatase 

coated membranes exhibited good potential for detoxification of industrial effluents.  

In 2008, Rahimpour et al. reported a work similar to Madaeni and Ghaemi (2007), but 

the membrane used was polyethersulfone ultrafiltration membrane. Compared to 

nascent membrane the TiO2 entrapped membranesshowed lower flux but better 

fouling resistance and flux stability. Under UV illumination, TiO2 entrapped 

membrane showed a slightly better performance. Superior performance was exhibited 

by the TiO2 coated membrane. Extended immersion of membranes in the TiO2 

suspension resulted in pore blockage. They concluded that coating TiO2 is a better 

way to modify the membrane than making a composite.  

Zhang et al. (2008) synthesized a TiO2 nano wire membrane. Nanowires were 

synthesized using the alkaline hydrothermal method. A suspension of the nanofibers 

was made with a suitable surfactant and they were vacuum filtered on a glass filter 

having a pore size 0.45 µm. The substrate membrane was uniformly coated by the 

TiO2 nanowires and on subsequent drying, a free standingnanowire membrane was 

synthesized. The membrane was calcined at 700°C with a controlled heating ramp of 

2°C/min. This work was one of its kind, they could successfully synthesize a 

complete membrane out of a TiO2 nanomaterial effortlessly.  The membrane was 

flexible and could be shaped as flat sheet or cylinder. The pore size was estimated to 

be 0.05 µm. The photocatalytic activity of TiO2 nanowires was similar to that of 

commercial P25 TiO2. The humic acid removal rate of the membrane increased from 

57% to 100% on UV exposure. The study on the increasing resistance of the 

membrane due to fouling was assessed in terms of increasing transmembrane pressure 

for a fixed value of flux. The novel membranes showed no elevation in membrane 

resistance even after a period of 30 h, but without UV irradiation steep increase in 

resistance was reported. TiO2 nanowire membrane has a strong potential if the 

membrane possesses adequate mechanical strength.  

Zi et al. (2009) synthesized TiO2 membranes on a porous 316L stainless steel support. 

The various parameters affecting the microstructure and phase structure of TiO2 

coatings was studied. The aging time for coating the sol was found to be 24 hours. A 

sintering temperature of 850 °C was used. Thickness of roughly 8 µm and pore sizes 

of 0.08-0.2 µm was obtained.  
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In 2009, Li et al. reported self assembly of TNPs on Poly(styrene-alt-maleic 

anhydride)/poly(vinylidene fluoride) blend ultrafiltration membranes. The presence of 

carboxylic acid groups on Poly(styrene-alt-maleic anhydride) (SMA) enables the 

formation of an electrostatic self-assembly of anatase nanoparticles. Greater addition 

of SMA enhanced the carboxylic acid groups on the membrane, resulting in greater 

absorption of the TiO2 nanoparticle. Although no UV irradiation was used in this 

study, the results are worth noting. The absorption of TiO2 nanoparticles greatly 

increased the surface hydrophilicity and the irreversible absorption of foulant could be 

greatly reduced. The novel membranes showed superior permeability and excellent 

antifouling property compared to the nascent membrane.   

Alem et al. (2009) fabricated mesoporous TiO2 membrane on porous alumina support 

via sol-gel method. The permeability and photocatalytic activity were analyzed. It has 

been reported that the prepared TiO2 membrane showed immense potential in high-

performance water treatment technique due to its ability to degrade pollutants and 

also the separation of impurities.  

Mansourpanah et al. (2009) investigated the self-assembly of nanoparticle on a 

polyethersulfone/polyimide blend nanofiltration membrane. Diethanolamine was 

added to the blend membrane to functionalize it with hydroxyl groups. Hydroxyl 

groups on membrane surface result in excellent adhesion of TiO2 nanoparticles.  The 

optimum conditions used for self-assembly were similar to that of Rahimpour et al. 

Increased Diethanolamine content resulted in the uniform assembly of 

TiO2nanoparticles. The novel membrane exhibited better fouling resistance and flux 

recovery.  

Alem et al. (2009) synthesized crack-free nanostructured TiO2 membrane by the sol-

gel method. The processing parameters of synthesis of membranes like calcination 

temperature and time were studied in detail and their effect on the crystalline phase, 

crystallite size, specific surface area and photocatalysis were examined. 

Djafer et al. (2010) developed a simple fabrication method to synthesizephoto-

catalytically active TiO2 based ultrafiltration membrane on alumina support using a 

commercial titania hydrosol. The photocatalytic activity was tested via dye 

degradation under UV irradiation. 
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Akbarnezhad et al. (2010)  prepared alumina titania ceramic membranes with 

mesopore and narrow pore size distribution via the sol-gel route. The membrane 

surface was smooth, homogeneous and crack free. The membrane layer thickness was 

reported to be 4 μm.  

In 2013, You and Wu assembled TiO2 nanoparticlesonpolyethersulfone ultrafiltration 

membrane as reported by Rahimpour et al for treating secondary effluent from the 

thin film transistor-liquid crystal display manufacturing industry. The self-assembly 

was obtained by dipping the membranes in TiO2nanoparticle suspension for an hour. 

It was observed that continuous UV irradiation could increase hydrophilicity, 

constantly destroy organic foulant on the surface and increasesthe permeate flux. The 

organic cake formed on the membrane surface lost stability due to subsequent 

degradation as well as non-adherence to the surface due to increased hydrophilicity. 

The cake could thus be easily flushed off in a cross flow system. Better self-cleaning 

property can be obtained by continuous UV irradiation. 

Tajer-kajinebaf et al. (2014) synthesized nanostructured photocatalytic SiO2-TiO2 

membranes. The methyl orange dye removal capacity of the SiO2-TiO2 membrane 

was determined to be 63%. Combining separation with photocatalysis, the dye 

removal was enhanced by 94%. 

Doke and Yadav (2014) illustrated the efficiency and novelty of titania membranes 

synthesized by a polymeric sol-gel technique in the removal of chromium (VI) in 

surfactant enhanced microfiltration.  

Table 2.1Synthesis of Titanium Dioxide Based Membranes literature summary 

Authors Year Topic Observations 

Anderson et 

al. 
1988 

TiO2 ceramic membranes 

via sol-gel method.  

Crack free unsupported membranes 

up to thickness of 120 microns could 

be obtained. 

Chang et al. 1994 

Thermal stability of titania 

membranes was 

investigated. 

Above 450 ºC titania underwent phase 

transformation and membrane pore 

structure changed. 
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Wu et al.  2000 

Impact of sol 

concentration and 

calcination temperature on 

TiO2 tubular membranes 

Tubular titania/alumina composite 

membranes were successfully 

synthesized by the colloidal route. 

Thickness of about 1.5 mm was 

obtained. 

Benfer et al. 2001 

Titania nanofiltration 

membranes by polymeric 

sol gel route 

Nanofiltration membranes were 

synthesized from ultrafiltration 

membranes by pouring polymeric sols 

into tubular supports 

Ho et al.  2003 

A novel type of TFC 

membrane using TiO2 

nanoparticles 

TFC membrane was developed for 

application in reverse osmosis. It 

showed resistance against the 

microbial fouling.  

Kim et al 2003 
TNPs self-assembled on a 

TFC membrane 

The self-assembly of TNP was formed 

by coordinate and hydrogen bonds 

with COOH groups of the polymer. 

These novel membranes showed 

enhanced photo bactericidal effect. 

Bosc and 

Guizard 
2005 

Mesoporous anatase 

coatings for membrane 

separation coupled with 

photocatalysis 

Coatings  exhibited a higher photo-

activity  than coatings prepared by 

sol-gel technique 

Ding et al. 2006 

Novel method to fabricate 

titania ultrafiltration 

membranes via dip coating 

The thickness of coating was found to 

vary with the square root of dipping 

time. Minimum dipping time of 0.5 

minutes was needed to obtain a defect 

free coating.  

Bosc et al. 2006 
Anatase TiO2 membranes 

with hierarchical porosity 

The TiO2 coatingwas synthesized 

using organic–inorganic hybrid 

suspensions. This suspension was 

coated on to porous alumina 

substrates via dip coating and 

subjected to heat treatment to 

eliminate organics. 



17 
 

Madaeni and 

Ghaemi 
2007 

Self-cleaning properties of 

TiO2 nanoparticles 

assembledon a reverse 

osmosis membrane 

Upon UV irradiation, the TiO2 coated 

membranes showed greater flux and 

fouling resistance than the nascent 

membrane. 

Hong et al. 2008 

Complete TiO2 membranes 

for separation and in situ 

photocatalysis 

The membranes were synthesized 

using an aqueous suspension of TiO2 

nanoparticles via dip coating method.  

Anatase coated membranes exhibited 

good potential for detoxification of 

industrial effluents 

Zhang et al. 2008 TiO2Nanowire membrane 

The membrane was flexible and could 

be shaped as flat sheet or cylinder. 

The novel membranes showed no 

elevation in membrane resistance 

even after a period of 30 h, underUV 

irradiation. 

Li et al. 2009 

Self assembly of TNPs on 

polymer blend 

ultrafiltration membranes 

Carboxylic acid groups on 

Poly(styrene-alt-maleic anhydride) 

(SMA) enables electrostatic self-

assembly of anatase nanoparticles on 

the surface of the membrane.TNPs 

greatly increased the surface 

hydrophilicity and the irreversible 

absorption of foulant could be greatly 

reduced 

You and Wu 2013 

TiO2 nanoparticles 

assembled on 

polyethersulfone 

ultrafiltration membrane 

The self-assembly was obtained by 

dipping the membranes in TiO2 

nanoparticle suspension for an hour. It 

was observed that continuous UV 

irradiation could increase 

hydrophilicity, constantly destroy 

organic foulant. 
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Tajer-

kajinebaf et 

al. 

2014 
Nanostructured SiO2-TiO2 

mesoporous membranes 

The methyl orange dye removal 

capacity of the SiO2-TiO2 membrane 

was determined to be 63%. 

Combining separation with 

photocatalysis, the dye removal was 

enhanced by 94%. 

 

Doke and 

Yadav 
2014 

Titania membranes for 

removal of chromium (VI) 

Membranes were synthesized via 

polymeric sol-gel technique. It was 

observed that ions can also be 

removed by TiO2 membranes via 

appropriate synthesis processes. 

 

2.2 HIERARCHICAL ASSEMBLY OF PHOTOCATALYST ON POLYMER 

MEMBRANES 

An assembly of TiO2 nanomaterials on top of polymeric support membranes has been 

developed and reported in literature. These Hierarchical membranes have shown to 

have better prospects for being developed into membrane reactors. Initially, a well-

dispersed suspension of the nanomaterial in water is prepared. This suspension is 

filtered through a membrane of suitable pore size. When the filtration medium is 

pressurized from the top the water gets filtered and the nanomaterial gets compressed 

and coated over the membrane. One of the significant reports on hierarchical 

membranes using TiO2 nanomaterials is by Bai et al (2010). They successfully 

synthesized a hierarchically multifunctional TiO2nano-thorn sphere membrane on top 

of a cellulose acetate membrane (diameter 47 mm, pore size 0.20 µm). The nanothorn 

sphere is a nanoarchitecture which is an amalgam of micro and nanostructures. 

Basicallyit is a micro size sphere with numerous nano sized thorn like projections on 

its periphery. This membrane was compared with a similar membrane synthesized 

using commercial TiO2 P25 powder. The water permeation and dye removal of 

methyl blue and humic acid by the membrane were far superior when compared to 

commercial P25 coated membrane.   
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In 2011, Bergamasco et al. reported the synthesis of TiO2 coated cellulose acetate 

membrane via reactive magnetron sputtering. These novel membranes were used in 

gravity driven filtration without using any external pressure source. The sputtered 

membranes showed better turbidity and chlorine removal.  Antifouling traits of the 

membrane were improved due to increase in surface hydrophilicity. Although 

photocatalytic studies were not conducted, the prospect of sputtering as an efficient 

way to develop TiO2 coated membranes is vindicated. 

Liu et al (2011) studied hierarchical CuO/ZnO membranes. They were found to be 

active under both UV and visible spectra. A special nanostructure with CuO 

nanoparticles was grown on ZnO nanorods was used as the functional layer on 

commercial glass fiber membrane. The membranes showed improved 

photodegradation antibacterial activity. Enhanced light utilization rate and enlarged 

specific surface area resulted in the superior performance of the membranes.  

Bai et al (2012) synthesized ahierarchical membrane using N-doped nut-like ZnO 

nanomaterial. The photocatalyst was uniformly assembled on a polymer base 

membrane via pressurized filtration technique. The novel member exhibited high 

permeates flux and good photocatalytic activity during dye degradation experiments. 

Also, water disinfection capability was demonstrated by antibacterial studies using E-

Coli. The superior photocatalytic activity was achieved due to the greater specific 

surface area of the ZnOnanomaterial functional layer on the membrane surface. 

Bai et al (2012) developed multifunctional membraneby using forest like 

hierarchically structured TiO2/ZnOnanomaterialssynthesized via electro-spinning as 

the functional layer on a base membrane.These membranes showed multifunctional 

properties, like high photocatalytic activity, elevated flux, and good antibacterial 

activity. The membrane functional layer was synthesized by the pressurized filtration 

technique.  

Liu et al (2013) synthesized a multifunctional and hierarchically-nanostructured 

membrane using TiO2 nanorods. The membrane showed good performance 

simultaneous degradation and filtration of impurities.  The novel membrane exhibited 

good flexibility, better flux, enhanced photocatalytic activity with little fouling. 

Liu et al (2013) also developed a hierarchical ZnO nanoflake Structured 

Multifunctional membrane. The membrane exhibited good dye degradation 
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capabilities and better permeate flux under visible light. Also, membranes showed 

better antibacterial properties. This multifunctional membrane proved to be an 

endearing strategy to combine the advantages of membrane separation and 

photocatalytic oxidation to simultaneously mitigate the membrane fouling under 

visible light irradiation and promote reuse of the photocatalyst. 

A detailed study on hierarchical membranes was done by Gao et al in 2013, using 

graphene oxide-TiO2 (GO-TiO2) microsphere composite. The procedure followed for 

forming the hierarchical structure was similar to that of Bai et al but the substrate 

membrane used had a greater pore size (0.45 µm). The improved photocatalytic effect 

of GO-TiO2 composites due to the electron acceptor capacity of GO is well 

established. But in this case, GO sheets also enhance the mechanical stability of the 

membrane by acting as a binderand interlinked individual microspheres. Similarly, 

P25 and TiO2 microsphere membranes were synthesized and compared. During pure 

water flux study, all membranes showed reduced flux compared to nascent CA 

membrane, due to the additional coating resistance. Least reduction in flux was 

observed in graphene oxide-TiO2 microsphere hierarchical membrane. When a 

comparative study was made by varying the catalyst loading on top of the membrane, 

it was observed that an increased loading declined the flux due to increased resistance 

of a thicker coating. 

In 2014, Gao et al again reported TiO2-GO on a polysulfone membrane. The assembly 

of TiO2-GO was achieved in two stages;first membrane was soaked in TiO2 

nanoparticle suspension, then in GO suspension. The TiO2 nanoparticles interacted 

with the polar oxygen in the polymer and form an assembly. Later the addition of GO, 

the polar oxygen in GO surface interacted with the TiO2 nanoparticles and got 

deposited on top.  The stable TiO2-GO loading was found to be 62 µg/cm2. The novel 

membranes showed a sharp increase in surface hydrophilicity. The membrane showed 

rapid flux increase under UV light when compared to a gradual increase in sunlight, 

due to photo induced hydrophilicity and self-cleaning property. The membrane also 

exhibited greater photodegradation towards methylene blue under UV light.  The 

membrane exhibited moderate performance even under sunlight 

Bai et al (2015) developed novel hierarchical membrane by electro-spinning 

SrTiO3/TiO2hetero architectures on a CA base polymer membrane. These membranes 
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showed superior water filtration and concurrent photocatalytic activity. The enhanced 

photodegradation ability and good permeate flux were due to the high photocatalytic 

activity of heterojunction SrTiO3/TiO2 nanofiber architectures porous layer enabling 

faster passage of permeate. This work showed much potential for synthesizing 

hierarchical membranes via electrospinning of photocatalyst on to the membrane 

surface.  

Bai et al (2015) developed a multi-functional CNT/ZnO/TiO2. The use of CNTs 

helped in providing a strong backbone for the functional layer thus improving the 

mechanical properties; also the coupling of TiO2 and ZnO enhanced the photocatalytic 

activity. The membranes showed good dye degradation traits with high flux. The use 

of carbon based material like CNT provided mechanical strength and good 

photoactivity. 

Table 2.2 Hierarchical assembly of photocatalyst on polymer membranes literature 

summary 

Authors Year Topic Observations 

Bai et al 2010 

Hierarchically 

multifunctional TiO2nano-

thorn sphere membrane 

TiO2nano-thorn sphere membrane on 

top of a cellulose acetate membrane 

was synthesized. The water 

permeation and dye removal rates of 

TiO2nano-thorn membrane were far 

superior when compared to 

commercial P25 coated membrane 

Liu et al 2011 
Hierarchical CuO/ZnO 

membranes 

CuO nanoparticles were grown on 

ZnO nanorods were used as the 

functional layer on glass fiber 

membrane. The membranes showed 

good photodegradation and 

antibacterial properties. 
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Bai et al 2012 

Hierarchical membrane 

using N-doped nut-like 

ZnO nanostructured 

material 

The novel member exhibited high 

permeates flux and good 

photocatalytic activity during dye 

degradation experiments. Also, water 

disinfection capability was 

demonstrated by antibacterial studies 

using E-Coli.  

Bai et al 2012 

Multifunctional 

membraneby using forest 

like hierarchically 

structured TiO2/ZnO 

nanomaterials  

The nanomaterial was synthesized via 

electro-spinning. These membranes 

showed multifunctional properties, 

like high photocatalytic activity, 

elevated flux, and good antibacterial 

activity. 

Liu et al 2013 

Hierarchically-

nanostructured membrane 

using TiO2 nanorods 

The membrane showed good 

performance in simultaneous filtration 

and photocatalysis.  

Liu et al 2013 

Hierarchical ZnO 

nanoflake Structured 

Multifunctional membrane 

The membrane exhibited good dye 

degradation capabilities and better 

permeate flux under visible light. 

