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Abstract   

Titanium oxide (TiO2) nanomaterials (NMs) improve potential value to commercial 

products like sun creams, cosmetics, paints, self-cleaning products, textiles, sports equipment 

etc. Research on the fabrication of NMs to develop or invent probable new methods and 

functionalities is an ongoing process. Stabilization of these NMs to retain their nanometric 

scale is a major issue: and to accomplish this goal, different surfactants and coating agents are 

used to modify NMs properties. Synthesis of highly ordered, stable, reproducible and cost 

effective TiO2 NMs remains a challenge. A need of further research still exists in order to 

develop an in depth understanding of synthesis, aggregation kinetics and transport through 

porous media, and to determine the ultimate fate and interactions of these NMs with 

environmental constituents after their release in the natural ecosystem. 

This research work was typically divided into three phases; synthesis, stabilization and 

transport. Synthesis was accomplished with sol-gel, hydrothermal and a mix of both methods. 

The effects of pH, precursors, temperature and different alcohol concentrations were studied 

in detail. Stability was achieved after extensive research on different surfactants including 

polyethylene glycol (PEG), Polyvinylpyrrolidone (PVP), Sodium citrate, Sodium Dodecyl 

Sulfate (SDS), Suwannee River fulvic acid (SRFA). Aggregation kinetics of stabilized NMs 

was evaluated in detail in the presence of mono and divalent electrolytes (NaNO3, NaCl, 

CaN2O6, CaCl2). Two different types of morphologies of TiO2 NMs were used during these 

studies i.e. round anatase NPs and rutile ellipsoids. The stabilized NMs were checked for their 

mobility through different natural and synthetic porous media (sandstone and glass bead 

columns) in the third and final phase of this research work.  
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Different forms of Titanium dioxide nanomaterials including nano-powders and 

stabilized suspensions were synthesized. The effect of pH, precursors, temperature and zeta 

potential on nanoparticles nucleation, agglomeration, shape, size, and phase transformation 

was investigated. Initially the variation of pH from 1 to 11 was systematically studied at 

different temperatures (25-700oC). The morphological differences as a function of pH were 

studied in detail. A temperature of 400oC was considered best for crystalline growth while a 

pH value of 4 gave round and well dispersed TiO2 with a shape factor of >0.9. From the data 

generated it is obvious that with an increase in pH there is a decrease in agglomeration and 

increase in dispersion and vice versa. Stable titania suspensions were fabricated by controlling 

the synthesis solution chemistry. Titanium trichloride and tetrachloride were used to fabricate 

NPs at room or near room temperature. Different alcohols and alcohol water ratios helped to 

control the NPs morphology at room or very low temperatures. TiCl4 was evaluated as the best 

precursor in controlling shape and size in low temperature synthesis processes. Various shapes 

of TiO2 including spherical NPs with shape factor of 0.9 or more, nanocubes, nanorods and 

ellipsoids were synthesised with different alcohols and water mixture ratios.  

In the next phase a couple of synthesized NPs were checked for their stability with 5 

different surfactants; PEG, PVP, SDS, SRFA and sodium citrate. The stability of anatase 

spherical attenuated as sodium citrate, SRFA, PVP, PEG and SDS while this attenuation was 

SRFA, sodium citrate, PEG, SDS and PVP for rutile ellipsoids. SRFA and sodium citrate at 

0.3% weight concentration proved to be the best stabilising agents without any change in the 

hydrodynamic diameter over a period of 2 weeks. These two types of NPs stabilized with two 

different types of surfactants i.e. SRFA and sodium citrate were further used for aggregation 

kinetics and transport studies through natural and artificial porous media. The aggregation 

kinetic studies showed that rutile ellipsoids behaved well against different mono and divalent 
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cations. The critical coagulation concentrations (CCC’s) observed for sodium citrate stabilized 

NMs were significantly higher than SRFA stabilized NMs, showing that sodium citrate is a 

better stabilizing agent than SRFA. TEM analysis of aggregated samples in slow and fast 

regime of aggregation showed different morphologies of aggregates which were analysed with 

fractal dimension analysis. Most of the aggregating salts gave a fractal dimension of more than 

1.5 which means presence of consolidated aggregates after addition of different salts.  

In the last phase the stabilized NMs with SRFA and sodium citrate were studied for 

porous media column transport by using glass bead as an artificial and sandstone as more 

complex natural environmental media. The transport of the rutile ellipsoids is greater than 

spherical anatase. Bare anatase NPs gave no breakthrough and the NPs clogged both the 

sandstone and glass bead columns; while bare rutile ellipsoids gave nearly 100% breakthrough 

curves. In most of the cases for glass beads the C’/Co values remained above 80% and after 

retention NPs release gave more than 80% of retained NPs. Only 40% or less NPs were released 

from sandstone columns and rest of injected NPs were retained within the columns. For both 

sandstone and glass bead media SRFA proved a better flushing agent than sodium citrate. 

Stabilized anatase showed no difference in mobility as compared to stabilized rutile but bare 

rutile NPs behaved entirely different from bare anatase. Bare anatase showed difficulty in 

movement through both sandstone and glass bead media. Both stabilizers i.e. have different 

effects on mobility of nanomaterials as SRFA gave steric while sodium citrate gave 

electrostatic stabilization. Tailing was seen in all runs and it is more physical in glass bead 

followed by sandstone columns while a little tailing is seen in fluorescein. This tailing 

behaviour shows probably a non-equilibrium attachment process which suggests that colloid 

filtration theory (CFT) not likely to be correct. The total release in case of glass bead columns 

was nearly 100% which was much greater than the total release from sandstone columns. Only 
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40% or less NPs were released from sandstone columns and rest of injected NPs were retained 

within the columns. From overall experimental results it is concluded that glass bead columns 

are analogous to sandstone columns, in style, though not in degree. So it is encouraging for 

laboratory experimentation. More release of NPs with SRFA flush is also important as it 

reflects the ultimate fate and behaviour of TiO2 NPs in natural environment which is rich in 

humic substances.  
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Chapter 1  

INTRODUCTION 
 

1.1 Justification 

TiO2 NMs add potential value to products such as sun creams, cosmetics, paints, self-

cleaning, textiles, sports equipment, solar cells, water splitting, and waste water treatment 

(Gottschalk et al., 2009). Since TiO2 particle size plays an important role in different 

applications. Research on the fabrication of NMs with different methods, in order to improve 

the understanding of synthesis processes and their probable new functionalities or properties, 

has been conducted by many scientists. Stabilization of NMs is another issue: to accomplish 

the stability of NPs, different surfactants and coating agents were applied to modify their 

properties. However, fabrication of highly ordered, reproducible and cost effective TiO2 NMs 

remains a challenge. Further research investigation is needed in order to develop an in-depth 

understanding of aggregation kinetics and transport through porous media, and to determine 

the ultimate fortune and interactions of these NMs with environmental constituents after their 

release in natural ecosystem. 

1.2 Research Background 

The NMs are defined as “a natural, incidental or manufactured material containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or 

more of the particles in the number size distribution, one or more external dimensions is in the 

size range 1 nm-100 nm” (EU, 2011). Whereas the application nanotechnology is the synthesis 

and handling of very small particles with nanometric dimensions which are smaller than 100 

nm when at least 50 % of the particles possess these properties. As defined by the National 
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Nanotechnology Initiative: “Nanotechnology is science, engineering, and technology 

conducted at the nanoscale, which is about 1 to 100 nanometers”(NNI, 2013).  

There are two main approaches of NMs synthesis as these can be synthesized from 

bottom up with building the groups of atoms and molecules or by top-down process by breaking 

big macroscopic materials to small nanometric level (Aitken et al., 2004). Being a 

multidisciplinary science, nanotechnology involves disciplines like physics, materials science, 

biology, chemistry, environmental science and engineering, electronics etc. all together. To 

understand nanometric length scale, a comparison of different sizes scale is presented in Figure 

1.0.1 (Li and Elimelech, 2006). 

Figure 1.0.1 shows that the thickness of human hair is approximately 80,000 to 100,000 

nm, DNA 2.5 nm and gold item is one-third part of single nanometer, while the thickness of a 

sheet of paper is 100,000 nm. 

 

 

Figure 1.0.1: Nanoscopic dimensions a comparison with bacteria, viruses, DNA and molecules; picture idea from (Tufenkji 

and Elimelech, 2004) 

Currently nanotechnology has been presenting exciting solutions to overwhelm the needs 

of energy, electronic, medical and the environmental sectors. As compared to bulk materials, 

nanomaterials have many properties which make them unique entity. These properties include; 
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small comparative size, high chemical reactivity, larger surface area and surface to volume 

ratio etc. Such properties make the nanomaterials highly effective as compared to bulk material 

in terms of catalysis, drug delivery and surface reactivity (Buzea et al., 2007a). Moreover, such 

materials are less brittle than bulk materials because of their high surface tension and local 

electromagnetic properties (Lue, 2007). Because of all the unique properties of NM, there is a 

need to understand the synthesis behaviour to engineer NMs morphology. For certain 

applications, a control in nanoparticles size and shape is a prerequisite.  

Nanostructured TiO2 has been extensively studied for its different uses (Zhang et al., 

1998, Wang et al., 2000, Liu et al., 2011a) like pigments, exploiting its brilliant whiteness and 

color-occluding properties in paints, coffee whitener, toothpaste, sun screens, cosmetics etc. 

Unusual properties of titanium dioxide arise because of quantum confinement, residual oxygen 

specie (ROS) and larger surface area.  

It is size and shape properties which effect the overall behaviour of titania materials 

otherwise bulk TiO2 is being extensively used and investigated for different photocatalytic 

properties since 1970s (Verwey, 1947, Franchi and O'Melia, 2003). Extensive laboratory and 

commercial use of TiO2 was started with a discovery of photocatalytic splitting of water with 

use of TiO2 electrodes (Fujishima, 1972). Nanocrystalline TiO2 is an important material in all 

disciplines of science including material engineering and biomaterials (Ranade et al., 2002).  

As titania morphology is important to enhance its properties, a controlled 

nanocrystalline titanium dioxide synthesis is important. There is a strong need to understand 

the synthesis methodologies where we can synthesize engineered NM’s with ease and with a 

set recipe. Keeping in view the knowledge gap after reviewing the background of research 

conducted on TiO2, following three type of areas are selected for further investigation. 
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1.2.1  Synthesis of TiO2 

In depth knowledge of individual particles and their interaction with other constituents 

of the system is prerequisite to understand the physico-chemical characteristics of materials. 

Desired material should have controlled properties with all aspects of size, shape, phase and 

population control. TiO2 powder in bulk is synthesized by two processes: sulfate process or 

chloride process. Sulfate process where TiO2 powder is synthesized in the presence of H2SO4 

to hydrolyse ilmenite at 95°C followed by calcination above 800°C and pulverization. TiCl4 is 

a by-product of chloride process when HCl reacts with natural rutile ore with HCl gas at very 

high temperatures. The produced TiCl4 reacts with highly reactive oxygen gas at 1000°C to 

produce highly pure rutile structures. The properties for this TiO2 powder are very limited as 

this process does not guarantee the control over particle size, shape or distribution (Matijevic, 

1985, Masala and Seshadri, 2004, Akhtar et al., 1994, Akhtar et al., 1992, Levchenko et al., 

2006).  

Sol-gel and hydrothermal processes were used to synthesize the TiO2 NPs. In sol-gel 

process as name implies, a sol is derived from the hydrolysis of alkoxide precursor, is used to 

produce a gel after hydrolytic polycondensation. Precursors involved in fabrication of metal 

oxide nanoparticles are called metal alkoxides and metal chlorides. Low processing 

temperatures, relatively low cost and ease of handling of certain alkoxides allow a good control 

over shape and size (Brinker, 1990). Sol-gel synthesized fine spherical particles of less than 

1μm proved to be heavily hydrated and not in contact with each other (Hu et al., 2003). Yang 

and co-workers observed that strong agglomeration deteriorated the properties of sol-gel 

synthesized powder (Yang et al., 2005, Yang et al., 2001).  

The nucleation of titania nanocrystals is dependent on pH value and sintering 

temperature as claimed by Hu et al. (2003). They revealed that pH was the main reason of 
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agglomeration and hence decrease of specific surface area. Synthesis pH also affects the size, 

anatase-rutile transformation and amount of brookite phases. Sugimoto and Zhou (2002) 

studied that the gel-sol pH alterations can give even sized anatase TiO2 particles and it depends 

on adsorption and desorption of H+ ions. 

Burnside’s group (Burnside et al., 1998) studied the temperature dependent crystallite 

size, shape and self-assembly of TiO2.  The crystals in the colloidal suspension were allowed 

to grow in an autoclave at temperatures ranging from 190-270ºC.  The growth of the crystallites 

under hydrothermal conditions is a result of Ostwald Ripening (Burnside et al., 1998). 

1.2.2 Colloidal Stability of Nanoparticles  

Different synthesis processes may give aggregate structures of NMs. Sometimes due to 

the strong bonding forces between primary particles make unbreakable sinters along with the 

action of temperature. But while weak physical forces like van der Waals forces give rise to 

agglomerates, which can be separated by sample preparation methods (Grass et al., 2006, 

Mandzy et al., 2005, Teleki et al., 2008). Aggregation of NPs is the biggest issue under 

discussion these days as it alters the fundamental properties of NMs. So the NMs should be 

stable enough to maintain their NM properties. Stability of colloids is always in scientific 

discussions with a significant amount of research data so far.  

The colloid stability depends on a theory which guides about two opposite forces in a 

suspension; one being the electrostatic repulsion and second van der Waals forces. The first 

force favours stability and second promotes the aggregation. The theory is called the DLVO 

theory after the name of Deryaguin, Landau, Verwey and Overbeek (DLVO), four eminent 

scientists, who firstly gave this idea of opposite forces in a suspension. As explained by the 

DLVO theory, particle stability depends on particle to particle and surface to particle 
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interactions. Most of the assumptions from DLVO theory don’t support the NMs with 

dissimilar structures and large surface to volume ratios. In NMs high surface area is much more 

important than for the larger colloids in determination of their stability. The classic DLVO 

theory doesn’t consider all these factors, which make the assessment of NM’s stability more 

interesting and rather challenging. So it is need of the time to do some research on a better 

understanding of the interactions of; the NP to NP and NPs to surface. Influence of surface 

heterogeneity on the stability of NMs necessarily needs an explanation to increase the 

capability of DLVO theory for the prediction of NM’s stability. As in spite of DLVO theory’s 

pronounced achievements, there are many reports which illustrate its deviations; mentioning 

many draw backs. Most of the reported cases are usually credited to surface heterogeneity and 

interfacial forces; without taking into account the in depth factors like roughness, chemical or 

structural heterogeneity (Taboada-Serrano et al., 2005, Duval et al., 2004, Elimelech et al., 

2003, Tufenkji and Elimelech, 2005). 

1.2.3 Mobility of Nanomaterials  

Due to interaction with environmental constituents, NPs are presumed to be in 

agglomerated state when released into the environment. With progress of time and with effect 

of the fluctuations in temperature and pH, these agglomerates either become stronger 

aggregates or rather loose agglomerates which further torn apart into smaller and individual 

NPs.  Such structural arrangements and their effects on the stability and mobility of NMs were 

never studied to any significant level with respect to natural or artificial environmental 

conditions. Only very limited research is reported on the mobility of titania NPs in aqueous 

environments (Chen et al., 2011a, Fang et al., 2009a). From these studies it is obvious that 

titania mobility in saturated porous media is affected by chemical properties of solution like 

ionic strength, pH, flow velocity, stabilizing agents and humic substances (Chen et al., 2012, 
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Chowdhury et al., 2012, Godinez and Darnault, 2011a). It was observed that increase in pH 

promoted mobility of titania NPs while ionic strength increased retention of NPs in the porous 

media. Reason for retention at higher ionic strength is due to promotion of agglomeration which 

resulted in greater retention. NOM has induced stability in the system with increased mobility.  

1.3 Research Objectives 

This research work has following main objectives: 

 To synthesize TiO2 NMs using sol-gel and hydrothermal methods and evaluate the effect 

of alcohol concentrations and precursors on phase and shape control (Chapter 4). 

 To observe the in-depth nucleation, growth and agglomeration of TiO2 NMs and study 

the effects of pH and gel drying temperature grain growth, the physicochemical and the 

structural properties of the same (Chapter 4). 

 To optimize the stability of NMs with use of different surfactants to evaluate time 

resolved aggregation kinetics using different monovalent and divalent cations for 

stabilized NMs. This objective has been met and is reported in chapter 5. 

 To evaluate the mobility and retention of stabilized and bare nanoparticle (NPs) in 

synthetic and natural porous media and study the behaviour of flow velocity on NPs 

transport (Chapter 6). 

 To review some of the recommendations of Derjaguin–Landau–Verwey–Overbeek 

(DLVO) theory against different shapes and sizes of NPs; to identify critical issues for 

NPs retention during their mobility through saturated porous media (Chapter 6). 

Different industries are continuously using engineered NMs since many decades. 

Consequently, these NMs are being released in to the environment with increased concerns of 

their ultimate fate and behaviour in complex environmental matrix. Research on the presence 
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of NMs in environmental systems has already been reported by many scientists (Nowack et al., 

2012, Gottschalk and Nowack, 2011, Colvin, 2003, Lin et al., 2010). The ongoing research 

illustrates the presence of NMs in the environment without the in-depth knowledge of their 

interaction with the environmental constituents. So we are starting to generate this in depth 

knowledge, but at an early stage, without being able to analyse in environment.  

TiO2 NMs were selected for this research work, because of their agglomeration 

behaviour, stability and reactive nature with different environmental factors. TiO2 is 

continuously being discharged from different products during their life cycle and through 

industrial processes; significantly increasing its concentrations in environmental systems like 

sewage treatment plants, surface water or soil ecosystem (Mueller and Nowack, 2008, Kaegi 

et al., 2008, Boxall et al., 2007).  

Chapter 1 gives an inclusive outline of the research on fabrication, stability and mobility 

of titanium dioxide NMs. The challenges in this area are reviewed along with most significant 

outcome of this work. 

1.4 Thesis Layout 

This thesis is comprised of seven chapters: Introduction; Review of Literature; 

Materials and Methodology; Synthesis of TiO2 NMs; Stabilization of NPs in Different Media; 

Transport of NPs through a Porous Medium; and Conclusion. 

Chapter One presents an overview to the research project considering the need and 

objectives of the research. Chapter Two reviews some existing researches on nanotechnology, 

TiO2 synthesis, its stability and transport. Chapter Three introduces NP synthesis experiments 

performed in laboratories1 along with a brief introduction to the characterization techniques 

                                                           
1 At the University of Birmingham 
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employed. This chapter also explains the underlying theories behind the experiments and the 

experimental layout for stability and mobility studies. Different characterization tools like x-

ray diffraction (XRD), high resolution transmission electron microscopy (Garzella et al., 2000) 

and atomic force microscopy (AFM) have been used to characterize the synthesized NMs.  

Chapter Four focuses on the fundamental synthesis aspects of TiO2 NMs, specifically, 

pH dependent nanoparticle growth; effect of different alcohols and alcohol water concentration 

on shape of NPs; effect of temperature on phase; shape and size; and effect of aging on 

hydrodynamic diameter of NPs. Chapter Five collects all the data on the stability of synthesized 

NMs and evaluates the time resolved kinetics for NM agglomeration. In this chapter, different 

batches of synthesized NMs are checked for their stability against different monovalent and 

divalent salt concentrations. Complete time resolved aggregation kinetics is studied with 

dynamic light scattering (DLS). Chapter Six presents transport calculations that are employed 

for the simulation of NMs transport through glass bead and sandstone columns. The results are 

compared with a pre-developed model for its validity. The model is validated by the 

experimental data in a rigorous approach. Chapter Seven draws conclusions from all the results 

and lists the future work plan and suggestions for improvement.  

1.5 Approach for Current Research and Motivation  

Nanotechnology industry is growing at an uncontrollable pace because of industrial use 

of NPs in different products. Due to this increased industrial use, nanomaterials are 

continuously going to the ecosystem with very less measurement and control approaches which 

are mainly based on chemical control policies. Due to nature of the nanomaterials, these are 

difficult to quantify in natural environments and can easily pass through traditional filtration 

methods (Nowack and Bucheli, 2007). So research work on the stability and transport of 

engineered nanomaterials is need of current era to help the regulatory authorities for proper 
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legislation. It is a common belief that distinguishing natural NMs from engineered NMs is a 

complex and challenging task (Agrios and Pichat, 2005). Aggregation of NMs into larger 

aggregates or agglomerates is another issue in the field of nanotechnology. There is an absolute 

need to fabricate NMs with more stability in solution form. While released in to the complex 

environmental media, these NMs may behave differently while reacting with other constituents 

which are already there. So an understanding of complete aggregation kinetics may help to 

evaluate the mobility of these NPs in the environment. Overall theme of current research work 

was to get precise data sets of synthesis, stability and mobility of engineered titania NMs which 

can help scientist and regulatory authorities in making policy decisions for titania NPs synthesis 

and their release in natural ecosystem. 
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Chapter 2  

LITERATURE REVIEW 

This review chapter is written with the purpose to obtain general understanding of 

synthesis, characterization, stability, aggregation kinetics and transport of titania NPs. 

Titanium dioxide mainly occurs as three crystalline polymorphs; anatase, rutile and brookite 

(Zhao et al., 2008). Anatase and rutile phases are generally used a lot more than brookite in a 

variety of applications. Literature is also reviewed for the stability, aggregation kinetics and 

interactions of engineered titania NPs in natural aquatic environments. 

2.1     Introduction to Nanomaterials/Nanoparticles 

Nanotechnology comprises the handling of materials in the nanometer regime to use 

these in industry producing enhanced quality products. A nanometer is a billionth part of a 

meter, or 1/109m. According to the recommendations of European Commission, the NMs are 

defined as “a natural, incidental or manufactured material containing particles, in an unbound 

state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in 

the number size distribution, one or more external dimensions is in the size range 1 nm-100 

nm” (EU, 2011). To provide a measure of the nanoscale, one nanometer (nm) is approximately 

the width of 10 hydrogen atoms (Saw et al., 2007, Cappelletti et al., 2009). For further 

elaboration of size concept, a comparison of different biological entities at nanometric scale is 

illustrated in Table 2-1. NMs as compared to bulk materials, exhibit few remarkable specific 

characteristics and have better structural integrity as they exhibit distinctive mechanical, 

chemical, optical, electrical and magnetic properties (Oberdörster et al., 2005, Thomas and 

Sayre, 2005). 
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Table 2-1: Size comparison of different biological entities  (CARLSON, 2006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NMs are not something new as these are naturally present in the environmental system 

since beginning of life on this planet. However rapid industrial development increased the 

overall load of different NMs in the environment.  (Klaine et al., 2008a). Aquatic colloids 

(including sand, silt, clay, microorganisms etc.), the finest desert sand, oil vapours, volcanic 

dust, forest fire products, humic substances, biological products and air dust are most important 

types of ancient natural NPs (Ostiguy et al., 2006). NMs are either classified on the basis of 

their chemical composition; (Handy et al., 2008b, Buzea et al., 2007a) where these are 

Item Size 

Red ant 5mm 

Head of a pin 1mm 

Human hair (width) 0.08mm=80,000nm 

Most animal cells 10-50μm 

Alveular Macrophage ~15um 

Red Blood Cell 9um 

Nucleus  3-10um 

Diameter of a typical bacterium 1,000-10,000nm 

Average wavelength of visible 

light 
400-700nm 

Lysosomes, peroxisomes 200-500nm 

Human immunodeficiency virus 90nm 

Wavelength of extreme ultraviolet 

light 
40nm 

Cell membrane, Mitochondria 10nm 

DNA Alpha Helix 2.0nm 

Amino Acid 0.8nm 

Water molecule (width) 0.3nm 

Hydrogen atoms 0.1nm 
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categorised as carbon based structures, metal NPs, metal oxides or semiconductor crystals 

(quantum dots); or these are classified on basis of NPs dimensions (Buzea et al., 2007b, Krug 

and Wick, 2011). Figure 2.1 illustrates the possible sources of natural and engineered NMs. 

 

Figure 2.1: Sources of natural and engineered nanoscale substances (Farré et al., 2009) 

2.1.1 Nanostructured Titanium Dioxide 

As compared to bulk material, nanocrystalline TiO2 has improved properties and it is 

an important material in all disciplines of science including material engineering and 

biomaterials (Hearne et al., 2004, Swamy et al., 2005, Chen et al., 2009, Wang et al., 2013, 

Ranade et al., 2002). NMs show varied physico-chemical characteristics which are 

significantly dissimilar to the bulk materials (Wang et al., 2013, Martyanov and Klabunde, 

2004, Rao et al., 2006). The interest in nanocrystalline titanium dioxide synthesis was grown 

due to its diverse nature and tremendous applications in catalysis, photocatalysis, paint 

pigments (Middlemas et al., 2013), sensors (Garzella et al., 2000), cosmetics (Serpone et al., 

2007, Popov et al., 2005), medicines (Singh and Nalwa, 2011), water purification (Mills et al., 
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1993), photovoltaics (O’regan and Grfitzeli, 1991) and self-cleaning windows (Paz et al., 

1995).  

Titanium is the simplest of the transition metals having electronic structure 3d24S2. It 

is present in the earth’s crust and constitutes 0.6 % of it (Lab, 2013). It is mainly present as 

ilmenite (FeTiO3) and the binary metal oxides. TiO2 is the most important material amongst 

binary metal oxides which has three phases; rutile, anatase and brookite (Liao et al., 2012, 

Banfield et al., 1993, Ozawa et al., 2005, Reyes-Coronado et al., 2008, Smith et al., 2009). 

Table 2-2 illustrates the crystal structure properties for all three forms of TiO2 (Cromer and 

Herrington, 1955, Mo and Ching, 1995).  

Table 2-2: Crystal structure properties of TiO2 (Cromer and Herrington, 1955, Mo and Ching, 1995) 

Properties  Rutile Anatase  Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Ti–O bond 

length (Å) 

1.937(4) 

1.965(2) 

1.949 (4) 

1.980 (2) 

1.87–2.04 

O–Ti–O bond 

angle 

 

77.7° 

92.6° 

 

81.2° 

90.0° 

 

77.0°–105° 

Lattice constant 

(Å) 

a = 3.784 

c = 9.515 

a = 4.5936 

c =2.9587 

a = 9.184 

b = 5.447 

c = 5.154 

Space group  I41/amd P42/mnm Pbca 

Molecule  2 2 4 

Density (g cm–3)  3.79 4.13 3.99 

Volume/ 

molecule (Å3)  

34.061 31.2160 32.172 

Anatase is the major commercial phase of titanium dioxide. Navrotsky and Kleppa 

(1967) studied that anatase is metastable tetragonal structure as compared to rutile at varying 

temperature and pressure. It transforms to rutile at very high temperatures (>915oC). Figure 2.2 
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shows the tetragonal structure of anatase where Ti-O octahedral shared four corners. This 

structure has a three dimensional topology of edge-sharing octahedra in all directions, forming 

a zigzag pattern through the crystal plane.  

 

Figure 2.2: Anatase crystal; Tetragonal di-tetragonal di-pyramidal a = 3.7845 Å, c = 9.5143 Å; Z = 4 (Crystal, 2013a)  

 

At high temperatures brookite and anatase transform to rutile, which is the stable and 

the most studied form of TiO2 (Haines and Léger, 1993). As shown in Figure 2.3, rutile has 

rows of edge-sharing octahedra in the c direction which are connected by corner sharing in the 

a and b directions. (Agrafiotis and Tsetsekou, 2000, Brinker et al., 2002, Kerner, 1993). There 

is no difference between the crystal structure of rutile and anatase except that, in rutile the 

octahedra share four edges as compared to four corners in anatase. Such an arrangement give 

rise to four-folded symmetrical chains (Zhang et al., 2010).  
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Figure 2.3: Rutile crystal Tetragonal di-tetragonal di-pyramidal a = 4.5937 Å, c = 2.9587 Å; Z = 2 (Crystal, 2013c) 

The crystal structures of anatase and rutile as shown in Figure 2.2 and Figure 2.3 reveal 

that rutile has very dense arrangement of molecules as compared to anatase. Brookite exhibit 

an orthorhombic crystal structure (Figure 2.4) which reverts to rutile at a temperature of 750oC 

(McColm, 1995). Brookite has similar mechanical characteristics to rutile but it is not used 

frequently in the industry. 

 

Figure 2.4: Brookite crystal Orthorhombic di-pyramidal Z = 8, a = 5.4558 Å, b = 9.1819 Å, c = 5.1429 Å (Crystal, 2013b) 

http://en.wikipedia.org/wiki/Angstrom
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2.2 Synthesis of Titanium Dioxide Nanoparticles 

Fabrication of NPs with a high degree of control over required properties is a complex 

task.  Generally, NMs can be fabricated by numerous diversified approaches. NMs synthesis 

can be divided into the top-down and bottom-up fabrication approaches (Figure 2.5). As name 

elaborates, in the bottom-up synthesis, NMs are synthesized starting from atoms or molecules 

where these are called the NP building units. Materials from bottom up approach can be 

synthesized by using different methodologies including chemical synthesis, self-assembly and 

positioning of single NPs (Arnall, 2003, Siegel et al., 1998). 

 

Figure 2.5: Diagram showing the bottom up and top down synthesis approaches (Domènech Garcia et al., 2012) 

In top-down synthesis larger structures are broken down to the nanometric dimensions. 

This approach is just opposite of bottom up synthesis approach of NPs. Usually laser ablation, 

etching, sputtering and grinding are used to synthesize NPs with top-down synthesis method. 

Ball milling is a very specific technique to scale down micrometric particles to NPs. Several 

of these techniques are commonly used in the different sophisticated industries, considering 

quality control and occupational health and safety regulations (Feigenbaum, 2004). NMs are 

being used by several industries in their final products, however, only a few use significant 

quantity (Aitken, 2006). Paint, cosmetics, catalyst and polymer coating industries are few 
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examples who use NMs in huge quantities as compared to pharmaceutical industry (Aitken, 

2006).  

NPs can be synthesized considering following approaches which are centred on 

possible mechanisms of synthesis (Aitken et al., 2004, Siegel et al., 1998, Bergamaschi, 2009): 

a. Condensation Process: A bottom-up approach where NPs are synthesized with flame 

pyrolysis which involves nucleation at high-temperature and synthesis occurs in a plasma. 