Also, membranes showed 

antibacterial properties. 

Gao et al 2013 

Graphene oxide-TiO2 

(GO-TiO2) microsphere 

composite membrane 

The good photocatalytic effect of GO-

TiO2 composites due to the electron 

acceptor capacity of GO. GO sheets 

also enhance the mechanical stability 

of the membrane by acting as a binder 

and interlink individual microspheres. 
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Gao et al 2014 
TiO2-GO on  polysulfone 

membrane 

The assembly of TiO2-GO was 

achieved in two stages; first 

membrane was soaked in TiO2 

nanoparticle suspension, then in GO 

suspension. The membranes showed a 

sharp increase in surface 

hydrophilicity, rapid flux increase 

under UV light and self-cleaning 

property. The membrane also 

exhibited greater photodegradation. 

Membranes were active even under 

sunlight.  

Bai et al 2015 
Multi-functional 

CNT/ZnO/TiO2 membrane 

The use of CNTs helped in providing 

a strong backbone for the functional 

layer thus improving the mechanical 

properties; also the coupling of TiO2 

and ZnO enhanced the photocatalytic 

activity. 

2.3 ENHANCED PHOTOCATALYTIC ACTIVITY OF TITANIUM DIOXIDE

 NANOMATERIALS 

Zhang et al. (2000) investigated the impact of calcination on photocatalytic activity of 

TiO2 nanopowders. The nano-TiO2 in the anatase, rutile, and both phases were 

synthesized from TiCl4 as a precursor. They found that calcination above 400 ˚C 

could improve photocatalytic activity but calcination above 600 ˚C is detrimental.  

Li et al. (2005) carried out studies on SiO2-TiO2 nanoparticles by hydrothermal 

process. The SiO2-TiO2 nanoparticles exhibited superior photocatalytic activity, with 

higher SiO2 content. SiO2 imparts improved thermal stability; the photocatalytic 

activity was retained even after calcination at 1273 K. 

Gude et al. (2008) reported the photodegradation of methylene blue (MB) on surface 

modified SiO2 and SiO2-TiO2. Adsorption study of MB on photocatalyst indicates 

that adsorption is effected by surface alteration functional groups on the surface. The 

modified SiO2-TiO2 showed excellent photodegradation of methylene blue  
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Ren et al. (2009) synthesized titania-silica composites with mean pore sizes of 3.2 

nm. The composite was synthesized using wollastonite and titanium sulfate as 

precursor. The synthesized porous titania-silica composites had well-crystallized 

anatase content and exhibited efficient photocatalysis. 

Chen et al. (2014) worked on the synthesis of ultrathin anatase TiO2 nanosheets 

dominated by 100% high-energy (001) facets using tetra butyltitanate (TBT) and HF 

as precursors. The synthesized TiO2nanosheets showed good photocatalytic activity 

in the degradation of rhodamine B which was better than Degussa P25. Which is due 

(001) facets and the efficient inhibition of recombination rates charge carriers. 

Sowmya and Meenakshi (2014) investigated UV assisted reduction of nitrate using 

Ag-TiO2 composite photocatalyst using oxalic acid as a hole scavenger. The Ag-

TiO2composite was synthesized by photo deposition technique. The Ag-TiO2 

composite exhibited superior photocatalytic activity than nascent TiO2.  

Gu et al. (2014) synthesized photocatalytic graphene doped TiO2 nanocomposites via 

a hydrothermal method using GO and TiO2 in water. It was found that the good 

photocatalytic activity is due to the smaller particle size, enhancement in adsorption 

of pollutants and charge carrier lifetime. 

Duo et al. (2015) synthesized rutile TiO2/BiOCl composites via a low temperature 

hydrolysis method. The good photocatalytic activity of the rutile TiO2/BiOCl 

composites is associated with the hetero junctions between BiOCl and rutile TiO2, 

which can broaden the light absorption range. 

Table 2.3 Enhanced photocatalytic activity of titanium dioxide nanomaterials 

literature summary 

Authors Year Topic Observations 

Zhang et al. 2000 

Impact of calcination on 

the photocatalytic activity 

of Titania nanopowders 

They found that calcination above 400 

˚C could improve photocatalytic 

activity but calcination above 600 ˚C 

resulted in lowering of photocatalytic 

activity.  
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Li et al. 2005 

Synthesis of silica-

modified titanium dioxide 

nanoparticles by 

hydrothermal method 

The SiO2-TiO2 nanoparticles exhibited 

superior photocatalytic activity. 

Nanoparticles was retained even after 

calcination at 1273 K. 

Ren et al. 2009 

Titania-silica composites 

synthesized using 

wollastonite and titanium 

sulfate 

High specific surface area, large pore 

volume, and narrow size distribution 

particles were obtainedThe 

synthesized porous titania-silica 

composites had well-crystallized 

anatase content and exhibited efficient 

photocatalysis. 

Chen et al. 2014 

Ultrathin anatase TiO2 

nanosheets dominated by 

100% high-energy (001) 

facets 

The synthesized TiO2nanosheets 

showed excellent photocatalytic 

activity in the degradation of organic 

dye, which was better than that of the 

commercially available Degussa P25.  

Sowmya and 

Meenakshi 
2014 

UV assisted reduction of 

nitrate using Ag-TiO2 

composite photocatalyst 

The Ag-TiO2composite was prepared 

by photo deposition method. The Ag-

TiO2 composite exhibited superior 

photocatalytic activity than nascent 

TiO2 

Gu et al. 2014 

Photocatalytic graphene 

doped TiO2 

nanocomposites via a 

facile hydrothermal 

method 

It was found that the good 

photocatalytic activity is due to the 

smaller particle size, enhancement in 

adsorption of pollutants and charge 

carrier lifetime. 

Duo et al. 2015 

Rutile TiO2/BiOCl 

composites by a facile low 

temperature hydrolysis 

method 

The good photocatalytic activity of 

the rutile TiO2/BiOCl composites is 

associated with the hetero junctions 

between BiOCl and rutile TiO2, which 

can broaden the light absorption 

range. 

 

 



26 
 

2.4 POLYMER NANOCOMPOSITE MEMBRANES  

Yan et al. (2005) studied the impact of Al2O3 nanoparticle addition in polyvinylidene 

fluoride (PVDF) ultrafiltration membrane. They observed that the membrane surface 

morphology was altered and the surface roughness increased. The permeate flux of 

the modified membrane was increased due to increase in the surface hydrophilicity 

and the efficient filtration area due to the addition of inorganic Al2O3 nanoparticles. 

The improved hydrophilicity of the nanocomposite membrane also improved the 

antifouling property. 

The effect of addition of TiO2 nanoparticles and their size on the performance of 

PVDF membrane was analyzed. The results showed that nanosize affected the 

performance and structure of the nanocomposite membranes. Smaller nanoparticles 

could enhance the antifouling property of the membrane profoundly. Experiments 

also indicated that smaller TiO2 nanoparticles had a strong effect on the 

crystallization of PVDF during phase inversion (Cao et al. 2006). 

Choi et al. (2006) fabricated multi walled carbon nanotube (MWCNT) polymer blend 

membrane with PSF. They reported that MWCNT acts as a good modifier for the 

development of functional microporous PSF membranes. The hydrophilicity of the 

membrane surface, the pore size and porosity could be controlled based on additive 

content. By using the appropriate amount of MWCNTs, it was feasible to improve the 

flux and the solute rejection simultaneously. 

Taurozzi et al (2008) investigated the effect of silver incorporation on the 

performance of polysulfone/silver nanocomposite membranes with various porosities. 

They observed the inbuilt antibacterial property owing to the gradual discharge of 

ionic silver by the nanocomposite which can be effectual in mitigating intrapore 

biofouling in membranes. Such nanocomposites can be used as future materials for 

developing macroporous membrane spacers to hinder the biofilm formation on 

downstream membrane surfaces. 

PVDF/SiO2 nanocomposite hollow fiber ultrafiltration membranes were synthesized 

by sol-gel technique. The mechanical properties and thermal stability of composite 

membrane were improved. The presence of silica, improved the membrane 

hydrophilicity thus enhancing the permeability and antifouling properties (Yu et al. 

2009). 
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Razmjou et al. (2011) investigated the effect of mechanical and chemical 

modification of TiO2 nanoparticles on the surface chemistry, structure and fouling 

properties of Polyethersulfone (PES) UF membranes.The additions of modified 

nanoparticles in membranes exhibited a considerable enhancement in fouling 

behavior and permeate flux recovery. 

Han et al. (2011) studied the performance of PVDF composite hollow fiber 

ultrafiltration membrane incorporated with various nanoparticles. The nanocomposite 

membranes showed higher permeate flux, better thermal and mechanical properties. 

However, the rejection of Bovine serum albumin (BSA) changed discordantly with 

different nanoparticles. 

Antifouling enhancement of PVDF microfiltration membranes by adding Mg(OH)2 

nanoparticles was reported by Dong et al. 2011. Improved hydrophilicity was due to 

the addition of Mg(OH)2 nanoparticle has contributed in an increase in permeability 

of the membrane.The supremacy of the PVDF/Mg(OH)2 membrane in filtering E.coli 

solution was noteworthy, since resistances with respect to time decreased 

considerably. The composite membrane could be efficient in mitigating flux losses 

due to biofilm formation. 

Rahimpour et al. (2011) studied the antifouling and bactericidal properties of TiO2 

incorporated nanocomposite PVDF/ sulfonated polyethersulfone (SPES)  membranes. 

They observed a considerable increase in surface hydrophilicity of TiO2 incorporated 

membranes. And also a pore size reduced with the addition of TiO2 in the membrane 

cast solution occurred. The permeate flux of pure water and BSA solution of TiO2 

entrapped PVDF/SPES membranes were low compared to the nascent PVDF/SPES 

membrane. However, the antifouling property and long term flux stability were 

greatly improved. 

Functionalized carbon nanotubes as an additiveto improve the surface properties and 

performance of PES membrane was reported by Rahimpour et al. (2011). The 

hydrophilicity of membranes increased significantly with the addition of 

functionalized MWCNTs. By the addition of appropriate amounts of functionalized 

MWCNTs, the flux could be increased. The antifouling performance of 

nanocomposite membranes was also enhanced. 
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Hamid et al. (2011) carried out morphological analysis and performance study of 

polysulfone/titanium dioxide ultrafiltration membrane for humic acid removal. It was 

observed that membranes with TiO2 exhibited a higher hydrophilicity compared to 

the nascent PSF membranes. The improvement in hydrophilicity played a key role in 

reducing various resistances, mainly those due to concentration polarization, cake 

layer formation, and adsorption. 

A novel cellulose acetate nanocomposite membrane using TiO2 nanoparticles was 

synthesized and analyzed by Abedini et al. (2011). Nanocomposite membranes had 

improved thermal stability than the pristine CA membrane. Increasing the amount of 

TiO2 nanoparticles in the casting solution leads to greater membrane porosity. 

Permeate flux of the nanocomposite membranes was improved owing to the addition 

of TiO2. 

Richards et al. (2012) reviewed polysulfone membranes modified with various 

nanoparticles for application in water treatment. In their review, they noted that 

TiO2/PSF and Ag/PSF nanocomposite membranes are the most investigated 

membranes. Ag/PSF membranes have shown to possess antimicrobial properties to 

reduce biofilm formation.  The membrane characteristics were greatly enhanced by 

the addition of TiO2, Al2O3 and ZrO2 nanoparticles and nano silica. Tensile strength 

and hydrophilicity were also enhanced. 

Performance and adsorption capabilities of TiO2 nanoparticle incorporated PVDF 

hybrid membranes were studied.The content of TiO2 had a significant effect on the 

performances of the hybrid membranes, and improved hydrophilicity and 

permeability.Enhanced antifouling properties were also observed for the hybrid 

membranes (Zhang et al. 2012). 

Ahn et al. (2012) reviewed the fabrication and desalination applications of Carbon 

nanotube based membranes. They noted that membranes based on carbon nanotubes 

(CNT) are a promising technology for water purification applications. These 

membranes show high water flux and lower biofouling potential. CNT based 

membranes are free from various problems faced in case of conventional membrane 

separation process which also require a greater energy and maintenance.   

Properties of ultrafiltration membranes composed of polysulfone and poly(1-vinyl 

pyrrolidone) grafted silica nanoparticles (PVP-g-silica) were reported by Song and 



29 
 

Kim (2013). The flux at 1 wt% additive was significantly more than that of pure PSF. 

The hydrophilicity of the membrane improved. The membranes exhibited enhanced 

fouling resistance.  

Li et al. (2013) studied the effects of silver nanoparticles on PVDF membrane. 

Membrane flux and antibacterial tests were conducted to characterize the antifouling 

properties of the membrane. Flux recovery ratio (FRR) increased by about 40 % after 

the addition of silver nanoparticles on the membrane surface, revealing that the 

antifouling performance of PVDF membrane was enhanced by the addition of silver 

nanoparticles. Concurrently the antibacterial tests confirmed that PVDF membrane 

showed greater anti-biofouling activity because of silver nanoparticles.  

Performance of TiO2 nanotube added PSF/chitosan (CS) membranes were studied. 

The pure water flux of membranes was many times more than that of pure PSF UF 

membranes. The BSA rejection studies revealed the improved antifouling 

performance of membranes due to more hydrophilicity of TiO2 nanotube additive. 

Highest fouling resistance ratio of 76% was obtained. The BSA rejection values for 

all nanocomposite membranes remained more or less same (Kumar et al. 2013). 

Table 2.4Polymer nanocomposite membranes literature summary 

Authors Year Topic Observations 

Cao et al. 2006 

TiO2 nanoparticles 

addition in PVDF 

membrane 

Smaller nanoparticles can enhance the 

antifouling traits profoundly. 

Razmjou et 

al. 
2011 

TiO2 nanoparticles in 

Polyethersulfone (PES) UF 

membranes 

The additions of modified 

nanoparticles in membranes exhibited 

a considerable enhancement in fouling 

behavior and permeate flux recovery. 

 

Rahimpour 

et al. 
2011 

TiO2 incorporated 

nanocomposite PVDF/ 

sulfonated 

polyethersulfone (SPES)  

membranes. 

They observed a considerable increase 

of hydrophilicity of membranes. And 

also pore size reduced with the greater 

addition in the membrane cast 

solution occurred. 
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Hamid et al. 2011 
Performance study of 

PSF/TiO2 UF membrane 

It was observed that membranes with 

TiO2 showed more hydrophilicity than 

nascent PSF membranes. The 

improvement in hydrophilicity played 

a key role in reducing various 

resistances.  

Abedini et al. 2011 

TiO2 nanoparticles/ 

cellulose acetate 

nanocomposite membrane  

Increasing the amount of TiO2 

nanoparticles in the casting solution 

leads to greater membrane porosity 

and increase in permeate flux. 

Zhang et al. 2012 

TiO2 nanoparticle 

incorporated PVDF hybrid 

membranes 

The content of TiO2 had a significant 

effect on the performances of the 

hybrid membranes, and improved 

hydrophilicity and permeability. 

Enhanced antifouling properties were 

also observed. 

Kumar et al. 2013 

TiO2 nanotube 

incorporated 

Polysulfone/chitosan 

membranes 

The flux of nanotube membranes was 

much more than that of nascent PSF. 

The BSA rejection experiments 

revealed the good antifouling 

performance of membranes due to the 

hydrophilicity of TiO2 nanotube 

additive.  
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PREAMBLE FOR THE FOLLOWING CHAPTERS 

The following chapter (chapter 3 to chapter 9) discusses about the synthesis and 

characterization of TiO2 based nanomaterials and their applications in either 

membrane-based water purification or photocatalyst based water treatment. 

Chapter 3: This chapter discusses about the synthesis and characterization of TiO2 

nanostructures, TiO2 nanofibers (TNF) and TiO2 nanosheets (TNS). 

Chapter 4: This chapter discusses about the synthesis and characterization of TiO2 

nanofibers incorporated PSF ultrafiltration membranes. 

Chapter 5: This chapter discusses about the synthesis and characterization of silver 

doped TiO2 nanofibers and its application in photocatalytic hierarchical membranes. 

Chapter 6: This chapter discusses about the synthesis and characterization of TiO2 

nanosheets incorporated PSF ultrafiltration membrane for dye rejection. 

Chapter 7: This chapter discusses about the synthesis and characterization of 

graphene oxide (GO) modified TiO2 nanosheets and its application in photocatalytic 

hierarchical membranes. 

Chapter 8: This chapter discusses about the synthesis and characterization of Silver 

doped TiO2 nanosheets and its application in photocatalytic hierarchical membranes. 

Chapter 9: This chapter discusses about the synthesis and characterization of silver 

doped TiO2 nanosheets/Polysulfone composite based floating photocatalyst for solar 

water treatment.  

A scheme of research work is provided below for better understanding of the 

interrelation between various chapters.  
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CHAPTER 3 

 

SYNTHESIS OF TiO2 NANOSTRUCTURES 

3.1 INTRODUCTION 

In this chapter synthesis and characterization of TiO2 nanostructures are discussed. 

TiO2 nanostructures namely, nanofibers and nanosheets were sythesized and 

characterized. These nanomaterials were then used in various applications for water 

treatment in the form of nanocomposite membranes and photocatlytic heiracical 

mebranes. Futher modifications and applications of these TiO2 nanostructures will be 

discussed in detail in the subsequent chapters.  

3.2 SYNTHESIS OF TNF 

3.2.1 Materials 

Titanium (IV) oxide (TiO2) nano powder (particle size 21 nm) was purchased from 

Sigma-Aldrich Co, Bangalore, India. Ethanol, sodium hydroxide (NaOH), 

hydrochloric acid (HCl, 37%) and ammonium hydroxide were purchased from 

Merck, India Ltd. All the chemicals were used without further purification.  

3.2.2 Hydrothermal synthesis of TNF 

In brief, 2.5 g of TiO2 nano powder was added to 300 mL of 12 M NaOH aqueous 

solution and stirred for 30 minutes. After stirring, the suspension was pouredinto a 

Teflon lined stainless steel autoclave. The autoclave was placed in a hot air oven for 

3 days at 170 °C. The product after hydrothermal treatment was cleansed thoroughly 

with distilled water and then with dilute HCl (pH-2) till the pH of the solution 

became 7. The nanofiber suspension was again washed with distilled water to remove 

any NaCl content. Thus, obtained nanofibers were dried in a hot air oven for 24 h at 

60 °C and calcined at 500 °C for 2 hours in a muffle furnace. 
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3.3 SYNTHESIS OF TNS 

3.3.1 Materials 

Tetra butyl titanate (TBT) 98% was purchased from Sigma-Aldrich Co, Bangalore, 

India. Hydrofluoric acid (40%) was purchased from Nice chemicals, Kochi.  

3.3.2 Hydrothermal synthesis of TNS 

10 mL of TBT was added drop wise into a hydrothermal autoclave containing 3 mL 

of Hydrofluoric acid with stirring. The hydrothermal autoclave was kept at 200 °C for 

24 h in a hot air oven. After 24 hours, the autoclave was allowed to cool down to 

ambient temperature. Sample obtained were centrifuged, washed multiple times with 

distilled and ethanol. Residue obtained was dried at 50 °C for 12 hours. 

3.4 CHARACTERIZATION OF TiO2 NANOSTRUCTURES 

The morphology of the TiO2 nanofibers were analyzed using scanning electron 

microscope (SEM, Jeol JSM-6380LA). All samples were sputtered with gold before 

analysis. TEM, JEOL JEM-2100 was used for analyzing the TiO2 nanosheets. For 

TEM analysis, a very small quantity of sample was dispersed in ethanol and loaded 

on a carbon coated copper grid. The specific surface area of the nanostructures and 

commercial TNP (Sigma-Aldrich) was compared using Brunauer–Emmett–

Teller (BET) analysis. UV-Visible spectrometer (Hitachi, U-2900) was used to 

estimate dye concentration 

3.4.1 Photocatalytic activity 

The photocatalytic activity was assessed via congo red dye degradation under 

optimum conditions as reported by Muhammad (2015). The dye concentration of 15 

ppm, catalyst loading of 25 mg and neutral pH was used for analysis. To 100 mL dye 

solution 25 mg of catalyst was added and dispersed via stirring. The solution was 

continuously aerated via air injector. The solution was irradiated by two UV Lamp 

(18 W). 2 mL sample was collected at 30 min interval and centrifuged to separate the 

powder catalyst. The samples were then subjected to UV-Visible spectroscopy for 

estimating dye concentration. The schematic of the experimental setup of the 

photocatalytic reactor is shown in Fig. 3.1. 



Fig. 3.1 The schematic of the experimental setup of the 

The experimental setup consisted of a magnetic stirrer over which the test sample 

containing the required quantity of dye solution and photocatalyst was loaded in a 

beaker and stirred using a magnetic pellet. Above the beaker UV lamps were 

provided for adequate UV irradiation for the reaction mixture.  The reaction mixture 

was continuously aerated via air injector line. The whole setup was placed inside a 

closed sheet metal chamber to prevent leakage of UV rays.

3.5 RESULTS AND DISCUSSION

The nanofibers synthesized by hydrothermal method were characterized using SEM 

(Fig. 3.2). As seen from the SEM image, 

100 nm and length of 3-4 µm

Fig. 3.1 The schematic of the experimental setup of the photocatalytic

The experimental setup consisted of a magnetic stirrer over which the test sample 

containing the required quantity of dye solution and photocatalyst was loaded in a 

beaker and stirred using a magnetic pellet. Above the beaker UV lamps were 

d for adequate UV irradiation for the reaction mixture.  The reaction mixture 

was continuously aerated via air injector line. The whole setup was placed inside a 

closed sheet metal chamber to prevent leakage of UV rays. 

3.5 RESULTS AND DISCUSSION 

ibers synthesized by hydrothermal method were characterized using SEM 

(Fig. 3.2). As seen from the SEM image, TiO2 nanofibers with diameters of around 

4 µm were obtained. 
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photocatalytic reactor 

The experimental setup consisted of a magnetic stirrer over which the test sample 

containing the required quantity of dye solution and photocatalyst was loaded in a 

beaker and stirred using a magnetic pellet. Above the beaker UV lamps were 

d for adequate UV irradiation for the reaction mixture.  The reaction mixture 

was continuously aerated via air injector line. The whole setup was placed inside a 

ibers synthesized by hydrothermal method were characterized using SEM 

with diameters of around 
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Fig. 3.2SEM image of TNFs 

 

Fig. 3.3TEM image of TNS 

TEM image of synthesized TiO2 nanosheets is shown in Fig. 3.3. In the figure 

individual flake like rectangular nanosheets can be observed. The thin sheet structure 

of the TiO2 nanosheets can be seen in the TEM image. Thickness of TNS could not 

be estimated since no vertically aligned sheets could be observed but by the 
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translucence under electronbeam, indicating that they have a thickness of only a few 

nanometers (Chen et al. 2014).  

Table 3.1 BET Surface area analysis of various TiO2 nanostructures 

Nanomaterial TNP TNF TNS 

Specific Surface area (m2/g) 54.31 38.45 60.48 

The BET analysis of TiO2 nanostructures (Table 3.1) revealed that TiO2 nanosheets 

had a greater specific surface area when compared to the synthesized commercial 

TNP. But TNF showed least comparatively less specific surface area due to the 

higher diameter (close to 100 nm). Were as nanoparticles were of diameter 21 nm and 

nanosheets had a very low thickness of the order of a few nanometers. As the 

diameter or thickness of the nanostructure decreases greater specific surface area is 

achieved for a material.   

 

Fig 3.4 Photocatalytic dye degradation studies of various TiO2 nanostructures 

Photocatalytic degradation studies are shown in Fig. 3.4. As observed from the figure, 

the degradation increased as time progressed for all the photocatalysts. All the three 

degradation processes reached 100 % degradation but the time taken to achieve the 

same varied. TNP and TNS reached complete degradation in a shorter period of time, 

whereas TNF took more time. Among TNS and TNP, initial degradation was more 
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rapid for TNS. It was observed that TNS and TNP showed comparable performance 

in degrading the Congo red dye. But TNF showed poor performance, which could be 

due to the low specific-surface area of TNF. It is evident that the synthesized TNS has 

a better photocatalytic activity than TNF.  
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CHAPTER 4 

 

TiO2 NANOFIBER/POLYSULFONE (TNF/PSF) NANOCOMPOSITE 

ULTRA-FILTRATION MEMBRANE 

Abstract 

Titanium dioxide nanofibers were synthesized via alkaline hydrothermal method 

using TiO2 nanopowder. These nanofibers were used to make composite polysulfone 

ultrafiltration membranes along with polyethylene glycol as pore forming agent. The 

obtained samples were characterized using scanning electron microscope, X-ray 

diffraction, and attenuated total reflectance infrared spectroscopy. Contact angle 

measurements were used to estimate hydrophilicity of the membrane. Performance of 

the membrane was analyzed using pure water flux studies and antifouling studies with 

bovine serum albumin as the standard protein for rejection. The composite 

membranes exhibited better performance in both permeability and antifouling 

property. 

4.1 INTRODUCTION  

Polysulfone (PSF) is a widely used polymeric material for ultrafiltration membranes 

due to its good chemical stability and mechanical properties. The performance of a 

membrane depends on its wettability in water-based filtration processes. Polysulfone 

is hydrophobic in nature and this result in poor flux and high fouling. The 

hydrophobic nature of the membrane can be changed by using anyone of the 

following methods; chemical surface treatment, blending with other polymers and 

hydrophilic additives. Polyethylene glycol (PEG) has been reported as an excellent 

additive to enhance permeation by improving the porosity of the membrane (Ma et al. 

2011). PEG is also used in the membrane to improve the dispersion of other additives 

(Dong et al. 2012). But higher concentration of PEG results in poor rejection and 

mechanical behavior (Kim et al. 1998). Researchers have achieved enhanced 

performance by blending various nanoparticles in PSF membranes (Zhang et al. 

2012). 
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TiO2 nanoparticles have been reported as a performance enhancement additive in PSF 

membranes (Yang et al. 2007). But, it has been observed that property enhancement 

happens only up to 2 wt.% addition of TiO2. Beyond 2 wt.% addition, the membrane 

loses its properties due to particle agglomeration. Also rheological properties of 

casting solution changes beyond 2 wt.% of TiO2 and a drastic increase in viscosity 

was observed. Titanium dioxide nanofibers (TNF) are one of the morphological 

forms of titanium dioxide nanoparticles and it has an advantage over the other forms 

due to its higher aspect ratio. TNF being in fiber form can serve as a better 

reinforcement in composites due to greater interface interaction (He et al. 2013). 

Based on the literature survey incorporation of titanium dioxide nanofibers in PSF 

was not reported. Thus in this study, TNF was used as additives in PSF casting 

solutions to cast nanocomposite membranes with different compositions. Membranes 

were characterized using SEM, X-Ray diffraction (XRD), and Attenuated Total 

Reflectance Infra Red Spectroscopy (ATR-IR). Contact angle measurements were 

made to evaluate membrane hydrophilicity. The performance of these membranes 

were evaluated using pure water flux (PWF) and antifouling studies using bovine 

serum albumin (BSA) as a standard protein for rejection.  

4.2MATERIALS AND METHODS 

4.2.1 Materials 

Polysulfone (molecular weight 35,000 Da) and Bradford reagent was purchased from 

Sigma-Aldrich Co, Bangalore, India. 1-Methyl-2-pyrrolidone (NMP), Polyethylene 

Glycol (PEG) 600 and ethanol were purchased from Nice chemicals, Kochi. All the 

chemicals were used without further purification.  

4.2.2 Preparation of TNF incorporated PSF membranes  

For the preparation of 1 wt.% membrane, Polysulfone (20 wt.%), NMP (75 wt.%) 

and Poly Ethylene Glycol (5 wt.%) were taken and kept for stirring at 60 °C over a 

period of 4 h for the complete dissolution of PSF. 1wt.% of TNF (with respect to the 

weight of polymer solution) was added to the polymer solution at the same 

temperature and again stirred for 30 min.  
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Table 4.1 Blend compositions of Membranes 

Membranes 

Polymer solution 
TNF (wt.% of polymer 

solution) 
PSF 

(wt.%) 

PEG 

(wt.%) 

NMP 

(wt.%) 

M-0 20 5 75 0 

M-1 20 5 75 1 

M-3 20 5 75 3 

M-5 20 5 75 5 

M-10 20 5 75 10 

The resultant cast solution was poured on to a glass plate and spread using a glass 

rod.It was then submerged in distilled water (Nair et al. 2013). During phase 

inversion the NMP (solvent) diffuses out in to the coagulation media and the water 

(non-solvent) diffuses in to the membrane. The out diffusion of the solvent results in 

the rapid solidification or precipitation of the membrane polymer. The mutual 

exchange of NMP and waterin the membrane results in generation of pores. Similar 

procedures were used for the remaining membranes (Table 4.1). 

4.3 CHARACTERIZATION 

4.3.1. ATR-IR analysis 

ATR-IR spectra were obtained via Jasco4200 IR Spectrometerin the range of 4000-

650 cm-1. The spectral analysis of TNF and composite membranes was conducted.  

4.3.2. XRD analysis 

X ray diffractograms were obtainedusing RigakuMiniflux 6000, X-ray 

Diffractometer. The diffractograms were obtained at 0.06°/s in the 2θ range 10-60°.  

4.3.3. SEM analysis 

Jeol JSM-6380LA, SEM was used to acquire SEM images. The membrane pieces 

were cryogenically fractured using liquid N2 before taking cross sectional images. All 

samples were sputtered with gold before scanning.  

4.3.4. Contact angle measurement 

FTA-200 Dynamic contact angle analyzer was employed to estimate the contact 

angle of membranes via sessile droplet method.  
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4.3.5. Permeation properties   

Sterlitech HP4750 stirred dead end filtration cell with exposed membrane area of 

14.6 cm2 was employed to study the permeation characteristics of the membranes. 

Membranes were kept immersed in water for one day before carrying out flux study. 

Variation of (PWF) with time was studied. Permeate was collected after 20 min of 

contact to 0.2 MPa transmembrane pressure. Permeate sample was collected at 5 

minutes interval. The PWF (JW) was calculated using the following relation: 

J୵ =
୕

୼୲ ୅
                                                               (1) 

Where JWis expressed in Lm2h-1 and Q is the volume of permeate collected in Δt (h) 

time period for a area A (m2). 

4.3.6. Antifouling characteristics  

The antifouling characteristics were analyzed as per literature (Zhao et al. 2011). 

PWF of the membrane Jw1 (L/m2h) was obtained at 0.2 MPa TMP. The antifouling 

property of the membrane was studied using BSA as standard protein for rejection. 

0.8g/L of an aqueous solution of BSA was made and used for rejection study for 90 

minutes. Later the membrane was cleansed with distilled water for 20 minutes and 

PWF Jw2is determined once again. The antifouling capacity was estimated in terms of 

flux recovery ratio (FRR) using the following equation: 

FRR(%) =
୎౭మ

୎౭భ
X 100                                              (2) 

In order to determine the rejection capacity of the membrane, feed and permeate 

solution samples were collected and Bradford reagent was added. Samples were left 

idol for 10 minutes before analyzing using UV-Spectrometer. The % BSA protein 

rejection was determined using the below equation: 

%R =  ቀ1 −
େ౦

େ౜
ቁ  X 100                                           (3) 

4.4 RESULTS AND DISCUSSION  

4.4.1. Membrane characterization  

4.4.1.1. ATR-IR analysis   

The ATR-IR spectrum of TNF is shown in Fig. 4.1 (a). The peak at 894.8cm-1 

corresponds to the longitudinal optical mode of anatase phase of TiO2. The presence 
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of polymeric Ti-O chains in the nanofibers can be identified by lowering of 

transmittance beyond 650 cm-1 (Reza et al. 2013).The broad peak appeared around 

3375 cm-1 corresponds to O-H vibrations of Ti-OH groups due to physisorbed water 

content. ATR-IR spectra of M-0, M-10, and TNF are compared in Fig. 4.1. The 

characteristic peaks of PSF at 1297.86 cm-1 (S=O asymmetric stretch), 1240 cm-1 (C-

O-C stretch), 1152.26 cm-1 (S=O symmetric stretch) can be seen in the composite 

membrane (Kumar et al. 2013). Apart from the PSF peaks, a notable peak that 

appears in M-0 is the broad peak around 3400 cm-1 which is due to the incorporation 

of PEG. The peaks in the TNFspectrum at3375 cm-1and 650 cm-1are combined 

withsimilar M-0 peaks in the region to give lower peaks at 3299 cm-1and 690 cm-1 in 

the M-10 spectrum. The merger of peaks implies a good interaction between TNF 

and PSF the broad -OH peak around 3300-3400 cm-1 is of great importance as it gives 

an idea of interactions with in the composite and also about the dispersion of the 

additive. The significant diminution in -OH peak of M-10 when compared to pure 

TNF indicates the lowered polarizability of hydroxyl group within the polymer. 

When the filler is polar and the polymer is nonpolar then the filler-filler interaction is 

much stronger than polymer-filler interaction. Higher concentrations of filler thus 

result in agglomeration and non-uniform dispersion (George et al. 2014). In the 

present work, the inclusion of hydrophilic PEG which has hydroxyl groups greatly 

helps in better dispersion of TNF, even at higher concentrations. 



Fig. 4.1 ATR-IR spectra. (a) TNF; (b) M

4.4.1.2. XRD analysis  

The XRD pattern of TNF, M

characteristic peaks at 25.4°, 38.5°, 48° and 53.8° in the powder diffraction pattern of 

TNF indicate the presence of anatase phase (Zaleska

no peak indicates the absence of crystall

amorphous polymer. Anatase characteristic peaks around 25.4°, 38.5°, 48° and 53.8° 

in the powder diffraction pattern can be seen in the M

IR spectra. (a) TNF; (b) M-0; (c) M-10. 

M-0, and M-10 are compared in Fig. 4.2. The 

characteristic peaks at 25.4°, 38.5°, 48° and 53.8° in the powder diffraction pattern of 

TNF indicate the presence of anatase phase (Zaleskaet al. 2008). XRD of M-0 shows 

no peak indicates the absence of crystalline phase, affirmative in case of an 

amorphous polymer. Anatase characteristic peaks around 25.4°, 38.5°, 48° and 53.8° 

in the powder diffraction pattern can be seen in the M-10 membrane at a lower 
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intensity. The small shift in peaks indicates effective incorporation and good 

interaction between filler and matrix (Yang et al. 2007). 

 

Fig. 4.2 XRD patterns of TNF, PSF, and M-10. 

4.4.1.3. Morphology of the membrane 

SEM analysis of the membranes synthesized having different concentrations of TNF 

is shown in Fig. 4.3. All the membranes display asymmetric construction, having 

dense top layer, porous sub layer, and fully developed macro pores layer. It is 

apparent from SEM images that rise in the addition of TNF caused alowering of 

finger like projection and lowered their length (Singh et al. 2013). The development 

of spongy structure in the sub layer was improved with higher additive content. The 

viscosity of cast solution increases with increasing additive content. This increased 

viscosity affects the kinetics of phase inversion as it retards the diffusion of solvent 

and non-solvent. The greatercast solution viscosity, solvent’s out-diffusion is favored 

over nonsolvents in-diffusion into the solution resulting in the formation of 

membranes with smaller pores. Choi et. al (2006) reported similar trend in case of 

addition of multi-walled carbon nanotubes (above 4 wt.%) in polysulfone blend 

membranes. Yang et. al (2007) reported increased rheological hindrance beyond the 

rheological percolation threshold with increasing concentration of TNP additive 



above 2 wt.%. The increased hydrophilicity due to the hydrophilic addit

important role in overcoming the increasing rheological hindrance. There are also 

reports on the addition of TiO2 nanoparticles at higher concentrations, where it didn’t 

result in reduction of pore size or flux (Zhang 

of PEG would play a significant role apart from being a hydrophilic pore former, it 

also improves the dispersion of the filler and the interaction between TNF and PSF 

during membrane formation. Dong et. al (2012) reported that low concent

PEG (5 wt.%) when used during phase inversion resulted in better dispersion of 

nanoadditives with in the membrane matrix and also increased the porosity. But when 

PEG is used at higher concentrations, it resulted in the accumulation of nanoadditi

inside the membrane pore and caused loss in membrane properties. 