Gaseous phase evaporation is main phenomenon.  

b. Vapour Deposition Process: Another bottom-up approach where NPs are synthesized by 

evaporation followed by vapour deposition in a cool environment. 

c. Sol-gel Process: A bottom-up approach consisting of hydrolytic polycondensation of 

different sols formed by chemical reactions of alkoxides with water. This process involves 

controlled precipitation phenomena. 

d. Hydrothermal Process: A process which depends on the solubility of minerals in hot 

water under high pressure. The crystal growth is performed in an apparatus consisting of a 

steel pressure vessel called an autoclave, in which a nutrient is supplied along with water. 

e. Mechanical Breakdown Processes: It is a top-down approach of NPs synthesis where 

larger molecules are broken down via different techniques.  

In this thesis, the sol-gel and hydrothermal approaches are addressed with a specific 

reference to titanium dioxide NMs. It is well documented that sol-gel synthesis process is used 

to synthesize titania nano powders at laboratory scale. Nanophase particles formed from 

aqueous synthesis are heavily hydrated and agglomerated initially (Hu et al., 2003). The 

nucleation and agglomeration of TiO2 nanocrystals is dependent on pH value and sintering 

temperature, as claimed by Hu and co-workers (Hu et al., 2003).  
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In current research work sol gel and hydro-thermal synthesis methods were chosen to 

study the effects of pH, temperature, precursor types and alcohol concentrations on 

morphology of TiO2 NMs.  

2.2.1 Sol gel method of TiO2 synthesis 

In order to synthesize highly controlled NPs characteristics, sol-gel methodology was 

used. Sol-gel method, as the name implies, comprises of two main parts:  

a) Firstly, the precursors form high molecular weight but still soluble oligomeric 

intermediates, called a sol. 

b) Secondly, the intermediates come close together to form a gel.  

At laboratory scale the most used process of synthesis is the sol-gel process to 

synthesize different types of NPs (Livage et al., 1988, Brinker and Dunphy, 2006, Lakshmi et 

al., 1997). It is wet chemistry based methodology and no high temperature melting of inorganic 

raw materials is involved. Typically a sol-gel process is based on five processing steps 

(Fendler, 2008).  

i. Hydrolytic Polycondensation: Hydrolysis of alkoxide precursors which forms a 

polymeric or particulate sol containing inorganic materials. 

ii. Formation of a uniform suspension by deposition of substrate into the sol. 

iii. Solidification of the gel with solvent and volatile compounds evaporation process. 

iv. Drying at room temperature to get a condensed inorganic network. 

v. Calcination where very high temperature is involved to remove of organics and to 

crystallize the solid material. 

In one study Qamar and co-workers (Qamar et al., 2008) obtained titanate nanotubes, 

with a chemical treatment of 10M NaOH followed by heating in an autoclave at 150oC for 
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couple of days. They observed a significant effect of sol-gel technique to control different 

properties including shape and phase. Adan and co-workers also observed significantly 

different structures and surface characteristics of TiO2 particles including control over anatase 

and rutile contents (Adán et al., 2007). The calcination temperature has strong effect on crystal 

structure, energy band structure, optical adsorption and photocatalysis of the sol-gel fabricated 

TiO2 (Behnajady et al., 2013) and Ceria NPs (Sifontes et al., 2013). Calcination temperature is 

ascribed to the changes in structure and optical property of catalyst such as crystal size, content 

of rutile, residual NO3
-, and band-edge position of light adsorption (Behnajady et al., 2013, 

Sifontes et al., 2013). In sol-gel synthesis of titania NPs, many parameters are important to 

control the size and shape. Firstly the monodispersity of sol-gel synthesized titania particles 

were helpful in transferring and separating the photo-generated electrons and holes by reducing 

the recombination (Yu et al., 2002). Secondly the surface of titania alters the charge 

compensation depending on pH of the system (Bessekhouad et al., 2004), so pH control is 

another important parameter. Thirdly doping of titania surface is important for different 

application as Yang and co-workers (Yang et al., 2004) revealed that absorption edge was 

extended by Mo6+ doped TiO2 which also decreased the interfacial charge transfer resistance. 

There was a two-fold increase in the activity of Mo6+ doped TiO2 as compared to pure TiO2 at 

1% optimal concentration.  In another study sol–gel synthesized TiO2 and Au/TiO2 showed a 

strong dependence of finalized NPs on functional , composition, structural and morphological 

properties of the system (Lidia and et al., 2007). Fourthly, calcination temperature is another 

parameter to control size and shape of NPs. In one important study, high temperature 

calcinations caused changes in structure and morphology of sol-gel prepared TiO2 particles 

supported with flat quartz (SiO2) (Martyanov and Klabunde, 2004). A temperature of 500oC 

anatase phase TiO2. At 800oC the SiO2 helped to retain the anatase form of TiO2 while bare 

anatase was transformed into the rutile form. Moreover, TiO2 modified with SiO2 did not 
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change the crystallites at 800oC even their size was increased.  Temperature had profound effect 

on sol-gel dip coating (SGD) and electron beam evaporation (EBE) synthesized transparent 

TiO2 thin films which were tested for their photocatalytic activity by Oh et al. (2003). The 

transmittance of the films was decreased with increased calcination temperature. Growth of 

particles was observed and refractive index of the films was increased with a 200oC increase 

in temperature.  

Su et al. (2001) prepared the nano-sized TiO2 photocatalysts by sol-gel method and 

characterized by FTIR spectroscopy, FT-Raman spectroscopy and diffuse reflectance 

spectroscopy(DRS). The result showed that calcination temperature has strong effect on crystal 

structure, energy band structure, optical adsorption and photocatalysis of the TiO2. It was found 

that the TiO2 photocatalyst calcined at 400oC has the best apparent optical adsorption, the 

biggest band edge position and the highest photoactivity. They revealed that calcination 

temperature affected the TiO2 catalysis and ascribed it to the changes in structure and optical 

property of catalyst such as crystal size, content of rutile, residual NO3
-, and band-edge position 

of light adsorption. 

Stabilization agents in synthesis are important as Guillard et al. (2002) studied different 

physicochemical and photocatalytic properties of sol-gel fabricated TiO2 films. It was noted 

that the nature of stabilizing agent affects the overall thickness of titania loading and hence the 

photocatalytic activity. They revealed that the photocatalytic activity was dependent on the 

nature of titania precursor and stabilising agents. The photocatalytic activity was dependent on 

the thickness of coating and decrease of coating thickness at high temperature decreased the 

activity to a significant level. 

Keeping in view the research work reported above, it is clear that sol-gel process is a 

technique which can help in engineering NPs as per requirement if different parameters can be 
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monitored and controlled during the fabrication process. Obviously the ease of synthesis 

approach gives sol-gel technique an edge over the other methods.  

2.2.2 Hydrothermal Synthesis of TiO2 

Hydrothermal synthesis comprises of multiple synthesis techniques to crystallize 

substances in solution phase at high temperature and vapor pressure preferably using an 

autoclave (Wikipedia, 2016). It is a straightforward approach for chemical processing which 

leads to fabrication of crystallized metal oxides with controlled temperature and pressure 

(Pookmanee et al., 2004). Spherical titania NMs of small size range can be fabricated when 

sol-gel precursors are subject to hydrothermal processing. Using this approach Jiang and co-

workers (Jiang et al., 2003) synthesized spherical monodispersed NPs by using TiCl3 precursor, 

modified from TiCl4 with acetyl acetone. Similarly Nian and Teng (Nian and Teng, 2006) 

fabricated single-crystalline anatase nanorods from the hydrothermal treatment of aqueous 

titanate nanotubes in acidic system. They mentioned that size of hydrothermally synthesized 

anatase NPs was dependent on the pH of the suspensions. Moreover Ke et al. (Ke et al., 2008) 

successfully prepared WO3/TiO2 nanocomposite with novel properties with a hydrothermal 

method where they used cetyl trimethyl ammonium bromide (CTAB) as stabilizing agent.  

In another study titanate nanotubes were fabricated by a method which involved sol-

gel method followed by an autoclave hydrothermal treatment by Kim and co-workers (Kim et 

al., 2007). They treated titania sol with 10M NaOH solution followed by a heat treatment in an 

autoclave at 150oC for two days. They revealed that calcination temperature and amount of 

sodium controls the properties like phase, shape, morphology and photo activity.  

Hydrothermal mediated synthesis of titanate nanofibers with different sizes was 

reported by Zhu et al. (2005). They mentioned that these nanofibers were highly reactive 
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because of their aspect ratio, morphology and large surface to volume ratio. They also reported 

the low temperature wet-chemical phase transitions of titanate nanostructures to titania 

polymorphs and the nanofibers change to anatase and rutile polymorphs in aqueous dispersions. 

Spherical TiO2 particles with different particle properties like fraction of crystallization, 

size, shape etc. were obtained with hydrothermal method by Cho et al. (2003). In another study 

plate like anatase NPs and BaTiO3 was fabricated by Feng and co-workers (Feng et al., 2001) 

by using a hydrothermal synthesis methodology. They proposed two mechanisms of BaTiO3 

hydrothermal synthesis. First being in situ topotactic transformation reaction and second being 

dissolution-deposition reaction. A well-defined crystal orientation of plate like BaTiO3 was 

revealed by these scientists.  

Hydrothermally supported 7-25nm TiO2 NPs were synthesized by Chae et al. (2003). 

The size was controlled by concentration of alkoxide precursor and solvents. It was mentioned 

that as prepared TiO2 NPs were highly stable and showed long term stability and used for the 

synthesis of transparent TiO2 films. 

The literature reviewed above shows that hydrothermal method of synthesis is well 

known and documented. This method is frequently used by scientists to synthesize titania 

nanomaterial with controlled morphological properties. In fact, sol-gel and hydrothermal 

methodologies can be combined to get more promising results.  

2.1.1 Role of Temperature in TiO2 Synthesis 

Different drying methods and calcination temperature of nano-sized TiO2 have strong 

effect on crystal structure, energy band structure, optical adsorption property, surface quality 

and photocatalytic activity (Behnajady et al., 2013). Gervais and co-workers (Gervais et al., 

2001) studied that TiO2 particles heated below 700°C are predominantly anatase and above 
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700°C it transforms to rutile while Ani and co-workers (Ani et al., 2005) elucidated the 

influence of temperature, molar ratio of H2O/TiCl4 and concentration of precursors on particle 

size and phase composition. They attributed that water vapor has a catalytic role of in the 

enhancement of amorphous to anatase phase transformation at high molar ratio of H2O/TiCl4 

at low drying temperature. In another study Xu et al. (2013) synthesized sol–gel mediated 

anatase titania powder by combining sol-gel and thermal techniques. They verified the 

transformation temperature from anatase to rutile was 510 °C while anatase phase remains 

predominant at the calcination temperature range of 400–510 °C. 

Grzmil et al. (2004) revealed that the ratio of anatase to rutile transformation was higher 

at elevated temperatures. They noticed that the process temperature affects the conversion ratio 

considerably more than the calcination time. Calcination temperature controls the fast hole 

transfer reaction which was more intensive at lower calcination temperature (Salmi et al., 

2004). Martyanov and co-workers (Martyanov and Klabunde, 2004) mentioned an annealing 

temperature of 500oC for the synthesis of the anatase phase in the powder form.  

Rod shaped rutile NPs were synthesized by Krivec and co-workers (Krivec et al., 2013) 

with low-temperature hydrothermal method. They mentioned an amorphous surface layer of 1 

nm thickness on rutile NPs which enhanced the photocatalytic properties as compared to NPs 

synthesized by any other method. The amorphous layer on rutile nanorods enhances the 

electron transfer with an improvement in photocatalysis of these NPs.  

In another study highly active porous biphase TiO2 anatase nanopowders were 

fabricated by hydrothermal process followed by a treatment with ammonia (Chen et al., 2003). 

These NPs exhibited large surface areas and crystallinity which were altered by calcination 

temperatures up to 900°C. The synthesized NPs showed higher photocatalytic activity as 

compared to commercial Degussa P25. It was noted that the photocatalysis of TiO2 increased 
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with an increase in the calcination temperature which was reduced after 900°C calcination 

temperature because of a decrease in surface area of NPs (Chen et al., 2003). 

Grzmil et al. (2004) synthesized TiO2 pigment by the sulfate process and hydrated 

titanium dioxide is calcined. As a result of the polymorphous conversion, rutile was obtained. 

Roasting additives were introduced into the calciner, in order to achieve required process 

temperature, crystallite size of individual phases, optical properties, and the pigment 

photostability. The obtained dependences were described using exponential equations. The 

ratio of anatase-rutile transformation was higher at elevated temperatures. Grzmil and co-

workers (Grzmil et al., 2004) noticed that the process temperature affects the conversion ratio 

considerably more than the calcination time. During the experiments alkaline metals like 

potassium, lithium and phosphate were added into the system. They noted that the increase of 

phosphates content in the calcinated TiO2 nH2O (0.1-0.5 mass % P2O5 in relation to TiO2) 

caused the anatase-rutile transformation ratio to drop 2 to 10 times. Moreover, the phosphates 

presence restricted an unfavorable anatase and rutile crystallites growth. In fact, their 

crystallites size was 2-3 times lower, compared to the crystallites size measured when the 

phosphates were not added. If the potassium content in hydrated TiO2 was increased (0.05-1.0 

mass % K2O in relation to TiO2), during calcination the rutile formation passed through a 

maximum. Similar behaviour was observed when lithium (0.025-0.5 mass % in relation to 

TiO2) was introduced instead of potassium. Neither anatase nor rutile average crystallites size 

was influenced by the potassium or lithium addition. 

The literature reviewed in this section advocates the phase control of TiO2 NPs with 

temperature. So to engineer titania NPs synthesis and annealing temperature might be a 

controlling factor and needs further investigation.  
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2.2.3 Role of pH in TiO2 Synthesis 

Transformation of anatase to rutile depends on several mechanisms including 

temperature, precursors and pH as elaborated by Zhu et al. (2005) who noticed that the titanate 

nanofibers transform to anatase and rutile at varying pH and high temperatures. Feng and co-

workers (Feng et al., 2001) investigated that pH has detrimental effect when layered titanate 

H1.07Ti1.73O4.H2O were transformed to BaTiO3 or anatase in the presence of Ba(OH)2 solution 

or DI water during hydrothermal synthesis. They noticed that particle size of anatase TiO2 was 

dependent on pH and aging (Sugimoto et al., 2003). They reported that nucleation rate of 

anatase TiO2 was reduced with an increase in pH. This happened because of the reduced 

concentration of precursor in the solution and adsorption of OH- onto the embryos of TiO2 

(Sugimoto et al., 2003). Triethanolamine acted as a shape controller at high pH value of 11 or 

more. It enhances the effect of pH on nucleation rate of anatase giving different shapes and 

sizes (Sugimoto et al., 2003). Velikovska and Mikulasek (Velikovská and Mikulášek, 2007) 

studied the effects of pH which changes the surface properties of TiO2 NPs and alumina 

membrane. Isley and Penn (Isley and Penn, 2006) studied that in sol gel synthesis of TiO2 at 

pH3 where HCl addition increased the amorphous TiO2 during fabrication process as compared 

to HNO3. Same results were also reported by Hu and co-workers (Hu et al., 2003) where 

increased volume fraction of brookite NPs was seen with a decrease in the synthesized pH and 

amount of brookite phase enhances the anatase-rutile transformation. Also pH affects the 

anatase-rutile transition temperatures which showed an increase with increasing pH of 

synthesis (Hu et al., 2003). 

Acidic pH showed a higher refractive index, a denser film growth, and a lower surface 

roughness of TiO2 multilayer films than those of the films deposited in different conditions 

(Kim et al., 2006). Luo and his group (Luo et al., 2003) attributed that acidity has detrimental 
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effect on the crystal structure formation and phase transformation. Chu and co-workers (Chu 

et al., 2007) revealed that pH is a sensitive parameter to the rate of degradation under UV/TiO2 

and UV/TiO2/H2O2 systems. HO• effects the photoexcitation and ultimately degradation at 

acidic or basic pH values as the introduction of H2O2 an HO• scavenger, slowdown the decay 

rate at alkaline medium. 

Effect of pH on synthesis of highly pure TiO2 was evaluated by Wang and co-workers 

(Wang et al., 2007a) who used EDTA (disodium ethylenediamine tetra-acetate) to chelate Fe3+ 

which was used without hydrolysis to Fe(OH) for synthesis of TiO2. EDTA decreased start of 

TiO2
+ hydrolysis hence controlling the desired properties. In this work a more purified TiO2 

product was obtained with chelating property of EDTA. In a generalized reaction EDTA 

stopped the hydrolysis of Fe3+ to Fe(OH)3 precipitate. The formation of TiO2 NPs increased 

with increasing EDTA amount which altered the hydrated titanium dioxide. Moreover, EDTA 

addition at the start of experiment decreased the required amount of washing water, and more 

TiO2 grains were harvested which were easily filtrated and washed. 

Sol-gel mediated TiO2 samples were fabricated by Adan and co-workers (Adán et al., 

2007) at varying pH and thermal treatments. The synthesized NPs were compared with 

commercial TiO2, Degussa P25 and results showed significant differences in the properties of 

synthesized NPs and most of the properties were dependent on synthesis pH and temperature.  

pH effect during synthesis of TiO2 sols in acidic and basic solutions was evaluated by 

Cao et al. (2004). They prepared thin TiO2 films by a spin coating method and checked for 

photocatalytic activity. They showed that photocatalysis of acidic sol films was much greater 

than basic sol films. It was identified that active species like hydroxyl group were hindered by 

the chemisorbed species of CO2 which form electron traps to lower the photocatalysis. 
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The review of all the literature above shows that pH is an important factor for synthesis 

and control of TiO2 nanomaterials. Although there are many studies on the effect of pH on 

phase transformation and size control, there is still a need of more comprehensive study to 

understand its effect on nucleation and agglomeration of TiO2 nanomaterials. 

2.2.4 Role of Precursors in TiO2 Synthesis 

There are only a few studies on the effects of titanium precursors in relation with the 

resulting titania crystal structure. Wilska reported the effects of sulfate and chloride solutions 

on synthesis of titania for the first time (Wilska, 1954). According to his findings, the presence 

of crystalline forms of TiO2 depended on synthesis method and precursor type. As per his 

findings sulphate precursors always produced anatase while chloride precursor was responsible 

for synthesis of rutile. He mentioned that during synthesis process the amorphous phase is 

always followed by the crystalline phase. He also found that the fraction of rutile phase is 

attributed to the oxygen precursor while photocatalysis to titanium precursor concentration in 

the anatase and rutile mixture synthesized by laser pyrolysis of TiCl4 (Alexandrescu et al., 

2004, Kozlova and Vorontsov, 2007). In another study Kim and co-workers evaluated that size 

and number concentration of particles were strongly dependent on the amount and 

concentration of precursor (Kim et al., 2005a).  

Kozlova and Vorontsov (2007) studied the effect of precursors on synthesis of TiO2 by 

using tetrabutyl titanate (TBT) and titanyl sulphate (TS) as precursors and cetyl 

trimethylammonium bromide (CTAB) and dodecylamine (Hearne et al., 2004) as templates. 

Brookite was main phase of the samples synthesized with TBT. It was evaluated that titania 

NPs synthesized by PD were more active than by SCR synthesized.  
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Tang et al. (2005) used low-valent organometallic precursors for the synthesis of titania 

NPs at low-temperature.  They revealed that bis-(cyclooctatetraene) titanium synthesizes TiO2 

after reaction with dimethyl sulfoxide at room temperature. If no supporting ligand is present, 

amorphous TiO2 powder is the end result. The ligands like tributylphosphine oxide, 

trioctylphosphine and tributylphosphine oxide arrest the population during NPs synthesis 

producing chemically distinct crystalline titania NPs. 

None of the known phases of TiO2 were obtained after the hydrolysis of raw 

tetraisopropoxytitanium (IV) and tetraisopropoxytitanium. The tetraisopropoxy group was 

replaced with carboxylic acids like acetic, butanoic and propanoic acids. Venz and co-workers 

(Venz et al., 2000) synthesized titania hydrolysates from the hydrolysis of unmodified and 

modified before hydrolysis by replacement of the via a reaction with carboxylic acids, 

including acetic, propanoic, and butanoic acids to give rise to amorphous phase. 

The above mentioned research work highlights a small portion of work done to evaluate 

the effect of precursor chemicals. It is obvious that precursors can efficiently help in 

synthesizing desired NPs to engineer the desired properties. 

2.2.5 Control of Crystallite Size in TiO2 Synthesis 

Particle size is always an important parameter which emphasize on the detrimental 

properties of NPs. Shape and size highly influence the physico-chemical properties of metallic 

NPs (Brown et al., 2001, Müller et al., 2004). At nanometer scale TiO2 films exhibited size 

dependent photo degradation of methylene blue (MB) solution (Doong et al., 2007, Chung et 

al., 2007) and reaction constant is dependent on the diameter of particles as evaluated by Chen 

et al. (2004). They studied the effect of the particle size on the photocatalysis and seeding of 
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NPs. Chen and co-workers (Chen and Elimelech, 2007) studied that particle morphology and 

photocatalytic activity are correlated. 

Highly crystalline anatase TiO2 and Fe-TiO2 nanocrystals were fabricated by Mi et al. 

(2013) in a quick reaction and at low temperature. They found that crystallite size could be 

controlled with isopropanol and water ratio while crystallinity is a function of reaction 

temperature. Moreover rutile TiO2 nanowires were prepared in a one-step synthesis process by 

mixing TiO2 with an appropriate amount of H2O2 and HCl solution under hydrothermal 

conditions (Liu et al., 2011c). The morphology of nanowires was controlled by temperature 

and time.  

It was studied by Garvie (1978) that phase transformations were dependent on the grain 

size. He mentioned that the relative stability in a system is also dependent on the grain size.  

In a study by Dai and co-workers (Dai et al., 2010), hydrothermally synthesized highly 

crystalline nanostructures showed hydrochloric acid concentration dependence of the shape, 

size and crystalline phase. Anatase NPs were thought to be the result of two HCl concentrations 

1 and 8 M, while a hybrid of anatase NPs and rutile nanorods and were because of 2 to 7M. 

They suggested a new possible TiO2 nanostructures fabrication method to control different 

shapes and sizes. 

2.2.6 Role of alcohol concentration in NPs synthesis 

Wang and co-workers (Wang et al., 2002), synthesized a number of different shapes 

and sizes of nanocrystalline titania with a solvothermal method in the presence of different 

alcohol solutions. These structures, grain sizes and morphologies were achieved with a simple 

variation of alcohol concentrations and reaction conditions. Growth of crystal structures was 

being governed by HCl concentrations. They found that TiO2 sizes and shapes were guided by 
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the CH2 legends in alcohols. They mentioned that this method might be important in fabrication 

of different metal oxides NPs. 

Four different alcohols; ethanol, propanol, butanol, and octanol, were used to fabricate 

anatase, rutile, and brookite in a solvothermal process without surfactants, using TiCl4 or TiCl3 

as precursors (Yoon et al., 2012). The precursor concentration, pH, and alcohol type were 

considered important in governing the morphology, crystal structure, and crystallite size titania 

NPs. This study revealed that alcohol type and, pH and concentration and type of precursors 

can control size and shape of titania NPs. 

Anatase crystalline powders were fabricated with the sol-gel and hydrothermal 

synthesis methods (Castro López et al., 2011). The water, alkoxide and alcohol ratios along 

with alcohol type have a marked effect on the photoactivity of the powders. The alcohol 

dilution increased the photo activity which lessened its negative effect towards the hydrolysis 

of the alkoxide. Also, the use of branched type alcohols, such as, isopropanol increased the 

activity of the photocatalyst, possibly with an increase in the available area for UV light 

absorption.  

Zinc oxide and ZnO-coated TiO2 NPs were synthesized with various alcohol solutions 

by Byun et al. (2008). The optimized synthesis condition using alcohol solutions and zinc 

acetate dehydrate of 2.75 wt%, NaOH of 1 wt% and titania of 1 wt%, zinc oxide NPs with 7 

nm diameter were obtained within 10 min. Also Mi et al. (2013) synthesized anatase TiO2 and 

Fe-TiO2 nanocrystals with use of isopropanol in a quick reaction with a residence time of less 

than 10 seconds. They found that alcohol and water ratio determine the size of NPs. 

Cubic and hexagonal ZnS NPs were fabricated by wet chemical method using polyvinyl 

alcohol (PVA) (Thottoli and Achuthanunni, 2013). ZnS nanocrystals of less than 2 nm were 
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fabricated at two different shapes. Concentrations of polyvinyl alcohol controlled the overall 

particle growth and different sizes can be controlled simply by varying alcohol concentration. 

Hexagonal ZnS NPs were prepared at low temperature in the presence of sodium citrate and 

PVA were used to hydrolyse the ZnS precursors. 

The literature review above shows that alcohols and their mixtures with water are 

important reaction constituent in controlling the properties of NPs.  

2.2.7 Characterization of Nanomaterials 

There are several approaches to characterize NMs as it totally depends upon the 

material and characteristics to be studied. Many scientists used a combination of two or 

multiple characterization techniques to study structural and morphological properties. Armelao 

and co-workers (Armelao et al., 2007) characterized different characteristics of NPs by using 

the combined approach of glancing incidence x-ray diffraction (GIXRD). While Cheng and co-

workers (Cheng et al., 2006) characterized surface modified NMs by a combination of different 

equipment like fourier-transform infrared spectroscopy (FT-IR), x-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (Garzella et al., 2000) and 

thermogravimetric analysis (TGA). They used auger electron spectroscopy (Fostier et al.) to 

study about the thickness of the surface layer. Ke et al. (2008) synthesized a novel photocatalyst 

WO3/TiO2 nanocomposite. The synthesized NPs were characterized by different techniques 

like XRD, FESEM, TEM and diffused reflectance spectroscopy (DRS). Byun and co-workers 

(Byun et al., 2008) examined zinc oxide and ZnO-coated titania particles by x-ray diffraction, 

UV-vis spectrophotometer and high resolution TEM while BET, TEM, SEM, X-ray 

photoelectron spectroscopy (XPS), FT-IR, UV–visible diffuse reflectance spectra (DRS) and 

XRD were also used to characterize N-doped titania microtubes by Xu and co-workers (Xu et 

al., 2008). Irradiated thin films were characterized by Van Overschelde et al. (2007) who used 
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profilometry, SEM and XRD as characterization techniques. Bojinova and co-workers 

(Bojinova et al., 2007) used only X-ray diffraction to characterize anatase titanium dioxide 

NPs.  

X-ray diffraction (XRD) was also used by Doong and fellow workers (Doong et al., 

2007) to examine properties of stabilized titania porous films while XRD, EDX and TEM were 

the characterization tools used by Rengaraj and co-workers (Rengaraj et al., 2007). Qamar and 

co-workers (Qamar et al., 2008) evaluated the effect of sodium and calcination temperatures 

on shape, phase, surface properties and the photocatalytic activity using the world’s most 

modern characterization techniques. Various spectroscopic techniques were used to 

characterize phenyl porphyrin and its copper(II) complexes by Chen and co-workers (Chen and 

Elimelech, 2007). Wang and fellow scientists (Wang et al., 2007b) used Raman spectroscopy, 

TEM and X-ray photoelectron spectroscopy to characterize the carbon incorporated titania thin 

films. Kim et al. (2005b) utilized the electron spin resonance (Macé et al., 2006) to study the 

presence of OH and H2O radicals on TiO2 surfaces. It was observed with ESR that the OH 

radicals decomposed the organic pollutants into more environmental friendly products because 

of their increased oxidizing power.  

The short review of literature above on the use of different characterization techniques 

shows that it is essential to justify and confirm the research results with standard and state of 

art techniques. 

2.2.8 Colloidal stability of TiO2 in different media 

Colloidal stability of NMs in any media is most basic need of nanotechnology. NMs in 

stable form are a required commodity for applications in physical and biological disciplines 

(Wang et al., 2009, Barnard et al., 2004).  
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NPs are sub-fraction of colloidal system so they behave like colloids when dispersed in 

a suitable medium. The physical properties of colloidal system are dependent on the high 

interfacial surface area. This subdivision results in a very (Pierotti and Rouquerol, 1985, 

Hiemenz and Rajagopalan, 1997, Heurtault et al., 2003). Continuous phase in most common 

colloidal systems is a liquid. Colloidal system always has dispersed phase of the size range of 

1-1000 nm. When this size range changes to 1-100nm, the colloidal system switches to a NM 

dispersion system.  

2.2.9 Colloidal and Nanomaterials stability 

Brownian movement of colloids or NPs in a dispersion medium cause collisions of 

particles with each other. Hence stability of colloids or NMs depends on the interaction 

between the individual NPs during these collisions. These collisions might be due to attractive 

or repulsive forces. It is well understood that attractions domination will lead to adherence and 

hence agglomeration and coalescence and repulsion domination will lead to stability of the 

colloidal or NM dispersion system (Verwey et al., 1999). If the particles are of similar 

composition, they have van der Waals forces as primary source of attraction. An adequately 

strong repulsive force is required which can neutralize the van der Waals attractions making 

the system stable (Schenkel and Kitchener, 1960).  

The van der Waals forces are of three types: i) dipole-dipole permanent forces, ii) the 

dipole-induced dipole forces and iii) dipole-transitory dipole interactions. Dipole-dipole and 

dipole-induced are short range weak interactive forces while the London forces are longer 

range strong forces of attractions. For this reason, only van der Waals London forces (VDWL) 

of attraction are considered important to determine the stability of either colloids or NPs.  
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2.2.10 Methods for stabilizing Nanomaterials and colloids  

Similar colloidal or nano particles always possess strong van der Waals London forces, 

so to disperse or stabilize them or keep them apart from each other, it is very much necessary 

to impart strong repulsive interactions. Such repulsive interactions should be at least strong 

enough to overcome the attractive forces between colloids or NPs. Generally, there are three 

parameters by which we can impart stabilization for colloidal or nano systems:  

1. Electrostatic or charge stability (to effect EDL).  

2. Steric stability (by adsorbed or attached polymer molecules). 

3. Depletion stability (by free polymer molecules in the dispersion media).  

If we combine first two methods of stabilization, it will be called electrosteric 

stabilization. Second and third methods of stabilization are achieved by the addition of 

polymers; hence they are called polymeric stabilization. 

2.2.10.1 Electrostatic stabilization 

Colloidal particles in polar liquids can be stabilized by Columbic repulsion forces to 

overcome the VDWL attractions. If ionic groups are added in a liquid dispersion media, they 

stick to the surface colloids or NPs through various arrangements making a charged layer. A 

charge-neutral double layer will be the result of wrapping of colloids or NPs with an equal 

number of counter ions having opposite charges. Stability mechanism is simply overcoming 

these forces which are imparted by surrounding particles to weaken the EDL. Ionic strength of 

the suspension always determines the thickness of EDL (Pookmanee et al., 2004). The 

electrostatically stabilized colloids or NPs aggregate or coagulate with an increase of the ionic 

strength of dispersion medium (French et al., 2009, Napper, 1970). So this is great disadvantage 

of charge stabilization of colloids or NMs as it is very sensitive to ionic strength of the 
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dispersion medium. Also it can’t work for non-polar liquids those can’t dissolve the 

electrolytes. Main advantages of this technique are low cost, quick results and simplicity which 

give it an extended use for stabilization of aqueous media dispersions. 

2.2.10.2 Polymeric stabilization  

The weakening of VDWL attractive forces by polymer chains with high molecular 

weights, hence imparting stability by generating repulsive forces (Vrij, 1976). So polymers are 

thought to be best stabilizing agents with more long lasting stabilization. The disadvantages of 

polymer stabilization include the high cost of polymers and in some cases polymers are either 

reactant with other constituent of the medium or can serve as food for some microorganisms.  

Polymeric stabilization of colloidal suspensions is divided in to two different types: 

steric and depletion stabilization. 

2.2.10.2.1 Steric stabilization  

Steric stabilization of colloids or NPs is a process when polymer macromolecules are 

attached on the surface of colloids or NMs (process also called as grafting or chemisorption). 

Thus the stabilization because of the adsorbed layers of polymers on the dispersed particles is 

generally known as steric stabilization. 
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2.2.10.2.2 Depletion stabilization  

Depletion stabilization of colloids or NPs is a process when polymer macromolecules 

are free in dispersion solution. When we combine both electrostatic and steric methods of 

stabilization, it is called electrosteric stabilization. Overall net charge on colloidal or nano 

particle surface and other charges those come through a polyelectrolyte in the solution can 

impart the electrostatic component in the system. If dispersion medium is dominated with 

higher concentrations of free polymer, the depletion and steric stabilization combine 

frequently. Depletion stabilization can combine to any of the steric and/or electrostatic 

stabilization depending on the availability of free polymer macromocules.  

  

 

Figure 2.6: Types of colloidal/NPs stabilization 

Charge stabilization in a colloidal system is induced by electrostatic repulsion between 

particles (Zhao et al., 2004). In one study Turkevich elaborated that the surface of citrate-
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capped gold NPs (AuNPs) contained a net negative charge which stabilized them against <10 

mM Na+ for a longer duration (Turkevich, 1985). London attractive forces are the main reason 

of aggregation when particles approach each other (London, 1937, Enustun and Turkevich, 

1963). The electrostatic forces can stabilize the particles but this stabilization is not strong 

enough against salt concentrations. To overcome electrostatic forces barrier, particles surface 

might be coated with polymers of higher molecular weight preferably greater than London 

interaction range (PEG, PVP etc.) to achieve steric stabilization (Latham and Williams, 2006). 

To avoid the blocking of particle surface by polymer layer, electrostatic and steric stabilization 

could be combined. A hybrid NP-DNA conjugate gave best value by combination of 

electrostatic, optical and structural properties. This was achieved by Mirkin and fellow 

scientists (Mirkin et al., 1996) when thiol capped DNA oligo-nucleotides were attached to the 

surfaces of Au NPs, which bind to Au by combination of electrostatic and steric stabilization 

process.  

2.2.11 Use of surfactants for stabilization of Nanomaterials 

Properties like size, porosity and stability of TiO2 suspensions could be achieved simply 

by a careful selection of surfactants and salts during the fabrication process (Eiden-Assmann 

et al., 2003). Surfactants are of scientific interest because they are used in many practical 

applications ranging from crude oil recovery to drug delivery. Previous researches show that 

surfactants are being continuously used in the synthesis and stabilization of different NPs (Wu 

et al., 2011, Morsy, 2014, Yang et al., 2010, Alkilany and Murphy, 2009, Baier et al., 2014). 

All surfactants molecules consist of two parts; hydrophobic (water insoluble hydrocarbon chain 

or silicone) and hydrophilic (water soluble ionic group) (Farn, 2008).  
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It was investigated that adsorption polymers like PVP, PEG, PVA, and poly-ethylene 

oxide (PEO) modify the surface of NPs and hence improve the stabilization of the dispersion 

avoiding aggregation and settling (Lakhwani and Rahaman, 1999, Chibowski et al., 2000).  

Nonionic polymers adsorb different molecules on their surfaces through hydrogen 

bonding. The polymers added to a suspension adsorb onto the surface of the metal oxide by 

different chemical and electrostatic mechanisms, van der Waals forces and hydrogen bonding 

(Zhang et al., 2003). Hydrogen bonding in this case is by surface absorption and/or reaction 

with smaller particles, like stearic acid, surfactant C18H37O (CH2CH2O)10H etc. (Zhang et al., 

2003).  

Stability varies from medium to medium and material to material, however in the body 

of living organisms cell culture media is very important to control stability. TiO2 dispersion 

was improved with addition of bovine serum albumin (BSA) in different media. Fetal Bovine 

Serum (FBS) also proved to be an impressive stabilizing agent for TiO2 NPs in various media 

because it contains several protein contents. 

2.2.12 Stability of nanomaterials effected with natural organic matter  

Natural organic matter (Yamago et al., 1995) is another constituent of the aqueous and 

subsurface matrices which enhance stability. NOM has been studied by many eminent 

scientists to affect the stability and transport in porous media for fullerenes, CNTs or quantum 

dots (Chen and Elimelech, 2007, Navarro et al., 2009, Godinez and Darnault, 2011a). There 

are several other studies on the interaction of NOM colloids showed that their physico-chemical 

properties were modified imparting stability (Franchi and O'Melia, 2003, Mylon et al., 2004, 

Handy et al., 2008a, Pelley and Tufenkji, 2008). Mylon and co-workers (Mylon et al., 2004) 

studied that the main procedure of stabilization by NOM is electrostatic and steric repulsions 
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even at higher ionic strengths. In few other studies scientists showed that high concentrations 

of divalent electrolytes destabilize the suspension because cations make complexes with NOM.  

Zhang and co-workers (Zhang et al., 2009) evaluated the stabilization of engineered 

oxide NPs as a function of NOM and divalent cations. A concentration of 10 mM KCl can 

impart aggregation of NPs in neutral waters, while only 1 ppm NOM gives the net negative 

surface charge on NPs reducing their aggregation. A concentration of 4 ppm NOM stabilized 

almost every NP with pushing zeta potentials to −30 mV or higher. While looking adversely, 

divalent ions can cancel the effect of NOM on NPs surface, hence destabilizing them. It was 

noted that 40-60 mM Ca2+ could aggregate the NOM stabilized NPs.  

The interaction of Suwannee River humic acid (SRHA) with iron oxide nanoparticles 

was investigated by Baalousha et al. (2008). They revealed that highly acidic pH dissolved 

about 35% of the total iron, but when pH goes more than 4, hydrolysis makes new particles. 

Aggregation of NPs started at pH 5-6 with a maximum increase at pH 8.5 in general synthesis 

conditions. When SRHA added, aggregation occurred at pH values of 4-5 and mainly governed 

by the SRHA concentration. They studied that approximately 1 nm thick layer on the surface 

iron oxide nanoparticles was developed by SRHA and this layer increases with an increase in 

SRHA concentration. From the study it is evident that pH and SRHA concentrations guide the 

aggregation structure and its mechanism. 

In another study Baalousha (2009) evaluated the effect of NOM on the aggregation 

behaviour of iron oxide NPs. It was revealed that NPs concentration promotes aggregation at a 

pHzpc. Typically, higher concentration of 100 ppm alters the PZC of NPs giving them extra 

stability while low concentration of 10 ppm showed no effect on aggregation behaviour. NPs 

were more stable with start of disaggregation at pH 7 and >50 ppm of SRHA while 10 ppm or 

less concentration of SRHA showed no effect on disaggregation. The sorption of SRHA 
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molecules imparted surface charge on NPs which was thought to be the possible effect of 

disaggregation and stability. They divided disaggregation into two regimes of fragmentation 

and erosion which were dependent on SRHA concentrations, a fast regime followed by slow 

regime over a period of 15 days. 

The effect of NaCl or CaCl2 electrolytes on the aggregation kinetics of TiO2 NPs 

stabilized with SRHA was studied by Thio and co-workers (Thio et al., 2011). They revealed 

that SRHA significantly increased the stability because of electrostatic and steric repulsions 

among TiO2 NPs. Zeta potential was proved to be an important tool in prediction of the 

interaction forces within particles or with particles and collector surfaces giving an idea of 

aggregation and deposition behaviour. SRHA layer suggestively stops TiO2 deposition onto 

silica surfaces even at very high ionic strength, giving an idea about the transport of these NPs 

in natural aqueous matrices as all natural waters has substantial concentration of NOM. 

2.2.13 Aggregation kinetics of Nanomaterials 

PVP and sodium citrate coated silver NPs (AgNPs) were studied for time-resolved 

aggregation kinetics with use of dynamic light scattering (DLS). It was shown that divalent 

electrolytes induced more destabilization for the citrate AgNPs, as compared to the PVP 

AgNPs, because of polymer induced steric repulsion with PVP. More stability was observed 

with humic acid where macromolecules were adsorbed on surface of AgNPs. Higher 

concentrations of CaCl2 boosted aggregation in the presence of humic acid because bridging 

between NPs due to humic acid (Huynh and Chen, 2011). 

French et al. (2009) measured aggregation kinetics of nano-TiO2 with different ionic 

strengths and electrolytes. An ionic strength of 4.5mM gave stable aggregates of 55±5 nm size 

at acidic pH. Same pH gave very big aggregates at 16.5 mM NaCl concentration. They 
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discussed that with basic pH, aggregates are formed quickly as compared to acidic pH values 

and divalent cations enhance aggregation of TiO2.  

Aggregation kinetics of gold NPs using both experimental and mathematical modelling 

techniques revealed that replacement of citrate groups with benzyl mercaptan was the main 

reason of aggregation (Kim et al., 2008). It was found that aggregation of first 11 gold NPs 

might be giving first colour change of gold NP suspension. Hence the aggregation of Au-NPs 

can be monitored with the initial change in colour of suspension.  

Chemical nature of the electrolyte cations is important in aggregation of titania NPs as 

studied by Ismagilov et al. (2012). Li+ was thought to be the least aggregation cation followed 

by Na+ and NH4
+ while the use of phosphate buffers for sol formation gave more stabilized 

TiO2. 

2.3    TiO2 mobility in different porous media  

In the current scenario of NM’s industrial synthesis and use, the knowledge on transport 

and behaviour of these materials in the complex aqueous matrices is a pre-requisite. While 

considering the mobility of NMs in real environment, there are many factors which may be 

responsible for such a transport. Although interaction of NMs with the porous media is an 

important factor, it is not only limited to this interaction. The interaction between NPs, 

interaction between NPs and suspended colloids, the interaction between NPs and other organic 

and inorganic constituents, pH and electrolyte concentration are few of other factors which 

might be held responsible for the fate and mobility of NMs in real environmental context like 

soils and aquifers. Realistically, NMs may be deposited with the pore spaces due to their 

interaction with porous media (aggregations) or they may speed up their travel through pores 

due to interaction with organic constituents of environment (dis-aggregation). Industrial 
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processing and use of different NMs and/or their interaction with natural organic matter usually 

impart new characteristics and stability, hence changing their behaviour and hazard (Labille et 

al., 2010). 

It is typically assumed that there will be very less or low aggregation of TiO2 NPs in 

porous media but chemistry of the medium determines the actual fate of NMs. Chemistry of 

the medium alters the mobility and retention of NMs in different porous media. When 

chemistry favours more sticking efficiency, more aggregation occurs and transport of these 

materials through the column is relatively fast. But if sticking efficiency of NPs and collector 

surface (porous media) is more and favoured by the solution chemistry, NMs retain within the 

system (Labille et al., 2010). 

Chowdhury et al. (2011) conducted a series of experiments to study the effect of 

chemistry, NPs concentration and hydrodynamic properties in the mobility and retention of 

TiO2 NPs through sandy porous media. Results specify that DLVO-type interactions including 

straining, aggregation, blocking, and ripening are determining factors of such a transport. 

Factors like pH, ionic strength, NPs concentration and flow velocity are the controlling 

parameters of retention and removal. Acidic conditions favour more particle removal while on 

neutral pH and beyond particles tend to aggregate, favouring retention. Same is the behaviour 

of ionic strength where low ionic strength favours removal and high ionic strength favour 

retention. Also removal increased with increased flow rate while more retention occurred with 

a decreased flow rate.  

NMs transport and retention experiments by Chen et al. (2011a) showed ionic strength 

as retention controlling parameter in column because NPs retention profiles displayed an 

increased NP retention at the end of the column. KCl and CaCl2 solutions increased the 

deposition of the NP aggregates as per traditional DLVO theory. Overall experimental results 
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confirmed that NMs mobility and retention is governed by the combination of nanoparticle 

aggregates depending on pH, ionic strength, moving distance and DLVO interactions. 

Fang et al. (2009b) studied the stability and mobility of TiO2 NPs in saturated 

homogeneous soil columns experiments. They studied that lower ionic strengths help the TiO2 

to pass through the columns but high salinity and clay contents increased the retention in soil 

media. The size of the aggregates observed at the far end of column was significantly high as 

compared to the start of experiment.  

Boncagni et al. (2009) studied the transport TiO2 NMs in laboratory flume, column, 

and batch experiments. They showed that commercial NPs (P25 TiO2) are more prone to 

aggregate as compared with laboratory synthesized NPs. Due to this reason, commercial TiO2 

deposited at a faster rate than the synthesized TiO2 in the streambed. All NMs which were 

retained in the streambed were easily released with an increase in stream velocity. The 

aggregation and deposition were controlled by on pH.  

Keller et al. (2010) conducted a number of experiments on mobility, aggregation and 

sedimentation of three different metal oxide NPs i.e. TiO2, ZnO and CeO2 different aqueous 

media. They showed that natural organic matter (Yamago et al., 1995) adsorption on the surface 

of these NMs imparted stabilization, significantly reducing their aggregation, under most of 

the environmental conditions.  

2.3.1 Applications of Nanocrystalline TiO2 

When concept of nanotechnology is associated with environmental science and 

engineering to synthesize nanostructured functional materials which are used for 

environmental remediation, the technology is known with the term “environmental 

nanotechnology”. Consequently, controlling materials at the nano-level can accelerate the 
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development of new types of products with improved properties and functionalities for 

environmental applications (Liu et al., 2005).  

Almost all environmental pollutants can be degraded by TiO2 photocatalytic systems 

as mentioned by Matos et al. (2001) who applied titania for photocatalytic degradation different 

pollutants including phenol, 4-chlorophenol and herbicide 2,4-dichlorophenoxy-acetic acid in 

the presence of two different commercial activated carbons. Also Wu et al. (2004) 

photocatalytically degraded 1,2,3,6,7,8-hexachlorodibenzo-p-dioxin and octachlorodibenzo-p-

dioxin with immobilized titania, zinc oxide and SnO2 films under UV light of 300 and 450 nm 

wavelength. Robert et al. (2004) used TiO2 for the photodegradation of 4-hydroxybenzoic acid 

and benzamide under solar irradiation. Chiang et al. (2004) used different TiO2 photocatalysts 

at pHs 3 and 10 for degradation of Bisphenol A. They found that pH and different oxidation 

govern the mineralization of BPA at pHs 3 and 10. Figgemeier and co-scientists (Figgemeier 

et al., 2007) evaluated  TiO2 films for their photocatalytic activity to degrade of 4-chlorophenol 

in the presence of UV illumination. (Yu et al., 2002) used transparent anatase titania films on 

soda-lime glass and fused quartz for photocatalytic oxidation of acetone in an air environment. 

Lin et al. (2004) studied the photocatalytic degradation of ethylene over titania-based 

photocatalysts under a non-circulating system using visible or near-UV light. Alvaro et al. 

(2004) compared self-synthesized TiO2-NPs and P-25 titania standard for degradation of 

phenol and aniline in water with strong efficiency of self-synthesized titania over P-25. Blount 

et al. (2001) studied degradation of acetic acid, acetaldehyde and toluene by TiO2 

photocatalyst. 

Chung et al. (2007) tested photocatalytic performance of the titania films for 

photocatalytic degradation and antimicrobial efficacy for medical grade AISI 304 and JIS 

Z2801:2000 industrial standard respectively. Zlamal and co-workers (Zlamal et al., 2007) 
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photocatalytically degraded acid orange 7 with nanotube layers/Ti structures as photo-anodes 

in the presence of UV light.  

Acher et al. (1997) used sunlight or artificial UV radiation for photochemical 

disinfection of water while Arana and his group (Arana et al., 2002) applied solar TiO2-

photocatalysis to waters from a natural wastewater treatment plant in the Universidad de Las 

Palmas de Gran Canaria.  

Titanium dioxide photocatalysis is much important for solar degradation as concluded 

by Ljubas (Ljubas, 2005) that solar radiation alone does not have enough energy for sufficient 

degradation of Natural Organic Matter (Yamago et al., 1995) in drinking water, but in 

combination with heterogeneous photocatalyst-titanium dioxide, with or without other 

chemicals, the degradation potential could increase.  

The literature reviewed above shows different uses of TiO2 in different fields specially 

photodegradation which shows increased demand of such materials (other than that of 

industrial purposes) in current and future scenario.  

2.3.2 Hypothesis  

The research work during this study was mainly technology driven rather than 

hypothesis based. Few studies planned were hypothesized e.g. the first hypothesis which 

governs this study was “Size, phase and aging of TiO2 NMs play an important role in their 

behaviour in natural water systems”. Many experiments were conducted and reported in this 

thesis. Size and phase was controlled by pH, temperature, precursors and alcohol water ratios. 

Different shapes and sizes of TiO2 nanomaterials were fabricated and studied for their stability 

in different media. Lastly, two different shapes were studies for their transport through different 

type of porous media to prove the concept.  
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Secondly “Properties of engineered NMs get affected with strong interactions with 

natural colloids and humic substances”. To test this hypothesis, different types of TiO2 

nanomaterials were stabilized with five different types of stabilizing agents including humic 

substance SRFA. The aggregation kinetics of such stabilized nanomaterials were then studied 

with different type of salts. In end stabilized nanomaterials with humic substances were found 

to be more actively transported in different types of porous media proving that behaviour of 

nanomaterials gets affected by the constituents of natural environments.  

2.3.3 Conclusion 

From the reviewed literature it is obvious that there was much done on TiO2 NMs but 

still there are gaps to understand the total chemistry of synthesis and interaction of TiO2 NPs 

with environmental constituents. To understand the environmental behaviour of TiO2 NMs, a 

comprehensive study on synthesis with a synthesis control on the properties of the resulting 

material, its complete aggregation kinetics and transport behaviour in a porous media under 

different media, is much needed.  

The current research was initiated with the idea that manufactured NPs can be traced in 

an environmental system if we can control their chemistry. Understanding of complete 

chemistry will certainly help to engineer NMs as per environmental monitoring requirements. 

For this purpose, a detailed synthesis behaviour of titania NMs at different synthesis conditions 

was studied along with its aggregation kinetics and mobility in a simple and complex porous 

media. This thesis addresses all of the above mentioned issues.  
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Chapter 3  

MATERIALS AND METHODS 

 

3.1 Introduction 

The thesis research work was divided into three phases. The first phase is the synthesis 

of TiO2 NMs using sol-gel and hydrothermal methods. The focus of the synthesis part of 

research work was the determination of each variable's effect on the structure and morphology 

of synthesized NMs. The independent variables included pH, gel drying/calcination 

temperature, different stabilizing agents and precursors. With use of three precursors (titanium 

isopropoxide, TiCl3 and TiCl4), different shapes and sizes of TiO2 NMs were prepared by 

varying alcohol water ratios and mixing different concentrations of alcohol solutions. 

 The second phase focuses on the stabilization of TiO2 NPs using different coatings 

(PEG, PVP, Sodium citrate, SDS, SRFA) and the aggregation kinetics of TiO2 NPs in mono 

and divalent electrolytes (NaNO3, NaCl, CaN2O6, CaCl2). The aggregation kinetics was 

performed on the sodium citrate and SRFA-coated TiO2 NMs. Two different types of 

morphologies of TiO2 NMs were used during these studies i.e. round anatase NPs and rutile 

ellipses.  

In the third phase the stabilized nanomaterials were checked for their mobility through 

different natural and synthetic porous media (sandstone and glass bead columns). The mobility 

studies were firstly modelled on the basis of DLVO theory and then evaluated experimentally. 

This chapter demonstrates; the experimental methods, the analytical techniques and the 

theoretical background, used during this research work.  
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3.2 Materials  

Titanium isopropoxide, titanium trichloride and titanium tetrachloride were of 

analytical grade and were purchased from Sigma Aldrich. All other chemicals used throughout 

this research work were of analytical grade or higher and were used as purchased from different 

commercial vendors (Fisherscientific, Aldrich, Sigma) without any further purification. 

Suwannee River fulvic acid (SRFA) was purchased from the International Humic Substances 

Society (IHSS). Ultra-high purity water (18.2 MΩcm-1) was used throughout the experiments. 

300 mesh size Cu grids coated with holey carbon were used for TEM analysis.  

3.3 Synthesis of titanium dioxide 

TiO2 NMs were synthesized using three precursors: titanium isopropoxide (TTIP) for 

TiO2 nanopowder, TiCl3 and TiCl4, for stabilized TiO2 suspensions. The detailed methodology 

for each precursor is discussed as follows under three different headings.  

3.3.1 Synthesis of TiO2 nanopowder  

In an optimized synthesis procedure for TiO2 nanopowder, 25 ml volume of titanium 

isopropoxide was vigorously mixed with 25 ml absolute ethanol. Resultant solution was 

ultrasonically mixed for 10 minutes to form a mixture. The ultrasonic bath used during the 

synthesis process was Grant XUBA5 with 150W heating power. The obtained mixture was 

then magnetically stirred for 3 hours after drop wise addition of 10ml of de-ionized water. It is 

much better to use a spray gun that can make a fine mist by optimizing its flow for volume in 

one press (Puetz et al., 2003). As per methodology of synthesis given by Yang et al. (2005), 

pH was maintained at 4 by using HCl and NaOH. The resulting “sol” was kept for 72 hours 

aging period followed by drying at 100oC for 24 hours. The test conditions like pH, quantity 
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of precursor and drying temperature were chosen and modified on the basis of optimization 

work done by Yang et al. (2005). The obtained sol was turned to viscous gel with hydrolytic 

polycondensation. The gel was calcined at 700oC for couple of hours to produce the TiO2 NPs. 

A schematic diagram of the process for producing TiO2 sol is shown below in Figure 3.1. 

Figure 3.1: A schematic diagram for producing titania sol 

  

Figure 3.2: a) Structure of Titanium Isopropoxide b) Titania Sol c) Sol and Gel formation from metal 

During the whole process of sol-gel synthesis of TiO2 NPs following reactions take place. 

Polycondensatio

n 
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Ti(OR)4 + 2H2O                             TiO2  + 4 R-OH (Hydrolysis) 

Ti[OCH(CH3)2]4 + 2H2O                         TiO2 + 4 (CH3)2CHOH  

3.3.1.1  pH studies for TiO2 synthesis 

During the whole research work, pH was adjusted with HCl and NaOH and measured 

using Hanna 8521 pH and conductivity meter. Different types of samples were prepared at pH 

values from 1-11. The influence of pH values on the particles agglomeration, size, phase 

transformation and surface structure has been investigated at four gel-drying temperatures as 

described below. pH was adjusted during the hydrolysis step. The synthesis methodology was 

modified only for the pH value which was optimized at 4 in previous research work (Kumar 

and Raza, 2009). 

3.3.1.2  Temperature studies for TiO2 synthesis 

To study the effect of temperature, the above methodology was tried for four different 

temperature values. For all pH samples four gel-drying temperatures i.e. room temperature, 

100oC, 400oC and 700oC to clarify the effect of gel drying temperature on TiO2 phase 

transformation.  

3.3.2 Synthesis of TiO2 suspension  

For synthesis of TiO2 suspensions, TiCl3 and TiCl4 precursors were used because TTIP 

is usually used for quick hydrolytic polycondensation and requires calcinations of gel for final 

product. While both titanium trichloride and tetrachloride give direct ripening of nanoparticles 

at room or near room temperature. So control of shape and size is relatively easy for both 

precursors. 
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In a typical synthesis, 4.17ml of 1.5 molar TiCl3 was added to 250ml of agitated 

distilled water. Soon after adding TiCl3, the colour of water turned violet. The pH of the system 

was measured as highly acidic (1-2.8) and adjusted to 3.8 for rutile and 4.0 for anatase (room 

temperature and microwave treatment), using of NaOH and HCl. After adjustment of pH to 

desired level, the colour of suspension became bluish black which turned to white colour after 

overnight stirring at room temperature for rutile synthesis. While for anatase synthesis, the as 

prepared black suspension was shifted to Teflon lined tubes and refluxed in a microwave oven 

at 110oC for an hour duration. The power of microwave was adjusted at 1200W and 

temperature was ramped 3oC per minute, while pressure was set at 350PSI.  

Nanocrystalline TiO2 suspensions were fabricated by hydrolysis of TiCl4. In the first 

step TiCl4 was diluted with 5% solution of HCl (36%). In a typical step 1:19 acid water ratio 

was set to give solution 1. TiCl4 was diluted to 1mol/L in solution 1 in an ice bath. Solution 2 

was prepared as ratios of different alcohols and water (1:2 Eth:Water, 1:2Meth:Water and 

1:2Ace:Water). Both solutions 1 and 2 were mixed to get 0.1mol/L final concentration of TiCl4. 

Ice cooled temperature was maintained throughout the preparation process. Final solution was 

stirred at different temperatures including room, 45oC, boiling point and 110oC (microwave for 

40 minutes in Teflon lined vessels). In last NPs three repetitive washings were given to NPs by 

ultrafiltration and/or centrifugation.  

3.4 Nanoparticles clean-up 

After synthesis process, cleaning of NPs is important to remove the unreacted 

chemicals. There are several methods to clean NPs after reaction. In this research work two 

different NP’s cleaning processes were used. Ultrafiltration was used to remove all unwanted 

chemicals from NPs suspensions while ultracentrifugation was used where desired end product 

was in powder form. Both cleaning methods are briefly discussed here under.  
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3.4.1 Nanoparticles washing by ultrafiltration 

It is a separation process in which high pressure is used to pass liquid and dissolved 

reagents through a porous membrane. In the whole process NPs are too big to pass through 

membrane pores.  

Millipore stirred ultrafiltration cell model 8400, with filters of cellulose membrane of 

1 kDa pore size and diameter of 47 mm, was used (Figure 3.3). The filters were pre-soaked in 

2% HNO3 and were thoroughly rinsed with milli-Q water before use. At least 100ml of milli-

Q water was filtered before the final filtration in order to eliminate any impurities. This was 

repeated at least two times.  

 

Figure 3.3: A schematic diagram of the ultrafiltration process 

3.4.2 NPs washing by ultracentrifugation 

Ultracentrifugation is a technique in which sample is rotated at very high speed (up to 

40000 rpm in some cases) so that the NPs settle down in a sampling tube while unused reactants 

remain in supernatant. Supernatant was discarded and the process was repeated with an alcohol 
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or water or mixture of both. In some cases, alternate alcohol water washings were given to 

clean the excessive reactants after a reaction. The ultracentrifugation equipment used in this 

research work is the temperature controlled Beckman XL-I analytical ultracentrifuge.  

3.5 Stabilization of titanium dioxide suspensions  

If NPs in suspension experience no change in their agglomeration and/or aggregation 

state over period of time, the suspension is called stable suspension. Stability of NPs is desired 

for most applications especially for getting reliable results for NPs toxicology studies. Factors 

which influence the interactions between particles (like surface properties, ionic strength, ionic 

composition, pH, concentration of NPs, sticking coefficient) and forces on these particles are 

important in controlling the stability of NPs. A suspension of NPs with low surface charge that 

does not experience a change in surface charge is likely to be unstable. So, it is level of surface 

charge which makes a suspension stable. As a rule of thumb, if the particles have a zeta 

potential >±30 mV, they are considered stable. Addition of salts in an aqueous medium 

increases the ionic strength and hence their sticking efficiency increases when opposite surface 

charges attract each other. Addition of salts can alter zeta potential when salt ions will influence 

the electrostatic double layer (Handy et al., 2008a) by decreasing its thickness. This decrease 

in thickness of electrostatic double layer, allows two nano-TiO2 particles to come more close 

to each other by attractive force giving rise to aggregates (Jiang et al., 2009a). The collision 

rate between NPs and the sticking efficiency after these crashes define the stability of NPs. So 

sticking efficiency could be used to predict the ability of NPs to aggregate. The collisions 

between NPs result from Brownian movement and local mechanical stirring (Hogg et al., 

1966). But due to minute size of the NPs, the local mechanical stirring has no weighty effect 

and the only driving force for aggregation is the Brownian motion.  
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Another factor affecting the stability of NPs in water is the pH value of the medium. 

Surface ionization is the process which controls the surface charge of metal oxides dispersed 

in water, including TiO2 (Morrison and Ross, 2002). Morrison and Ross elaborated that the 

isoelectric point is the neutral point where there is no net charge on NPs (5.8 for TiO2). The 

value to zeta potential is more (either +ive or –ive) when pH value is far from the isoelectric 

point increasing repulsion between particles. Limiting aggregation by increasing repulsion 

between particles is called electrostatic repulsion.  

3.5.1 Mechanisms of Nanoparticles stability  

In literature two types of stability mechanisms are reported: electrostatic stabilization 

and steric stabilization. Figure 3.4 shows the basic concept of both types of stabilization 

processes. Both mechanisms have its merits and demerits according to particulate systems (D. 

H. Napper, 1986). 

 

Steric Stabilization     Electrostatic Stabilization 
Figure 3.4: Types of colloidal stabilization mechanisms (PAAL, 2014) 
 

3.5.1.1 Electrostatic Stabilization  

In electrostatic interaction the surface charge affects the scattering of nearby ions in the 

polar medium. Surface charge plays an important role in electrostatic stabilization of NPs. The 

surface charge is a result of interaction between solids and liquids interfaces in the polar 
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medium of colloidal suspensions. The electrostatic stability is a result of balance between 

attractive and repulsive forces of particle interaction. Theoretically, one can imagine that it is 

an easy process but practically the configuration of NPs in a suspension is not that simple. NPs 

arrange themselves in layers having different chemical configuration. The interaction between 

NPs and ions give rise to electrical double layer (Figure 3.5). The suspension consists of 

positive ions called counter ions (+ive charge) and negative ions called co-ions (-ive charge). 