Fig. 4.3Cross-sectional SEM images of membranes. (a) M

. The increased hydrophilicity due to the hydrophilic additive plays an 

important role in overcoming the increasing rheological hindrance. There are also 

nanoparticles at higher concentrations, where it didn’t 

result in reduction of pore size or flux (Zhang et al. 2006). In this context the addition 

of PEG would play a significant role apart from being a hydrophilic pore former, it 

also improves the dispersion of the filler and the interaction between TNF and PSF 

during membrane formation. Dong et. al (2012) reported that low concentration of 

) when used during phase inversion resulted in better dispersion of 

nanoadditives with in the membrane matrix and also increased the porosity. But when 

PEG is used at higher concentrations, it resulted in the accumulation of nanoadditi

inside the membrane pore and caused loss in membrane properties.  

sectional SEM images of membranes. (a) M-0; (b) M-1; (c) M-

(d) M-5; (e) M-10. 
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4.4.1.4. Hydrophilicity of membranes 

Hydrophilicity of a membrane is the key factor in determining the flux and 

antifouling capacity of th

adsorption/deposition of organics on the membrane surface(Sotto 

hydrophilic metal oxides like TiO

membrane surface result in improved membrane h

hydrophilicity enhanced is thus depended on the availability of particles on the 

surface and is therefore a function of concentration and dispersion of the particles. So 

in general, unless there are issues related to rheologica

inversion or deposition of particles inside pores, the addition of hydrophilic additive 

will increase surface wettability and reduce the contact angle. From the analysis (Fig. 

4.4), it was observed that the contact angle of TNF ble

reduced from 73.88° for 0 

The significant drop in contact angle is an obvious sign of improving the 

hydrophilicity. It can be concluded that the increase in the hydrophilici

due to the hydrophilicity of TNF additive.

Fig. 4.4Contact angle of the 

4.4.1.5. Membrane permeability 

Membrane performance was evaluated in terms of time dependent PWF, BSA 

rejection and flux recovery after BSA rejection (Teli

4.4.1.4. Hydrophilicity of membranes  

Hydrophilicity of a membrane is the key factor in determining the flux and 

of the membrane. The low hydrophilicity results in 

adsorption/deposition of organics on the membrane surface(Sotto et al. 

hydrophilic metal oxides like TiO2 are added, presence of these particles on the 

membrane surface result in improved membrane hydrophilicity. The extend of 

hydrophilicity enhanced is thus depended on the availability of particles on the 

surface and is therefore a function of concentration and dispersion of the particles. So 

in general, unless there are issues related to rheological hindrance during phase 

inversion or deposition of particles inside pores, the addition of hydrophilic additive 

will increase surface wettability and reduce the contact angle. From the analysis (Fig. 

4.4), it was observed that the contact angle of TNF blend PSF membranes gradually 

reduced from 73.88° for 0 wt.% TNF content to 48.88° for the 10 wt.% TNF content. 

The significant drop in contact angle is an obvious sign of improving the 

. It can be concluded that the increase in the hydrophilici

due to the hydrophilicity of TNF additive. 

Fig. 4.4Contact angle of the different membranes. 

4.4.1.5. Membrane permeability and antifouling properties  

Membrane performance was evaluated in terms of time dependent PWF, BSA 

recovery after BSA rejection (Teliet al. 2012). Initially,
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PWF, all membranes showed flux decline due to mechanical compaction. Flux study 

i.e. PWF, flux during BSA rejection and the recovered flux testing was done at 0.2 

Mpa TMP and 25 oC for 90 min till the flux reached near steady state condition. The 

PWF flux of different membranes is compared in Fig. 4.5 (a). The nascent PSF (M-0) 

membrane showed minimal flux. M-1 membrane showed a slight improvement in 

pure water flux. At 3 wt.% addition of TNF for M-0, the flux doubled in comparison 

to nascent PSF membrane. For M-5, the flux further improved and at 10 wt.% 

addition in case of M-10, flux attained maximum steady state value. 

 

Fig. 4.5 Permeation and antifouling studies of the membranes. (a) PWF; (b) flux 

during BSA rejection; (c) flux recovery ratio. 



Fig. 4.5 Permeation and antifouling studies of the membranes. (a) PWF; (b) flux 

during BSA rejection; (c) flux recovery ratio.

As reported by Dong et. al (2012), when the conce

increased, permeation enhancement can occur as long as the additive is well 

dispersed within the polymer and does not agglomerate at the pores. The increasing 

trend of flux is an indication of better dispersion of TNF in the mem

also an indication of minimal trapping of TNFs in the pores.  The enhanced 

Fig. 4.5 Permeation and antifouling studies of the membranes. (a) PWF; (b) flux 

during BSA rejection; (c) flux recovery ratio. 

As reported by Dong et. al (2012), when the concentration of nanoadditive is 

increased, permeation enhancement can occur as long as the additive is well 

dispersed within the polymer and does not agglomerate at the pores. The increasing 

trend of flux is an indication of better dispersion of TNF in the membrane and it is 

also an indication of minimal trapping of TNFs in the pores.  The enhanced 
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hydrophilicity of membrane due to the addition of TNF is the key reason for the 

enhancement of permeability.  

Nair et al. 2013,fouling leads to flux reduction and reduces membrane life time. BSA 

rejection studies simulate the effect of fouling on the membranes. The nascent PSF 

(M-0) membrane has no hydrophilic TNF and thus gets fouled easily with drastic 

drop in flux. M-1 and M-3 membranes also showed high flux drop due to fouling. M-

5 membrane showed nominal flux drop and maintained moderate flux. M-10 

membrane showed best performance with lesser flux drop and high steady state flux. 

All membranes exhibited similar permeation reductionin BSA rejection; lower flux 

reduction could be observed with higher TNF content in membrane (Fig. 4.5b). The 

BSA rejection of M-0, M-1, M-2, M-3 and M-5 membranes were 94%, 92%, 90%, 

89% and 86%. After BSA rejection the membranes were cleansed and the pure water 

flux was determined (Fig. 4.5c). The nascent PSF (M-0) membrane showed least flux 

recovery due to the hydrophobic nature of PSF. M-1 and M-3 membranes showed 50 

% flux recovery due to improved hydrophilicity. M-5 membrane showed a good flux 

recovery of above 60% and M-10 membrane exhibited better flux recovery of 76%. 

The hydrophilic TNF on the membrane surface improved the interaction with 

aqueous medium thus weakening interactions between membrane surface and protein 

molecules. This enables easy cleaning of foulant from the membrane surface, greatly 

enhancing the recyclability of the membranes. 

4.5 CONCLUSIONS 

 Titanium oxide nanofibers were successfully synthesized within the size range of 90-

100 nm diameters. PSF/TNF composite membranes were successfully synthesized 

and characterized using SEM, XRD, ATR-IR and contact angle measurements. The 

performance of membrane was analyzed using pure water flux, FRR, and percentage 

rejection. The membranes were seen to possess asymmetric structure. Contact angle 

measurements indicated a clear increase in membrane hydrophilicity with increasing 

concentration of TNF content. The PSF/TNF composite membranes showed better 

permeability than nascent PSF membrane. The membrane with 10 wt.% addition of 

TNF showed the highest value for pure water flux. Lower flux decline was observed 



53 
 

for the composite membranes in BSA rejection. 10 wt.% TNF addition recorded a 

maximum FRR of 76%.  
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CHAPTER 5 

 

Ag-TiO2 NANOFIBER (Ag-TNF)HIERARCHICAL MEMBRANES FOR 

PHOTOCATALYTIC DEGRADATION OF DYES 

Abstract 

TiO2 nanoparticles have been widely studied for photocatalytic degradation of dyes, 

but their small size makes catalyst recovery difficult. When compared to TiO2 

nanoparticles, nanofibers are larger in size and exhibit good mechanical properties. 

Doping TiO2 with suitable modifiers like silver can further boost their performance. 

In the present work, TiO2 nanofibers were synthesized using hydrothermal method. 

The obtained TiO2 fibers were then doped with silver via photo-deposition method 

under ultra-violet light irradiation. Scanning electron microscopy, energy dispersive 

X-ray spectroscopy, Fourier transform infra red spectroscopy and X-ray diffraction 

were used to characterize the nanofibers. Future, these nanofibers were used to 

synthesize a hierarchical photocatalytic membrane to enable continuous degradation 

and filtration. The effects of catalyst loading on permeation and dye removal were 

studied using rhodamine B. The silver doped TiO2 nanofiber membranes exhibited 

good dye removal capabilities. 

5.1 INTRODUCTION 

Nano-size photocatalyst especially TiO2 has attracted much attention over a decades. 

High specific surface area of TiO2 nanomaterials has increased the photocatalytic 

activity but the smaller size has also increased the difficulty to recover the 

photocatalyst from the reaction mixture. Recent research in nanotoxicology infers the 

toxic nature of TiO2 nanoparticles (Shi et al. 2013). Upon intravenous exposure, TiO2 

nanoparticles can cause pathological lesions of the liver, spleen, kidneys, and brain. 

Also, inhalation studies in rats have shown to result in lung tumors. Hence, when 

such materials are used for water treatment, complete recovery becomes mandatory. 

Researchers have been working on various methodologies to immobilize 

photocatalyst to facilitate catalyst recovery, and one such method is immobilizing the 

photocatalyst on top of a support membrane. Such assembly is called as a 
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hierarchicalmembrane which enables simultaneous photocatalytic degradation and 

membrane filtration (Bai et al. 2015). It is a good alternative to conventional 

photocatalytic degradation, since it enables continuous operation. For the formation 

of a good hierarchical membrane, the photocatalyst loaded on the top should form a 

uniform stable coating. Nanoparticles are least preferred in the synthesis of 

hierarchical membranes since their geometry doesn’t allow stable film formation. 

Nanothorns, micro spheres and graphene-based composites of TiO2 have been 

reported as suitable materials to develop stable hierarchical membranes (Gao et al. 

2013). 

TiO2 nanofiber is a one-dimensionalnano-form of TiO2. The major advantage of 

nanofiber is that they form an interconnected web like structures when stacked 

together. Zhang et al (2008) had previously reported a free-standing TNF membrane, 

but the membrane could only operate at low transmembrane pressures due to its 

fragile nature. In hierarchical membrane, the base membrane provides additional 

mechanical support enabling operation at higher pressures. Tang et al (2016) had 

recently reported an Ag/AgBr/TNF membrane for water purification with special 

emphasis on the antibacterial properties of the membrane. In the chapter, we discuss 

the synthesis of Ag-TiO2 nanofiber hierarchical membrane and its application for dye 

removal. Rhodamine B dye was used as the model pollutant. Dye removal studies 

were conducted in presence and absence of UV irradiation to analyze the effect of 

adsorption and photocatalytic degradation on dye removal.   

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

Rhodamine-B dye was purchased from Sigma-Aldrich Co, Bangalore, India. 

Cellulose acetate membrane (Dia– 4.7 cm and pore size - 200nm) was obtained from 

Sartorius stedim biotech, Bangalore, India. Silver nitrate (AgNO3), ammonium 

hydroxide and ethanol were procured from Nice chemicals Pvt Ltd, Cochin, India. 

5.2.2 Synthesis of Ag-TNF composite 

1.5 g of TNF was added to 250 mL of 15 mM AgNO3 aqueous solution, the pH was 

made to 7 by adding ammonium hydroxide. The solution was stirred thoroughly and 

exposed to UV radiation for 4 h. The obtained dark purple product was washed thrice 
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with water and ethanol and dried in a hot air oven at 60˚C. The procedure for Ag 

doping was adopted from Sowmya & Meenakshi (2015), which was originally used 

for the synthesis of Ag doped nanoparticles.  

5.2.3 Synthesis of Ag-TNF Hierarchical Membrane 

Suitable quantities of Ag-TNF as given in Table 5.1 were dispersed in 100 mL of 

distilled water and loaded into a filtration assembly (Tarsons-50021). Cellulose 

acetate membrane of diameter 47 mm and pore size 0.2 µm was used as the support 

membrane. Vacuum was applied using a vacuum pump (Technic-TID-75-S, Pressure 

0.379 MPa) connected to the filtration setup. Water passed through the membrane as 

permeate, leaving behind a layer of Ag-TNF on the membrane surface. In 2010, Bai 

et. al had reported the synthesis of hierarchical Membrane via above method using 

TiO2 nanothorns. Later, the procedure was commonly known as pressurized 

assembly. 

Table 5.1 Photocatalyst loading of various membranes 

Membrane A-50 A-100 A-150 A-200 A-250 

Ag-TNF Loading (mg) 50 100 150 200 250 

 

5.3 CHARACTERIZATION 

Scanning electron microscope (SEM, Jeol JSM-6380LA) was used to study the 

morphology of samples; samples were gold sputtered before imaging. EDS was also 

done using the same SEM. XRD diffractograms of the samples were obtained using 

X-ray Diffractometer (Rigaku Miniflux 6000). The Fourier transform infra-red 

spectroscopy (FTIR) of the sample was done using Shimadzu FTIR- 8400S 

spectrometer. UV-Visible spectrometer (Hitachi, U-2900) was used to estimate 

rhodamine B (RHB) dye concentration at a wavelength of 553 nm.  



Fig. 5.1 Schematic representation of membrane testing unit

Fig. 5.2 Schematic representation of UV irradiated membrane cell

The membrane performances in terms of permeate flux and dye 

using a custom-made dead
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pressurizing the feed, a two
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studies were conducted at 0.1 MPa transmembrane pressure. 15 

Fig. 5.1 Schematic representation of membrane testing unit 

Fig. 5.2 Schematic representation of UV irradiated membrane cell

The membrane performances in terms of permeate flux and dye removal 

made dead-end filtration unit (Fig. 5.1) with an effective membrane 

The filtration unit consists of an oxygen gas cylinder for 

two-liter feed tank and a membrane cell. The membrane cell 

is equipped with a quartz glass window on top for UV irradiation (Fig. 5.2). The flux 

studies were conducted at 0.1 MPa transmembrane pressure. 15 mgL
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Fig. 5.2 Schematic representation of UV irradiated membrane cell 
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solution in distilled water was used for the dye removal studies. The dye removal 

(%R) was determined using the following equation:

%R =

5.3 RESULTS AND DISCUSSION

SEM images (Fig. 5.3a) reveals that the synthesized 
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The EDS spectra of Ag-TNS membrane (Fig. 5.6) confirms the presence of 2.57 

atomic % of silver.  

solution in distilled water was used for the dye removal studies. The dye removal 

(%R) was determined using the following equation: 

=  ቀ1 −
େ౦

େ౜
ቁ  X 100         (1) 

5.3 RESULTS AND DISCUSSION 

SEM images (Fig. 5.3a) reveals that the synthesized nanofibers have diameters under 

100 nm and length of few micrometers. The surface image of Ag-TNF membrane’s 

(Fig. 5.3b) clearly shows the nanofiber assembly on the base membrane. XRD peaks 

of TNF at 25.5°, 38.06°, 48.22°and 55.3° correspond to anatase phase of TiO2

5.4). In the XRD pattern of Ag-TiO2 composite, apart from TNF peaks, two new 

peaks have emerged at 38° and 46.4° which correspond to metallic silver (Sowmya & 

. The new peak at 32.6° indicates the presence of AgO (Masuda

The FTIR spectrum of TNF and Ag-TNF are compared in Fig. 5.5. 

2 between 800-400 cm-1 is seen in both the spectrum. 

The bands corresponding to the –OH group on TiO2 at 3400 cm-1 and 1410 cm

also observed. The peak at 1384 cm-1 indicates the presence of residual nitrates after 

deposition reaction. All the peaks of TiO2 are retained in Ag-TiO2 spectra

TNS membrane (Fig. 5.6) confirms the presence of 2.57 
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Fig. 5.5 FTIR spectrum of TNF and Ag

 

Fig. 5.6 EDS spectra of Ag

A significant decrease in membrane 

TNF loading in the membrane (Fig. 5.7). The addition of Ag

membrane surface creates additional resistance to flow

decline in flux was drastic at lower catalyst loading due to pore blockage by TNF. As 

the TNF layer builds up, due to the 

Fig. 5.5 FTIR spectrum of TNF and Ag-TNF 

Fig. 5.6 EDS spectra of Ag-TNF 

decrease in membrane permeates flux is observed with increasing Ag

n the membrane (Fig. 5.7). The addition of Ag-TNF layers on top of 

membrane surface creates additional resistance to flow (Diparezaet al. 2008)

decline in flux was drastic at lower catalyst loading due to pore blockage by TNF. As 

the TNF layer builds up, due to the very high porosity of the nanofiber network,
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resistance is offered, hence the flux drop becomes gradua

provides greater contact time between the photocatalyst and the dye and enables 

better interaction. Dye removal studies reveal that the dye removal capacity of the 

membranes increased with greater TNF loading (Fig. 5.8). In absence 

radiation, the Ag-TNS is capable of adsorbing the RHB dye via surface hydroxyl 

groups of TiO2. In presence of UV light electrons and holes are formed on TiO

these charge carriers react with the aqueous 

(Kordouli et al. 2015). These hydroxyl radicals react with the dye and degrade it to 

simpler molecules. On addition of silver to TiO

thereby improving the charge separation efficiency and decreasing the recombination 

rate. Thus Ag-TNS acquires better photocatalytic activity. Nearly complete dye 

removal was obtained in case of 250 mg Ag

irradiation. The dye removal studies in absence of UV irradiation 

adsorption capability of the Ag

adsorption traits. Obviously,

absence of UV also increased. But unlike photocatalytic degradation, adsorption of 

dye leads to exhaustion of the photocatalyst. 

membranes for dye removal invariably establish the same (Fig. 5.8). 

resistance is offered, hence the flux drop becomes gradual. The decrease in flux 

provides greater contact time between the photocatalyst and the dye and enables 

better interaction. Dye removal studies reveal that the dye removal capacity of the 

membranes increased with greater TNF loading (Fig. 5.8). In absence 

TNS is capable of adsorbing the RHB dye via surface hydroxyl 

. In presence of UV light electrons and holes are formed on TiO

these charge carriers react with the aqueous medium to form hydroxyl radicals (•OH)

. These hydroxyl radicals react with the dye and degrade it to 

simpler molecules. On addition of silver to TiO2, electrons get transferred to silver 

thereby improving the charge separation efficiency and decreasing the recombination 

TNS acquires better photocatalytic activity. Nearly complete dye 

removal was obtained in case of 250 mg Ag-TNF loaded membrane under UV 

irradiation. The dye removal studies in absence of UV irradiation measure

adsorption capability of the Ag-TNS (Fig. 5.9). Ag-TNS exhibited good dye 

Obviously, with increased adsorbent concentration, dye removal in 

absence of UV also increased. But unlike photocatalytic degradation, adsorption of 

dye leads to exhaustion of the photocatalyst. The reuse cycle studies of Ag

membranes for dye removal invariably establish the same (Fig. 5.8).  