The counter ions can be either positive or negative, depending on the surface charge of the 

particles. For negatively charged NPs, the counter ions are those that have a positive charge; 

whereas for positively charged NPs, the counter ions are those that are negatively charges. 

Electroneutrality principle tells that counter-ions should be attracted towards the NP surface. 

Few counter-ions make a Stern layer on NP surface which is a firm layer and adhere very 

strongly on surface of NPs. The potential developed due to Stern layer is called stern potential. 

The remaining counter-ions make Gouy-Chapman layer due to Brownian movements. 

Counter-ions have the highest concentration close to surface NPs as compared to lowest 

concentration for co-ions. The phenomenon of electrophoresis develops when ions stick to the 

NPs on an area of shear plane between Stern layer and Gouy-Chapman layer. These ions move 

along the NPs surface when and external electrical field is applied. The electric double layer 

gives the electrostatic stability to NPs. 
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Figure 3.5: The electrical double layer (NMSU, 2014) 

3.5.1.2  Steric Stabilization 

Steric stabilization of NPs is a process in which a suitable polymer is added to stabilize 

a suspension. The polymers adsorb on the NP surface causing repulsion. These polymer 

molecules in solution make a surface coating on the NPs. There are two types of polymers 

called homopolymer and copolymer. The surface polymer layer gives the attractive force 

between NP surface and polymer and also provides a repulsive force among individual 

particles. Such stabilization is also called “Polymer-induced stability”. Steric stabilization of 

the colloidal dispersion is attributed to the long chain molecules of colloidal particles. On 

approaching close to each other, particles get repelled by stabilizing polymer action. The 

phenomenon can be well understood when compared with electrostatic stabilization method 

discussed in next section.  
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3.5.2 Stabilization with addition of different surfactants 

Several surfactants including PEG, PVP, SDS, sodium citrate and SRFA were used to 

stabilize TiO2 NPs. Different concentrations of surfactants (0.3% for PEG, PVP, SDS and 

sodium citrate while SRFA concentrations were optimized separately for 10, 25, 50, 75 and 

100ppm) were mixed and the resultant suspension was sonicated for different periods of time 

(from 10 minutes to 12 hours) and tested for their stability immediately after mixing and then 

for over a period of two weeks.  

NOM is an important stabilizing agent and it can also affect the aggregation behaviour 

of NPs. Steric stabilization was the proposed mechanism by Domgos et al. 2009 for different 

NPs including TiO2. In steric stabilization the NOM gets adsorbed onto the NPs, physically 

prevent two particles from approaching each other (Chen and Elimelech, 2007). Zhang and co-

workers (Zhang et al., 2009) gave another proposed mechanism of NOM stabilization, in which 

they were of the thought of surface charge or electrostatic stabilization was the main cause of 

NOM stabilization. This is because of presence of negative charge on NOM which alters the 

surface charge on NPs, measured in terms of zeta potential of NPs. In a nutshell, the two 

mechanisms (charge and steric stabilization) work together to stabilize the NPs i.e. NOM 

induces electrosteric stabilization effect. The presence of salts in media alters the effect of 

NOM on the aggregation of NPs by breaking the intermolecular bridging of aggregates and 

nanoparticles thus decreasing aggregation. The concentration of NOM is also important in 

defining the aggregation state of NPs as a low concentration of 10ppm SRHA didn’t affect the 

aggregation kinetics of NPs while a concentration of 100ppm demonstrated a pronounced 

affect (Baalousha, 2009). The presence of mono- and di-valent cations affect the aggregation 

of NOM coated NPs. The aggregates in a suspension form bridges between NPs clusters in the 
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presence of background mono- or di-valent electrolyte solution (Chen et al., 2006). Thus mono- 

or di-valent electrolyte solution encourages enhanced aggregation of the NPs. 

3.6 Characterisation techniques 

NP characterization is always needed to evaluate the desired characteristics of NPs. 

Multiple techniques were usually used to avoid any sort of error in the process. In NPs 

characterization, the most important parameters are their size, shape and phase in case of TiO2 

NPs. In current study, the particle size was measured using DLS and TEM and zeta potential 

was measured using laser doppler electrophoresis. TEM was used to study the topography, 

morphology, and crystallographic properties of the NPs.  

NP crystalline phase was determined by powder X-Ray diffraction (D-8 Advance with 

PANalytical X’pert Pro). Powdered samples were collected by drying NPs at room temperature 

in air environment. Concentration of Ti in synthesized samples was analyzed by ICP-MS. 

Suspensions of NPs were studied by stability of hydrodynamic diameter over time. 

3.6.1 Transmission electron microscopy (TEM) 

Transmission Electron Microscopy (Garzella et al., 2000) is a method to produce 

micrographs by sample illumination with electronic radiation in vacuum environment. The 

electrons emitted through samples are then detected and imaged. This technique is similar to 

optical microscopic techniques with a difference of use of electrons instead of photons. Main 

advantage of this technique is high resolution imaging as electrons exhibit much smaller 

wavelength as compared to photons. 

TEM gives in situ high resolution imaging of atomic level dynamic behaviour of 

chemical reactions as affected by different temperatures and gas pressures. A TEM can analyse 
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morphological, structural and compositional behaviour of different materials up to as low as 

atomic level. In TEM techniques, the Point of resolution is up to ≥0.12 nm, and particle size is 

down to 5 nm. 

All advanced analysis and HRTEM was done using a Phillips Tecnai F20 (Figure 3.6) 

with EDX and Gatan Digital Micrograph software. TEM data was analysed using Gatan Digital 

Micrograph for size distribution and Image J for circularity. EDX data was analysed with 

INCAEnergy software by Oxford Instruments.  

 

Figure 3.6: Phillips Tecnai F20 
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Standard morphological investigations were done using a JEOL 1200ex machine 

(Figure 3.7), having a tungsten filament and operating voltage of 40-120kV. High resolution 

micrographs and characterisation of all the samples have been performed (operating at 200kV) 

in centre for electron microscopy, University of Birmingham. This JEOL 1200 can operate at 

a voltage of 80-200kV.  

 

Figure 3.7: JEOL 1200ex TEM 

3.6.1.1  TEM sample preparation techniques 

As TEM measures the transmitted electrons through the sample to study, therefore, only 

very thin samples can be looked at. So TEM requires preparation techniques to make a thin 

sample transparent enough to pass the electrons. Hence sample thinning is crucial in getting 

good TEM images. The powder samples were mixed with high purity acetone (99.9%) and if 

needed, were ground in mortar and pestle which was previously washed to avoid any 
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contamination. Then the paste was diluted with acetone water mixture and sonicated for 15-20 

minutes. The NP suspensions were diluted or used as such according to the method of grid 

preparation described below. Holey carbon coated grids were used throughout the research 

work.  Four different methods of carbon grid preparation were tried during this work. In first 

method, the carbon grids were dipped into the NPs solution (for a time up to 30 seconds), 

partially dried in air, rinsed, dried again and preserved carefully. In the second method, grids 

are mounted on acrylic stubs which can fix on bottom of a test tube and a 10 ml of diluted 

sample was centrifuged to get uniform distribution of samples over grid. The resultant grid was 

then dried and preserved carefully. In third method, a drop of sample was placed on grid, 

partially dried, washed and re-dried before storage for analysis (Baalousha et al., 2008). In 

fourth method, a new approach was tried; the carbon grids were pre-soaked with milli-Q water 

by putting a 50µl drop, and then this drop was inoculated by a very tiny droplet of the NPs 

suspension (typically less than 5µl). Another 50µl was then added on top of everything to 

finalize the process. This method was given name of sandwich method due to nature of 

preparation technique. The grids were covered and put in a clean place for drying. When 

partially dried these were rinsed with few drops of deionized water. Samples were dried 

completely and stored for further analysis.  

3.6.2 Dynamic light scattering  

Dynamic light scattering (DLS) is a recognised technique for size and zeta potential 

measurement along with all size related parameters of colloids and NPs. In DLS NPs are 

quantified when they move with Brownian motion on the way of a laser beam. This technique 

is also called as Photon Correlation Spectroscopy (PCS) or Quasi-Elastic Light Scattering 

(QELS). In detail, the dynamic light scattering theory uses the knowledge of Brownian motion 

mediated random pattern movement of small particles in a suspension. At same temperature, 



63 

 

due to Brownian motion, small particles move at a fast speed than large particles. DLS 

instrument uses this important feature of Brownian motion to quantify the size of the NPs and 

other related parameters (Malvern, 2014). This concept is achieved with illumination of the 

NPs with laser beam and analysis of the fluctuations in intensity of the scattered light.  

 

Figure 3.8: Principle of Dynamic Light Scattering (Malvern, 2014) 

3.6.2.1  Hydrodynamic diameter by DLS 

DLS is based on Stokes-Einstein equation which shows the relationship between the 

size of a nanoparticle and its diffusion because of Brownian motion. According to Einstein's 

equation, molecules having smaller size have different velocity in a suspension. It is assumed 

that the diameter given by DLS is of round particle having uniform translational diffusion 

coefficient at the time of measurement. According to Stokes-Einstein, hydrodynamic diameter 

can be calculated by this equation (Edward, 1970).  

 



64 

 

D

TK
d B

H

6
  

Where; 

dH = Hydrodynamic diameter 

KB = Boltzmann constant 

Η = Solvent viscosity 

T = Absolute temperature 

D = Diffusion coefficient 

Doppler effect to the beam wavelength is caused by the movement of the particles 

which influence the intensity of scattered light. This change in the intensity of scattered light 

is directly linked with the size of the particles and is measured by a photon correlator which 

monitors the fluctuations in situ. Time dependent intensity correlation function can be 

measured by using this data (Berne and Pecora, 2000). 

There can be error data during DLS measurements as reported by Römer et al. (2011). 

According to them, the average diameters measured by DLS are weighted towards larger 

agglomerates neglecting smaller particles, because larger NPs and agglomerates scatter more 

light than smaller or hiding particles. This gives the overestimate in average hydrodynamic 

diameter.  

Measurements were conducted with a Malvern Zetasizer NanoZS90 5001. For all the 

measurements disposable cuvettes were used to take at least five concordant measurements for 

mean hydrodynamic diameter at 20oC.  
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3.6.2.2  Zeta potential measurements by DLS 

Zeta potential is defined as “the electrical potential at the shear plane with respect to 

the bulk liquid” (Hehlen et al., 2014)(page 186). It is usually denoted by using the Greek letter 

zeta ζ, hence also known as ζ-potential. Zeta potential value determines the overall stability of 

the colloidal dispersion. The value of zeta potential determines the level of repulsion between 

alike charged particles in a suspension. It is understood that mostly particles in an aqueous 

medium acquire a surface charge, mainly either by ionization, or adsorption of charged species 

on the surface of particles. The surface charge on the particles alters the availability of the 

surrounding ions which results in a layer around the particle giving it a different potential than 

the bulk solution. Every particle in a solution acquires such a layer of charge. Zeta potential is 

an indicator of this charge. The effective charge on the particle surface is related to electrostatic 

repulsion and is measured as zeta potential (Borm et al. 2006).  

Zeta potential is associated with the surface charge which is a property of all nanomaterials 

dispersed in a fluid. Zeta potential value controls the process, quality and stability of 

nanomaterials. Simply it helps to maintain nanomaterials stability but speaking precisely, zeta 

potential control can clearly improve the characteristic of nanomaterials.  

For example, when a single nanoparticle is considered, its surface has a charge, called 

“surface charge”. Let’s assume that the nanoparticle surface is positively charged, then zeta 

potential will be having a positive value. As this nanoparticle is present in solution which 

contains ions, these positive surface charges attract negative charges in the solution forming a 

strong inner layer called "stern layer" and a weak outer layer, both these layers collectively are 

called electrical double layer. On the diffused double layer there is a potential difference that 

exists at the boundary of nanoparticle surface. In other words, there is a potential difference 
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between the surface charges and outer media. This potential difference is called "Zeta 

potential". 

Several factors can influence the zeta potential of the particles including particle surface 

chemistry, dispersant, pH of solution, ionic strength and capping agents (like surfactants). Point 

of zero charge is the pH where the value of zeta potential is zero. Higher values of zeta potential 

give more stability to the system because of the repulsion between charged particles. 

The zeta potential in this research work was measured with the Malvern Zetasizer 

NanoZS90 5001. Disposable capillary cells (DTS1070) purchased from Malvern instruments 

were used for this purpose and at least 5 readings were taken to minimize error.  

3.6.3 X-Ray diffraction  

XRD is a powerful technique for determining the structure of materials with long-range 

order (Cullity and Stock, 2001). However, for disordered and amorphous materials this 

technique finds only limited applications. The XRD pattern of each pure substance is unique, 

so for different substances there are no identical patterns. The availability of numerous standard 

patterns in data libraries allows identifying pure substance or crystalline phases in this 

substance by using simple search and matching procedures (Demydov, 2006). When an X-ray 

beam heats the atoms in the solid sample the electrons of these atoms start to oscillate and form 

constructive interference, which is characteristic of the arrangement of atoms in the crystal 

(Demydov, 2006). The diffracted beam consists of in phase X-rays which mutually reinforce 

one another. 

X-ray diffraction (XRD) has been widely used to characterize sol-gel nanoporous 

materials. X-rays radiations are electromagnetic having short wavelength, high energy 



67 

 

radiation. After they are generated from a source and focused into a fine beam, the X-ray can 

be shined on a solid sample. Structural information can therefore be deduced from the 

knowledge of scattering intensity and angle (Huber et al., 1978). 

The XRD patterns were collected on a Bruker D800 Advance Diffractometer which 

uses a CuKα (λ =1.5418 angstroms) radiation source having a nickel filter and a 2θ range of 5-

90oC. A step size of 0.1 with data collection time of 4 seconds was adjusted for all 

measurements. This diffractometer can be used for routine measurement when sample are 

available in large quantity. An automatic sample loader is available for this purpose (Figure 

3.9). 
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Figure 3.9: Bruker D8 Advance Diffractrometer. 

Polycrystalline phases of materials are ideally characterized and ultimately identified 

with powder diffraction technique. A diffraction pattern is a result of interaction of X-rays with 

a crystalline material. Diffraction pattern is achieved for all crystalline materials while 

amorphous materials can’t be identified with x-ray technique. Goniometer is the mechanical 

unit of XRD machine which consists of three parts; a sample holder, a detector arm and an 
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associated gearing (Figure 3.10) (Stanjek and Häusler, 2004). XRD works on the principle of 

Bragg’s law, a schematic diagram of which has been shown in Figure 3.11.  

Bragg’s law equation is given as follows (Washington, 2014), 

n λ = 2d Sin θ  

Where, θ = angle of incidence of X-ray beam, degrees 

d = the distance between atomic layers in a crystal, Å 

λ = the wavelength of the incident X-ray beam, Å 

n = an integer 

X-rays have wavelengths on the order of a few angstroms, a typical distance between 

atoms in all crystalline materials. X-ray diffraction pattern is achieved when X-rays interact 

with a regular structure with similar distance to the wavelength. As all crystalline materials 

have repeated atomic structures, so the diffracted X-rays give fingerprint patterns of the 

material.  
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Figure 3.10: Goniometer for Bruker D8 Advance Diffractrometer 
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Figure 3.11: Bragg’s Law (Taverner, 2014) 

In current research work the (101) peak (2 θ =25.28o) is used for anatase and the (110) 

peak (θ =27.42o) for rutile as given by the reference peaks. Scherrer equation was used to 

calculate the grain size with peak broadening analysis (Li et al., 2003). 

D= kλ/βcos(θ) 

In which D is diameter of nanocrystals, β is the full width at half maximum length of 

the diffraction peak on a 2θ scale, λ is the radiation wave-length (1.5418oA or 15.418 nm) and 

k is a constant value (k=0.9). The value of k is based on assumptions made in the theory (e.g. 

the peak shape and crystallite habit, spherical crystallites being the easiest case to interpret). 
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The value of D was computed from the (101) diffraction peak, which was the best resolved in 

the diffractograms. 

3.6.4 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is a characterization method 

which can measure traces of most of the elements in the periodic table. It is quite new method 

as first ICP-MS publication was in 1980 (Houk et al., 1980) and first commercial ICP_MS was 

introduced by Perkin Elmer in 1983 (Rakhi et al., 2008).  It is a very powerful analysis tool for 

metallic (Hirner, 2006) and non-metallic (Wuilloud and Altamirano, 2006)  elemental 

quantifications in a system (Mitrano et al., 2012). ICP-MS is most suitable analytical technique 

in almost all fields (Ammann, 2007) due to its ability to measure very low concentrations up 

to ppt (Ray et al., 2004, Moldovan et al., 2004, Poda et al., 2011) in a short time (Montaser, 

1998). It is considered superior analytical technique to others like atomic absorption 

spectrometer (Talapin et al., 2001) and inductively coupled plasma optical emission 

spectrometer (ICP_OES). ICP-MS can use any type of samples including solid and gas. So 

total elemental quantifications of the colloidal solutions could be perfectly done with this 

technique (Scheffer et al., 2008).  
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Figure 3.12 Agilent 7500 ICP-MS 

In current work Agilent 7500 ICP-MS instrument was used to quantify the 

concentration of titanium in the final suspension of the synthesised TiO2 NPs. All analysis was 

done by Dr. Steve Baker, University of Birmingham, UK. 

3.7 Stability Studies 

The effect of varying pH values, different surfactants and ionic strengths on the 

aggregation of titania NPs was studied in detail for a period of 2 weeks. The pH was 

systematically changed in the presence of PEG, PVP, SDS, sodium citrate and SRFA. 

Hydrodynamic diameter was measured immediately after adjusting the pH and every week up 

to 2 weeks. pH was changed by addition of few drops of dilute NaOH and HCl as per 

requirement.  
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3.7.1 Aggregation kinetics studies 

Aggregation kinetics of anatase round NPs and rutile ellipses, as a function of time at 

different ionic strengths of Ca(NO3)2, NaNO3, CaCl2 and NaCl was examined. The aggregation 

of TiO2 NPs was monitored with time-resolved DLS analysis with Malvern zeta-sizer. For size 

instrumental temperature was set at 200C while for zeta potential it was adjusted at 25oC. The 

scattering angle was adjusted at 90o for 10 second interval measurements. 1ml NPs suspension 

was simultaneously mixed in a mixing vial with required amount of stock solution to get 

desired ionic strength. The vial was gently shaken and quickly moved to the holder of pre-

programmed DLS instrument to take immediate readings without any delay. A total of 500 

readings were taken with every 10 second measurements. Rate of change of hydrodynamic 

diameter was used for final calculations. Attachment efficiency α for TiO2 NPs was calculated 

with the following equation. 

α = kslow/kfast 

where, kslow is the overall aggregation rate and kfast is the average of fastest aggregation 

rate at a specific ionic strength. All aggregation rates and attachment efficiencies were adjusted 

to α ~ 1. The critical coagulation concentration (CCC) was the value when there was a 

crossover between kslow and kfast. 

In current study the aggregation kinetics of titanium dioxide NPs in the presence of 

mono and divalent salts was measured.  

3.7.1.1  Aggregation kinetics by DLS  

The time-resolved DLS readings were taken with a Malvern Zetasizer NanoZS90 

5001.This instrument utilizes a laser gun which operates at a wavelength of 630 nm. For the 



75 

 

aggregation measurements in the presence of Ca(NO3)2, NaNO3, CaCl2 and NaCl electrolytes, 

500ml of titania NPs stock suspension was prepared with a final concentration of 2mg/L 

stabilized with SRFA100 and sodium citrate. For every aggregation measurement, a new 

disposable vial was used to hold approximately 2 mL of the TiO2 NP suspension. Ultimate care 

was taken to work in dust free environment.  

3.7.1.2 Observation of Aggregate Structures.  

Bare and stabilized titania as affected by different electrolytes were observed by TEM. 

A holey carbon-coated grid (300 mesh) was prepared as per method described above. 

Aggregate images were then digitally recorded and analysed with fractal dimension 

calculations. Fractal dimension were calculated by online software JavaAplet and Fractop. A 

comparison of 6 different methods of fractal dimension values was evaluated.  

3.8 Porous media transport studies 

3.8.1 Column studies apparatus. 

The apparatus used during the column studies was developed by Richard Greswell. A 

schematic diagram of the apparatus is shown in Figure 3.13. A peristaltic pump is used to pump 

the stock sols at a constant speed through the column. After the column, a set of measuring 

devices, provide online measurement of the effluent turbidity, temperature, pH and differential 

pressure across the column. Output data is in the form of a series of voltages representing the 

measurement from each device. The output voltages are recorded by MS-DOS software 

developed previously by Richard Greswell (Greswell et al., 2010). This data is also readable 

by data logger software in windows environment.  
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Figure 3.13 A schematic of column experiment laboratory kit 

The measuring devices are sensitive to temperature, pressure and light so these are set 

up in a fridge. To reduce the overall effect of temperature and light, it was assured that the 

fridge door was kept shut unless adjustments to the equipment were necessary. Figure 3.14 

shows the photos of the inside of the fridge for sandstone and glass beads column. 

FRIDGE at 12° 

Differential Pressure 
Gauge 

Effluent Collection 
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Figure 3.14: Photos of column apparatus with sandstone and glass beads column 

The tubing of the apparatus is adjusted in such a way that air bubbles can be trapped on 

both sides of column. This helps to avoid any error in the data due to air bubbles which can 



78 

 

clog the column. In order to convert the voltages to real values of each parameter, the software 

provides the facility to calibrate each instrument against standards of known value.  A linear 

calibration relationship is assumed for all standardized measurements. 

3.8.2 Turbidity calibrations 

The concentration of TiO2 NPs was measured by nephelometer (Greswell et al., 2010). 

Nephelometer gives turbidity measurements in the form of electrical signals on the datalogger.  

In nephelometer, a small, lower power laser is aligned to pass through a small volume flow 

through cell containing the colloidal dispersion. The light undergoes a complex scattering 

process as it passes through the sol with the scattering intensity depending on both the particle 

size and concentration. The scattering is measured by a photodiode at 90° to the incident light 

of the laser beam. Greswell and co-workers (Greswell et al., 2010) found the correlation 

between voltage output and nanoparticle concentration showed excellent linearity for a range 

of manufactured nanoparticles. As the authors noted, clearly the slope is dependent on the 

physical and optical properties of each suspension. Quantitative analysis against calibrations 

of known standards can give the values of unknown concentrations. 

For nephelometer calibration purposes eight known standards: 0, 0.5, 1, 2, 3, 4, 5 and 

10ppm titania NPs; were used. Each standard solution was run for at least half an hour to get 

the stabilized. A graph of voltage output versus standard concentration was plotted to assess 

the linear correlation of the data. Actual standardization graph is shown in Figure 3.15.  
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Figure 3.15: Nephelometer calibration curve 

3.8.3 pH calibrations 

The pH electrode was calibrated using stock solutions of pH 4, 7 and 10.2. These 

solutions were prepared by dissolving buffer tablets from Fischer Scientific in deionized water. 

The pH electrode was left in each solution for a time until the reading is stabilized. A graph 

showing the linear relationship is given Figure 3.16 below.  
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Figure 3.16: Graph showing linear relationship of pH calibration 

3.8.4 Temperature calibrations 

The temperature calibration was done only at two points; one inside fridge and other 

outside. Although there was a need of third point calibration at relatively high temperature but 

it was not done because of health and safety measures. The temperature readings were taken 

from an average of all readings taken for about 30 minutes inside and outside fridge. The 

temperature calibration graph showing a linear relationship is shown in Figure 3.17 below.  
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Figure 3.17: Temperature calibration graph showing linear relationship 

3.8.5 Differential pressure calibrations 

The differential pressure across the column gives some insight into pore clogging. The 

apparatus comprises a differential pressure sensor and a voltage regulator soldered to a circuit 

board Figure 3.18. Flexible tubing connects the instrument to each side of the column.  

 

Figure 3.18: Differential Pressure Meter 
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The pressure transducer was calibrated using a single standpipe connected to the 

upstream tube of the transducer. The downstream tube was left open to the atmosphere. A 

three-way valve allowed water to be injected into the standpipe and the head of water measured. 

These known heads of water were then used to calibrate the device. It is not possible to remove 

all air between the column of water and the transducer however the density of air compared 

with water is such that a small head of air in the column is negligible. A graph of calibration 

curve is given in Figure 3.19. 

 

Figure 3.19: Differential Pressure Meter Calibration Curve 

3.8.6 Peristaltic pump calibrations 

Solutions were pumped through the column using a peristaltic pump. In order to 

calibrate the pump, five different dial settings: 1, 2, 3, 4 & 5 were measured again the total 

volume of the effluent in 5 minutes. Each measurement was repeated three times and the 

average volume is calculated against each dial setting. A measured calibration curve is shown 

in Figure 3.20. 
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Figure 3.20: Peristaltic Pump Calibration Curve 

The pump speed was regularly monitored during the experiments by measuring the 

volume of effluent output over a period of time.  Commonly the pump remained constant over 

a relatively long period of time. In the long run the tygon pump tubing starts to elongate and 

collapse decreasing the pump speed. The tubing was replaced in such a case and the pump 

recalibrated with the new tubing. 

3.8.7 Materials and Sample Preparation 

 

Glass beads of 0.1 mm size were purchased from Stratech UK Ltd. Glass columns were 

manufactured by glass solutions. Tubing for peristaltic pump was purchased from Cole Palmer 

UK along with other fittings needed.  

3.8.8 Suspensions and solutions 

Care was taken to use same solutions and suspensions which were synthesized and 

stabilized during this research work. Firstly, 10ppm TiO2 was tried but due to variable readings 

and noise in data, all further runs were with 5ppm TiO2 solution. 
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3.8.8.1  Water used 

Deionized water was used throughout the experimentation either for blank runs or for 

solutions or suspension preparations.  

3.8.8.2  Sodium citrate solution 

0.3% sodium citrate solution was used throughout experimentation. Utmost care was 

taken to make new solutions for each experimental setup. The solution was kept in fridge for 

at least an hour prior to its use for any run.  

3.8.8.3  SRFA solution 

Freshly made 100 ppm SRFA solution in deionized water was used for the experiments 

which were designed to study a SRFA effect. All solutions were brought to the equivalent 

temperature of fridge by keeping them stable for at least an hour prior to use.  

3.8.8.4  Titania suspensions 

The experimentation was started with 10ppm freshly made titania suspensions but 

further on concentration was decreased to 5ppm due to a visual drift in colloidal data obtained 

for 10ppm. The data obtained for 5ppm suspensions was relatively consistent without any noise 

and/or drift in the data obtained.  

All TiO2 suspensions were made either with round anatase NPs or rutile ellipses in the 

presence of 0.3% sodium citrate or SRFA100. Simple serial dilution procedure was used to 

make all suspension from 100 and 500ppm stock solutions. Titania suspensions were left to 

equilibrate in the fridge at least one hour before use.  
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3.8.8.5  Fluorescein standard runs 

Freshly prepared 0.5ppm fluorescein solution was used as a standard run for colloidal 

solution. Fluorescein is subject to photo-degradation so to minimise this process, the solutions 

were wrapped in tinfoil and stored in the fridge for at least one hour prior to its use. 

3.8.9 Sandstone Cores 

The sandstone samples used in the column experiments was taken from Ban To (a PhD 

student from the University of Birmingham, UK), who drilled these in 2012. The sandstone 

samples were taken from variable depths. The borehole core analysis logs indicate different 

textures and properties which are mentioned in Table 3-1.   

3.8.10 Measured Rock Properties 

Three horizontal cores were used in the experiments. A summary of their previously 

measured properties is given in Table 3-1. The porosities were calculated using the saturation 

method. 
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Table 3-1: Sandstone Core Properties (data taken from Ban To) 

 

Core 

ID 
Location 

Depth 

(m) 
Age Sedimentology 

Dry 

mass  

(g) 

Wet 

mass 

 (g) 

Length 

(cm) 

Width 

(cm) 

Vol 

 

(Kae

gi et 

al.) 

Bulk 

density 

 (g/ml) 

Porosity 

(%) 

7664 

Preston 

Laundry 

borehole 
76.64 

Triassic 

Medium-grained, 

lamination  

steeper downwards and 

less obvious 102.387 112.781 6.35 3.15 49.49 2.07 21 

8620 

Preston 

Laundry 

borehole 86.20 

Triassic 
Medium-grained, cross-

bedding sandstone 
111.304 121.571 6.7 3.15 52.22 2.13 19.7 

PL18

H 

Preston 

Laundry 

borehole  
56.15 

Triassic 

Medium- to coarse-

grained, lamination  

steeper downward, lots of 

mudclasts 111.97 118.668 6.15 3.1 46.42 2.41 0.144  

6305 

Preston 

Laundry 

borehole  63.05 

Triassic 

Medium- to coarse-

grained, flat to low-angle 

cross laminated sandstone 117.229 125.449 6.75 3.15 52.61 2.23 0.156  

7100 

Preston 

Laundry 

borehole  
71.00 

Triassic 

Medium-grained, 

lamination  

steeper downwards and 

less obvious 110.878 120.785 6.75 3.15 52.61 2.11 0.188  

9706 

Preston 

Laundry 

borehole  97.06 

Triassic 

Medium- to coarse-

grained, flat to low-angle 

cross laminated sandstone 101.47 110.037 6 3.15 46.76 2.17 0.183  
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Additionally, initial permeability for each core was estimated by measuring the initial 

differential pressure across each core for a known discharge. The permeability can be 

calculated by rearranging Darcy’s law: 

𝐾 = −
𝑄𝑑𝑥

𝐴𝑑ℎ
  

Here 

𝐴 =  𝜋 × 𝑐𝑜𝑟𝑒 𝑟𝑎𝑑𝑖𝑢𝑠2  

Where 

Q = flow rate in cm3/s 

K = Permeability in Darcy 

A = Area 𝑖𝑛 𝑐𝑚 

𝑑𝑥 = 𝐶𝑜𝑟𝑒 𝐿𝑒𝑛𝑔𝑡ℎ in cm 

                           𝑑ℎ = 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑐𝑜𝑟𝑒 𝑖𝑛 𝑎𝑡𝑚 

 

3.8.11 Theoretical aspects of transportation studies 

All research work conducted was directly or indirectly related with Colloid Filtration 

Theory (CFT). The transport of nanoparticles through saturated homogeneous porous media 

depends on nanoparticles advection, hydrodynamic dispersions and deposition. If low particle 

concentrations at lowest ionic strength are used, blocking and ripening effects could be 

minimized. In such a condition, the concentrations of suspended NPs C(x,t) and deposited NPs 

S(x,t) at a column depth x and time t can be simulated by one dimensional advection dispersion 

equation with a term for first-order particle deposition kinetics.  

x

C
v

x

C
D

t

Sb

t

C



















2

2





        6.1 

kC
t

Sb










          6.2 



88 

 

Where, v is the interstitial particle velocity, D is the hydrodynamic dispersion 

coefficient, ε is the porous medium bulk density and k is particle deposition rate coefficient 

and it is related to single collector efficiency η 




cd

v
k

2

)1(3 


         6.3 

Where, dc is the diameter of collector grains and η is actually multiplication of ηₒ and 

α i.e. 

η = ηₒα          6.4 

Where, α is the sticking (collision or attachment) efficiency calculated in aggregation 

kinetics chapter. Here η is calculated by following formula  

η ≈ γ2[4As
1/3

NPE
−2/3

+ AsNLO
1/8

NR
15/8

+ 0.00338AsNG
1.2NR

−0.4]   6.5 

Here γ2 represents particle flux into the Happel sphere, γ is (1- ε)1/3, ε is porosity, As 

is a function of porosity accounting the impact of nearby particles in the flow field. Its value is 

given by 

As =
2(1−ϒ5)

2−3ϒ+3ϒ5−2ϒ6        6.6 

ϒ is defined above. In equation 6.5 NPE is called Peclet number which is a 

dimensionless number characterizing the effect of Brownian diffusion. Its value is calculated 

by the following formula 

NPE = u
dc

Dp
         6.7 
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Where u is interstitial fluid velocity, dc is diameter of spherical collector grains and Dp 

is particle diffusion coefficient. In equation 6.5 NLO is a dimensionless number characterizing 

the van der Waals force and its value can be calculated by  

NLO = 4H/(9πdp^2U) 

NLO =
4H

9πdp
2 U

         6.8 

Where H is Hamaker constant, dp is particle diameter and U is superficial velocity. In 

equation 6.5 NG is a dimensionless number characterizing the effect of gravitational 

sedimentation and it is calculated by dividing particle settling velocity Up by u which is 

interstitial fluid velocity (NG=Up/u).  The value of Up can be calculated by  

Up =
g(ρp−ρf)dp

2

18u
        6.9 

Where g is gravitational constant, ρp is particle density and ρf is fluid density. In 

equation 6.5 NR is a dimensionless number characterizing the effect of relative particle and 

collector sizes. It is a simple ratio of particle diameter and collector grain diameter (NR=dp/dc).  

In this transport modelling, it is assumed that the rate of NPs deposition is both spatially 

and temporally invariant which means a single value of k is specified. For steady state filtration 

equation 6.1 can be reduced to  

0 kC
dx

dC
v

          6.10 

If we apply boundary conditions C=C0 at x=0, equation 6.10 can be solved as 

(continuous particle injection at C0 concentration and t0 time) 

C(x) = C0exp [−
k

v
x]         6.11 
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S(x) =
t0ϵk

ρb
C(x) =

t0ϵkC0

ρb
exp [−

k

v
x]      6.12 

k/v in this equation is equivalent to λ which is filter coefficient and was first introduced 

by Iwasaki (Iwasaki et al., 1937). 

A second boundary condition of length at column outlet where x=L is introduced. 

0


dx

dC

Lx

          6.13 

The solutions for equations 6.1, 6.2 and 6.13 for the spatial distribution of suspended 

and retained NPs are respectively  

C(x) = C0 × {
exp[

vx

2D
(1−ω)]+

(1−ω)

(1+ω)
exp[

vx

2D
(1+ω)−

vLω

D
]

1+
(1−ω)

(1+ω)
exp[−

vLω

D
]

}     6.14 

S(x) =
t0ϵk

ρb
C(x)         6.15 

Where 

ω = √1 +
4kD

v2           6.16 
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3.8.12 Laboratory experimentation 

The column experiments were conducted using acrylic columns. Column length and 

width along with the flow rate is given in Table 3-2. 

Table 3-2: Calculated parameters for column width and length with expected breakthrough curves 

Flow Rate 

(ml/min) 

Velocity (m/sec) Residence 

Time (min) 

Column Length 

(cm) 

Column Width 

(cm) 

Calculated 

Breakthrough 

0.3673 0.0000499 13.6 10 2.5 45% 

0.3673 0.0000963 13.6 10 1.8 60% 

0.3673 0.000078 13.6 10 2.0 56% 

0.5696 0.0000774 8.8 10 2.5 54% 

0.5696 0.000189 8.8 10 1.6 70% 

0.5696 0.0001493 8.8 10 1.8 68% 

0.5696 0.0001209 8.8 10 2.0 64% 

0.7789 0.0001058 6.4 10 2.5 61% 

0.7789 0.0105832 6.4 10 0.3 60% 

0.7789 0.0001654 6.4 10 2.0 70% 

0.9906 0.0001346 5 10 2.5 68% 

A column with 10 cm length and 5 cm width was manufactured by glass solutions 

Cambridge. All experiments were conducted with same column size but different flow rates. 

The column was fitted with plastic tubing to reduce sorption of the TiO2 nanoparticles to the 

system. The tubing was selected as per requirement of the pressure of peristaltic pump. These 

columns were packed with the 0.1mm glass beads and saturated with de-aired, double-distilled 
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water. Then the system was flushed with 0.3% sodium citrate solution or SRFA to condition 

the beads with the stabilizers. Glass beads were selected for these studies to minimize 

complexity SRFA is surface active and alters zeta potential of any surfaces by sorption.  

A peristaltic pump was used to inject nanoparticles solutions into the vertically-

positioned columns from the top. Breakthrough concentrations were recorded as it provides 

information on attachment and staining along with presence of ripening and blocking. 

3.8.13 Washing of glass beads 

 

0.1mm uniform size glass beads were used as the granular porous medium. The glass 

beads were thoroughly washed prior to use. The glass beads were ultra-sonicated for 30 min in 

deionized water, followed by 2 h dithionite solution (0.1MNa2S2O4) treatment for removal of 

metal impurities on the surface of beads such as iron and manganese oxides (Elimelech et al., 

2000). The glass beads were then overnight treated with a mixture of chromic and sulfuric 

acids, followed by ultra-sonication for 1h. These glass beads were immersed in hydrogen 

peroxide (5% H2O2) for 3h to remove organic impurities, followed by a washing with deionized 

water. The sulfuric/chromic acid treatment was repeated again followed by ultra-sonication for 

1h. Overnight hydrochloric acid (12 N HCl) was given in the last followed by washing with 

deionized water and sonication. The deionized washing procedure was continued until the 

conductivity of the supernatant in the deionized washing was dropped below 2µS/cm.  

3.8.14 Operation of column experiments 
 

Below was the standard operating procedure (SOP) for the column experiments. 

1. Concentrations were measured by nephelometer (colloid meter) and all measurements 

were calibrated. 
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2. Column was flushed with deionized water until electrical conductivity is below 

2µS/cm. 

3. Next the column was flushed with 0.3% sodium citrate (or SRFA100 as per run of the 

experiment) to condition the media with the stabilizing agents 

4. The stabilized nanomaterials suspension (either spherical or rod shaped NPs) was 

injected into the column. 

5. Some samples taken at different points were also be analysed for size and zeta potential.  

6. System was flushed with deionized water until stable concentration. 

7. Calibrations were done again at the end of experiment to compare calibrations at start 

of experiment. 

3.8.15     Variables 

3.8.15.1 Blank column run 

At the start of experimental procedure, the column was flushed with DI water, 

sodium citrate, sodium citrate stabilized NPs, sodium citrate and DI water to flush the column. 

This was done after calibration of the standardized sodium citrate stabilized TiO2 NPs 

suspension. The purpose of this study was to evaluate the full transport of suspended material 

through the porous membrane of column.  

3.8.15.2 Sodium citrate stabilized rutile ellipsoids 

The system was bypassed with DI water until the stabilized voltage reading. Then 

standard 5ppm solution of rutile ellipsoids stabilized with sodium citrate was run until the 

stabilized voltage was achieved. Then the pump and data-logger was halted to attach the 

column in the system. The column was flushed with DI water followed by 0.3% sodium citrate. 

Sodium citrate stabilized ellipsoids standard suspension (5ppm concentration) was injected and 

breakthrough curve was recorded with colloid meter. pH, temperature and differential pressure 

(at both ends of column) of the solution was monitored continuously throughout the 
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experiment. Effluent was calculated and labelled to be disposed of properly. The data was 

recorded until a stabilized voltage reading point was achieved. The column was flushed with 

0.3% sodium citrate until a stabilized voltage value followed by DI water flushing towards a 

point where stabilized voltage values were achieved for DI water (compared to start of 

experiment). 

3.8.15.3 SRFA100 stabilized rutile ellipsoids 

The system was bypassed with DI water until the stabilized voltage reading. Then 

standard 5ppm solution of rutile ellipsoids stabilized with SRFA was run until the stabilized 

voltage was achieved. Then the pump and data-logger was halted to attach the column in the 

system. The column was flushed with DI water followed by SRFA. SRFA stabilized ellipsoids 

standard suspension (5ppm concentration) was injected and breakthrough curve was recorded 

with colloid meter. pH, temperature and differential pressure (at both ends of column) of the 

solution was monitored continuously throughout the experiment. Effluent was collected and 

labelled to be disposed of properly. The data was recorded until a stabilized voltage reading 

point was achieved. The column was flushed with SRFA until a stabilized voltage value; 

followed by DI water flushing towards a point where stabilized voltage values were achieved 

for DI water. 

3.8.15.4 Sodium citrate stabilized spherical anatase NPs 

After getting the bypass readings of DI water and sodium citrate stabilized NPs 

suspension; the column was attached by halting the pump and data-logger. The column was 

flushed with DI water followed by 0.3% sodium citrate. The sodium citrate stabilized ellipsoids 

standard suspension (5ppm concentration) was injected and breakthrough curve was recorded 

with colloid meter. pH, temperature and differential pressure was monitored continuously 
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throughout the experiment. Eluent was collected and labelled to be disposed of properly. The 

data was recorded until a stabilized voltage reading point was achieved. The column was 

flushed with sodium citrate until a stabilized voltage value; followed by DI water flushing 

towards a point where stabilized voltage values were achieved for DI water. 

3.8.15.5 SRFA100 stabilized spherical anatase NPs  

All procedure for this run was same as described above for three different runs except 

SRFA was the stabilizing agent and was injected before and after the run. The data for the 

breakthrough curve was recorded and eluent was collected and discarded properly. 

3.8.15.6 Bare NPs run without any stabilization 

Following the above procedure, bare NPs suspension without any stabilization was 

passed through the column after calibrations. The experimental procedure for this run was DI 

water bypass, bare NPs bypass, DI water through core, bare NPs through core, flushing of 

column with DI water, DI water bypass, bare NPs bypass and DI water flushing bypass.  

3.8.16 Sandstone column experiments 
 

The experimental procedure for the sandstone columns details of which is given above 

is same for all the runs. Variable flow rates were checked for the sandstone columns. The 

texture of sandstone was evaluated against different flow rates and total pore volumes.  

3.8.17 Size and Zeta Potential Analysis 
 

Few random samples of TiO2 suspensions concentrations in the effluent were measured 

with UV-vis spectrophotometry and DLS. Zeta potential of few selected samples was also 

measured. 
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3.8.18 Particle Analysis 

The morphology of the TiO2 nanoparticles in the influent and effluent solutions was 

investigated by Transmission Electron Microscopy (Garzella et al., 2000) (Jeol 1200).  

Samples taken from the TiO2 nanoparticle suspension and the effluent; were analysed 

for particle size, zeta potential and hydrodynamic diameter by DLS and TEM. The influent was 

sampled at different times over the entire column studies to have a look at the changes in the 

stock solution. The effluent was sampled in similar fashion to examine potential changes in 

particle size or surface charge after transport through the glass bead medium and sandstone 

columns. 

3.9 Washing of glassware and storage of nanomaterials 

Glassware that has been in contact with titania was etched clean for 24 hours by filling 

them with a solution of KOH (2 litres of isopropanol + a handful of KOH pellets). To neutralize 

the base, fill the glassware was dipped in a 2 M HNO3 solution and left at least for 12 hours 

and then rinsed with milli-Q water. Glassware that has only come in contact with ethanol 

solution was cleaned with soapy water and rinsed with deionized water. All glassware was put 

in an oven to dry completely. The cleaning solutions were periodically remade. 

The synthesized NPs were stored in labelled containers and surfactant treated samples 

were always kept in fridge all the time. Powder samples containers were sealed tightly and 

were kept on a cool and dry place.  
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Chapter 4  

Synthesis of TiO2 Nanomaterials  

 

4.1     Overview 

Nanocrystalline titanium dioxide has received a lot of interest by scientists and 

industry. This interest is due to the unique nanoscale properties which find use in numerous 

hi-tech applications such as catalysis, sensors, solar cells, memory devices, along with daily 

use products like cosmetics, sun screens, paints, self-cleaning glass etc. 

Titanium dioxide nanomaterials in the form of nanopowders and stabilized suspensions 

were synthesized using a method described in chapter 3. The effect of pH, precursors, 

temperature and zeta potential on nanoparticles nucleation, agglomeration, shape, size, and 

phase transformation were investigated. In the first part of the study, the variation of pH from 

1 to 11 was systematically examined at different calcination temperatures i.e. room 

temperature (RT), 100oC (100T), 400oC (400T) and 700oC (700T). The prepared 

nanocrystalline materials were characterized by XRD for their phase and TEM for their phase, 

size and shape. Four gel-drying temperatures as mentioned above were also used to look into 

the effect of gel drying temperature on TiO2 phase transformation. The pH was maintained by 

HCl and NaOH throughout the synthesis process. The results showed that pH and temperature 

had pronounced effect on the size, shape and phase control. A temperature of 400oC was 

considered best for crystalline growth while a pH value of 4 gave the best morphology for TiO2 

nanopowders. XRD results showed that with variation in pH, TiO2 nanopowders can be 

controlled for either anatase/rutile or a mixture of two phases. Room temperature at all pH 

values gave amorphous material which was not easy to characterize by TEM. From the data 
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generated it is obvious that with an increase in pH there is a decrease in agglomeration and 

increase in dispersion and vice versa. 

In the second phase of synthesis study, effect of different precursors and alcohol water 

concentration was studied with special emphasis on stable titania-water suspensions with a 

controlled morphology. Effect of three different titania precursors was also evaluated for their 

final product morphology. During this study most of the suspensions were studied with dynamic 

light scattering (DLS) for their size, agglomeration, stability behaviour and with TEM for their 

shape and size. The results suggested that shape and size of titania nanomaterials could be 

efficiently controlled by controlling the synthesis solution chemistry. Different alcohols and 

alcohol water ratios proved to be the best method of controlling the NPs morphology at room 

or very low temperatures. TiCl4 was evaluated as best precursor in controlling shape and size 

at low temperature synthesis processes. High temperature treatment was essential for NP grain 

growth for the materials synthesized with titanium isopropoxide (TTIP).  

4.2     Background 

Nanocrystalline TiO2 is an important material in all disciplines of science including 

material engineering and biomaterials (Yang et al., 2005). The ultrafine crystals have rare 

characteristics due to quantum confinement effects and higher surface area/volume, the 

properties which are needed for the chemical during different processes. Anatase and rutile are 

the most important and commonly used polymorphs of TiO2. Commercially available titania 

powders are usually composed of a mixture of the two polymorphs but it is not difficult to get 

phase pure TiO2. 

Physico-chemical properties of metallic nanoparticles are highly influenced by their 

shape, size, specific surface area, adsorption ability, crystal composition and structural phase 
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etc. (Brown et al., 2001, D. H. Napper, 1986, Horie et al., 2012). The unique properties of 

various engineered nanomaterials make them novel, having enhanced electrical, catalytic, 

magnetic, mechanical, thermal, or imaging properties. 

Synthesizing nanoparticles is a complex task. Nanoparticles could be obtained from 

colloidal suspensions using several different techniques such as sol-gel, hydrothermal and 

solvothermal (Hu et al., 2003, Chae et al., 2003, Lue, 2007, Othman et al., 2012). In laboratory 

one of the efficient technique is sol-gel synthesis (Hu et al., 2003), which involves two stages. 

1) Precursors initially form high molecular weight but still soluble oligomeric intermediates, 

called a “sol”. 2) The intermediates further link together to form a three-dimensional cross 

linked network, called a “gel”. The precursors for a sol-gel reaction could be either inorganic 

salts or organic mixtures, such as metal alkoxides (Römer et al., 2011). Sol-gel method and 

hydrothermal synthesis showed better means of controlling powder characteristics (Cullity and 

Stock, 2001). Conventional sol-gel synthesis produces strong agglomerates after calcination to 

obtain a crystalline phase which alters the properties of the final products (Huber et al., 1978). 

The nucleation of TiO2 nanocrystals is dependent on pH value and sintering temperature as 

claimed by Hu et al. (2003). In this chapter, results obtained from the synthesis of titania NPs, 

using multiple approaches like sol-gel, hydrothermal and solvo-thermal synthesis, are 

discussed. The variation of pH from 1 to 11 at different temperatures (room temperature, 

100oC, 400oC and 700oC), effect of precursors (TTIP, TiCl3 and TiCl4) and different 

alcohol:water ratios (1:2 ethanol:water, 1:2 methanol:water, 1:2 2-propanol:water, 1:2 

acetone:water and 1:1:1:2 ethanol:methanol:acetone:water) were systematically examined and 

results are discussed.  

Since there are a lot of synthesis variables that could be studied, the focus had to be 

narrowed. Due to relative simplicity a solution chemical synthesis method was chosen. The 
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effects of pH, type of precursors, temperature and alcohol:water ratios were investigated. The 

objective of this study was to synthesize titania nanopowders with controlled grain size, shape, 

phase content and environmentally relevant stabilized suspensions.  

4.3      Results 

4.3.1 Synthesis of TiO2 Nanopowders 

Nanocrystalline titanium dioxide powders were successfully synthesized by sol-gel 

process as described in chapter 3. To evaluate effect of pH and temperature, a total of 11 pH 

values and 4 temperatures as described above, were selected. The images shown below (Figure 

4.1 & Figure 4.2) are for one selected sample synthesized at pH4 and calcined at 400oC. The 

X-ray diffraction data in Figure 4.1 indicates the formation of mainly anatase phase with some 

rutile. From TEM results, it was calculated that the particles were of 16±3nm diameter and 

have spherical shape (Figure 4.2). More TEM results have been discussed in the coming 

sections of this chapter. 
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Figure 4.1: XRD Diffraction patterns showing anatase phase as major composition of TiO2 nanopowder 

synthesized at pH4 after heat treatment of 400oC for two hours 

 

Figure 4.2: a) TEM Images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH4 after 

heat treatment of 400oC for two hours b) Size histogram of randomly selected 195 NPs from 5 different 

micrographs 

4.3.2 Effect of pH on TiO2 Nanoparticles 

Different types of samples were synthesized from pH 1-11. One set of as prepared 

samples was dried at room temperature, while 3 other similar sets were dried at 100oC (24 

hours), 400oC (2 hours) and 700oC (2 hours).  
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4.3.3 Effect on nanoparticles agglomeration 

At an acidic pH, the synthesized TiO2 consisted of relatively large particles with 

dimensions of the order of 50 nm with strong agglomeration. Regardless of the drying 

temperature, nanoparticles at an acidic pH are tightly packed with each other; while on the 

other hand, at basic pH, particles are well dispersed and are of narrower size range i.e. 10-20 

nm (Table 4-1). These nanoparticles after high temperature treatment (especially 700oC) turned 

into larger aggregates called sinters, i.e. fused particle aggregates, which in most of the cases 

are out of nanomaterials size range. From the data generated it appears that with an increase in 

pH there is a decrease in agglomeration and increase in dispersion and vice versa. Variation of 

pH resulted in significant change of particle surface charge and the hydrodynamic size. 

Table 4-1: Summary showing the effect of pH and temperature on size and shape of TiO2 nanopowders 

pH 

value 

Gel Drying 

Temperature 

Estimated Primary Size Morphology Corresponding 

Image/Figure 

1 Room Aggregates of 5-10nm Irregular 3a 

1 100oC Undefined Undefined 3b 

1 400oC 10-15nm ~Spherical 3c 

1 700oC 60-130nm Irregular 3d 

2 Room Undefined Undefined 4a 

2 100oC Undefined Undefined 4b 

2 400oC 10-15nm Irregular 4c 

2 700oC 50-120nm Irregular 4d 

3 Room 5-7nm Spherical 5a 

3 100oC Aggregates of 150-200nm Irregular 5b 

3 400oC 15-20nm Spherical 5c 

3 700oC 200nm Irregular 5d 

4 Room Aggregates of 80-120nm Undefined 6a 

4 100oC 5-7nm Spherical 6b 

4 400oC 10-20nm Spherical 6c 
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4 700oC Aggregates of >500nm Irregular 6d 

5 Room Aggregates of >200nm Undefined 7a 

5 100oC 20-25nm Spherical 7b 

5 400oC 12-15nm Spherical 7c 

5 700oC 30-200nm Irregular 7d 

6 Room Aggregates of >300nm Irregular 8a 

6 100oC Aggregates of 100-200nm Irregular 8b 

6 400oC <10nm Spherical 8c 

6 700oC 100-150nm Spherical 8d 

7 Room 30-40nm Irregular 9a 

7 100oC Aggregates of 150-200nm Irregular 9b 

7 400oC 10-12nm Spherical 9c 

7 700oC 25-30nm Spherical 9d 

8 Room Aggregates 0f >500nm Undefined 10a 

8 100oC 10-13nm Spherical 10b 

8 400oC Bunch of nanowires nanowires 10c 

8 700oC 20-80nm Elongated 10d 

9 Room >5nm Spherical 11a 

9 100oC Aggregates 0f <100nm Undefined 11b 

9 400oC Bundle of nanowires nanowires 11c 

9 700oC Capsules Elongated 11d 

10 Room Nanoneedles 5x300nm Needles 12a 

10 100oC Aggregates of <500nm Undefined 12b 

10 400oC Nanorods 5x100nm Nanorods 12c 

10 700oC Nanorods 40x200nm Nanorods 12d 

11 Room Needles 10x200nm Needles 13a 

11 100oC Bunches 80x300nm Capsules 13b 

11 400oC Nanorods 5x150nm Nanorods 13c 

11 700oC Nanorods 20x250nm Nanorods 13d 
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4.3.3.1 pH1 

When the conditions are highly acidic, very fine amorphous material (verified through 

XRD analysis) was observed at room temperature which started aggregation at 100oC (Figure 

4.3). It converted to reasonably fine small nanoparticles of 10-15nm at 400oC which converted 

to incredibly fine crystals of 60-130nm size at a calcination temperature of 700oC (Figure 4.3). 

 

Figure 4.3: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH1 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.2 pH2 

There is not much difference between pH1 and pH2 except shape of particles sintered 

at 400 and 700oC (Figure 4.4). Particles shifted from roundness to edged shape and have few 

corners.  

 

Figure 4.4:TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH2 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.3 pH3 

At pH3, considerable fine amorphous material was observed at room temperature which 

started aggregation at 100oC (Figure 4.5). It converted to spherical shaped small particles of 

100 nm100 nm
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15-20nm at 400oC which sintered to irregular shaped particles of around 200nm size at a 

calcination temperature of 700oC as visible in Figure 4.5. 

 

Figure 4.5: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH3 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.4 pH4 

At pH4 amorphous material at room temperature transformed into reasonably small 

nanoparticles of 5-7nm at 100oC (Figure 4.6b). These nanoparticles ripened to fine 

nanoparticles of 10-12nm at 400oC.  700oC temperature sintered these fine nanoparticles to 

larger structures which showed aggregated nanoparticles with no proper dimensions (Figure 

4.6d). 

 

Figure 4.6: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH4 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.5 pH5 

Reasonably fine agglomerates of amorphous material can be seen from TEM images at 

room temperature which transformed to round nanoparticles of 20-25nm size at 100oC (Figure 
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4.7b). Spherical shaped small nanoparticles of 12-15nm can be identified at 400oC which 

converted to irregular capsulated form of 30-200nm size at a calcination temperature of 700oC 

(see Figure 4.7). 

 

Figure 4.7: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH5 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.6 pH6 

Aggregates of ~200nm amorphous nanoparticles were seen at room temperature which 

aggregated at 100oC (Figure 4.8b). Considerably fine particles of ~10nm are the result of 400oC 

temperature treatment which converted to incredibly fine crystals of 100-150nm size at a 

calcination temperature of 700oC (see Figure 4.8). 

 

Figure 4.8: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH6 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.7 pH7 

At pH7 nanoparticles of 30-40nm were seen at room temperature which agglomerated 

at 100oC (Figure 4.9b). The 400oC heat treatment fabricated spherical shaped small crystals of 
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10-12nm.  For the first time reasonably fine and small nanoparticles (~30nm) were the product 

of 700oC temperature treatment (Figure 4.9d). 

 

Figure 4.9: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH7 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.8 pH8 

Room temperature gave rise to fine particles of ~5nm which matured to 10-13nm size 

at 100oC (Figure 4.10b). The 400oC temperature treatment gave an assemblage of nanowires 

have 5x100nm size. These nanowires transformed to capsule like nanostructures 20x80nm at 

calcination temperature of 700oC (Figure 4.10). 

 

Figure 4.10: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH8 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.3.9 pH9 

At pH9 treatment, 100-200nm aggregates of amorphous particles were observed at 

room temperature. These nanoparticles agglomerated to big aggregates of >100nm needle like 
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structures at 100oC (Figure 4.11b). Nanorods of 5x120nm were synthesized at 400oC which 

transformed to elongated NPs of 50-100nm at calcination temperature of 700oC (Figure 4.11d). 

 

Figure 4.11: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH9 a) Room 

Temperature b) 100oC c) 400oC d) 700oC  

4.3.3.10 pH10 

In figure 12a nanoneedles are visible product of room temperature treatment which 

coalesced into an undefined aggregate at 100oC (see Figure 4.12b). This coalesced bunch 

transformed to fine nanorods of 5-100nm at 400oC. Mixture of fine edged nanorods of 

40x100nm and other shaped NP with different sizes were the product of 700oC calcination 

temperature (Figure 4.12d). 

 

 

Figure 4.12: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH10 a) Room 

Temperature b) 100oC c) 400oC d) 700oC  
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4.3.3.11 pH11 

Needle like structures are visible at room temperature treatment which consolidated in 

to rod like bigger aggregates at 100oC (Figure 4.13b). These consolidated aggregates 

metamorphosed at 400oC, to fine nanorods of 5x100nm. Distinct nanorods of 25-30nm 

diameter and several hundred nm length with broken edges were the result of 700oC treatment 

(see Figure 4.13d). 

 

 

Figure 4.13: TEM images (taken at 200kV extraction voltage) for TiO2 nanopowder synthesized at pH11 a) Room 

Temperature b) 100oC c) 400oC d) 700oC 

4.3.4 Effect on Nanoparticles size 

Transmission electron micrographs (Figure 4.3-Figure 4.13) of TiO2 nanopowders 

revealed that the morphology depends on the pH during synthesis. Nanoparticle size could be 

changed and controlled with change in pH value. Nanoparticles with the best size range were 

synthesised at pH4 with a good uniform size distribution. In general nanoparticles tend to be 

large with irregular size range at acidic pH values as compared with basic pH values which 

gave relatively uniform size.  

4.3.5 Effect on nanoparticles shape 

The results mentioned above prove that shape could be controlled simply by changing 

the pH during synthesis process. Although shape factor at highly acidic pH was more than 0.8 
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but size was not uniform. Shape factor is most regular at pH4 where it is more near to 1 but as 

pH goes towards basic range, shape factor tends to decrease and nanoparticles changes different 

shapes (Figure 4.3-Figure 4.13). Perfect nanorods were obtained with a shape factor of 0.3 or 

less at pH 10 and 11.  

4.3.6 Effect on nanoparticles phase and phase transformation 

In this experiment few selected samples are evaluated by XRD. Figure 4.14 shows the 

XRD patterns for three selected samples prepared at pH values 3, 6 and 8. Only room 

temperature and 700°C treatments were analyzed. It can be seen that the XRD data for these 

samples show some variation of different phases of TiO2.  
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Figure 4.14: Effect of pH on XRD patterns: TiO2 gel synthesized with pH3, pH6 and pH8 and calcined at 700oC 

Room temperature gave all amorphous material and no peak was observed for gel dried 

at room temperature for pH 3, 6 or 8. An insignificant effect on phase transformation at selected 

pH values with a temperature treatment of 700oC was observed in XRD analysis (Figure 4.14). 

From the TEM micrographs presented above (Figure 4.3-Figure 4.13), it is evident that 

with titanium isopropoxide precursor, crystalline form is only possible with heating treatment. 

Without calcination, nanoparticles remain in amorphous form. After calcination at 400oC for 2 

hours, the observed primary TiO2 particles were significantly small with mostly irregular shape. 
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It is also observed that the structure and size of the TiO2 crystals are affected by the calcination 

temperature and pH.  

4.4      Synthesis of Stabilized Suspensions 

To synthesize stable titania suspensions, two hydrothermal synthesis methods were also 

investigated. Detailed methodology of both methods has been discussed in chapter 3. Effect of 

different alcohols (ethanol, methanol, 2-propanol) and mixture of alcohols at different ratios 

(mostly 1:2 alcohol:water and few 2:1 and 3:1 ratios) with water were studied.  

Ethanol is usually used during sol gel process for fabricating titania nanoparticles and 

provides for excellent chemical homogeneity but usual precipitates of sol gel reaction are 

amorphous at room and low temperature. As described in previous section, calcination at high 

temperature is required for proper shape and phase control. As compared to sol gel process, 

hydrothermal synthesis process in which chemical reactions can occur in aqueous or organic 

media under the self-produced pressure at low temperature is more reliable technique which 

produces unique metastable structures at low reaction temperature. For all alcohol studies only 

TiCl4 precursor is used as described in previous chapter. 