Fig. 5.7 Flux of various membranes 
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Fig. 5.8 Dye removal (DR) in presence of UV radiation by various membranes 

 

Fig. 5.8 Dye removal (DR) in absence of UV radiation by various membranes 



Fig. 5.10 Reuse cycles of the in presence of UV radiation membranes

Fig. 5.11 Reuse cycles of the in absence of UV radiation membranes 

Under UV irradiation the membranes are able to exhibit better dye removal 

on repeated use (Fig. 5.10). The dye removal efficiency increased with higher Ag

Fig. 5.10 Reuse cycles of the in presence of UV radiation membranes

Fig. 5.11 Reuse cycles of the in absence of UV radiation membranes 

Under UV irradiation the membranes are able to exhibit better dye removal 

on repeated use (Fig. 5.10). The dye removal efficiency increased with higher Ag
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Fig. 5.10 Reuse cycles of the in presence of UV radiation membranes 

 

Fig. 5.11 Reuse cycles of the in absence of UV radiation membranes  

Under UV irradiation the membranes are able to exhibit better dye removal efficiency 

on repeated use (Fig. 5.10). The dye removal efficiency increased with higher Ag-
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TNS loading since lower flux provides greater time for photocatalytic degradation 

reaction (Bai et al. 2012). In case of dye removal in absence of UV, the reuse cycles 

clearly indicate a drastic drop in dye removal efficiency due to catalyst exhaustion 

(Fig. 5.11). The best performance was observed for 250 mg loaded membrane 

wherein under UV irradiation the dye removal in the third reuse cycle still remained 

above 90.1%, dropping only by 9.9 %. Where as in absence of UV, dye removal 

dropped by 52 % in the third reuse cycle. The photocatalyst reuse studies clearly 

suggest that Ag-TNS membranes, especially at higher catalyst loading exhibit 

superior photocatalytic dye degradation capabilities and hence can deliver reliable 

performance.  

5.4 Conclusion 

TiO2 nanofibers synthesized consisted of anatase phase which exhibits good 

photocatalytic activity. Silver doped nanofibers were synthesized as confirmed from 

XRD and EDS. The Ag-TNF hierarchical photocatalytic membranes were 

synthesized with various catalyst loadings. The Ag-TNF membranes showed higher 

flux drop with increasing catalyst loading but the lower flow rate provided greater 

contact time for photodegradation. Although Ag-TNF can adsorb the RHB dye, the 

dye removal due to adsorption declined drastically with reuse of the photocatalyst. 

The performance of Ag-TNF membranes to remove the dye under UV irradiation 

increased with higher photocatalyst loading. Complete degradation of rhodamine B 

dye was obtained in case of 250 mg Ag-TNF loaded membrane. 250 mg Ag-TNF 

loaded membrane could maintain dye removal efficiency up to 90.01 % in the third 

reuse cycle indicating consistent performance and reusability.  
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CHAPTER 6 

 

TiO2 NANOSHEET INCORPORATED POLYSULFONE (TNS/PSF) 

NANOCOMPOSITE ULTRAFILTRATION MEMBRANES FOR DYE 

REMOVAL 

Abstract 

Incorporation of nanomaterials in polymeric membranes isan effective means to 

improve membrane performance. In the present work, a novel additive TiO2 

nanosheet was incorporated in polysulfone membrane. TiO2 nanosheets were 

synthesized by hydrothermal method and blended with polysulfone. The membranes 

performance was evaluated via pure water flux, bovine serum albumin rejection and 

antifouling studies. Further the membranes were subjected to dye rejection application 

using Congo red and Rhodamine-B dyes. The membranes were characterized using 

scanning electron microscopy; X-ray diffraction and contact angle measurement. The 

nanocomposite membranes exhibited superior permeation, antifouling and dye 

rejection traits.  

6.1. INTRODUCTION 

In case of PSF membrane, titanium dioxide nanomaterials have been widely reported 

as nano additives (Mahlambi et al. 2014). So far, the addition of TiO2 nanoparticles, 

nanotubes have been reported in the literature and it is observed that incorporation of 

TiO2 nanoparticles and nanotubes at a higher concentration in PSF, reduces 

membrane performance due to delayed demixing because of a rheological hindrance 

(Hamid et al. 2011, Kumar et al. 2013). Whereas in our previous work (Chapter 4) 

the addition of TiO2 nanofibers in PSF membranes, at higher additive content the 

membrane properties improved significantly. It is a well-established fact that the 

morphology of nano additive significantly affects the membrane modification and 

performance (Vatanpour et al. 2012). TiO2 nanosheets are yet another nanostructure 

of TiO2 that has attracted much attention recently (Zou et al. 2014). Nanosheets are 

2D nano structures with a thickness of few nanometers. Such nanostructures are 

important due to their high surface energy and high specific surface area (Yang et al. 
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2011, Chen et al. 2014). In this chapter, we discuss the addition of titanium dioxide 

nanosheets (TNS) as a novel additive in PSF membranes. To the best of our 

knowledge, TNS as a polymer membrane additive has not been reported before. TNS 

isincorporated as an additive in PSF membrane casting solution to prepare 

nanocomposite membranes. The performance of the membrane was evaluated in 

terms of pure water flux, BSA rejection, and flux recovery. The membranes were 

used for dye rejection application using Congo red and Rhodamine-B dyes as a model 

pollutant.  

6.2 MATERIALS AND METHODS 

6.2.1 Materials 

Rhodamine-B dye and Bradford reagent were purchased from Sigma-Aldrich Co, 

Bangalore, India. Congo red dye powder was purchased from Nice chemicals, Kochi. 

1-methyl-2-pyrrolidine (NMP), Bovine serum albumin (BSA) and polyethylene 

glycol (PEG, MW ~ 600 Da) were purchased from Merck specialties private ltd., West 

Mumbai.  

6.2.2 Preparation of TNS incorporated PSF membranes 

For the synthesis of S-1 membrane, PSF (20 wt%) and NMP (80 wt%) were mixed 

and stirred at 60 °C over a period of 4 h for complete dissolution of PSF to obtain a 

homogeneous solution. 1.0wt% (with respect to polymer solution) of TiO2nanosheets 

(with respect to the weight of polymer solution) was added to the solution. The 

resultant cast solution was poured on to a glass plate and spread using a glass rod. It 

was then submerged in distilled water (Nair et al. 2013). During phase inversion the 

NMP (solvent) diffuses out in to the coagulation media and the water (non-solvent) 

diffuses in to the membrane. The out diffusion of the solvent results in the rapid 

solidification or precipitation of the membrane polymer. The mutual exchange of 

NMP and water in the membrane results in generation of pores. Similar procedures 

were used for the remaining membranes (Table 6.1). 
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Table 6.1: Blending compositions of Membranes 

 

 

 

 

 

 

 

 

6.3 CHARACTERIZATION 

6.3.1 XRD analysis 

X-ray diffraction analysis was done using goniometer (JEOL Dx-GE-2P, Japan), X-

ray diffractometer equipped with monochromatizedhigh-intensity Cu Kα radiation 

(λ=1.54058Å). The diffractograms were obtained at 0.16°/s in the 2θ range of 10-70°. 

Accelerating voltage was set to 30 kV and a current of 20 mA. XRD was used to find 

the crystallinity of nanosheets, as well as the TNS, incorporated PSF membranes. 

6.3.2 SEM analysis 

Morphology of synthesized TiO2 nanosheets and membrane samples were analyzed 

using SEM(JSM-6380LA). The samples were frozen in liquid nitrogen and fractured 

before gold sputtering.  

6.3.3 TEM analysis 

The morphology of synthesized TNS was analyzed by Transmission electron 

microscopy (TEM, JEOL, JEM 2100). The TEM sample was prepared by dispersing 

the TNS sample in ethanol and then depositing a drop of these diluted dispersions on 

a TEM grid.  

 

 

 

Membranes 
Polymer solution (PS) TiO2 

(wt% of PS) PSF (wt%) NMP (wt%) 

S-0 20 80 0 

S-1 20 80 1 

S-3 20 80 3 

S-5 20 80 5 

S-7 20 80 7 

S-10 20 80 10 

S-12 20 80 12 

S-15 20 80 15 
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6.3.4 Contact angle measurement  

FTA-200 Dynamic contact angle analyzer was used to estimate the contact angle of 

membranes using sessile droplet method. To avoid error, three measurements were 

made at different locations and the average is reported. 

6.3.5 Permeation properties 

Sterlitech HP4750 stirred dead end filtration cell with an effective membrane area of 

14.6 cm2 was used to study the performance of the membranes. Membranes were 

kept immersed in distilled water for 24 h before carrying out flux study. The 

permeate collection was initiated after 20 min of exposure to 0.4 MPa transmembrane 

pressure (TMP) at 25 °C. The flux study was conducted for a time period of 90 

minutes to enable the flux to reach near steady state condition. The pure water flux 

(JW) was determined by means of the following relation: 

J୵ =
Q

Δt A
                                                              (1) 

Where JWis expressed in L/m2h and Q is the amount of water collected for Δt (h) time 

duration using a membrane area of A (m2). 

6.3.6 Antifouling properties 

The antifouling property of the membrane was studied as per the procedure reported 

in the literature. In Brief, initial pure water flux of the membrane Jw1 (L/m2h) was 

obtained at 0.4 MPa transmembrane pressure for 90 min. The antifouling property of 

the membrane was studied using BSA as standard protein for rejection. 0.8g/L of an 

aqueous solution of BSA passed through the membrane for 60 minutes. Later 

membrane was washed with distilled water for 20 minutes and PWF Jw2 (L/m2h) was 

determined once again. The membranes antifouling capacity was estimated in terms 

of FRR using the following equation: 

FRR(%) =
Jw2

Jw1
X 100(2) 

In order to determine the rejection capacity of the membrane, feed and permeate 

solution samples were collected and treated with Bradford reagent. The 

bluecolorsolution is formed when adding Bradford reagent. Samples were kept at 

room temperature for 10 minutes before analyzing using UV-Spectrometer. The 
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absorption peak of BSA is found to be 595 nm. The % BSA rejection of the 

membrane was determined using the below equation: 

%R =  ቀ1 −
Cp

Cf
ቁ  X 100(3) 

6.3.7 Dye rejection study 

Congo red and Rhodamine-B dye (50 ppm) was prepared and at 0.4 MPa trans-

membrane pressure to study the dye rejection. The permeate collected was subjected 

to UV-Vis spectroscopy to estimate residual dye concentration at a wavelength of 

498 nm and 553 nm respectively.  Percentage rejection values of dye were calculated 

using equation 3, where Cp (mg/L) and Cf(mg/L) are the dye. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Membrane characterization 

6.4.1.1 XRD analysis 

XRD patterns of S-0, S-10, and TNS are compared in figure 6.1. The major XRD 

peaks of TNS at 25.2°, 37.72°, 47.98° and 54.98° can be indexed to anatase phase. 

The major anatase peaks observed in TNS samples are also observed in S-10 

membrane, which shows that TNS was incorporated into membranes effectively. S-0 

pattern does not give any characteristic sharp peaks which indicate amorphous 

polysulfone, without any crystalline phase (Yang et al. 2007).  
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   Fig. 6.1 XRD patterns of S-0, S-10, and TNS. 

6.4.1.2 Morphology of the membranes 

Cross-section of the membranes synthesized with different concentrations of TNS 

wasanalyzed using SEM and is shown in figure. 6.2. All the membranes have typical 

asymmetric structure with finger like macro voids in macro pore region, less porous 

sub layer formation and a top layer with less pore density (Ganesh et al. 2012). As the 

TNS concentration increased from 1 wt% to 5 wt%, the presence of micro passages in 

the top layer and macro voids in macro pore region have decreased rapidly. With the 

addition of particulates, the viscosity of the casting solution increases, this delays 

demixing process thereby retarding rapid exchange of solvent and non-solvent (Gupta 

et al. 2015). Delayed demixing results in lesser pore formation in the membrane. 

From 7 wt% TNS addition onwards porous sub layer formation becomes significant 

and was predominant in 12 and 15 wt%. In S-12 and S-15 membranes, porous sub 

layer and macro voids regions merged. Also, the macro voids and spongy sub layer 

increased significantly in case of S-12 and S-15 when compared to other membranes.  



Fig. 6.2 SEM images of the membranes. a) SEM images of the membranes. a) S-0, b) S-1, c) S-3, d) S-5, e) 

g) S-12, and h) S-15. 
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Fig. 6.2 SEM images of the membranes. a) 
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Fig. 6.2 SEM images of the membranes. a) S-0, b) S-1, c) S-3, d) S-5, e) S-7, f) 

g) S-12, and h) S-15. 
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Fig. 6.2 SEM images of the membranes. a) Fig. 6.2 SEM images of the membranes. a) S-0, b) S-1, c) S-3, d) S-5, e) 

g) S-12, and h) S-15. 
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Fig. 6.2 SEM images of the membranes. a) 

g) 

 

Fig. 6.2 SEM images of the membranes. a) S-0, b) S-1, c) S-3, d) S-5, e) S-7, f) 

g) S-12, and h) S-15. 
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Fig. 6.3 shows contact angle measurement of the synthesized membranes. The 

increased addition of hydrophilic TNS, contact angle of membranes decreased from 

75.04˚ for nascent PSF to 61.25˚ for S-15 membrane. S-5 membrane showed higher 

contact angle compared to S-0 membrane, indicating lower hydrophilicity or lower 

pore size. The increase in hydrophilicity of the membranes above 7 wt% TNS content 

is due to the presence of hydrophilic TNS (Dong et al. 2012). 

6.4.1.4 Membrane permeability and antifouling properties 

Since PEG was not used as pore former in this study the membrane fluxes were much 

less when compared to the results observed in Chapter 4. For nascent PSF membrane, 

a low steady state flux was observed. The PWF is shown in Fig. 6.4. For 1 wt% 

addition of TNS, the flux dropped to a much lower value, which can be explained by 

reports of Yang et. al (2007) on addition of TNP in PSF.  The viscosity of cast 

solution increases with increasing additive content. This increased viscosity affects 

the kinetics of phase inversion as it retards the diffusion of solvent and non-solvent. 

The higher the solution viscosity, solvent’s out diffusion from the cast solution is 

favored over nonsolventsdiffusion into the solution resulting in the formation of 

membranes with smaller pores. Increased rheological hindrance beyond the 

rheological percolation threshold with increasing concentration of TNP above 2 wt% 

was observed. Choi et. al (2006) also reported such trend in case of addition of 

MWCNTs in polysulfone. The increased hydrophilicity due to the hydrophilic TNS 

additive will help in overcoming the increasing rheological hindrance. This can be 

observed in case of 3 wt% addition of TNS as flux although low is improved in 

comparison to 1 wt% addition of TNS. Flux showed further improvement at 5 wt% 

addition although the flux values remained lower when compared to nascent PSF 

membrane.  



It was thus observed that the increase in TNS concentration has resulted in lower 

PWF in case of S-1, S-3 and 

porosity compared to S-0 membrane as seen from the SEM images (Fig 6.2). 
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Fig. 6.4 PWF of membranes. 

It was thus observed that the increase in TNS concentration has resulted in lower 

3 and S-5 membranes. The decrease in flux is due to low 

0 membrane as seen from the SEM images (Fig 6.2). 

pore size is due to increase in viscosity of casting solution (acts as a 

barrier) which affects the mutual diffusivities of solvent and nonsolvent 

forming a closed structure with lesser pore volume relatively. 

therefore not considered for further study because of their poor flux. 

S-5 membrane can also be assumed from the lower contact 
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12 membranes due to improved hydrophilicity. S-15 exhibited three times higher 

flux than nascent PSF because of high hydrophilicity and increase in sponginess of 
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Fig. 6.5 BSA rejection flux of membranes. 

BSA rejection was carried out to estimate the antifouling properties. Fouling reduces 

the rejection flux due to deposition of rejected BSA protein and subsequent cake 

formation. The BSA rejection fluxes are shown in Fig. 6.5. Due to the natural 

hydrophobicity, nascent PSF membrane showed heavy fouling and very low flux 

during BSA rejection. S-5 membrane also showed low flux due to lower pore size 

and lower hydrophilicity. S-7 and S-10 membranes showed higher permeate fluxes 

due to improved hydrophilicity. S-12 and S-15 membranes showed higher steady 

state fluxes due to high concentration of hydrophilic TNS. The BSA rejection flux 

thus drastically decreased when compared to PWF, but the rejection flux improved 

comparatively at higher TNS content. 

The BSA rejection values of the membranes are shown in Fig. 6.6. The maximum 

rejection of 96.45% was obtained for S-5 membrane due to low porosity compared to 

S-0 membrane. With the addition of TNS, the rejection values decreased slightly and 

S-15 gave the lowest rejection and the highest flux. But all membrane could maintain 

BSA rejection above 90%.  
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Fig. 6.6 BSA rejection by the membranes. 

FRR value indicates the reusability and wash ability of the membrane. For nascent 

PSF due to hydrophobic nature the membrane surface is easily susceptible to protein 

adhesion hence the wash ability is reduced resulting in low flux recovery. The FRR 

value increased compared to S-0 membrane with the increase in TNS concentration 

(Fig. 6.7). For S-7 and S-10 the flux recovery improved since hydrophilicity of the 

membrane increased. The increasing trend was observed till S-12 membrane and later 

it decreased for S-15 membrane. The maximum FRR value was observed for S-12 

membrane. The interaction with the aqueous medium was enhanced with the presence 

of hydrophilic TNS on membrane surface there by weakening the interactions 

between protein molecules and membrane surface (Arthanareeswaran et al. 2010). 

Because of weaker interactions, the foulant can be easily cleaned from the membrane 

surface and thus increase the life of the membrane. However, the decrease in FRR 

value for S-15 membrane indicates irreversible fouling. The protein molecules 

penetrated into membrane pores instead of superficial deposition on the membrane, 

thereby reducing the flux recovery. 