4.4.1 Effect of precursors 

The term "precursor" is applied to an inactive substance converted to an active one 

(such as an enzyme, vitamin, or hormone). This term also applies to any chemical that is 

transformed into another. Usually precursors are alkoxide with chemical formula M(OR)z, 

where z is an integer equal to the valence of the metal M, and R is an alkyl chain. They can be 

considered as derivatives of either an alcohol, ROH, in which the hydrogen is replaced by the 

metal M, or of a metal hydroxide, M(OH)z, in which the hydrogen is replaced by an alkyl 

group. Vorkapic and Matsoukas (2000) studied effect of alkoxide and their relative 
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performances in much detail. In this study three different types of titanium metal precursors 

were used. Titanium isopropoxide is the main precursor which was used for sol-gel and pH 

studies. Titanium trichloride and titanium tetrachloride are two other precursors which were 

used for room temperature or near room temperature synthesis. Generally alkoxides do not 

have a significant impact on synthesis but titanium isopropoxide (TTIP) is preferred over others 

because of its high reactivity, low electronegative value of titanium, ease of use and low 

toxicity (Wang et al., 2012). Metal alkoxides need to be dissolved in organic solvents before 

hydrolysis is performed. Purity and crystal structure was examined by XRD as shown in Figure 

4.1 and Figure 4.14. All the three precursors have same prominent crystallographic planes of 

the TiO2. There was no difference in the intensities and positions of the peaks. However, it is 

noted that there was a significant difference between the shapes and dispersion of 

nanomaterials synthesized by these precursors. TiCl3 was the best precursor for the synthesis 

of smaller size of nanoparticles at room temperature while TiCl4 required mild heat treatment 

for growth of nanoparticles. Moreover, handling of TiCl4 is more difficult than TiCl3 or TTIP. 

Figure 4.15 shows the rutile nanorods synthesized by TiCl3 while anatase NPs are presented in 

Figure 4.16. It is obvious that NPs fabricated by this method are smaller in size but these are 

densely populated and are in aggregated form. Keeping in view the purpose of synthesis, this 

method was tried to get a good dispersion of NPs without any success. So TiCl4 was selected 

to proceed further and investigate the effect of alcohols and microwave heat treatment.  

   

Figure 4.15: TEM images (taken at 200kV extraction voltage) for rutile NPs synthesized with TiCl3 precursor 
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Figure 4.16: TEM images (taken at 200kV extraction voltage) for anatase NPs synthesized with TiCl3 precursor 

4.4.2 Effect of alcohols 

This study has been done with the use of TiCl4 as a precursor using the methodology 

described in previous chapter. The effect of the alcohol to water ratio on size and shape of 

titanium dioxide nanoparticles was investigated and the results are shown in Table 4-2. DLS 

and TEM results in support of Table 4-1 are also shown in next section.   

Table 4-2: Effect of alcohol and water ratios on morphology of TiO2 

Ratio Amount of 

TiCl4 

Temperature Shape Size Corresponding 

Figure 

1:2 Ethanol:Water 10ml 80oC Bunches ~200nm Figure 4.17 

1:2 Methanol:Water 10ml 80oC mixture 5-100nm Figure 4.18 

1:2 Acetone:Water 10ml 80oC Nanorods 10-120nm Figure 4.19 

1:2                           

2-Propanol:Water 

10ml 80oC Capsules 10-20nm Figure 4.20 

1:1:1:2  Mixed 

EMA* 

25ml 80oC Rods 30-100nm Figure 4.21 

11112 Mixed 

EMAP** 

25ml 80oC Round <40nm Figure 4.22 

11112 Mixed 

EMAP** 

25ml Boiled 100oC Round 20-80nm Figure 4.23 

1:2 Ethanol:Water 10ml Microwave 

130oC 45min 

Mixture 30-50nm Figure 4.24 

1:2 Methanol:Water 10ml Microwave 

130oC 45min 

Square 35-40nm Figure 4.25 

1:2 Acetone:Water 10ml Microwave 

130oC 45min 

Round 

Irregular 

10-40nm Figure 4.26 

1:2                            

2-Propanol:Water 

10ml Microwave 

130oC 45min 

Bunches 100-200nm Figure 4.27 
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1:1:1:2 Mixed 

EMA* 

10ml Microwave 

130oC 45min 

Round 40-90nm Figure 4.28 

11112 Mixed 

EMAP** 

10ml Microwave 

130oC 45min 

Round 30-80nm Figure 4.29 

*Mixture of Ethyl, Methyl and Acetone  ** Mixture of Ethyl, Methyl, Acetone and 2-Propanol 

It is obvious from the above table that alcohols have a well-defined effect on the size 

and shape of TiO2 nanomaterials. An increase in the alcohol to titanium tetrachloride ratio also 

affected the size probably due to formation of more HCl in the reaction system. The difference 

of TiO2 phase and morphology is attributed to the contribution of the equilibrium concentration 

of H+, Cl- (Buzea et al., 2007a). A shape factor of >0.9 (40% nanoparticles) was given by 

microwave treatment of mixed alcohol sample. This sample was further used in stability and 

column studies. The detailed shape information of the figures below (Figure 4.17-Figure 4.29) 

is given in table 2 above. It is obvious that with changing alcohol to water concentration and 

type of alcohol, the shape characteristics of TiO2 nanoparticles can be controlled.  

   

Figure 4.17: TEM images (taken at 200kV extraction voltage) showing the effect of ethanol and water ratio of 

1:2 on morphology of TiO2  

  

Figure 4.18: TEM images (taken at 200kV extraction voltage) showing the effect of methanol and water ratio of 

1:2 on morphology of TiO2 
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Figure 4.19: TEM images (taken at 200kV extraction voltage) showing the effect of acetone and water ratio of 

1:2 on morphology of TiO2 

 

Figure 4.20: TEM images (taken at 200kV extraction voltage) showing the effect of 2-propanol and water ratio 

of 1:2 on morphology of TiO2 

  

Figure 4.21: TEM images (taken at 200kV extraction voltage) showing the effect of mixture of ethanol, 

methanol, acetone and water at ratio of 1:1:1:2 on morphology of TiO2 

   

 

Figure 4.22: TEM images (taken at 200kV extraction voltage) showing the effect ethanol, methanol, acetone, 2-

propanol and water at ratio of 1:1:1:2 on morphology of TiO2 
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Figure 4.23: TEM images (taken at 200kV extraction voltage) showing the effect of ethanol, methanol, acetone, 

2-propanol and water (ratio 1:1:1:2) on morphology of TiO2 (Boiled) 

4.4.3 Effect of Microwave Heat Treatment 

It is quite clear from the Table 4-2 that microwave heat treatment of the samples gave 

a change in size and shape. The methanol and water ratio of 1:2 gave optimum particle shapes 

(Figure 4.18), while capsule like shapes were obtained from 2-propanol and water ratio of 1:2 

(Figure 4.20). Well oriented round particles with a shape factor of >0.9 were obtained with 

microwave heat treatment of mixed alcohol sample (Figure 4.22 and Figure 4.23).   

 

Figure 4.24: TEM images (taken at 200kV extraction voltage) showing the effect of microwave treatment with 

ethanol and water ratio of 1:2 on morphology of TiO2 

 

Figure 4.25: TEM images (taken at 200kV extraction voltage) showing the effect of microwave treatment with 

methanol and water ratio of 1:2 on morphology of TiO2 
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Figure 4.26: TEM images (taken at 200kV extraction voltage) showing the effect of microwave treatment with 

acetone and water ratio of 1:2 on morphology of TiO2 

 

Figure 4.27: TEM images (taken at 200kV extraction voltage) showing the effect of microwave treatment with 

ethanol, methanol, acetone and water (1:1:1:2) on morphology of TiO2 

    

Figure 4.28: TEM images (taken at 200kV extraction voltage) showing the effect of microwave treatment with 

ethanol, methanol, acetone, 2-propanol and water (1:1:1:1:2) on morphology of TiO2 

Irregular edged cubes were the result after microwave treatment to the sample with 1:2 

ratios of ethanol and water (Figure 4.24). Methanol water treatment of 1:2 ratios gave cube 

shapes which were readily stabilized in the suspension (Figure 4.25). Morphology of NPs for 

acetone and water at ratios of 1:2 can’t be judged properly but clearly those show less or no 

edges (Figure 4.26). A treatment of ethanol, methanol, acetone and water at ratios of 1:1:1:2 

gave morphology of irregularly round NPs (Figure 4.27). These irregularly round NPs turned 

in to perfectly round NPs with a shape factor of 0.9 or more with a treatment of ethanol, 

methanol, acetone, 2-propanol and water at ratios of 1:1:1:1:2 (Figure 4.28).  
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Figure 4.29: TEM images (taken at 200kV extraction voltage) showing the effect of post synthesis treatment of 

700oC on morphology of TiO2 

 

4.5      Stable titania suspensions 

 

As explained previously, the objectives of this synthesis study was to produce highly 

dispersed and stable suspensions of nanoparticles and nanorods. Detail of stability processes 

and aggregation kinetics will be discussed in chapter 5. The results obtained from such mono-

dispersed suspensions are presented and discussed here. Figure 4.30 shows nanoparticles 

synthesized by mixed alcohol method with use of TiCl4 precursor.  From TEM micrograph and 

shape factor analysis, it appears that synthesized nanoparticles are mainly 30-40nm in diameter, 

with more than 65% of NPs showing perfect spherical shape, and a shape factor of 0.9 or more 

(Figure 4.30 and Figure 4.31). These nanoparticles are initially well dispersed but after washing 

they tend to agglomerate. So they were again stabilized by sodium citrate and Suwannee River 

fulvic acid (SRFA100). Detailed stabilization process is discussed in chapter 5. While Figure 

4.33 shows the mixed alcohol particles stabilized by sodium citrate. All particles selected for 

shape factor have perfect round shape with a shape factor of 0.9 or more (Figure 4.34). Size 

graph shows that most of the particles are in the size range of 40-60nm (Figure 4.35). Figure 

4.35 below shows TEM images of nanorods with almost uniform diameter of about 30 nm and 

length of up to 250 nm. Shape factor for these nanorods is ~0.2.  



120 

 

 

Figure 4.30: TEM images (taken at 200kV extraction voltage) showing significantly mono-dispersed Anatase NPs 

with shape factor ~1 

 

Figure 4.31: Percentage shape factor of mono-dispersed anatase NPs. 
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Figure 4.32: Percentage diameter (nm) of mono-dispersed anatase NPs 

 

 

Figure 4.33: TEM images (taken at 200kV extraction voltage) showing anatase nanoparticles stabilized by sodium 

citrate 
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Figure 4.34: Percentage shape factor of sodium citrate stabilized anatase NPs. 

 

Figure 4.35: Percentage diameter (nm) of sodium citrate stabilized anatase NPs. 
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Figure 4.36: TEM images (taken at 200kV extraction voltage) showing sodium citrate stabilized nanorods (shape 

factor 0.2). 

4.6     Detailed TEM Analysis 

High resolution TEM was carried out on selected samples. The achieved results were 

compared with the XRD of same material. Figure 4.37 shows the XRD patterns of the as-

synthesized samples prepared with TiCl4 and after microwave treatment. It was indexed on the 

basis of tetragonal anatase TiO2 (JCPD 21-1272) without any impurity phases. The mean 

crystallite size calculated based on the (101) reflection using Scherrer’s equation is 14 nm for 

as prepared anatase and 34nm for microwave treated. 

The selected individual single particle in Figure 4.38 shows a rough surface, perhaps 

due to a large number of mesopores on the round surface. HRTEM micrograph of the anatase 

TiO2 shows lattice fringes with a d-spacing value of 0.189 nm, which corresponds to the (200) 

plane of anatase TiO2. Figure 4.39 shows some more HRTEM micrographs along with the 

SAED pattern confirming (101), (004), and (200) planes of the anatase phase, in line with the 

XRD data. 
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Figure 4.37: XRD comparison of as prepared and microwave treated anatase NPs. 

 

Figure 4.38: HRTEM images (taken at 200kV extraction voltage) of anatase NPs showing lattice fringes of (101) 

and (200) corresponding Figure 4.28 

 

 

Figure 4.39: HRTEM images (taken at 200kV extraction voltage) of anatase NPs showing lattice fringes and 

SAED pattern corresponding Figure 4.28 

The HRTEM images in Figure 40 indicate lattice fringes of mixed anatase and rutile 

sample. Lattice fringe with a d-spacing value of 0.189 nm, corresponds to the (200) plane of 

anatase TiO2 while d-spacing of 0.352nm is for (101) plane of anatase. Lattice fringe with a d-

spacing of 0.290nm reflects (121) plane of rutile phase. 
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Figure 4.40: HRTEM images (taken at 200kV extraction voltage) of mixed anatase and rutile NPs showing lattice 

fringes (101), (121) and (200) corresponding Figure 4.5 

 

Figure 4.41: HRTEM images (taken at 200kV extraction voltage) of anatase NPs showing lattice fringes (101) 

corresponding Figure 4.16 

The HRTEM images in Figure 4.41 indicate lattice fringes with a d-spacing value of 

0.352nm is for (101) plane of anatase phase. The image on left hand side shows anatase 

nanoparticles of 5-6nm size. 

Figure 4.42 presents the TEM images of a single nanorod surface, showing the lattice 

fringes with a d-spacing values of 0.248 nm and 0.324nm, which correspond to the (101) and 

(110) planes of rutile phase respectively. The SAED image in Figure 4.42 intimate a set of 

sharp rings corresponding to the (110) and (101) planes of the rutile phase. 

 

 

Figure 4.42: HRTEM images (taken at 200kV extraction voltage) of rutile nanorods showing lattice fringes (101) 

and (110) 
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Figure 4.43: HRTEM images (taken at 200kV extraction voltage) of rutile nanorods showing lattice fringes and 

SAED pattern corresponding figure 4.19 

 

All the suspensions were studied for hydrodynamic diameter right after synthesis and 

for stability over time. Few selected DLS graphs are presented here which clearly show the 

size and monodispersity of the materials synthesized. The samples were tested for their stability 

over time.  The figures below (Figure 4.44 a-g), proved the success of synthesis process of 

mono-dispersed titania suspensions. Each figure confirms the TEM results presented above.  
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Figure 4.44: Mixed alcohol synthesis ethanol, methanol, Acetone (1:1:1:2 ratio) b) Mixed alcohol synthesis 

ethanol, methanol, Acetone (1:1:1:2 ratio) after 1 month c) Effect of sonication on mixed alcohol synthesis 

ethanol, methanol, Acetone (1:1:1:2 ratio) d) Mixed alcohol synthesis ethanol, methanol, propanol (1:1:1:2 ratio) 

e) Effect of microwave treatment on mixed alcohol synthesis ethanol, methanol, Acetone (1:1:1:2 ratio) f) Effect 

of boiling on mixed alcohol synthesis ethanol, methanol, Acetone (1:1:1:2 ratio) g) Mixed alcohol synthesis 

ethanol, methanol, Acetone, 2-propanol (3:3:3:1 ratio) 

 

4.7     Discussions 

As shown above, nanopowders and mono-dispersed suspensions were synthesized and 

characterized with different techniques. The effect of pH on nucleation and structural properties 

of TiO2 NPs was investigated. It was found that pH has an influential effect on the morphology 

of the NPs. NPs synthesized at pH4 were having well controlled morphology, with anatase 

phase. It is observed that strong agglomerates were formed in the sol-gel or precipitate-derived 

nano-powders after calcination to get a crystalline phase, which deteriorated the properties of 

the end products. From the results presented above it can be observed that higher calcination 

temperature of 700oC deteriorated NPs morphology in most of the cases. The results presented 

above are quite in line with the findings of Hu et al. (2003). They proved that nucleation of 

TiO2 nanocrystals is dependent on pH value and sintering temperature. Moreover, Sugimoto 

and Zhou (2002) reported that for the exact control on the morphology of oxide particles, pH 

is main key factor, as shape and size along with phase are strongly guided by pH. 
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In alcohol water ratio study, the alcohol media, type of precursor, pH of the solution, 

and effect of temperature are considered to influence synthesis of the TiO2 nanomaterials. The 

reactivity, solubility, and diffusion of the reactants are being influenced by the physical and 

chemical properties of solvents. Different alcohols gave different morphologies of 

nanomaterials and results are in line with the previous studies (Morrison and Ross, 2002, Chen 

and Elimelech, 2007, Mitrano et al., 2012). The polarity and harmonizing capability of the 

solvent can influence the morphology and the crystallization behaviour of the end products 

(Lue, 2007). Alcohols at different concentrations cause the polarity of the solvent and change 

zeta potential value of the reacting materials. In one study, short and wide flake like structures 

were obtained without the use of ethanol which converted to nanowires with ethanol and 

chloroform (Alagarasi, 2011).  

HCl is the important constituent in hydrolysis of TiCl4 which is produced during 

hydrolytic process. It controls the etherification process thus affecting the growth of crystallite 

size. HCl in its differentiating concentration promotes hydrolysis process acting as a catalyst. 

On the other hand HCl while acting as an electrolyte prevents particle nucleation or 

agglomeration. So mainly strong acid delays the quick gelation process as compared to TTIP 

hydrolysis (Spurr and Myers, 1957). Idea behind the alcohol and water ratios is to make this 

acid assisted hydrolysis easier and to bring it to lower nucleation temperature. In this 

hydrothermal synthesis process, many other factors like; peptization temperature (Balikdjian 

et al., 2000) and pH (Stanjek and Häusler, 2004), might be the factor to change the morphology 

and/or phase of TiO2 nanomaterials. It was observed that addition of TiCl4 to the alcohol media 

quickly reduces the pH near or below a value of 1 (highly acidic). Low pH values show that 

HCl is a reaction product in the system. The produced HCl in the reaction system involves in 

the etherification of alcohols. Although water was already present in the system, more water 
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would be produced as a by-product of etherification. This water dissolves more HCl produced 

from the reaction between TiCl4 and alcohols.  

Heating temperature is another important parameter which affected the growth of NPs. 

In the TiCl4 system, no nucleation of particles was observed at room temperature. A 

temperature of 80oC gave significant NPs growth results while microwave treatments gave 

precise crystal structure as mentioned in Table 4-1.  

In conclusion, titania nanomaterials could be successfully synthesized in alcohols under 

hydrothermal conditions. The amount and type of alcohols along with the reaction temperature 

defines the crystal structures, grain sizes and morphologies of the end products. HCl produced 

during the reaction process promotes etherification and stops agglomeration. The mixture of 

different alcohols gave promising results but the reason behind this controlled nucleation of 

nanomaterials is still questionable. One possible reason may be the miscibility and 

etherification of mixed alcohols to a point where the reaction system becomes neutral with no 

external forces gave round shape factor to the nanoparticles. From the results obtained, it is 

obvious that needle like structures are firstly produced (even in case of TTIP and pH studies) 

in the reaction system which turns to needle bundles (Figure 4.45). These bundles can either 

combine to form capsule or rod like structures or turns to individual needles. The separated 

needles get twisted and form round particles (Figure 4.46), and on the other hand nanorods and 

capsules join to form nanosquares or heat treatment under certain pressurized conditions, gave 

rise to round, non-uniform sized nanoparticles. This nucleation process is described in Figure 

4.46 below.  
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Figure 4.45: TEM images (taken at 200kV extraction voltage) showing needle like rutile structures during 

synthesis process  

 

Figure 4.46: A schematic of the nanomaterials fabrication process 

It was observed that nanoparticles at highly acidic condition were very stable but as 

soon as alcohol and organics were removed through washing or pH was maintained at or near 

neutral point, the suspension resulted in aggregation. Previous research work shows that 

stability of nanoparticles is mainly dependent on synthesis temperature (Kanel and Choi, 2007). 
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Dielectric constant of suspension decreases with an increase in temperature (Chen and 

Elimelech, 2008). This decreases the electrostatic influence against aggregation by decreasing 

the solvent viscosity. Larger particles are the result of an increase in the rate of aggregation. 

According to the continued observation and different sets of experiments, the optimum 

temperature for a better range of titanium dioxide nanoparticles is found to be 400°C. 700°C 

temperature gave larger aggregates which are generally out of nanoparticles range while room 

temperature gave amorphous material which again is not a desired product. pH is another 

variable which really influence the shape, size and dispersion of titania nanoparticles. 

Generally the addition of the acid gave smaller sized particles during the hydrolysis and this is 

quite in line with the findings of Vorkapic and Matsoukas (1998). When there are more H+ ions 

present, there is more dispersity and less size. Low temperatures although give peptization to 

the sol but after XRD analysis it is clear that there was no crystal growth below 100oC. 

Insufficient acid ratios, there is no peptization of TiO2 aggregates remain unpeptized, but higher 

acid or H+ ions, nanoparticles are very stable. This was the reason that most of suspensions 

made from TiCl4 were stable until they were washed. Washing removes excess alcohol which 

promotes aggregation. The smallest particles are produced highly acidic pH values but as 

acidity decreased with addition of more water to the system, particles and agglomerate size 

increases and system moves towards instability. At high pH values the suspension consists of 

only few primary particles with bulk of organic material as shown by micrographs of high pH 

samples at room temperature. Even after peptization the addition of the acid governs the long-

term stability of the sol. After several months of experiments, the sols with high pH are found 

to be stable. This clearly shows that titanium nanoparticles can be stabilized by using acids or 

bases (electrostatic stabilization).  



132 

 

4.8      Chapter Summary 

The results presented above show that highly crystalline, stable TiO2 nanoparticles and 

nanorods suspensions have been synthesized by controlled hydrothermal reactions. It has been 

proved that a selection of crystal shapes, grain sizes and morphologies could be achieved by a 

simple variation of the alcohol ratios and mixtures. Varying temperature and pH gave different 

and prominent results to control sized and shape of particles.  Previously it was studied that 

HCl is a defining factor for titania nanomaterials size and shape. Results of current study 

suggest that concentration of alcohol and precursors have a profound effect in controlling size 

and shape of titania nanomaterials. It was noted that mostly in alcohol systems, nanoparticles 

remained in suspension form with little or no agglomeration but as soon as such nanoparticles 

were washed, they started to make bigger agglomerates. Stabilized suspensions synthesized 

during the processes mentioned above were used for post stabilization aggregation kinetics and 

glass bead column transport studies.  
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Chapter 5                                                                                                                                                                                                                                                                                                                                                                                           

Colloidal Stability of Titania Nanoparticles 

 

5.1      Overview 

Uncoated TiO2 NMs tend to have a point of zero charge in the range of pH 5.5-6.0 

(Suttiponparnit et al., 2010), and therefore charge stabilized NPs are largely unstable at 

environmentally relevant pH values (i.e. pH 5-8). This chapter investigates the post-synthesis 

stabilization of TiO2 NMs after mixing the NMs with two steric i.e. PEG, PVP, and three 

electrostatic i.e. SDS, sodium citrate and SRFA stabilizing agents. SRFA was applied at two 

concentrations i.e. 10 ppm called SRFA10 and 100 ppm called SRFA100. Sodium citrate and 

SRFA100 were found to produce stable suspensions of TiO2 NPs at pH 7.0±0.2 over a period 

of 2 weeks. Whereas PEG, PVP, SDS and SRFA10 did not improve the stability of TiO2 NMs 

at all. The aggregation of the stabilized TiO2 NPs (citrate and SRFA stabilized NPs) in the 

presence of both monovalent and divalent electrolytes (e.g. NaCl, NaNO3, CaCl2 and 

Ca(NO3)2) was also investigated. It has been observed in this study that SRFA stabilized NMs 

proved to be slightly less stable in either mono or divalent cations as compared to sodium 

citrate stabilized NMs of same kind. The critical coagulation concentrations (CCCs) of the 

SRFA-stabilized NMs were 3.8 and 3.2 mM CaCl2, 5.5 and 5.5 mM Ca(NO3)2, 103 and 1025 

mM NaCl, 72 and 115 mM NaNO3, for rutile ellipses and anatase spherical NPs, respectively. 

In comparison CCC’s observed for sodium citrate stabilized NMs were significantly higher 

than SRFA stabilized NMs, showing that sodium citrate is a better stabilizing agent than SRFA. 

The CCCs observed for sodium citrate stabilized NMs were; 10.7 and 9.4 mM CaCl2, 16 and 

9.7 mM Ca(NO3)2, 1.7 and 0.9 M NaCl, 238 and 90 mM NaNO3 for rutile ellipses and anatase 

spherical NPs, respectively. 
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5.2     Background 

Uncoated TiO2 NPs have tendency to aggregate very easily forming larger particles. 

Such aggregation behaviour is undesirable for most applications due to difficulty in separation 

and recovery of TiO2 particles in their primary size form (Wang et al., 2000). The colloidal 

stability of NPs is determined by pH, salinity, size, surface chemistry, NP concentration and 

other factors (Mylon et al., 2004, Dunnivant et al., 1992). For charge stabilized-NPs, the 

aggregation behaviour of NPs depends on the net electrostatic surface interactions of the 

colloids, as described by the classic Dejaguin–Landau–Verwey–Overbeek (DLVO) theory 

(Verwey, 1947). DLVO theory highlights the stability of colloids in different solution and 

electrolyte conditions, which is mainly governed by the surface charge (French et al., 2009).  

The physico-chemical properties of NPs also determine their stability by affecting their 

behaviour in suspension and reactions on particle surfaces (Tourinho et al., 2012)  concluded 

from their critical review of metal-based NPs in soil, that the characteristics of NPs (for instance 

size, shape, zeta potential) and soil (e.g., pH, ionic strength, organic matter, and clay content) 

affect physical and chemical processes, which result in NP dissolution, agglomeration, and 

aggregation. Studies are largely conducted on surface zeta potential, ionic strength and pH 

because these are the primary stability determining factors of colloidal stability for different 

NPs (Mandzy et al., 2005, Kretzschmar and Schäfer, 2005, Kataoka et al., 2004, Klaine et al., 

2008b, Chen et al., 2011b, Edgington et al., 2010). Furthermore, stability of TiO2 NPs over a 

range of pH values could be correlated with the zeta potential. The possible mechanism of this 

correlation might be the alteration of the reaction kinetics at different extreme environments 

(Dysart and Hines, 1969, Carole and et al., 2009). 
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From all of these studies, it is evident that for electrostatically stabilized NPs, increasing 

ionic strength or bringing the pH close to the NP isoelectric point (Cao et al., 2011); increase 

the agglomeration called reduction of material or shielding of charge around individual NPs. 

This concept does not support the sterically stabilized NPs. All physical and chemical factors 

enhance agglomeration results for larger hydrodynamic sizes (Jiang et al., 2009b). Therefore, 

to enhance colloidal stability, different surfactants are used to stabilize NPs in the pre- or post-

synthesis processes (Chen and Elimelech, 2008), but the relation of adsorbed ions on NPs 

surface with respect to stability is still not yet fully understood (Fatisson et al., 2012).  

Most research on TiO2 nanotoxicity does not consider NP agglomeration or aggregation 

state (Chowdhury et al., 2011, Jin et al., 2011, Findlay et al., 1996, Hall-Stoodley et al., 2004). 

In real environmental conditions, the aggregation behaviour of TiO2 might differ from the lab 

scale studies. This may result in bias data collection giving inaccurate result of different lab 

studies due to use of aggregated NPs considering manufacturer’s label information only. Thus, 

researchers conducting toxicological studies might have overlooked the actual behaviour of 

NPs in the test media.  

The aggregation kinetics and stability of titania NPs is a rather complex process that 

depends on the pH, zeta potential, solute concentration and solvent type of the NP suspension. 

Moreover, humic substances may also have steric stabilization, so it gives either extra stability 

and/or aggregation because of two mechanisms; OM-NPs bridging and steric interactions. 

Zeta potential is defined as the electrical potential at the shear plane with respect to the 

bulk liquid (Greenwood, 2003). It is an important parameter which is related to the capacity of 

electrostatic repulsive or attractive force between NPs which in turn defines their stability in 

an aqueous medium (Wamkam et al., 2011). This is true for electro-statically stabilised NPs 

but not for sterically stabilized NPs. In sterically stabilized NPs, the amount of polymers and 
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their arrangement on NPs surface account in overall stability. Zeta potential is an essential 

factor which determines the stability of TiO2 NPs in aqueous media and depends on the sticking 

ability of TiO2 NP surfaces (Fatisson et al., 2012, Sperling and Parak, 2010, Mylon et al., 2009). 

Studies have shown that the zeta potential of particles depends on several factors such as the 

chemical composition of the NP surfaces, the nature of the solvent, the pH of media, ionic 

composition of media and reaction with other media constituents (Mandzy et al., 2005, Kim 

and Walker, 2001, Walker and Bob, 2001, González-Mozuelos and de la Cruz, 2009, Kung et 

al., 2010). Zeta potential of TiO2 NPs also depends on their shape and size (Mandzy et al., 

2005). Mandzy and co-workers also determined that different shapes and sizes of TiO2 NPs 

significantly control zeta potential by controlling isoelectric point (Mandzy et al., 2005) of NPs 

in the presence of different surfactants. They showed that SDS coated TiO2 NPs had two IEP 

values, most likely due to complex chemistry and chemical impurities of the reaction system. 

The addition of SDS into the TiO2 NP suspension caused a shift of IEPs to lower pH values; 

thus the surfactants controls the IEPs and zeta potential, hence the size and shape of TiO2 NPs 

during the synthesis process. 

DLVO interactions discussed with detail in chapter 3 are the governing factor of 

stability and instability of nanoparticles. Negative surface charge on NPs increases the 

hydrodynamic layer thickness and adsorption density with decreasing pH and increasing ionic 

strength, thus giving them stability in aqueous media (Au et al., 1999, Mohammed, 2009, 

Mandzy et al., 2005). Au et al. (1999) concluded from modelled simulations and experimental 

research work that adsorption density and adsorbed hydrodynamic layer thickness of hematite, 

decreased with increasing pH and with decreasing ionic strength, while the adsorption density 

decreased with the increasing pH and negative surface charge. Also the adsorbed 

hydrodynamic layer thickness increased with increasing pH of the suspension. This explains 

the importance of negative surface charge in the stability of NPs. 
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The surface charge density on a nanoparticle surface is defined as the total amount of 

charge q per unit area a. σ = q/a. The overall stability of nanoparticles depends on the repulsive 

forces caused by surface charge in the dispersion. If somehow these repulsive forces get 

changed either by addition of a stabilising agent like a surfactant or polymer or by a 

destabilising agent like a salt, it will effect overall stability of the suspension. The zeta potential 

of a nanoparticle suspension is due to its surface charge density, i.e. the number of charge 

ligands on nanoparticles surface per unit area. The higher the magnitude of surface charged 

ligands, the greater will be the zeta potential. It is important to consider that the zeta potential 

and surface charge density are both intensive properties of nanoparticles which are least 

affected by the size of nanoparticles but more surface area definitely gives more space for 

charged ligands to be attached to surface of nanoparticles. 

The post synthesis stabilization of TiO2 NPs and its evaluation in terms of aggregation 

kinetics will help to understand the ultimate fate and behaviour in real environments. 