Fig.6.7 Percentage FRR of membranes.

6.4.1.5 Dye rejection 

The Congo red dye rejection flux of the membra

incorporated membranes showed better Congo red dye rejection (above 90%) than 

nascent PSF (Fig. 6.9). Although 

obtained was comparatively lower. 

rejection along with permeate fluxes of 5 to 6 times higher than 

Fig. 6.8 Congo red dye rejection flux of membranes.

Fig.6.7 Percentage FRR of membranes. 

The Congo red dye rejection flux of the membranes is shown in Fig. 6.8. All TNS 

incorporated membranes showed better Congo red dye rejection (above 90%) than 

Although S-5 showed high dye rejection, the permeate flux 

obtained was comparatively lower. S-12 and S-15 membranes exhibited good dye 

rejection along with permeate fluxes of 5 to 6 times higher than S-0. 

Fig. 6.8 Congo red dye rejection flux of membranes. 
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Fig. 6.9 Congo red dye rejection by the membranes. 

 

Fig. 6.10 Rhodamine B dye rejection flux of membranes. 
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Fig. 6.11 Rhodamine-B dye rejection by the membranes. 

Also a slightly decreasing trend in dye rejection was observed from S-5 to S-7but 

Congo red dye adsorption capability of TNS increased the rejection at higher TNS 

content in membranes (Amin et al. 2015, Kordouli et al. 2015).  

Rhodamine-B dye rejection trends are shown in Fig. 6.10. All membranes showed 

better permeate flux and lower rejection for Rhodamine-B when compared to Congo 

red owing to the comparatively smaller size of Rhodamine-B molecules. Similar to 

Congo red rejection study, S-5 membrane exhibited better rejection but permeate flux 

was low. The permeate flux improved gradually from S-7 to S-10 and the drastic 

increase was observed for S-12 and S-15. The drastic hike in permeate flux of S-12 

and S-15 was associated with a heavy drop in dye rejection capacity, S-15 showed a 

minimum dye rejection of 66.4% (Fig. 6.11). S-7 and S-10 membranes exhibited 

better performance with dye rejections above 85% and better permeate flux.  

6.5 CONCLUSION 

TiO2 Nanosheets were successfully synthesized and effectively incorporated into 

polysulfone membrane. The performance of the membranes showed a declining trend 
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at a lower additive concentration up to 5 wt%, but at higher concentrations, property 

enhancement was significant. Three times increase in pure water flux when compared 

to nascent polysulfone was observed for S-15 membrane. A maximum of 70.3 % flux 

recovery was obtained for S-12 membrane, owing to the drastic increase in 

membrane hydrophilicity due to TNS addition. Better Congo red dye rejection flux 

was also obtained with higher TNS content. Best results for Congo red rejection were 

obtained for S-12 and S-15 membranes with dye rejection of above 94% and 5 to 6 

times increase in permeate flux. In case of Rhodamine-B rejection, the smaller size of 

the dye resulted in higher permeate flux accompanied by a decrease in dye rejection. 

S-7 and S-10 membranes were found optimal for Rhodamine-B rejection, with dye 

rejections above 85% and comparatively higher permeate fluxes. In summary, TNS 

could effectively enhance the overall performance of the membrane. Good dye 

rejection characteristics of the TNS incorporated membranes indicate potential 

application in a membrane assisted photocatalysis. 
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CHAPTER 7 

 

TiO2 NANOSHEET-GRAPHENE OXIDE (TNS-GO) PHOTOCATALYTIC 

HIERARCHICAL MEMBRANE FOR WATER PURIFICATION 

Abstract 

A hierarchical membrane with layer of photocatalyst coated on top of the membrane 

surface has emerged as a better alternate for immobilization of photocatalyst. Studies 

have revealed that nanoparticles are not pliable for synthesis of hierarchical 

membranes due to their smaller size and low stability after deposition. TiO2 

nanosheets serve as better alternate due their thin structure which enables table layer 

formation. Integrating the nanosheets with modifiers like graphene oxide can further 

enhance the photocatalytic activity. The sheet structure of graphene oxide enhances 

stable film formation and also acts as support for interconnecting TiO2 nanosheets. In 

this work, TiO2 nanosheets are modified with graphene oxide and used to develop a 

hierarchical membrane by depositing a catalyst coating on a support membrane. The 

hierarchical membrane performance was studied using Congo red dye as model 

pollutant and the effect of catalyst loading on the permeate flux and dye removal were 

analyzed. 

7.1. INTRODUCTION 

Hierarchical membranes as discussed in chapter 5 are good alternate to immobilize 

photocatalyst and also obtain better photocatalyst exposure. Various TiO2 structures 

like nanoparticles, nanowires, nanofibers, nano thorns and microspheres have been 

reported in the synthesis of hierarchical membranes (Bai et al. 2010). TiO2 nanosheets 

(TNS) are 2D nanostructures with nanoscale thickness. The thin sheet structure 

enables stable layer formation on deposition. These nanostructures are difficult to 

synthesize with effective size control. Hydrothermal methods have been recently used 

to produce good anatase nanosheets (Chen et al. 2014). As seen in chapter 3, TNS 

showed better photocatalytic activity than TNF. Photocatalytic activity can be further 

enhanced by modifying the material with suitable dopants or forming composites 
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with modifiers. To the best of our knowledge, there have been no reports on the 

application of TiO2 nanosheet in hierarchical membranes. Graphene oxide (GO) is a 

widely studied modifier to enhance the photocatalytic activity of TiO2(Gao et al. 

2014). When employed in hierarchical membranes, GO has also shown to impart 

better mechanical stability to photocatalyst layer (Gao et al. 2013). In this chapter, the 

synthesis of TNS-GO hierarchical membrane for simultaneous water filtration and 

photodegradation is discussed.  

7.2 MATERIALS AND METHODS 

7.2.1 Materials 

Graphene oxide sheets were purchased from Sigma-Aldrich Co, Bangalore, India. 

Congo red dye was procured from Nice Chemicals, Cochin, India. Cellulose acetate 

membrane (Dia - 47 mm and pore size - 200 nm) was obtained from Sartorius stedim 

biotech, Bangalore, India. 

7.2.2 Synthesis of TNS-GO 

GO (20 mg) was dispersed in 100 mL distilled water under constant stirring. The 

dispersion was sonicated for 30 min to enable exfoliation of the GO sheets. A 

dispersion of TNS (100 mg) was prepared in 100 ml water with constant stirring. 

Both the dispersions were mixed and stirred vigorously for 2 h. The obtained product 

was dried at 60°C in a hot air oven (Gao et al. 2013). 

7.2.3 Synthesis of photocatalyst coated hierarchical membrane 

Hierarchical membranes were synthesized using cellulose acetate base membrane 

(Sartorius Stedim Biotech, Dia - 47 mm and pore size - 200nm). The base membrane 

was positioned properly in a filtration assembly. A varying amount of TNS-GO 

photocatalyst as given in Table 8.1 were dispersed in 100 mL of distilled water and 

loaded into the filtration cell. During high-pressurefiltration, the photocatalyst got 

evenly coated on the surface of the base membrane. 

Table 7.1 Photocatalyst loading of various membranes 

Membrane G-50 G-100 G-200 G-300 G-400 

Ag-TNF Loading (mg) 50 100 200 300 400 
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7.2.4 Characterization  

Synthesized samples were observed under field emission scanning electron 

microscope (FESEM, Zeiss Sigma) and scanning electron microscope (SEM, Jeol 

JSM-6380LA). All samples were sputtered with gold before analysis. Further 

Transmission electron microscope (TEM, JEOL JEM-2100) was used to analyze the 

TNS samples. X-ray Diffractometer (Rigaku Miniflux 6000) equipped with 

monochromatized high-intensity Cu Kα radiation (λ = 1.54178 Å) was used to 

analyze the crystalline nature of the samples. UV-Visible spectrometer (Hitachi, U-

2900) was used to estimate congo red dye concentration at a wavelength of 498 nm.  

7.2.5 Performance study of the membranes 

The permeation propertie of the membranes were studied using a lab scale dead end 

filtration cell as described in chapter 5. The cell consists of a Quartz glass window on 

the top to enable UV irradiation. The active area of the membrane cell was 14.6 cm2. 

The membrane cell was connected to a feed tank which was pressurized using an 

oxygen cylinder. The flux studies were carried out at a transmembrane pressure of 0.2 

MPa. 

Permeate flux (J) was calculated using the following equation: 

J = Q/(Δt A) (1)      

Where J is the flux expressed in Lm-2h-1 and Q (L) is the amount of water collected 

for Δt (h) time duration using a membrane of area A (m2). 

Dye removal studies were carried out using the same dead end filtration cell. 50 mg 

L-1 of Congo red dye solution was prepared in distilled water and 100 mL dye 

solution was used for each dye removal study. Dye removal studies were done in the 

presence and absence of UV radiation to evaluate the effects of adsorption and 

photocatalytic degradation. Permeate obtained after dye removal study was subjected 

to UV-Vis spectroscopy to estimate residual dye concentration. 

 

 

 



7.3 RESULTS AND DISCUSSION

7.3.1 Characterization of TNS 

FESEM image of TNS is shown in Fig. 7.1; from the figure individual square flakes 

of TiO2 nanosheets can be observed. Magnified image (Fig. 7.1 b) of TNS reveals the 

sheet structure of the TiO
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X-ray diffraction patterns of TNS are shown in Fig. 7.2. The major XRD peaks were 

observed at 25.8°, 37.6°, 48.6° and 55.4° which correspond to 
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preferable for superior photocatalytic activity. Hence TNS can serve as a good 

photocatalyst for the synthesis of the hierarchical membrane.  

 

Fig. 7.2 XRD pattern of TNS 

-GO hierarchical membrane 

The hierarchical membrane was synthesized by depositing TNS-GO on the polymer 

membrane. Fig. 7.2 (a) shows the FESEM image of TNS-GO and the presence of 

TNS on the GO sheet can be observed from the figure. In the cross sectional image of 

membrane Fig. 7.3 (b), the porous cellulose acetate support 

membrane can be seen completely coated with TNS-GO. TNS-GO has formed a 

uniform stable coating over the membrane surface. The strength of the coating was 

verified by repeated washing of the coated membrane with water and it was observed 

membrane surface. 
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Fig. 7.4 Tauc plots for band gap estimation of photocatalysts 

Energy band gap estimation of the TNS-GO was carried out by analyzing the UV-Vis 

spectral absorption peaks as reported in the literature (Uddabdrao et al. 2016). The 

Tauc plots indicate the reduction of EG from 3.2 eV to 2.98 eV on adding GO to TNS 

(Fig. 7.4). 

7.3.3 Performance study of TNS-GO membranes 

The flux of various membranes is given in Fig 7.5. Theoretically, the addition of 

TNS-GO on the membrane surface blocks the surface pores and results in permeate 

flux reduction (Dipareza et al. 2008). A gradual reduction in PWF has been observed 

as TNS-GO loading was gradually increased, but the dye removal gradually increased 

(Fig. 7.6). In a hierarchal membrane, lower flux enhances the interaction between the 

dye and the catalyst and improves the dye removal. But very low flux will 

unnecessarily prolong the filtration process. Hence in a hierarchal membrane, there is 

always a tradeoff between the permeate flux and dye removal.  



As the TNS-GO loading 

complete dye removal was obtained in case of 

Lm-2h-1. The TNS-GO can remove the dye in two ways, either by adsorption or by 

photocatalytic degradation

carboxyl, and hydroxyl groups enable GO to interact effectively with Congo red 

resulting in good adsorption

hydroxyl groups of TiO2

2015). Up on UV irradiation, the contact between TNS and GO enables e

from TNS to GO. Electron transfer improves photocatalytic activity by lowering the 

charge recombination rate. The electrons and holes generated during UV irra

react with O2 and H2O in the media to form •OH which enable photodegradation of 

the dye. Hence, the top portion of the catalyst coating which receives radiation will 

involve in photodegradation. The remaining underneath portion will 

Dye adsorption is undesirable since it adversely affects catalyst reusability. The 

thickness of the membrane should be such that it photodegrades the maximum 

amount of dye and still offers minimal flux drop.

Fig.7.5 Flux of various membranes 

GO loading increases, there is an appreciable increase in dye removal, 

complete dye removal was obtained in case of G-400 with the lowest flux of 29.3 

GO can remove the dye in two ways, either by adsorption or by 

photocatalytic degradation (Bai et al. 2015). The presence of reactive oxygen atoms, 

and hydroxyl groups enable GO to interact effectively with Congo red 

resulting in good adsorption (Debnath et al. 2014). In aqueous media, the surface 

2 facilitate the adsorption of Congo red dye (Kordouli et al. 

. Up on UV irradiation, the contact between TNS and GO enables e

GO. Electron transfer improves photocatalytic activity by lowering the 

charge recombination rate. The electrons and holes generated during UV irra

in the media to form •OH which enable photodegradation of 

the dye. Hence, the top portion of the catalyst coating which receives radiation will 

involve in photodegradation. The remaining underneath portion will adsorb

Dye adsorption is undesirable since it adversely affects catalyst reusability. The 

thickness of the membrane should be such that it photodegrades the maximum 

amount of dye and still offers minimal flux drop. 
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Fig.7.6 Dye removal (DR) of various membranes

Fig.7.7 Dye removal (DR) of various membranes in absence of UV radiation

UV radiation can’t penetrate into

removal study done in the absence of UV irradiation evaluates the 

adsorption (Fig. 7.7). It is observed that amount of dye absorbed is directly 

proportional to the catalyst loading. Beyond 100 mg 

played a significant role. In case of 

Fig.7.6 Dye removal (DR) of various membranes in presence of UV radiation

Fig.7.7 Dye removal (DR) of various membranes in absence of UV radiation

into the entire thickness of the catalyst coating. The dye 

absence of UV irradiation evaluates the effect

adsorption (Fig. 7.7). It is observed that amount of dye absorbed is directly 

proportional to the catalyst loading. Beyond 100 mg of catalyst loading, adsorption 

played a significant role. In case of G-400, which had given 100% dye removal under 
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adsorption 

which had given 100% dye removal under 
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UV irradiation, is capable of removing 94.5% of the dye just by adsorption. It is 

evident that beyond G-100, increased loading didn’t improve photodegradation. The 

membrane surface area which is exposed to UV radiation is constant and does not 

further increase with catalyst loading. By comparing the difference between the dye 

removed in presence and absence of UV light, it is evident that G-100 membrane 

could achieve maximum photodegradation of dye. Also when compared to higher 

catalyst loaded membranes, G-100 exhibited superior permeate flux. The G-100 

membrane is thus more efficient and reusable.  

 

Fig.7.6 Reuse cycles (RC) of the membrane for Dye removal 

The membrane reuse cycles were carried out and the results are shown in Fig. 7.8. It 

is observed that except G-50 membrane all other membranes showed consistent dye 

removal traits. The adsorption phenomenon weakens with continuous reuse of the 

photocatalyst. At higher catalyst loading the lower flux provides sufficient residence 

time for efficient dye degradation via photocatalysis.  

7.4. CONCLUSIONS   

TNS-GO coated hierarchical membranes were successfully synthesized for 

simultaneous water filtration and photocatalytic degradation. At higher catalyst 
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loading the permeate flux dropped heavily due to the additional cake resistance of the 

catalyst coating. Dye adsorption played a major role at higher catalyst loading where 

as photodegradation was significant at lower catalyst concentration. Although G-400 

could completely remove the dye, it exhibited the lowest flux and greater dye 

adsorption. G-100 membrane showed the best result with comparatively higher flux 

and better photodegradation. Photocatalyst reuse cycles revealed that higher TNS-GO 

loaded membranes could maintain dye removal capacity since the flux decline 

provided sufficient time for photocatalytic degradation.  
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CHAPTER 8 

 

Ag-TiO2 NANOSHEET (Ag-TNS) PHOTOCATALYTIC HIERARCHICAL 

MEMBRANE FOR SOLAR WATER PURIFICATION 

Abstract 

Solar photocatalytic degradation of contaminants from water has much potential as a 

sustainable means for water treatment. The major challenges in using nano size 

photocatalysts is catalyst recovery and the rising concern over the toxicity of various 

nanomaterials. In the present work the problem of catalyst recovery is mitigated by 

immobilizing the photocatalyst on the surface of a membrane by 

pressurizedultrafiltration method. The hierarchical membrane thus synthesized is 

capable of simultaneously degrading and filtering pollutants. The photocatalyst 

employed is silver doped TiO2nanosheets, their ultra-thin structure and larger size 

favor stable film formation on the membrane surface. The nanosheets were 

synthesized via hydrothermal route and their photocatalytic efficiency was future 

enhanced by doping with silver. The nanosheets were characterized using SEM, XRD 

and EDS.Photocatalytic degradation studies were conducted using Congo red dye as 

the model pollutant. The effect of varying catalyst loading on permeation properties 

and dye removal were studied under ultra violet and solar light irradiation. Reuse 

cycles were conducted to analyze the effect of dye adsorption on the membrane 

performance. Multiple passage studies were carried out to determine the optimum Ag-

TNS loading for superior flux and dye removal.  

8.1 INTRODUCTION 

In Chapter 7, the use TNS along with graphene oxide (GO) sheets as a novel material 

for hierarchical membranes was discussed. Although TNS/GO composite hierarchical 

membranes exhibited good pollutant removal capabilities, the permeate flux obtained 

was less. GO sheets when used as modifier owing to their larger size of about 3-4 μm 

resulted in pore blockage, when embedded on top of a membrane with pore size of 

0.2 μm. In this chapter an attempt to mitigate this drawback by using silver instead of 

GO as a modifier along with TiO2nanosheets to improve the photocatalytic 
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performance is discussed. Photodeposition method was used to deposit silver on top 

of TNS surface; without any significant change in the size of the resultant Ag- TNS 

nanosheets, and the overall size is in the range of 100-200 nm. Since, the size of the 

photocatalyst used for coating the membrane is comparable to the pore size of the 

base membrane, lesser pore blockage occurs. Therefore when compared to GO the 

use of silver as dopant does not considerably affect the size of the resultant 

photocatalyst material. Thus using silver as a modifier can nullify additional pore 

blockage and the flow resistance developed due to the modifier. The uses of silver as 

dopant has shown to significantly improve the photocatalytic activity in case of TiO2 

nanofibers. Also, silver doped TiO2 has been proven to exhibit good performance 

under visible radiation; hence the membranes were studied for potential application in 

solar water treatment (Tang et al. 2016). A comprehensive study involving 

parameters such as photocatalyst loading, permeate flux, dye adsorption and reuse 

cycles were performed to optimize Ag-TNS loading for the process. 

8.2 MATERIALS AND METHODS 

8.2.1 Materials 

Cellulose acetate membrane (diameter - 47 mm and pore size - 0.2 µm) was obtained 

from Sartorius stedim biotech, Bangalore, India. Congo red dye, silver nitrate and 

ammonium hydroxide were procured from Nice chemicals Pvt Ltd, Cochin, India. 

8.2.2 Synthesis of Ag-TNS composite 

1 g of TNS and 427 mg of AgNO3 were added to 200 mL water under constant 

stirring. The pH of the solution was adjusted to 11 via adding ammonium hydroxide. 

The dispersion was exposed to UV light for 4 h under constant stirring. A dark purple 

colored residue of Ag-TNS was thus obtained (Souwmya& Meenakshi, 2015).  

8.2.3 Synthesis of Ag-TNS Hierarchical Membrane 

A suitable quantity of Ag-TNS as given in Table 8.1 were dispersed in 100 mL of 

distilled water and loaded into a filtration assembly (Tarsons-50021). Cellulose 

acetate membrane of diameter 4.7 cm and pore size 200nm was used as the support 

membrane. The vacuum was applied using a vacuum pump (Technic-TID-75-S, 

Pressure- 0.379 MPa) connected to the filtration setup. Water passed through the 
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membrane as permeate, leaving behind a layer of Ag-TNS on the membrane surface 

(Bai et al. 2010).   

Table 8.1 Photocatalyst loading of various membranes 

Membrane B-50 B-100 B-200 B-300 B-400 B-500 

Ag-TNS Loading (mg) 50 100 200 300 400 500 

Ag-TNS Loading per unit area ( g 

m-2) 
34.24 68.49 136.98 205.47 273.97 342.46 

8.3 CHARACTERIZATION 

8.3.1 XRD analysis 

XRD was done using Rigaku Miniflux 6000, X-ray diffractometer. The 

diffractograms were obtained at 0.16°/s in the 2θ range of 10-70°. Accelerating 

voltage was set to 30 kV and a current of 20 mA. Powder samples of TNS and Ag-

TNS were examined for their crystalline phases.  

8.3.2 SEM analysis 

Morphology of synthesized nanosheets and membrane samples were analyzed using 

JEOL (JSM-6380LA)SEM.  

8.3.3 TEM analysis 

The Ag-TNS was examined using Transmission electron microscopy (TEM, JEOL, 

JEM-2100). All the TEM samples were prepared by the deposition of a drop diluted 

suspensions on a carbon film coated copper grid.  

8.3.4 Performance study of membranes under UV radiation 

A custom-made dead-end filtration cell with quartz glass window was used to study 

the performance of the membranes under UV radiation (Fig. 5.1). The effective 

membrane area of the unit was 14.6 cm2. The permeate sample was taken after 

exposure to 0.1 MPa TMP. The permeate flux (Jw) was determinedby the below 

equation: 

J୵ =
Q

Δt A
                                                                   (1) 

Congo red dye solution (50 ppm) was prepared and filtered through the membranes to 

study the pollutant removal capabilities. Permeate collected was subjected to UV-Vis 

spectroscopy to estimate residual pollutant concentration at a wavelength of 498 nm.  



Percentage removal of dye was calculated using above equation 2, where C

and Cf(mg/L) are the dye concentrations in permeate and feed respectively. 

%R

8.3.5 Performance study of membranes under solar radiation

In order to study the performance of the membranes for solar water purification a 

setup as shown in Fig. 8.1 was used. 

Fig. 8.1 Schematic representation of solar water purification setup 

The setup consisted of a transparent 500 mL membrane filtration assembly made of 

polyester staple fiber which was used to 

pressure of 0.379 MPa was applied across the membrane via a vacuum pump 

connected to the filtration assembly. The setup was open at the 

exposure to Sun light and air. No aeration was supplied artificially. The 

hierarchical membranes were loaded in the setup and dye solution was feed from the 

top. After filtration, the collected permeate was subjected to UV

estimate dye concentration. 

8.4 RESULTS AND DISCUSSION
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Fig. 8.2shows the SEM and TEM image of Ag

exhibited fairly rectangular geom

ray spectroscopy (EDS) study 

TiO2nanosheets (Fig. 8.3). X

8.4) major peaks at 25.14°, 37.68°, 47.86° and 55.08

The smaller peaks at 26.28

Fig. 8.2shows the SEM and TEM image of Ag-TiO2 nanosheets. The nanosheets 

exhibited fairly rectangular geometry with very small thickness. Energy dispersive X

ray spectroscopy (EDS) study revealed the presence of silver (2.57 atomic %) in Ag

(Fig. 8.3). X-ray diffraction (XRD) pattern of Ag-TNS showed (Fig. 

8.4) major peaks at 25.14°, 37.68°, 47.86° and 55.08° corresponding to anatase TiO

The smaller peaks at 26.28°, 32.04° and 46.3° indicate the presence of silver.

Fig. 8.2 a) SEM image of Ag-TNS 
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Fig. 8.2 b) TEM image of Ag

Fig. 8.3 EDS of Ag

 

Fig. 8.2 b) TEM image of Ag-TNS 

Fig. 8.3 EDS of Ag-TNS 
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Fig. 8.5 Tauc plots for band gap estimation of TNS and Ag

Fig. 8.4 XRD pattern of Ag-TNS 

Fig. 8.5 Tauc plots for band gap estimation of TNS and Ag-TNS.
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Energy band gap evaluation of the photocatalysts; TNS and Ag

via UV–Vis spectral absorption peaks as reported in the 

2016). The Tauc plots showed a 

doped TNS (Fig. 8.5). Addition of Ag has improved the photocatalytic efficiency of 

the catalyst. Due to the lower band gap, Ag

range including visible light; this can significantly improve photocatalytic 

performance under sunlight (Liu et al. 2013)

Fig.8.6 Dye degradation by various powder photocatalysts under solar radiation

The photocatalytic activity of TNP, TNS and Ag

and results are shown in Fig 8.6. TNP showed low performance since it 

under UV radiation and the UV content of Sun light is less. TNS showed slightly 

better performance than TNP, which is due to their defect free surfaces that retard 

faster recombination of charge carriers. 

activity under sun light, clearly due to its lower band gap enabling photocatalytic 

active under a wider range of solar spectra as revealed from energy gap results. 

Transfer of electrons to silver enables TiO

Energy band gap evaluation of the photocatalysts; TNS and Ag-TNS was analyzed 

Vis spectral absorption peaks as reported in the literature (Uddandarao et al. 

. The Tauc plots showed a decrease in band gap from 3.2 eV to 2.95 eV for Ag 

ddition of Ag has improved the photocatalytic efficiency of 

band gap, Ag-TNS can be activated by a wider spectral 

range including visible light; this can significantly improve photocatalytic 

(Liu et al. 2013).  

Fig.8.6 Dye degradation by various powder photocatalysts under solar radiation

The photocatalytic activity of TNP, TNS and Ag-TNS were tested under sun light 

and results are shown in Fig 8.6. TNP showed low performance since it is active only 

under UV radiation and the UV content of Sun light is less. TNS showed slightly 

which is due to their defect free surfaces that retard 

faster recombination of charge carriers. Ag-TNS showed superior photocatalyti

activity under sun light, clearly due to its lower band gap enabling photocatalytic 

active under a wider range of solar spectra as revealed from energy gap results. 

Transfer of electrons to silver enables TiO2 to improve charge separation and hence 
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delay the recombination of charge carriers, thereby improve the photocatalytic 

activity.   

8.4.2 Characterization of Ag

As shown in Fig. 8.7, Ag

due to the stacking of nanosheets better stability is imparted to the photocatalyst layer. 

Fig. 8.7 a) Digital image of Ag

TNS hierarchical membrane surface

the recombination of charge carriers, thereby improve the photocatalytic 

8.4.2 Characterization of Ag-TNS Hierarchical Membranes 

As shown in Fig. 8.7, Ag-TNS formed a stable coating on the membrane surface and

due to the stacking of nanosheets better stability is imparted to the photocatalyst layer. 

 

Fig. 8.7 a) Digital image of Ag-TNS hierarchical membrane b) SEM image of Ag

TNS hierarchical membrane surface 
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TNS hierarchical membrane b) SEM image of Ag-



As seen from the SEM image (Fig. 8.7b), Ag

be more uniform and compact when compared to Ag

is uneven and loosely held. This is because Ag

surface using pressurized ultra filtration

surface is facilitated by a water based 

uniform compacted layer of Ag-

tested using a UV irradiated membrane cell to study the effect of catalyst loading on 

permeation properties and dye removal.

Fig.8.8 Permeate flux of membranes. 

As seen from the SEM image (Fig. 8.7b), Ag-TNS on the membrane surface seems to 

when compared to Ag-TNS powder (Fig. 8.2a) which 

is uneven and loosely held. This is because Ag-TNS is coated on to the membrane 

filtration, wherein deposition of Ag-TNS on membrane 

surface is facilitated by a water based high-pressure filtration process resulting in a 

-TNS on the membranesurface.The membranes were 

ed membrane cell to study the effect of catalyst loading on 

permeation properties and dye removal. 

Fig.8.8 Permeate flux of membranes.  
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Fig.8.9 Dye removal by membranes under UV radiation. 

Fig. 8.8 shows the effect of Ag

flux is observed as Ag-TNS loading increases. As more Ag

membrane surface, the thickness of the photocatalyst layer increases, which results in 

increased resistance to flow. At lower Ag

due to initial pore blockage happening at the membrane

(Dipreaza et al. 2008). Flux decline becomes gradual at higher loading due to 

increasing resistance to flow arising due to the 

layer. The Greater thickness of photocatalyst layer and the decreased permeate flux 

provide higher residence time and contact area for the feed to interact with the Ag

TNS present on the membrane surface, which results in better dye removal at higher 

Ag-TNS loading (Fig. 8.9).

Dye removal increased with greater Ag

mg loading. B-500 showed complete removal of dye with a flux of 86.7 Lm

which is three times higher than the flux observed in case of TNS

an important factor for reducing the time of operation. The use of silver as modifier 

Fig.8.9 Dye removal by membranes under UV radiation.  

Fig. 8.8 shows the effect of Ag-TNS loading on permeate flux, a decrease in permeate 

TNS loading increases. As more Ag-TNS is deposited on the 

the thickness of the photocatalyst layer increases, which results in 

increased resistance to flow. At lower Ag-TNS loading, the flux reduced drastically 

due to initial pore blockage happening at the membrane-photocatalyst interface

. Flux decline becomes gradual at higher loading due to 

increasing resistance to flow arising due to the increased thickness of the Ag

thickness of photocatalyst layer and the decreased permeate flux 

provide higher residence time and contact area for the feed to interact with the Ag

TNS present on the membrane surface, which results in better dye removal at higher 

TNS loading (Fig. 8.9). 

Dye removal increased with greater Ag-TNS loading and reached a maximum at 500 

500 showed complete removal of dye with a flux of 86.7 Lm

which is three times higher than the flux observed in case of TNS-GO. High

an important factor for reducing the time of operation. The use of silver as modifier 
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higher flux in obtained.  
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photocatalyst takes part in photocatalytic degradation and as the dye permeates inside 

the catalyst layer a portion of dye gets adsorbed. Thus

to dye removal, but as more and more dye gets 

Permeate flux is also a very important phenomenon

lower flux gives ample time for dye adsorption. The ability of the membranes to 

adsorb dye was accessed by simply passing the dye solution through the membranes 

in absence of UV radiation (Bai et al. 2015)

layer could adsorb significant quantity of dye; a maximum of 84.3 % was obtained in 

case of B-500 (Fig. 8.10).  In order to find out the impact of dye adsorption on the dye 

removal capabilities of the membrane, reuse of the membrane

shown in Fig. 8.11. It was observed that at lower Ag

membrane reusability is observed. On continuous 

mitigated the extra resistance and pore blockage produced in case of GO, hence 

Fig.8.10 Dye removal by membranes in absence of UV radiation.  

When dye comes in contact with Ag-TNS both adsorption and photocatalytic 

ordouli et al. 2015). Typically the top layer of the 

photocatalyst takes part in photocatalytic degradation and as the dye permeates inside 

catalyst layer a portion of dye gets adsorbed. Thus, dye adsorption also contributes 

to dye removal, but as more and more dye gets adsorbed, the catalyst gets exhausted. 

a very important phenomenon affecting the adsorption

lower flux gives ample time for dye adsorption. The ability of the membranes to 

dye was accessed by simply passing the dye solution through the membranes 

(Bai et al. 2015). It was observed that the Ag-TNS catalyst 

significant quantity of dye; a maximum of 84.3 % was obtained in 

500 (Fig. 8.10).  In order to find out the impact of dye adsorption on the dye 

membrane, reuse of the membranewas performed as 

Fig. 8.11. It was observed that at lower Ag-TNS loading reduction

membrane reusability is observed. On continuous reuse, the lower layers of the Ag
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lower flux gives ample time for dye adsorption. The ability of the membranes to 
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significant quantity of dye; a maximum of 84.3 % was obtained in 

500 (Fig. 8.10).  In order to find out the impact of dye adsorption on the dye 
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reduction in 

the lower layers of the Ag-
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TNS catalyst coating gets exhausted after dye adsorption and dye removal becomes 

completely dependent on the photocatalytic degradation. Since the flux is much 

higher at lower Ag-TNS loading, no sufficient time for efficient photocatalysis is 

available.  

 

Fig.8.11 Reuse cycles (RC) of various membranes for dye removal under UV 

radiation. 

In case of higher Ag-TNS loaded membranes, the drop in the dye adsorption doesn’t 

significantly affect the performance, since sufficient time for photocatalytic 

degradation is available due to the lower flux, providing enough residence time for the 

feed.  It is clear that there exists a standoff between permeate flux and dye removal 

capability of the membrane. But as mentioned earlier lower flux provides more time 

for photocatalytic degradation but increases the processing time. Hence, it is 

important to find the optimum catalyst loading for better flux and maximum dye 

removal. In order to find the optimum catalyst loading multiple passage studies were 

conducted (Fig. 8.12). Permeate obtained after one passage was again feed through 

the membranes for the second time. B-500 was able to give the maximum dye 



removal in the first pass, interpolating the data showed that 420 mg catalyst loading is 

the minimal loading needed to achieve complete dye removal in a single pass. 

interpolating the flux values given in Figure 8.8, the es

catalyst loading is 146.5 Lm-2h-1 

Fig.8.12 Dye removal in multiple passages of feed 

During the second pass of feed recycle

B-200 and above could remove the dye completely. 

and a total processing time of 3.63 hL

significantly higher than B-400 (flux 161.5 

500 (flux 86.7 Lm-2h-1, processing time 

complete dye removal is lesser for 

studies reveal that better flux and good dye remov

of B-200 (catalyst loading of 136.98 gm

B-500 was unnecessarily delaying the permeate flux due to added resistance. 

The performance of the optimal 

radiation was tested for solar water purification and results are shown in Fig. 8.13. 

Since, the trans-membrane pressure applied was significantly higher than the

used in case of UV irradiated membrane cell, a very high flux of 376.8

pass, interpolating the data showed that 420 mg catalyst loading is 

the minimal loading needed to achieve complete dye removal in a single pass. 

interpolating the flux values given in Figure 8.8, the estimated flux value for 420 mg 

 (processing time 4.67 hL-1).  

Fig.8.12 Dye removal in multiple passages of feed recycles through membranes under 

UV radiation. 

pass of feed recycle, all the membranes with a catalyst loading of 

200 and above could remove the dye completely. B-200 had a flux of 376.8 Lm

and a total processing time of 3.63 hL-1 for two passes. Therefore the flux of B-

400 (flux 161.5 Lm-2h-1, processing time 4.24 hL-1) and 

, processing time 7.89 hL-1) and the time required to obtain 

complete dye removal is lesser for B-200 in multiple passages. Thus multiple passage 

studies reveal that better flux and good dye removal could be obtained faster in case 

136.98 gm-2). The excess Ag-TNS in case of B-400 and 

500 was unnecessarily delaying the permeate flux due to added resistance.  

The performance of the optimal B-200 membrane obtained from the studies of

radiation was tested for solar water purification and results are shown in Fig. 8.13. 

pressure applied was significantly higher than the pressure 

used in case of UV irradiated membrane cell, a very high flux of 376.8 Lm-2h

108 

pass, interpolating the data showed that 420 mg catalyst loading is 

the minimal loading needed to achieve complete dye removal in a single pass. By 

timated flux value for 420 mg 

 

through membranes under 

loading of 

Lm-2h-1 

-200 is 

) and B-

) and the time required to obtain 

200 in multiple passages. Thus multiple passage 

al could be obtained faster in case 

400 and 

of UV 

radiation was tested for solar water purification and results are shown in Fig. 8.13. 

pressure 

h-1 was 



observed. Since the flux was high, the feed wouldn’t get sufficient residence time for 

entire dye removal to take place. Complete dye removal was hence possible on

3 subsequent recycles of the feed through the membrane within an appreciable total 

processing time of 1.61 hL

Fig.8.13 Dye removal in multiple passages of feed recycles through 

8.5 CONCLUSION 

Ag-TiO2nanosheets were successfully synthesized as confirmed from SEM and EDS.  

Ag-TNS could form stable photocatalyst coating on the support membrane. The 

membranes exhibited high flux drop due to increased resistance

coating. All membranes showed

decreased flux, in turn, favored greater contact between catalyst and dye

better dye removal. Under UV radiation

appreciable flux of 86.7 Lm

affecting dye removal significantly at lower Ag

passage studies for optimizing the permeate flux and dye removal indicated an 

optimal performance for 

Under solar radiation B-

three passages within a short processing time of 1.61 

dye removal traits. 

observed. Since the flux was high, the feed wouldn’t get sufficient residence time for 

entire dye removal to take place. Complete dye removal was hence possible on

3 subsequent recycles of the feed through the membrane within an appreciable total 

processing time of 1.61 hL-1.  