According to the DLVO theory (Verwey, 1947) the aggregation in a medium is 

determined by the thickness of EDL and charges on the particle surfaces. The sum of van der 

Waals attraction and EDL repulsion forces defines the DLVO total interaction energy (Dunphy 

Guzman et al., 2006, Elimelech, 1995). When NPs approach each other, certain forces like 

London–van der Waals, solvation, electrical double layer, steric and hydrophobic forces impart 

aggregation (Sayes et al., 2006). NPs physicochemical properties (Lin et al., 2010) and 

chemical interactions of exposed surfaces like sorption (Fukushi and Sato, 2005, Kobayashi et 

al., 2005). Very small entities or particles have negligible settling velocity (Yamago et al., 

1995, Gamer et al., 2006) so destabilization of NPs could result in the formation of larger 

aggregates at the expense of smaller NPs which might lose their NPs characteristics (Kalsin et 

al., 2006, Domingos et al., 2009). This process may lead to an increased settling rate making 
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NPs unavailable for any toxicology studies at lab scale (Ottofülling, 2010) but in real 

environmental conditions, they may become more available to benthic organisms (Eckelman 

et al., 2012). Also the reactions of NPs with other water constituents could end up with products 

which might be harmful to ecosystem.  

In one lab study by Linse et al. (2007), protein fibril nucleation increased as a result of 

interaction of soluble protein and hydrophobic NPs like CeO, MWCNTs and quantum dots. 

According to them the actual mechanism of this protein fibril nucleation was not known but 

speculations of interaction with the NPs still exist. NPs could increase the probability of 

homogeneous nucleation of different proteins and other constituents of environment.  Table 

5-1 shows a summary of selected findings of aggregation studies conducted for different NPs.  

The purpose of this study is (i) to investigate the impact of different stabilizing agents 

(e.g. citrate, SRFA, PVP, etc.) on the stability of the synthesized TiO2 NPs and (ii) to evaluate 

the behaviour of the stabilized TiO2 NPs under a range of environmentally relevant conditions 

(pH, phase, shape, monovalent and divalent cation concentration and HA presence and 

absence). The stability of TiO2 was assessed by measuring the aggregation kinetics and fractal 

dimensions of TEM images. 
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Table 5-1: Review of few selected papers on aggregation behaviour of different NPs 

Title  NPs 

Type 

NPs 

Shape 

NPs 

Size 

Key Observations Reference 

Aggregation and 

disaggregation of iron 

oxide nanoparticles: 

Influence of particle 

concentration, pH and 

natural organic matter. 

FeO Round 20nm  Interactions between NPs and natural organic matter are important for 

NP fate and behaviour in environment. 

 NP aggregates at a range of environmental relevant conditions, 

including variable pH, ionic strength and different components and 

concentrations of NOM. 

 Disaggregation is as important as aggregation process. 

(Mohammed, 

2009) 

Stability of titania 

nanoparticles in soil 

suspensions and transport 

in saturated homogeneous 

soil columns. 

TiO2 Spherical  35nm  TiO2 nanoparticles were stable in soil suspensions. 

 Suspended TiO2 relative concentrations were positively correlated 

with DOC and clay contents, and negatively correlated with ionic 

strength, zeta potential and pH. 

 The higher stability of TiO2 suspensions resulted in a higher mobility 

of TiO2 through soil layers. 

(Fang et al., 

2009b) 

Influence of Surface 

Potential on Aggregation 

and Transport of Titania 

Nanoparticles 

 

TiO2 - 5-

12nm 
 80% of suspended particles and aggregates have no mobility issue 

except for pH values, close to the point of zero charge (pHzpc) 

 pHzpc of TiO2 NPs changes with size, with the smaller particle sizes 

exhibiting the lowest pHzpc (pHzpc of 3.6 nm particles = 4.8) and larger 

size by coarsening of small particles exhibiting higher pHzpc (pHzpc of 

8.1 nm particles = 6.2) 

  

(Dunphy 

Guzman et 

al., 2006)  

Nanoparticle characteristics 

affecting environmental 

fate and transport through 

soil 

 

Al Round 50, 80, 

120nm 
 Surface functionalization had a marked effect on charge, stability and 

agglomeration state of nanoparticles 

 Transport of NPs is dependent on the size of the nanoparticles 

 Solutions having moderate ionic strength rapidly agglomerated to 

form micron sized agglomerates restricting transport of NPs through 

soil columns 

(Darlington 

et al., 2009) 
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Using a Surface 

complexation model to 

predict the nature and 

stability of nanoparticles 

 

Hydrous 

Ferric 

Oxide 

(HFO) 

- -  Surface complexation occurs at the bulk of the nanoparticles, as in a 

solution. 

 Particles (either colloids or nanoparticles) come close to each other 

certain forces act on them which tend either to disperse them or 

aggregate them 

(Fukushi and 

Sato, 2005)  

Aggregation and Charging 

of Colloidal Silica 

Particles:  Effect of Particle 

Size 

 

Silica Spherical 30, 50, 

80nm 
 NPs were neutral at low pH and their zeta potential decreased with 

increasing pH and increasing ionic strength 

 Aggregation was a result of growth of clusters and was governed by 

media conditions and chemical interactions of exposed surfaces 

 Only the aggregation of the largest particles exhibited features similar 

to predictions of the DLVO theory. The smaller particles, on the other 

hand, aggregated much more slowly at higher pH and were 

completely stable at low pH 

(Kobayashi 

et al., 2005)  

Effects of Natural Organic 

Matter and Solution 

Chemistry on the 

Deposition and Re-

entrainment of Colloids in 

Porous Media 

 

Sulfate 

latex 

Spherical 98nm  No effect on the overall behaviour of nanoparticles in natural waters 

 They associated with organic macromolecules, regardless of size, that 

subsequently alter the particle’s interfacial and physical 

characteristics like charge, reactivity, size etc.  

 Adsorption of humic acid on latex colloids and silica collectors 

reduced the deposition of suspended particles and enhanced the re-

entrainment of deposited particles in porous media 

(Franchi and 

O'Melia, 

2003)  



141 

 

5.3 Results and discussion 

Two types of NMs were used for the stability studies, rutile ellipses and anatase 

spherical NPs (Figure 5.1, Figure 5.2, Table 5-2). Both types of NPs were stabilized separately 

with optimised concentrations of 0.3% sodium citrate and 100 ppm SRFA. The average length 

of rutile ellipses measured with TEM was 100 ± 20nm (n = 214) with average width of 20 ± 5 

nm (an aspect ratio of 4.5 ± 0.3 and hydrodynamic diameter of 55 ± 5 nm measured by DLS). 

Ellipses used for stability experiments were dispersed for a period over 6 months after use of 

stabilizing agents (Figure 5.1) with no observed aggregation or agglomeration.  

Table 5-2: Size distribution of NMs measured with TEM and DLS 

Type of NMs Size with TEM   

(nm) 

Size with DLS    

(nm) 

Anatase Spherical 

NPs 

60 ± 35 100 ± 10 

Rutile Ellipses 100 ± 20 (length)    

20 ± 5 (diameter) 

55 ± 5 

The spherical NPs had a core size range between 60±35nm (measured by TEM) and 

hydrodynamic diameter of 100±10nm, for both citrate and FA stabilised (Table 5-2). Figure 

5.1a shows TEM micrograph of TiO2 ellipses dispersed with SRFA100 while 5.1b shows 

magnified image of same ellipses. Both figures explain the dispersity of SRFA stabilized 

ellipses showing that individual particles are separated from each other maintaining a 

separation distance. Figure 5.1c is a micrograph of ellipses stabilized with sodium citrate while 

5.1d shows the same picture at higher magnification. Both figures show the behaviour of 

sodium citrate for the stability of TiO2 ellipses. Although they are stabilized and TEM figures 

show that they are keeping themselves separate from each other with weak inter-particle forces. 

Figure 5.2a below shows spherical anatase NPs stabilized with SRFA100 while Figure 5.2 
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shows sodium citrate stabilized anatase NPs. Both figures show the effect of SRFA and sodium 

citrate where SRFA is behaving as a better stabilizing agent than that of sodium citrate; maybe 

due to inter-molecular bridging of fulvic acid molecules.  

 

Figure 5.1: a) TEM micrograph of TiO2 ellipses dispersed with SRFA100 b) Stability with SRFA100 at higher 

magnification C) Sodium citrate stabilized ellipses D) Image taken at 500K magnification (HRTEM and other 

details has been reported in chapter 4 

a b 

c d 
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Figure 5.2: Spherical anatase NPs a) SRFA100 stabilized b) Sodium Citrate stabilized (Detailed analysis of these 

NPs has been discussed in chapter 4 

5.3.1 Effect of  surface functionalization on the stability of TiO2 NPs 

The effect of PEG, PVP, SDS, sodium citrate, SRFA10 and SRFA100 on the stability 

of TiO2 NMs was investigated by measuring the zeta potential and hydrodynamic diameter of 

TiO2 NPs following mixing TiO2 NPs (at pH 7) with the above mentioned stabilizing agents. 

Effect of pH, surfactants and zeta potential on the aggregation was also studied in detail for a 

period of 2 weeks.  

Different surfactants i.e. 0.3%PEG, 0.3%SDS, 0.3%PVP, 0.3% sodium citrate, 10ppm 

SRFA and 100ppm SRFA were used to stabilize the ellipses at pH values of 1-10. Change in 

size and zeta potential were observed over a period of 2 weeks with Malvern nanosizer DLS 

by monitoring changes in ZAvg. The pH was adjusted with NaOH and HCl and solutions were 

left for at least 24 hours to reach the steady state aggregation and therefore, no change in 

aggregation was assumed to occur during the actual measurements. The pH was checked again 

before studying the zeta potential and size by DLS. Therefore, aggregation and zeta potential 

a b 
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were solely attributed to the measured pH value. Suspension was gently shaken before 

measurements. 

 

Figure 5.3 a) Change in rate of aggregation (m3s−1) of 20 ppm TiO2 with time in the presence of Ca(NO3)2 at 2.8 

pH b) Size and zeta potential of ellipses as a function of pH 
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Figure 5.4 Effect of surfactants and pH on hydrodynamic diameter and zeta potential of TiO2 NPs a) Size at start 

of experiment i.e. zero minutes b) Zeta potential at start of experiment c) Size after one-week d) Zeta potential 

after one-week e) Size after two weeks f) Zeta potential after two weeks 

Figure 5.4a shows the result for the change in hydrodynamic diameter at different pH 

values for different surfactants at start of experiment. This change in size shows that the raw 

suspension of TiO2 NPs was unstable at all pH values except the highly acidic range (pH 1-4). 

Figure 5.3 shows that larger agglomerates were observed at pH 5 which is a value near to point 

of zero charge (pHzpc).  
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All other surfactants showed similar behaviour except SRFA100 and sodium citrate. 

Sodium citrate showed greatest stabilization for almost all pH values except the highly acidic 

range (pH 1-3) because pHzpc was shifted to these values. The behaviour of these NPs showed 

that pHzpc plays an important role in stability of NPs. Figure 5.4c and Figure 5.4e shows the 

change in hydrodynamic diameter one and two weeks after adding the stabilizing agents. No 

significant change was observed in change of hydrodynamic size over the period of two weeks. 

Visual settling of larger aggregates was observed for PEG, PVP and SRFA10 samples for the 

pH values near to the pHzpc (Figure 5.4e). Standard deviations of change in hydrodynamic 

diameter for three replicates show that there are non-significant changes in NPs size confirming 

the stability at a range of pH values (3-9). Control, PEG and PVP agree with high aggregation 

rate at a pH value near to point of zero charge (pHzpc) as larger aggregates were observed near 

pH where net charge on NPs was nearly zero or negligible.   

Figure 5.4 (b, d and f) shows that pHzpc for sodium citrate and SRFA100 treatments 

were at pH values of ~ 1.6 and ~2.2, respectively. That is why aggregation can be seen for these 

samples at pH 1.6 and 2.2 (Figure 5.4a, c and e). The SRFA10 treatment showed similar 

aggregation behaviour as PEG, SDS and PVP, on stabilization as pHzpc was at a pH value of 

~5.6. Similar aggregation trend as shown by SRFA10, PEG, PVP and SDS, was also observed 

for the particles without any surfactant (Control) which showed maximum hydrodynamic size 

at pHzpc. All stability experiment results were correlated with corresponding zeta potential 

values (Figure 5.6) which confirms the effect of pH on the aggregation of TiO2 NPs.  

Figure 5.4 (b, d and f) shows that sodium citrate and SRFA100 changed zeta potential 

from positive to negative. The point of zero charge for sodium citrate and SRFA was pH1.6 

and pH2.3 respectively. Zeta potential for 0.3% SDS remained on negative side all the time 

starting from pH1 up to pH10. Point of zero charge remained between pH5.5 and pH6 for all 
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other surfactants including control. Size change was fairly consistent with the positive and 

negative charge of the particles for all the surfactants over a period of two weeks. Maximum 

aggregation was observed with control at start of experiment having no surfactant which 

correlated with the corresponding zeta potential value (Figure 5.3a). Generally, the presence of 

negative charge on particles is prone to stability of NPs but this is not true with 0.3% SDS 

which gave inconsistent aggregation values. This may be attributed to the amount of surfactant 

present in the suspension or excessive bubbling behaviour of SDS. Optimization of SDS 

concentration might help to understand about the exact value of pHzpc and zeta potential but it 

was beyond scope of current research work.  

Figure 5.4a shows effect on stability of TiO2 NPs over a period of one week. The 

SRFA10 treatment illustrated more aggregation than all other surfactants which stabilized the 

suspensions as compared to the start of experiment. This aggregation by SRFA10 may be 

attributed to the presence of less negative charges in the medium than actually required to 

occupy the NPs surface, hence destabilizing the suspension. All other surfactants gave better 

stability than at the start of the experiment after one week because polymer molecules occupied 

all the attachment positions with time. All these size values are reasonably consistent with 

corresponding zeta potential values after one week (Figure 5.4). 

There was no significant change observed in zeta potential values over time except 

change of point of zero charge with 0.3%PEG which increased from pH5.7 to pH6.4 (Figure 

5.4b, d and f). 

Figure 5.4e shows the effect of surfactants after 2 weeks of stabilization. SRFA100 and 

sodium citrate showed no change in size over time. PEG and PVP showed an increase in 

aggregate size at neutral or near neutral pH or close to their point of zero charge. 
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Zeta potential after 2 weeks (Figure 5.4f) showed no change for all surfactants at all pH 

values except sodium citrate which showed a slight increase in value at pH 4-7. No change in 

zeta potential after 2 weeks shows that all sites on the particle surfaces are occupied by relevant 

charge to stabilize the size as well as zeta potential values. This is also true for SRFA10 which 

was not visibly able to provide enough negative charges to cover all particles and their surfaces. 

In comparison, SRFA100 provided enough concentration of charges to stabilize the 

suspension. 

The results above show that sodium citrate and SRFA100 improved the stability 

(reduced the aggregated size) among all those investigated in this research work. All further 

stabilizations were made with SRFA100 and sodium citrate throughout the research work. 

Figure 5.4 suggests that SRFA10 did not improve the stability of TiO2 NPs. PEG, PVP and 

SDS also showed visible aggregation behaviour throughout the experimental time. This 

behaviour of all surfactants used might be due to inappropriate binding forces for titania NPs 

which made their clusters giving higher hydrodynamic diameter. SRFA100 proved to be 

significantly better stabilizer than SRFA10 because later concentration did not occupy all the 

binding sites with FA molecules, due to which there was destabilization in the NP suspension. 

At higher concentrations of SRFA100 all the binding sites were completely occupied by the 

FA molecules as another experiment was done to have optimum SRFA concentrations (Figure 

5.5). Moreover, SRFA might involve in intermolecular bridging with NPs, hence giving 

destabilization to the system. This is specifically true for the lower concentrations of SRFA. In 

case of sodium citrate all the binding sites were occupied by negative charges hence giving 

stability to the suspension. 
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5.3.2 Impact of pH on as synthesized TiO2 Nanomaterials 

The detailed impact of pH on the stabilization of TiO2 NMs was studied and results are 

presented here.  

5.3.2.1 Aggregation kinetics of as synthesized NMs (pH 2.8) 

The results showed no significant change on ZAvg and it was noted that as prepared 

suspension remained stable (pH 2.8) even in the presence of 100 mM Ca(NO3)2 (Figure 5.3). 

To evaluate the effects of concentration, the Zavg of above mentioned titania NPs between 200 

and 500 mM of Ca(NO3)2 were also measured by DLS. Concentrations of 200 and 500 mM 

Ca(NO3)2 showed an increase in aggregation without any obvious trend. This deviation of data 

from the obvious trend might be due to the inability of DLS to measure larger agglomerate size 

in a consistent manner. This needs a further investigation by getting more data points between 

200 and 500 mM Ca(NO3)2 concentration. This was not needed for current research work as it 

was realised that pH plays a role in such a stability behaviour at higher salt concentrations. 

Aggregation rate (calculated the rate of change in hydrodynamic data) increased to a value of 

0.38 m3s-1 at 200 mM concentration of Ca(NO3)2 which decreased to 0.1 m3s-1 for both 300 

and 400 mM concentrations (Figure 5.3a). The aggregation rate increased up to 0.5 m3s-1 for 

500 mM concentration of Ca(NO3)2. 

5.3.2.2  Effect of pH on stability of nanomaterials 

As synthesized rutile ellipses at pH 2.8 showed no significant aggregation at different 

concentrations of NaCl. When the pH was adjusted to 7, settling of the NP aggregates was 

observed by eye. The hydrodynamic diameter measurements showed inconsistent data of 

several thousand nanometer size for three replications. For all replicates there was a continuous 
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fluctuation in hydrodynamic diameter which indicated the overall decrease in stability of NPs 

with pH adjustment. The zeta potential for the suspension with pH adjustment was not changed 

and it remained on -32±0.02 mV. Following this trend of change of aggregation behvaior, a 

comprehensive study was conducted to evaluate the effect of pH on hydrodynamic diameter 

and zeta potential (Figure 5.3b). 

As mentioned above, the as prepared ellipses had a pH value of 2.8 which was re-

adjusted incrementally up to pH 10 with dilute NaOH. pH adjustment along with the 

measurement of hydrodynamic diameter and zeta potential is shown in Figure 5.3b. It can be 

seen that aggregation started at pH 4 which gradually increased up to pH 7. The pHzpc of 5.9 

was observed where maximum fluctuation occurred in hydrodynamic diameter. Maximum 

aggregate size was observed at pH 7, while dispersion remained stable with non-accountable 

changes in hydrodynamic diameter at pH 1-3. This increase in aggregation was lowered at 

higher pH values. Although aggregation was observed, its intensity was not as high as pH 

values near to pHzpc. The aggregation is due to the reduction in electrostatic repulsion of the 

NPs near to point of zero charge (pHzpc). 

Keeping in view the above scenario, the NP suspensions stabilized at an environmental 

relevant pH range (6-8) with addition of different ionic and non-ionic surfactants. Figure 5.3a 

shows the stability of as prepared ellipses against different concentrations of Ca(NO3)2. There 

was no variation in the rate of change of the hydrodynamic diameter for Ca(NO3)2 salt 

concentrations up to 100 mM. Only the effect of Ca(NO3)2 was evaluated because Ca+2 salts 

tend to aggregate colloids very quickly even at lower concentrations (French et al., 2009). But 

for the NPs suspension with an acidic pH, had a net positive charge in the solution phase. When 

Ca(NO3)2 was introduced into the system, NO3
- reacted with H+ charge giving HNO3 giving 

more stability to the system rather than showing the destabilizing effects of Ca+2. So it was the 
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effect of NO3
- for the stabilization of these NPs by giving a highly acidic environment to the 

reaction system. The protonated dispersant counter ions present in the aqueous phase, stabilized 

the ellipses suspensions (at pH 2.8), due to the evident buffering effect of acid present in the 

system.  

Figure 5.3b shows the zeta potential values of the suspension when attempted to change 

the pH values from pH 1-10.  

5.3.3 SRFA optimal concentration 

The SRFA at 10 and 100 ppm showed significant difference in the stability of NPs. 

This experiment was performed to optimize the amount of SRFA needed for stability over a 

longer time period. Optimal concentration is the point at which the condition, degree, or amount 

of something (chemical, surfactant, solvent etc.) is the most favourable (Yang et al., 2002). 

During the stabilization experiments, it was noticed that SRFA10 and SRFA100 aided stability 

of NPs in some differential ways. Almost no effect was observed for SRFA10 while SRFA100 

gave ultimate stability to NPs over a period of two weeks. While considering the above 

scenario, SRFA optimum concentration was calculated with 10, 25, 50, 75 and 100ppm of 

SRFA (Figure 5.5) at pH 7 and 8. Figure 5.8 reveals a change of sticking efficiency at these 

concentrations over one-week period. SRFA 25 at pH7 gave increased aggregation at the start 

of experiment which may be due to the presence of unsettled positive and negative charges in 

suspension. However, this charge settlement behaviour was not observed for the samples with 

SRFA25 at pH8. At pH8 more negative charges were present in particle dispersion to give it 

more consistency at start of experiment and even after one week. This is confirmed by SRFA10 

at start of the experiment but after 1 week SRFA25 suspension showed consistent readings 

while SRFA10 suspension remained in the same aggregation state. The balance of the overall 

charges present on NPs surface changed after one week for SRFA50 giving a shift to overall 

a 
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aggregate size in suspension. SRFA100 proved to be the best in NP suspension stability as it 

gave consistent size reading even after two weeks.  

 

Figure 5.5: a) Comparison SRFA concentration on size of TiO2 NPs over time b) Comparison SRFA concentration 

on zeta potential of TiO2 NPs over time (pH7 and pH8 at start and after 1 week). 
 

It is clear from Figure 5.5a that SRFA100 have significantly changed the stability for 

both pH values over a period of one week. SRFA10 illustrated least stability with no change in 

ZAvg over a period of one week at pH 7 while pH8 treatment showed stable behaviour after 

one-week time. Figure 5.5b confirms the effect of SRFA concentration on zeta potential over 

a week time. More negative charge was observed after one week for SRFA10 after one week 

which potentially should show less size after one-week time. This change in negative charge is 

covered by the standard deviation of the size changes for pH7 at start of experiment which 

proves irregularity in readings and same is true with SDev of SRFA10 at pH8. All other zeta 

potential values remained more or less same after one week of time showing consistency in the 

aggregation and stability process as a function of SRFA concentrations.  
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5.3.4 Impact of ionic strength on the aggregation of SRFA and citrate coated-TiO2 

Nanoparticles at pH 7 

5.3.4.1 Impact on rutile ellipses 

Two types of sodium citrate and SRFA stabilized NPs were studied for their 

aggregation kinetics as per method described in methodology section. Four salts NaCl, 

NaNO3, Ca(NO3)2 and CaCl2 at different concentrations were used for both stabilized batches 

of NPs. The final results for the studies with three replications were as follows. 

Figure 5.6a shows effect of NaCl salt concentrations on sticking efficiency and 

change in zeta potential. Sodium citrate stabilized ellipses showed more stability with a 

critical coagulation concentration of 1.68 ± 0.095 (n=3) M NaCl (Figure 5.7a). It was 

observed that with an increase in salt concentration, there was a decrease in stability and an 

increase in zeta potential value (from negative to positive value). The zeta potential values 

significantly increased from a value of -47mV (no salt) to -17mV at NaCl concentration of 

8M. 

Figure 5.6b shows effect of NaCl salt concentrations on sticking efficiency and change 

in zeta potential on SRFA100 stabilized titania ellipses. As compared to sodium citrate, 

SRFA100 critical coagulation concentration decreased from 1.68M to 1.025M NaCl (Figure 

5.7b). These are results of three replicates which confirms that SRFA100 stabilized ellipses 

were less stable than sodium citrate stabilized. Decrease in zeta potential (Lin et al.) value was 

observed at critical coagulation concentration(s) otherwise ZP went up as the salt concentration 

increased. 
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Figure 5.6: Effect of salt concentrations on titania ellipses a) NaCl on sodium citrate coated b) NaCl on SRFA100 

coated c) NaNO3 on sodium citrate coated d) NaNO3 on SRFA100 coated e) Ca(NO3)2 on sodium citrate coated 

f) Ca(NO3)2 on SRFA100 coated g) CaCl2 on sodium citrate coated h) CaCl2 on SRFA100 coated (experiments 

were done at pH 7 ± 0.2 and sticking efficiencies were calculated by detailed method given in section 3.3.4) 
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Figure 5.7: Sticking efficiency of sodium citrate and SRFA100 stabilized titania against a) NaCl b) NaNO3 c) 

Ca(NO3)2 d) CaCl2 (Briefly sticking efficiency was calculated by dividing all values of slope [change of 

hydrodynamic diameter] with average of few consistant values of fast aggregation. Detailed procedure of sticking 

efficiency calculations is discussed in chapter 3 along with theory. All experiments were done at pH 7 ± 0.2) 

 

Figure 5.6c above shows effect of NaNO3 salt concentrations on sticking efficiency 

and change in zeta potential for sodium citrate stabilized NPs. These showed critical 

coagulation concentration of 238mM NaNO3 (Figure 5.7b). As these results are from three 

replicates, it is confirmed that sodium citrate stabilized NPs are more stable than SRFA100 

NPs as is the case with NaCl. The zeta potential values significantly increased from a value 

of -53mV (no salt) to -14mV at NaNO3 concentration of 1000mM. 

Figure 5.6d above shows effect of NaNO3 salt concentrations on sticking efficiency 

and change in zeta potential on SRFA100 stabilized titania NPs. As compared to SRFA100, 

critical coagulation concentration decreased from 238mM to 72mM NaNO3 which means 

these are less stable than sodium citrate stabilized NPs. These results are comparable with 
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NaCl concentration and are based on three replicates. Decrease in zeta potential (Lin et al.) 

value was observed at CCC concentration(s) which was again as per NaCl concentration 

results. Generally, ZP increased with increasing salt concentration. 

Figure 5.6e shows effect of Ca(NO3)2 salt concentrations on sticking efficiency and 

change in zeta potential for sodium citrate stabilized NPs. The results showed critical 

coagulation concentration of 16mM Ca(NO3)2 (Figure 5.7c). Generally, values of zeta 

potential moved from negative to positive values as the salt concentration increased except 

minor fluctuations at very low Ca(NO3)2 concentrations. It was observed that there was a 

significant change of zeta potential that increased from a value of -50 mV (no salt 

concentration) to -5mV at 100mM Ca(NO3)2 concentration. 

Figure 5.6f shows effect of Ca(NO3)2 salt concentrations on sticking efficiency and 

change in zeta potential on SRFA100 stabilized titania NPs. As compared to sodium citrate 

stabilized NPs, critical coagulation concentration (Figure 5.6c) decreased from 16mM to 

5.5mM Ca(NO3)2 which means these are less stable than sodium citrate stabilized NPs. These 

results are quite comparable with NaCl and NaNO3 concentration studies. Generally, ZP 

increased with increasing salt concentration except few minor fluctuations at very low salt 

concentrations. 

Figure 5.6g shows effect of CaCl2 salt concentrations on sticking efficiency and 

change in zeta potential for sodium citrate stabilized NPs. These showed critical coagulation 

concentration of 10.7mM CaCl2 (Figure 5.7 d). It was observed that the zeta potential values 

significantly increased from a value of -57mV (no salt) to +1mV at CaCl2 concentration of 

8000mM. 
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Figure 5.6h above shows effect of CaCl2 salt concentrations on sticking efficiency and 

change in zeta potential on SRFA100 stabilized titania NPs. As compared to sodium citrate 

stabilized NPs, critical coagulation concentration decreased from 10.7mM to 3.8mM CaCl2 

(Figure 5.7d) which means these are less stable than sodium citrate stabilized NPs. These 

results are quite comparable with NaCl, NaNO3 and Ca(NO3)2 concentration studies. In all 

studies ZP increased with increasing salt concentration except few minor fluctuations at very 

low salt concentrations. 

5.3.4.2 Impact on anatase spherical Nanoparticles 

Due to many fluctuations in aggregation behaviour of rutile ellipses as described above, 

round anatase NPs with a shape factor of 0.9 or above were selected. These NPs were stabilized 

in similar manner with sodium citrate and SRFA100 and used during further studies.  

 

Figure 5.8: Sticking efficiency of sodium citrate and SRFA100 stabilized round anatase NPs against a) NaCl b) 

NaNO3 c) Ca(NO3)2 d) CaCl2. (All experiments were done at pH 7 ± 0.2 and sticking efficiencies were calculated 

by detailed method given in section 3.3.4) 
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  TEM micrographs of both stabilized types have been presented in Figure 5.2 above. 

Detailed synthesis and characterization has been discussed in chapter 4. Aggregation behaviour 

of round particles proved to be entirely different from ellipses. 

Figure 5.8a above shows effect of NaCl salt concentrations on sticking efficiency of 

sodium citrate and SRFA100 stabilized titania NPs. CCC decreased from 1025mM to 900mM 

NaCl for sodium citrate stabilized NPs. These results are quite opposite with NaCl 

concentration studies for ellipses which showed that sodium citrate stabilized ellipses were 

more stable than SRFA100 stabilized (Figure 5.7). 

Figure 5.8b above shows effect of NaNO3 salt concentrations on sticking efficiency of 

sodium citrate and SRFA100 stabilized titania NPs. CCC decreased from 115mM to 90mM 

NaNO3 for sodium citrate stabilized NPs. These results are quite opposite with NaNO3 

concentration studies for ellipses which showed that sodium citrate stabilized ellipses were 

more stable than SRFA100 stabilized ellipses (Figure 5.7b). 

Figure 5.8c above shows effect of Ca(NO3)2 salt concentrations on sticking efficiency 

of sodium citrate and SRFA100 stabilized titania NPs. CCC decreased from 9.7mM to 5.5mM 

Ca(NO3)2 for SRFA100 stabilized NPs. These results are quite comparable with Ca(NO3)2 

concentration studies for ellipses except that sodium citrate stabilized ellipses can tolerate more 

Ca(NO3)2 (Figure 5.7c). 

Figure 5.8d above shows effect of CaCl2 salt concentrations on sticking efficiency of 

sodium citrate and SRFA100 stabilized titania NPs. CCC decreased from 9.4mM to 3.2mM 

CaCl2 for SRFA100 stabilized NPs. These results are quite in line with CaCl2 concentration 

studies for ellipses which showed that sodium citrate stabilized ellipses were more stable than 

SRFA100 stabilized ellipses (Figure 5.7d). 
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If we compare effect of Na+ and Ca+2 on stability of SRFA and sodium citrate stabilized 

NPs then it gave more stability to SRFA stabilized NPs with higher CCC values (Figure 

5.8a&b, Table 5-3) than that of Ca+2 where sodium citrate stabilized NPs are more stable with 

higher CCC values (Figure 5.8b&c, Table 5-3).  