 

Fig.8.13 Dye removal in multiple passages of feed recycles through B-200 membrane 

under solar radiation. 

were successfully synthesized as confirmed from SEM and EDS.  

TNS could form stable photocatalyst coating on the support membrane. The 

membranes exhibited high flux drop due to increased resistance, due to the Ag

All membranes showed good dye removal traits under UV radiation. The 

favored greater contact between catalyst and dye

better dye removal. Under UV radiation,B-500 showed complete dye removal with an 

86.7 Lm-2h-1. Reuse cycles revealed that dye adsorption was 

dye removal significantly at lower Ag-TNS loaded membranes. Multiple 

passage studies for optimizing the permeate flux and dye removal indicated an 

optimal performance for B-200 membrane with an Ag-TNS loading of 

-200 membrane could obtain complete removal obtained in 

short processing time of 1.61 hL-1, exhibiting good flux and 
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entire dye removal to take place. Complete dye removal was hence possible only after 

3 subsequent recycles of the feed through the membrane within an appreciable total 

200 membrane 

were successfully synthesized as confirmed from SEM and EDS.  

TNS could form stable photocatalyst coating on the support membrane. The 

due to the Ag-TNS 

under UV radiation. The 

favored greater contact between catalyst and dye, resulting in 

500 showed complete dye removal with an 

e cycles revealed that dye adsorption was 

TNS loaded membranes. Multiple 

passage studies for optimizing the permeate flux and dye removal indicated an 

TNS loading of 136.98 gm-2. 

200 membrane could obtain complete removal obtained in 

exhibiting good flux and 



110 
 

CHAPTER 9 

 

Ag-TiO2 NANOSHEET/POLYSULFONE (Ag-TNS/PSF) NANOCOMPOSITE 

FLOATING PHOTOCATALYSTS FOR SOLAR DEGRADATION OF 

POLLUTANTS 

Abstract 

Floating photocatalyst are viable options for degradation of pollutants using solar 

radiation. The presence of photocatalyst floating on top of water body can enable 

better exposure to Sunlight and also better air contact for photo-degradation. Direct 

use of powder photocatalyst in water bodies is impracticable. In the present work 

silver doped TiO2 nanosheets were immobilized in polysulfone matrix and coated on 

low density polyethylene beads to develop a floating photocatalyst. The performance 

of the floating photocatalyst for degrading pollutants under solar radiation was 

evaluated using Congo red dye as a model pollutant. The Ag doped TiO2 nanosheet 

based floating photocatalyst showed good performance in degradation Congo red dye. 

XRD and FESEM were used to characterize the floating photocatalyst.  

9.1 INTRODUCTION  

Sun light is one of the most abundant and constant sources of energy on earth and 

using solar energy for water treatment are foremost sustainable. But all photocatalyst 

used in water treatment is in powder form and cannot be dispersed into any water 

body, also catalyst recovery becomes impossible. There is an alarming concern for the 

potential toxicity of these nanomaterials as well which must also be considered, hence 

the photocatalyst need to be immobilized. Typically in a water body, the top surface 

receives maximum solar radiation and air supply. Therefore the photocatalyst will be 

most efficient if deployed at the surface or made to float. It would be an additional 

advantageous if the photocatalyst is highly porous in order to enable ample contact 

with water. Recently, nanocomposite membranes with polymers blended with 

photocatalytic nanoparticles especially TiO2 nanomaterials have shown good 

performance in degrading organic pollutants in UV assisted membrane filtration. 

Although most of the polymers employed in membrane synthesis are vulnerable to 
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UV radiation, the incorporation of nano-TiO2 has been proven to stabilize the 

nanocomposite. UV assisted membrane filtration can be converted to solar but the 

energy required for pumping and pressuring the feed and the large capital cost of 

setting up the unit is unavoidable. Also, it is doubtful that sun light can be effectively 

used in membrane modules except in flat sheet configuration. In the current study, we 

have developed a photocatalytic nanocomposite membrane material and used it as a 

floating photocatalyst instead of conventional UV assisted membrane filtration. The 

photocatalyst was subjected to dye degradation studies under sun light to assess its 

performance.  

9.2 MATERIALS AND METHODS 

9.2.1 Materials 

Polysulfone (PSF, MW~ 35000Da), low-density polyethylene (LDPE, the approximate 

diameter of 3 mm) were purchased from Sigma-Aldrich Co, Bangalore. Congo red 

dye was obtained from Nice chemicals, Kochi. 1-methyl-2-pyrrolidine (NMP) and 

polyethylene glycol (PEG, MW ~ 600 Da) were purchased from Merck specialties 

private ltd., Mumbai.  

9.2.2 Preparation of Ag-TNS/PSF floating photocatalyst 

2 g of PSF was added to 8 mL of NMP and stirred for 5 h at 65 °C. To the obtained 

polymer solution 1 g of Ag-TNS was added and stirred for 30 min (Nair et al. 2013). 

PE beads (size) were immersed into the above polymer solution and dropped 

individually into 1 L beaker containing distilled water. The polymer coating on the 

bead surface immediately solidified due to phase inversion. The beaker containing the 

beads was stirred vigorously at 900 rpm for 24 h.  

9.3 CHARACTERIZATION 

9.3.1 XRD analysis 

XRD was done using Rigaku Miniflux 6000, X-ray diffractometer. The diffraction 

patterns were obtained at 1°/min in the 2θ range of 10-70°.  
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9.3.2 FESEM analysis 

The morphology of the nanosheets and bead samples were analyzed using FESEM 

(Zeiss Sigma). All samples were sputtered with gold before analysis.EDS was also 

done the same equipment.  

9.3.3 Dye degradation studies 

Solar dye degradation studies of the beads were carried out using Congo red dye. 

Varying concentrations of congo red dye solutions (10 ppm, 20 ppm, 30 ppm) were 

prepared. 100 mL of dye solution was taken in a transparent 100 mL glass beaker. 2.4 

grams of Ag-TNS/PSF coated beads were added to the solution, such that the beads 

cover the top of the solution completely. These beakers were then placed in Sun light 

for 8 hours (9:00 Am to 5 PM). 2 mL samples were collected 2 hours UV-Vis 

spectroscopy to estimate dye concentration. Evaporation loss of water was neglected 

throughout the study.  The wavelength for Congo red analysis was 498 nm.  

Percentage degradation was calculated using below equation 1, where Ci (mg/L) and 

Cf(mg/L) are initial and final dye concentrations respectively.  

%R =  ቀ1 −
େ౟

େ౜
ቁ  X 100 (1) 

9.4 RESULTS AND DISCUSSION 

9.4.1 Characterization of Ag-TNS 

The Ag doped TiO2nanosheets are 150-200 nm in size and nearly rectangular in shape 

as seen from the FESEM images (Fig. 9.1). Fig. 9.2 shows the EDS of Ag-TNS, 

spectra confirmed the presence of 3.76 wt% silver depositions on the TiO2 

nanosheets. 



Energy band gap of TNS and Ag

absorption peaks using Tauc plot method (Fig. 9.3). The Tauc plots revealed a 

decrease in EG from 3.2 eV to 2.95 eV with Ag doping of TNS. The decrease in band 

gap suggests the shift in 

photocatalytic efficiency.  Hence Ag

radiation. 

Fig. 9.1 FESEM image of TNS 

Fig. 9.2 EDS of Ag-TNS 

Energy band gap of TNS and Ag-TNS was evaluated using UV-

absorption peaks using Tauc plot method (Fig. 9.3). The Tauc plots revealed a 

from 3.2 eV to 2.95 eV with Ag doping of TNS. The decrease in band 

the shift in photocatalytic activity under visible light and

photocatalytic efficiency.  Hence Ag-TNS is a good photocatalyst 
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Fig. 9.3. Tauc plots for band gap estimation of Ag

 

   Fig. 9.4 XRD patterns of 

Fig. 9.3. Tauc plots for band gap estimation of Ag-TNS and TNS. 

 

Fig. 9.4 XRD patterns of TNS, Ag-TNS, and Ag-TNS/PSF. 
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9.4.2 XRD analysis 

The XRD patterns of TNS, Ag

major XRD peaks at 25.2°, 37.72°, 47.98° and 54.98° 

of anatase phase. Similar 

The smaller peaks at 26.28

presence of silver. The 

although at a lower intensity

9.4.3 Characterization of Ag

Fig. 9.5a shows the cross section of Ag

formed an unbroken coating around the polyethylene bead as seen from the figure. 

The Ag-TNS/PSF coating is in contact with the LDPE bead surface forming a stable 

coating (Fig. 9.5b). The Ag

phase inversion occurring during precipitation of the polymer. The solvent NMP 

diffuses out of the coating and the non

coating. Porosity can enab

et al. 2012).  

Fig. 9.5 FESEM image a) Ag

The XRD patterns of TNS, Ag-TNS and Ag-TNS/PSF are compared in Fig 9.4. The 

25.2°, 37.72°, 47.98° and 54.98° show that the TNS obta

. Similar anatase peaks are observed in the case of Ag-TNS as well.  

peaks at 26.28°, 32.04° and 46.3° in Ag-TNS XRD pattern indicate the 

 Ag-TNS/PSF composite also shows the peaks of Ag

although at a lower intensity(Soumya & Meenakshi, 2015). 

9.4.3 Characterization of Ag-TNS/PSF coated LDPE bead 

Fig. 9.5a shows the cross section of Ag-TNS/PSF coated bead. Ag-TNS/PSF has 

formed an unbroken coating around the polyethylene bead as seen from the figure. 

TNS/PSF coating is in contact with the LDPE bead surface forming a stable 

). The Ag-TNS/PSF coating showed good porous structure due to 

phase inversion occurring during precipitation of the polymer. The solvent NMP 

diffuses out of the coating and the non-solvent water enters in creating porosity in the 

coating. Porosity can enable better wettability and contact with aqueous media

Fig. 9.5 FESEM image a) Ag-TNS/PSF coated bead b) Magnified image of Ag

TNS/PSF coating 
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TNS/PSF has 

formed an unbroken coating around the polyethylene bead as seen from the figure. 

TNS/PSF coating is in contact with the LDPE bead surface forming a stable 

TNS/PSF coating showed good porous structure due to 

phase inversion occurring during precipitation of the polymer. The solvent NMP 

solvent water enters in creating porosity in the 

and contact with aqueous media (Dong 
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Fig. 9.5 FESEM image a) Ag-

9.4.3.1 Dye degradation studies

The schematic representation of dye degradation experiment is given in Fig. 9.6. The 

Ag-TNS/PSF coated bead floats on the surface of the 

solar radiation and air contact. When solar radiation 

photocatalyst gets activated. Electrons and holes get generated

with water to give rise to hydroxyl radical and super oxide radical anion by reacting 

with dissolved oxygen. These reactive species carry out the degradatio

(Kordouli et al. 2015).  

 

 

 

-TNS/PSF coated bead b) Magnified image of Ag

TNS/PSF coating 

9.4.3.1 Dye degradation studies 

The schematic representation of dye degradation experiment is given in Fig. 9.6. The 

TNS/PSF coated bead floats on the surface of the water and receives maximum 

solar radiation and air contact. When solar radiation reachesthe bead,

photocatalyst gets activated. Electrons and holes get generated, which further react 

with water to give rise to hydroxyl radical and super oxide radical anion by reacting 

with dissolved oxygen. These reactive species carry out the degradation process
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Fig. 9.6 Schematic representation of Ag

Congo red dye degradation studies at varying concentrations were carried out and the 

observations are given in Fig. 9.7. It was observed that

concentration of 10 ppm, complete degradation could be achieved in 8 h. When the 

concentration of dye was increased

degradation was achieved for 20 ppm dye solution and 74 % in case of 30 ppm.

exposed catalyst surface of the photocatalyst is limited, so degradation performance 

will decline and more time would be needed with increased concentration of 

pollutants.  But considering 

much-diluted form and also looking at the energy 

using floating photocatalyst can be a good method for water treatment. 

 

Fig. 9.6 Schematic representation of Ag-TNS/PSF floating photocatalyst

Congo red dye degradation studies at varying concentrations were carried out and the 

observations are given in Fig. 9.7. It was observed that, at lower Congo red dye 

concentration of 10 ppm, complete degradation could be achieved in 8 h. When the 

concentration of dye was increased, the degradation achievable was lesser. 

degradation was achieved for 20 ppm dye solution and 74 % in case of 30 ppm.

exposed catalyst surface of the photocatalyst is limited, so degradation performance 

will decline and more time would be needed with increased concentration of 

pollutants.  But considering the fact that the pollutant in open water bodies are in 

form and also looking at the energy less and maintenance free aspects, 

using floating photocatalyst can be a good method for water treatment.  
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TNS/PSF floating photocatalyst 

Congo red dye degradation studies at varying concentrations were carried out and the 

ower Congo red dye 

concentration of 10 ppm, complete degradation could be achieved in 8 h. When the 

the degradation achievable was lesser. 88 % 

degradation was achieved for 20 ppm dye solution and 74 % in case of 30 ppm. The 

exposed catalyst surface of the photocatalyst is limited, so degradation performance 

will decline and more time would be needed with increased concentration of the 

fact that the pollutant in open water bodies are in 

and maintenance free aspects, 
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Fig. 9.7. % Dye degradation at different dye concentrations. 

5. CONCLUSION 

Ag-TNS/PSF was successfully coated on LDPE beads. The coating was found 

to be unbroken and it held firmly to the LDPE bead. The coating had a porous 

structure as a result of diffusion of solvents during phase inversion. The Ag-TNS/PSF 

coated beads showed good dye degradation traits, complete dye degradation of 10 

PPM Congo red dye solution could be achieved in 8 hours.  88 % and 74 % dye 

degradation was observed in case of 20 ppm and 30 ppm dye solutions respectively. 

Ag-TNF/PSF nanocomposite floating photocatalyst can be a potential energy less 

solar based approach for water purification. 
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SUMMARY AND OVER ALL CONCLUSIONS 

Various TiO2 based nanomaterials namely; TiO2 nanofibers, TiO2 nanosheets, Ag 

doped TNF, Ag doped TNS and TNS-GO composite were successfully synthesised, 

characterized and used for various water purification applications.  

TNF/PSF nanocomposite membranes were successfully synthesised. The hydrophilic 

nature of TiO2played a major role in improving the permeate flux and antifouling 

property. The membrane maximum TNF addition which is with 10 wt% addition 

showed the highest value of 336.4 Lm-2h-1 for pure water flux. The antifouling study 

showed improved performance with higher TNF concentration. 10 wt% TNF 

additions showed a maximum FRR of 76%.  

 TNS/PSF nanocomposite membranes were synthesised. The additions of TNS 

showed some remarkable trends in permeate flux. At lower concentrations the flux 

reduced and improved only after a significant amount of TNS was added. This is a 

deviation in trend when compared to TNF. This clearly indicates that not only the 

hydrophilic nature but also the morphology of the nanoadditive has an important 

role in determining the properties of the composite. Three times rise in PWF was 

seenat high concentration of TNS addition in S-15 membrane. A maximum of 70.3 

% flux recovery was obtained for S-12 membrane. Best results for Congo red 

rejection were obtained for S-12 and S-15 membranes with dye rejection above 94% 

and 5 to 6 times increase in permeate flux. S-7 and S-10 membranes were found 

optimal for Rhodamine-B rejection, with dye rejections above 85% and 

comparatively higher permeate fluxes.  

 Ag-TNF hierarchical photocatalytic membranes were synthesized. Silver doping 

could significantly improve the photocatalytic activity of TNF. The fibre structure of 

Ag-TNF enables the easy formation of stable hierarchical membrane. The increase 

in catalyst loading resulted in a decrease in flux which in turn provided additional 

time for degradation. Complete degradation of rhodamine B dye was obtained in 

case of 250 mg Ag-TNF loaded membrane. 250 mg Ag-TNF loaded membrane 

could maintain dye removal efficiency up to 90.01 % in the third reuse cycle 

indicating consistent performance and reusability.  
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 TNS-GO coated hierarchical membranes were successfully. GO sheets when used 

with TiO2 exhibited better photocatalytic activity and also the sheet structure of both 

the materials enabled better mechanical stability to the hierarchical membranes. 

Synthesised. Although G-400 could completely remove the dye, it exhibited lowest 

flux and greater dye adsorption. G-100 membrane showed better result with 

comparatively higher flux 483.5 Lm-2h-1 of and better dye removal of 80.1 %. 

Photocatalyst reuse cycles revealed that higher TNS-GO loaded membranes could 

maintain dye removal capacity. 

 Ag-TNS photocatalytic hierarchal membranes were synthesized. In order to mitigate 

the additional resistance due to modifier in case GO sheets Ag was used as modifier 

since it did not cause any significant size increase in the resulting photocatalyst. 

Therefore Ag-TNS hierarchal membranes exhibited greater permeate flux when 

compared to GO-TNS. Under UV radiation B-500 showed complete dye removal 

with an appreciable flux of 86.7 Lm-2h-1. Under solar radiation, better result of 63.4 

% dye removal in a single pass was observed in case of B-500. Multiple passage 

studies for optimizing the permeate flux and dye removal indicated an optimum Ag-

TNS loading of 200 mg with a flux of 376.8 Lm-2h-1. 

 Ag-TNS/PSF coated LDPE floating beads was synthesised for photocatalytic 

applications.The Ag-TNS/PSF coated beads showed good solar dye degradation 

performance for congo red dye. The degradation performance reduced at higher dye 

concentration. Under 8 hours solar radiation exposure complete degradation of 10 

ppm congo red dye sample was obtained.  
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SCOPE FOR FUTURE WORK 

The synthesis of TiO2nanomaterials and their application for water purification in 

various modes have been studied in this work. In a similar way the other 

nanostructures like nano-thorns, nano-whiskers and so on can also be studied.  

Since shape and morphology of nano-additive greatly influences the performance of 

nanocomposite membranes, each different nanostructure will produce a different 

effect in property variation in a polymer matrix. This in itself opens avenues for future 

research, since there are so many polymers available for study.  

Coming to photocatalysis, the performance of the various nanostructures of other 

photocatalyst material can be studied. Also there is an endless future scope for 

photocatalytic activity enhancement using various other modifiers. 

The hierarchical membrane configuration used in this work can be used for other 

photocatalyst material as well. Also future research can be taken up on embedding of 

photocatalyst on membrane surface.  
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