Table 5-3: Comparison of effect of Na+ and Ca+2 ions on stability of SRFA and sodium citrate stabilized round 

NPs 

Salt CCC for SRFA stabilized NPs CCC for sodium citrate stabilized NPs 

NaCl 1160 850 

NaNO3 135 110 

CaCl2 5.2 9.2 

CaNO3 3.8 11.5 

Table 5-4: Comparison of TiO2 ellipses and spherical TiO2 NPs CCC values (All experiments were done at pH 7 

± 0.2) 

Salt Stabilizing agent CCC (mM) ellipses CCC (mM) spherical NPs 

NaCl SRFA100 1025 1025 

NaCl Sodium citrate 1680 900 

NaNO3 SRFA100 72 115 

NaNO3 Sodium citrate 238 90 

CaCl2 SRFA100 3.8 3.2 

CaCl2 Sodium citrate 10.7 9.4 

Ca(NO3)2 SRFA100 5.5 5.5 

Ca(NO3)2 Sodium citrate 16 9.7 

 

Table 5-4 shows comparison of CCC values of titanium ellipses and spherical particles 

for two types of stabilizing agents. It is obvious from the data presented above that SRFA100 

stabilized NMs showed inconsequential change in CCC values. However, sodium citrate 

stabilized NPs were less stable than that of ellipses stabilized with same stabilizing agent. 
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The aggregation kinetics of TiO2 NMs in NaCl varied with the type of stabilizing agent. 

Results for sodium citrate stabilized titania ellipses reproduced in Figure 5.7a were in 

accordance with DLVO theory and gave an estimated CCC of 1680 mM NaCl. This result was 

high as compared with previous research work (Liu et al., 2011b, Li et al., 2010) but sodium 

citrate stabilized NP also resulted in a CCC value of 900mM (Figure 5.8a & Table 5-4). 

However, there was no difference in the CCC values of both SRFA100 stabilized ellipses and 

NPs, which remained constant at a value of 1025 (Figure 5.7a, Figure 5.8a & Table 5-4). This 

result also shows high stability of both suspensions under extreme environmental conditions. 

However, hydrodynamic diameter decreased giving negative rate of change followed by the 

aggregation for NaCl concentrations lower than 500mM this is in accordance with the findings 

of Li et al. (Li et al., 2010) who found similar behaviour in their experiments on Ag aggregation 

kinetics. This decline in hydrodynamic diameter, which was dependent on NaCl concentration, 

reveals a disturbance in the equilibrium of the NMs surface layer followed by erosion of the 

primary metallic particle and/or settling of larger aggregates (Li et al., 2010). Differences in 

sticking efficiency and the initial particle size of SRFA100 and sodium citrate coated NMs 

with changing NaCl concentration showed no obvious differences with change of shape and 

phase (Figure 5.7a, Figure 5.8a & Table 5-4), similar trends in initial particle size with changing 

NaCl concentration were observed for citrate-coated Ag NPs by Huynh and Chen (2011). It 

was observed that sodium citrate stabilized ellipses showed more stability against NaCl as 

compared to SRFA100 stabilized ellipses, while sodium citrate stabilized NPs showed lower 

CCC values compared to SRFA100. This behaviour of ellipses is due to steric interactions for 

the particles having larger aspect ratio. In one study on colloidal haematite, Lenhart and 

Honeyman (1999) investigated that dicarboxylic organic acids provided steric forces of 

interaction which resulted in the aggregation of haematite particles.  
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Ellipses stabilized with SRFA100 exhibited aggregation behaviour quite similar to that 

for SRFA100 stabilized spherical NPs (Figure 5.7a, Figure 5.8 & Table 5-4). There was no 

obvious increase in the CCC both for ellipses and spherical NPs stabilized with SRFA100. 

SRFA may enhance particle stability by promoting electrosteric repulsion. 

5.3.5 TEM analysis of aggregation behaviour 

The aggregates structure of TiO2 NPs was investigated by TEM at two electrolyte 

concentrations; one in the slow aggregation regime and the other in the fast aggregation regime. 

All four salts which were used for aggregation kinetics i.e. Ca(NO3)2, CaCl2, NaNO3 and NaCl, 

were studied in this experiment. The TEM micrographs obtained were analysed for the fractal 

dimensions to know the aggregation behaviour. All aggregation experiments were carried out 

at a pH value of 7 ± 0.2. 

5.3.5.1 Aggregation of TiO2 Nanomaterials in the Presence of Sodium Chloride 

The aggregates structure of stabilized ellipses and spherical TiO2 NPs were investigated 

by TEM at two concentrations of NaCl; one in the slow aggregation regime and the other in 

the fast aggregation regime. Most of the images shown below are for the ellipses and NPs 

stabilized with sodium citrate. Only a few SRFA100 TEM images were collected due to salt 

crystal development during sample preparation. The grids were prepared with different sample 

preparation techniques as described in chapter 3 followed by washing a couple of times. In 

some TEM grids such high NaCl concentrations have totally hidden the NPs especially ellipses. 

Images of sodium citrate aggregates illustrated aggregates connecting different particles to one 

another (Figure 5.9 to Figure 5.12). There is a general trend that NPs tended to develop an outer 

layer of salt to make different sized aggregates. From these TEM results it is concluded that 
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the ionic strengths below 5 mM NaCl at pH 7 ± 0.2 do not affect the stability of nano-TiO2 

dispersion because of its inability to overcome the electrostatic repulsive forces. 

 

Figure 5.9: a) TEM micrograph (taken at 200kV extraction voltage) on effect of 1250 mM NaCl on Sodium Citrate 

stabilized TiO2 ellipses b) TEM micrographon effect of 2000 mM NaCl on Sodium Citrate stabilized TiO2 ellipses 

 

Figure 5.10: a) TEM micrograph (taken at 200kV extraction voltage) on effect of 700 mM NaCl on Sodium Citrate 

stabilized TiO2 NPs b) TEM micrograph on effect of 1100 mM NaCl on Sodium Citrate stabilized TiO2 NPs 

a b 

a b 
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Figure 5.11: a) TEM micrograph (taken at 200kV extraction voltage) on effect of 1300 mM NaCl on SRFA 

stabilized TiO2 NPs b) TEM micrograph on effect of 800 mM NaCl on SRFA stabilized TiO2 NPs 

 

   

Figure 5.12: TEM micrograph (taken at 200kV extraction voltage) on effect of 900 mM NaCl on SRFA stabilized 

TiO2 ellipses 

The initial particle size of NPs did not increase until the concentration of NaCl reached 

500 mM for SRFA100 and 1025mM for sodium citrate stabilized ellipses. In comparison, this 

growth started from 500 and 560 mM of NaCl for sodium citrate and SRFA100 stabilized 

spherical NPs. Thereby suggesting the influence of aspect ratio which enhanced stability under 

a b 
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similar solution conditions. This enhanced stability for NaCl might be due to the ability of 

synthetic stabilizing agents or natural organic matter like SRFA to restrain electron transfer 

reactions by reducing accessibility of reactants to the particle surfaces (EU, 2011, NNI, 2013, 

Aitken et al., 2004). The structure of the sodium citrate coating was not visible under TEM 

cross-examination but from Figure 5.12 it was obvious that behaviour of SRFA100 as 

compared to sodium citrate was different as sodium citrate induced salt bridging between 

individual particles (Figure 5.9 and Figure 5.10 above) which cannot be seen in case of SRFA. 

TEM images of the sodium citrate and SRFA stabilized NMs did not provide evidence of any 

obvious changes in the shape, morphology, or size of the particles (Figure 5.1 & Figure 5.2). 

SRFA100 TEM images were also collected in different concentrations of NaCl, corresponding 

to the slow and fast aggregation regimes, but salt crystals developed during sample preparation 

and also such high NaCl concentrations totally hidden the NMs especially ellipses. Images of 

sodium citrate aggregates illustrated a deposit connecting different particles to one another 

(Figure 5.9 to Figure 5.12). These results showed images quite similar to that for the uncoated 

silver particles observed by Li et al. (2010) with the presence of similar features in images of 

citrate coated Ag NP aggregates. 

5.3.5.2 Aggregation of TiO2 Nanomaterials in the Presence of Sodium Nitrate 

TEM images were also collected at slow and fast aggregation regimes of NaNO3 

concentrations. It is obvious that NaNO3 gave different orientation of NPs aggregates as 

compared to NaCl (Figure 5.14 a-d). SRFA100 and sodium citrate stabilized NPs give different 

shapes to the aggregates. These shapes were more compact at fast aggregation regime (Figure 

5.14 a and c) than slow aggregation (Figure 5.14 b and d).  
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Figure 5.13: a) TEM micrograph (taken at 200kV extraction voltage) on effect of 200 mM NaNO3 on Sodium 

Citrate stabilized TiO2 ellipses b) TEM micrograph on effect of 300 mM NaNO3 on Sodium Citrate stabilized 

TiO2 ellipses 

  

a b 
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Table 5-5: Effect of NaCl concentrations on aggregation of NPs and ellipses coated with SRFA and sodium citrate. Comparison of fractal dimensions calculated by 7 

different methods described in section 3.7.1.2 
*A 2D fractal dimension cannot be over two. A value of 2 is the maximum possible value but these two methods gave values above 2 which show their reliability in calculating fractal dimensions. 

Fractal Dimension 

Method Used 

SRFA Ellipses SRFA NPs Sodium Citrate Ellipses Sodium Citrate NPs 

0.9M 1.2M 0.8M 1.3M 1.25M 2M 0.7M 1.1M 

Cumulative 

Intersections 

1.726±0.009 

n=3 

N/A 1.595±0.0 

n=1 

1.8075±0.502 

n=8 

1.366±0.171 

n=5 

1.4224±0.198 

n=10 

1.4613±0.291 

n=9 

1.6344±0.271 

n=9 

Mass Radius 1.67±0.006 

n=3 

N/A 1.465±0.0 

n=1 

1.6964±0.447 

n=8 

1.3302±0.183 

n=5 

1.3809±0.214 

n=10 

1.3458±0.258 

n=9 

1.5669±0.25 

n=9 

Vectorized 

Intersections 

1.795±0.094 

n=3 

N/A 1.552±0.0 

n=1 

1.9436±0.711 

n=8 

1.4304±0.188 

n=5 

1.541±0.22 

n=10 

1.4906±0.306 

n=9 

1.5211±0.159 

n=9 

Convex Hull 

Intersections 

2.098±0.378* 

n=3 

N/A 2.026±0.0* 

n=1 

2.1281±0.663* 

n=8 

2.0568±0.3* 

n=5 

2.21±0.3* 

n=10 

1.9788±0.554 

n=9 

1.934±0.193 

n=9 

Convex Hull Mass 

Radius 

1.834±0.059 

n=3 

N/A 2.051±0.0* 

n=1 

2.2035±0.732* 

n=8 

1.8704±0.216 

n=5 

1.6792±0.263 

n=10 

1.8741±0.473 

n=9 

1.8971±0.221 

n=9 

Box Counting by 

Fractop 

1.809±0.085 

n=3 

N/A 1.453±0.0 

n=1 

1.5106±0.108 

n=8 

1.6114±0.11 

n=5 

1.564±0.244 

n=10 

1.5317±0.109 

n=9 

1.6038±0.13 

n=9 

Box Counting by 

Java Applet 

1.653±0.146 

n=3 

N/A 1.68±0.0 

n=1 

1.665±0.138 

n=8 

1.526±0.242 

n=5 

1.658±0.08 

n=10 

1.6744±0.091 

n=9 

1.7622±0.092 

n=9 
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Figure 5.14: TEM micrograph (taken at 200kV extraction voltage) on; a) effect of 70 mM NaNO3 on Sodium 

Citrate stabilized TiO2 NPs b) effect of 120 mM NaNO3 on Sodium Citrate stabilized TiO2 NPs c) effect of 90 

mM NaNO3 on SRFA stabilized TiO2 NPs d) effect of 130 mM NaNO3 on SRFA stabilized TiO2 NPs 

 
 

a 

c 

b 

d 
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Table 5-6: Effect of NaNO3 concentrations on aggregation of NPs and ellipses coated with SRFA and sodium citrate. Comparison of fractal dimensions calculated by 7 

different methods described in section 3.7.1.2 

Fractal Dimension 

Method Used 

SRFA Ellipses SRFA NPs Sodium Citrate Ellipses Sodium Citrate NPs 

0.9M 1.2M 90mM 130mM 200mM 300mM 70mM 120mM 

Cumulative 

Intersections 

N/A N/A 1.4556±0.177 

n=5 

1.9258±0.904 

n=15 

1.7173±0.344 

n=8 

2.1774±1.157 

n=8 

1.8237±0.508 

n=15 

1.5671±0.733 

n=12 

Mass Radius N/A N/A 1.3956±0.172 

n=5 

1.8261±0.857 

n=15 

1.6784±0.474 

n=8 

2.0244±1.057 

n=8 

1.6924±0.399 

n=15 

1.4728±0.740 

n=12 

Vectorized 

Intersections 

N/A N/A 1.4892±0.185 

n=5 

1.9715±0.973 

n=15 

1.6731±0.230 

n=8 

1.9436±0.876 

n=8 

1.7799±0.439 

n=15 

1.5509±0.659 

n=12 

Convex Hull 

Intersections 

N/A N/A 1.9370±0.477 

n=5 

2.6172±1.490 

n=15 

2.1181±0.151 

n=8 

2.2871±0.985 

n=8 

2.2859±0.599 

n=15 

1.9193±0.869 

n=12 

Convex Hull Mass 

Radius 

N/A N/A 1. 6502±0.116 

n=5 

2.4061±1.233 

n=15 

2.1858±0.719 

n=8 

1.4538±1.207 

n=8 

2.0986±0.599 

n=15 

1.8330±0.846 

n=12 

Box Counting by 

Fractop 

N/A N/A 1.6120±0.149 

n=5 

1.5277±0.126 

n=15 

1.6655±0.076 

n=8 

1.3846±0.171 

n=8 

1.4789±0.262 

n=15 

1.3669±0.182 

n=12 

Box Counting by 

Java Applet 

N/A N/A 1.7640±0.067 

n=5 

1.64±0.091 

n=15 

1.67±0.056 

n=8 

1.6375±0.090 

n=8 

1.6146±0.268 

n=15 

1.5692±0.263 

n=12 
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It was observed that the only difference in the aggregation behaviour of NaCl and 

NaNO3 was the formation of different shape structures in case of NaNO3. The CCC for citrate-

coated NPs in NaNO3 was 72 mM (Figure 5.7b & Table 5-4) for SRFA100 stabilized ellipses 

which increased to 115 mM for spherical NPs (Figure 5.8b & Table 5-4). There was a drop in 

CCC, from a value of 238 mM for titania ellipses (Figure 5.7b & Table 5-4) to 90 mM NaNO3 

(Figure 5.8b & Table 5-4) which was similar to the value measured in case of NaCl. These 

CCC values are far less than NaCl CCC values although both salts are monovalent. In case of 

NaCl aggregation, sodium citrate stabilized NPs provided a degree of stability to the ellipses. 

The starting aggregate size of the sodium citrate stabilized NPs in NaNO3, just like in NaCl, 

followed a decrease in size with increasing electrolyte concentration (Figure 5.7b & Figure 

5.8b). It was noted that the aggregate sizes were higher in high concentrations of NaNO3 

(Figure 5.13) than in similar concentrations of NaCl (Figure 5.9), suggesting the effect of 

stabilizing agents was enhanced in NaCl than in NaNO3. It is attributed to chaotropic anionic 

effect of Cl- ions which impart additional stability in NPs as compared to kosmotropic anions 

(Fang et al., 2009b). Effect of NO3
- is still inconsistent as it caused destabilization for gold (Gu 

et al., 1994) and stabilization for silver (Kim et al., 2009).  

It was observed that CCC was different for differently stabilized NPs and for NaCl or 

NaNO3, which obviously suggest that the electrolyte anion have very important role. Previous 

research studies on different salinities revealed that CCC is anion specific, as chaotropic anions 

(Cl-,Br-, I-) only induce stability, whereas kosmotropic anions (F-,SO4
-2) did not show any 

stabilizing effect (Fang et al., 2009b). NO3
- can induce either stability (Kim et al., 2009) or 

instability (Gu et al., 1994). The role of anion was further confirmed by differences in the 

aggregation of sodium citrate stabilized NPs in NaCl and NaNO3. The difference in the CCC 

and aggregation behaviour was not dependent on ion size, because the hydrated radius of Cl− 

at 3.32 Å and NO3
- at 3.35 Å (Richards et al., 2011) are quite close and might not be able to 
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give much difference in behaviour. It might be NO3
- which made complexes with SRFA100 

and sodium citrate. 

5.3.5.3 Aggregation of TiO2 Nanomaterials in the Presence of Calcium Nitrate 

Ca(NO3)2 affected TEM images were also collected at slow (Figure 5.15a and Figure 

5.16) and fast (Figure 5.15b) aggregation regimes. The NPs in the presence of Ca(NO3)2 made 

an outer layer around themselves and made chained aggregates (Figure 5.15 to Figure 5.16). 

The SRFA100 and sodium citrate stabilized NPs gave no difference in aggregate structures 

except the size of aggregates at fast aggregation regime than slow aggregation.  

 

Figure 5.15: a)TEM micrograph (taken at 200kV extraction voltage) on effect of 12mM Ca(NO3)2 on Sodium 

Citrate stabilized TiO2 NPs b)TEM micrograph on effect of 9.5 mM Ca(NO3)2 on Sodium Citrate stabilized TiO2 

NPs 

a b 
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Figure 5.16: TEM micrograph (taken at 200kV extraction voltage) on effect of 16 mM Ca(NO3)2 on Sodium 

Citrate stabilized TiO2 ellipses 

Ca(NO3)2 showed aggregation behaviour which was quite in line with NaNO3. The 

CCC for citrate-coated NPs in Ca(NO3)2 was 16 mM (Figure 5.7c & Table 5-4) for SRFA100 

stabilized ellipses which decreased to 9.7 mM for spherical NPs (Table 5-4). There was no 

change observed between CCC values of SRFA stabilized ellipses and spherical NPs. These 

CCC values are far less than NaNO3 CCC value, which was attributed to Ca+2 because of its 

quick screen of surface charge by divalent ions. As compared to SRFA, sodium citrate provided 

a degree of steric stability to the ellipses. Similar to the NaCl and NaNO3, SRFA stabilized 

ellipses were difficult to be imaged but spherical NPs chain like structures in which NMs can 

be seen (Figure 5.15). These chain structures were more compact for all cases of rapid 

aggregation regime both for SRFA100 and sodium citrate stabilized NPs. 

5.3.5.4 Aggregation of TiO2 Nanomaterials in the Presence of Calcium Chloride 

Interestingly CaCl2 showed characteristics of both NaNO3 aggregation behaviour both 

like NaCl and Ca(NO3)2 (Figure 5.17 and Figure 5.18). As discussed above, Cl- and NO3
- ions 
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play an important role in determining the aggregation behaviour. SRFA100 stabilized NPs 

showed a different behaviour (Figure 5.19) by making branched structures.  

  

Figure 5.17: TEM micrograph (taken at 200kV extraction voltage) on effect of 10.1 mM CaCl2 on Sodium Citrate 

stabilized TiO2 ellipses 

   

Figure 5.18: a) TEM micrograph (taken at 200kV extraction voltage) on effect of 8 mM CaCl2 on Sodium Citrate 

stabilized TiO2 NPs b) TEM micrograph on effect of 11 mM CaCl2 on Sodium Citrate stabilized TiO2 NPs 
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Figure 5.19: TEM micrograph (taken at 200kV extraction voltage) on effect of 3 mM CaCl2 on SRFA stabilized 

TiO2 NP 

The aggregation behaviour observed in CaCl2 was similar to that observed in NaCl. The 

CCC shifted to lower concentrations as the divalent calcium ion was more effective in 

screening surface charge (Figure 5.7c), but trends observed with the sodium citrate and 

SRFA100 stabilized NMs were similar to those for the same NMs in NaCl. The stability of the 

SRFA100 stabilized NMs in CaCl2 was obviously different from that in NaCl, as divalent 

cation quickly changed the aggregation stage. For CaCl2, the CCC for SRFA100 stabilized 

NMs decreased from 3.8 mM to 3.2 mM CaCl2, for ellipses and spherical NPs, respectively. 

While the maximum CCC, 10.7mM CaCl2 was given by sodium citrate stabilized ellipses 

which decreased to 9.4mM CaCl2 for spherical NPs. The high charge screening efficiency of 

Ca+2 ions for the NMs could be the possible aggregation mechanisms along with the specific 

interaction of NMs, Ca+2 ions and stabilizing agents (Konradi and Rühe, 2005). In TEM 

images, formation of chain like structure were observed (Figure 5.19), while gel like structures 

like in NaNO3 and Ca(NO3)2 were observed which were more intense at fast aggregation 

regime (Figure 5.18). Interestingly CaCl2 showed characteristics of both NaNO3 aggregation 

behaviour by making gel like structures and Ca(NO3)2 like behaviour making the outer crust 
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(Figure 5.16 to Figure 5.18). It is presumed that Cl- and NO3
- ions might play an important role 

in determining the aggregation behaviour. This obviously needs to be investigated further.  

5.4 Conclusions and Implications 

It is concluded that pH is the key factor in determining the stability of NPs suspension 

as pH 2.8 suspension was stable against 400mM NaCl. This pH mediated stabilization made 

NPs suspension more available to react with other constituents of the system. Sodium citrate 

and SRFA proved to be the best stabilizers of the TiO2 NPs as compared to PEG, PVP and 

SDS. The stability with SRFA helped in understanding the retention and transport of TiO2 NPs 

in real environment with aid of humic and fulvic acid. 

Time-resolved DLS aggregation kinetics studies showed that along with the presence 

of different mono or divalent cations, the role of anions and stabilizing agents is equally 

important to determine aggregation kinetics. The aggregation kinetics of TiO2 NPs in different 

salt concentrations increased with the type and increasing concentration of salts. Results for 

SRFA100 stabilized round NPs reproduced in above experiments were consistent with 

Derjaguin-Landau-Verwey-Overbeek (DLVO) sort of behaviour and resulted in estimated 

CCC values of 5.5, 115, 1015 and 3.2 mM for Ca(NO3)2, NaNO3, NaCl and CaCl2 respectively. 

Differences in CCC values for sodium citrate stabilized NPs showed no obvious differences 

with SRFA100 stabilized, with CCC values of 9.7, 90, 900 and 9.4 mM Ca(NO3)2, NaNO3, 

NaCl and CaCl2 respectively. Anatase spherical NPs gave aggregation kinetics following 

DLVO but rutile ellipsoids did not follow the assumptions given in the theory. Rutile NPs 

proved to have greater stabilization than anatase spherical NPs and SRFA was revealed to have 

better stabilizing potential than sodium citrate. Moreover, ellipsoid shape proved to be the best 

stabilized NPs as compared to anatase round NPs. 
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Current research has an impact in understanding the effect of different TiO2 

morphologies, phase and stabilizing agents in different environments. Aggregation kinetics of 

stabilized NPs gave an understanding of NPs behaviour in extreme environments. Stability at 

varying levels of salt concentrations in the presence of stabilizing agents can help in evaluation 

of NPs fate and behaviour in natural environments especially in the presence of natural organic 

matter. 
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Chapter 6  

Fate and transport of manufactured nanoparticles in 

artificial and natural porous media 
 

6.1 Overview  

As TiO2 NMs are extensively used in different commercial products, they become a part 

of natural environments. Due to the excessive use in consumer products, these NMs are prone 

to cause a potential threat to natural ecosystems in the near and/or far future. This study is 

designed to determine the behaviour of these NMs in artificial and natural media to evaluate 

the risk involved with release to subsurface waters. Stability of NMs may increase their mobility 

and the associated risk in groundwater. 

The ultimate goal of this research work was to begin to understand the behaviour of 

different forms of synthetic TiO2 NMs which were stabilized by two different stabilizing agents 

in glass bead and sandstone columns. Two different polymorphs with two different 

morphologies were selected for their transport in artificial and natural porous media because 

each of these properties may affect mobility. To accomplish the above mentioned goal, the 

column experiments were carried out on Triassic sandstone columns and 0.1mm glass bead 

filled columns.  An instrument previously designed by Greswell et al. (2010) is used during the 

experimental work, details of which are given in section 3.12. 

The results indicated that the stabilization agents have a pronounced effect on the TiO2 

breakthrough. The mobility of the spherical anatase NPs is less than the rutile rods. Bare 

anatase NPs gave no breakthrough and the NPs clogged both the sandstone and glass bead 

columns. The behaviour of transport for sandstones and glass beads was broadly similar, 

except retention of NPs is more in sandstone columns than in glass bead columns. 
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Glass beads were selected because colloid filtration theory, often used in NP mobility 

studies, is developed using a conceptualisation that is much more likely to be appropriate for 

uniform glass bead media. As compared to natural soil or sandstone materials, glass beads 

are a simple, homogeneous medium. It has yet to be demonstrated that glass bead media are 

an adequate conceptualisation for transport of nanomaterials in natural granular (e.g. 

sandstone) media. The results indicated that behaviour of the systems used was similar in the 

glass bead and sandstone columns. Breakthrough curves (BTCs) for rutile ellipsoids were at 

higher concentrations as compared to the curves for anatase. Also BTCs of glass beads for 

both anatase and rutile were at higher concentrations than for the sandstone cores.  However 

bare anatase NPs showed almost complete retention for both glass bead and sandstone cores. 

Breakthrough curves were usually tailed. NPs were released with flushing for all the 

experiments and more release was observed with deionized water flush. Rutile ellipsoids 

proved best mobility in all cases as compared to anatase spherical NPs. Among stabilizing 

agents, SRFA proved best followed by sodium citrate and bare NPs except bare rutile. In a 

nutshell, glass bead behaved similar order of mobility in different stabilizers as compared to 

sandstone cores, but with differences in degree. 

It is concluded that in two NPs shape and phase scenario, rutile ellipsoids showed 

greater mobility for both bare and stabilized forms. SRFA has an edge on sodium citrate 

stabilizer for both anatase and rutile NPs. SRFA gave increased release of NPs when the 

columns were flushed after NPs run as compared to sodium citrate. Bare anatase NPs showed 

no or very less movement in both sandstone and glass bead media. Transport of NPs was 

similar in both glass bead and sandstone columns except order of breakthrough magnitude and 

retention of NPs. Glass bead columns demonstrated greater breakthrough curves and less 

retention as compared to lower breakthrough curves and greater retention in sandstone 
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columns. In a nutshell, glass bead columns proved to be better analogous to the natural porous 

media.  

6.2 General background of research work 

Self-manufactured and stabilized TiO2 NPs were selected for transport studies due to the 

wide use of titania in number of consumer products. With the intense use of these NMs, they 

are likely to be released in to the natural environment. The other reason for selecting these 

materials is their low solubility in different media (Seo et al., 2007). So use of TiO2 NMs in 

research studies minimize the loss of mass through dissolution process as compared to many 

other NMs (Ivanova et al., 2013, Mukherjee et al., 2005). 

Basic understanding of the processes involved in transport of engineered NMs in 

saturated porous media is critically important for all subsurface environmental systems. 

Previous research on the mobility of colloids and nanoparticles articulate that these particles 

can also facilitate the movement of pollutants sorbed onto their surfaces in groundwater 

systems (Macé et al., 2006, Zhang, 2003, Elimelech and O'Melia, 1990). They also hold 

promise for use in groundwater remediation especially with use of iron zero (Mosley et al., 

2003, Godinez and Darnault, 2011b). With an interpretation of these important processes for 

mobility of NMs in the subsurface water zone, research workers can model more inclusive 

processes, thus facilitating risk assessment and policy making.  

To delineate the transport behaviour of engineered NMs, scientists are making 

continuous efforts by conducting different transport studies. They have utilized NPs and 

aggregates of submicron size range. There are several factors which affect the deposition of 

NMs, including:  ionic strength, pH, flow velocity, change in ionic composition, the presence 

of NOM including polymers and surfactants (Wang et al., 2012, Chen and Elimelech, 2008). 
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Fang et al. (2009b) studied the mobility of TiO2 NPs in saturated homogeneous soil columns. 

It was found that deposition was enhanced with more clay content and more highly saline 

environments.  

NOM is an important parameter which imparts stability of NMs in aquatic and 

subsurface environments. (Chen and Elimelech, 2007) suggested that NOM has detrimental 

effects on the stability and transport of CNT’s in porous media. NOM may modify the physico-

chemical properties of the underlying solid and impact the stability and behaviour of colloids 

(Gu et al., 1994, Kim et al., 2009, Mosley et al., 2003, Godinez and Darnault, 2011b). It is well 

understood that electrostatic and steric repulsions are the main reason of NOM stabilization of 

colloids (Tiller and O'Melia, 1993, Amirbahman and Olson, 1993, Stankus et al., 2010) in the 

presence of monovalent ions. However, divalent ions at relatively high dose do not impart 

colloidal stability because cations make a complex with NOM (Li and Elimelech, 2006). 

The sticking and deposition of colloidal materials is often described by the classic 

colloidal filtration theory but few scientists since last decade are continuously working on 

inadequacy of this filtration theory. Tufenkji and Elimelech (2004) evaluated such deviation 

from CFT because of the simultaneous existence of both favourable and unfavourable colloidal 

interactions in the presence of repulsive Derjaguin−Landau−Verwey−Overbeek (DLVO) 

interactions. Christenson and Verwey (Christenson, 1984, Verwey, 1947) gave the concept of 

repulsive Derjaguin–Landau–Verwey–Overbeek (DLVO) interactions which may give 

favourable (in the absence of repulsive colloidal interaction energies) and unfavourable (in the 

presence of repulsive colloidal interaction energies) deposition (Ogwu et al., 2005). Some 

researchers have verified that deposition in the secondary energy minimum can be reversed 

with the elimination of the energy well by decrease in the ionic strength of the electrolyte 

solution (Franchi and O'Melia, 2003, Baalousha, 2009, Hahn and O'Melia, 2003). 
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Titanium dioxide has different industrial uses including paints, plastics, paper, inks, 

fibres, foods, pharmaceuticals, self-cleaning glass and cosmetics industries. Another important 

aspect of TiO2 applications is the photocatalytic use where it is used in self-cleaning glass 

(Zhao et al., 2008) or in the degradation of pollutants (Zhang et al., 2010, Zhao et al., 2004).  

TiO2 nanoparticles have also been used for heavy metal remediation from wastewater(Wu et 

al., 2011). Just because of intensive use of titania nanomaterials, it might be a potential risk to 

human health and the environment. They are toxic to the human body (Singh and Nalwa, 2007) 

and to the aquatic organisms like rainbow trout (Federici et al., 2007).  

Transport of titania has been previously studied considering different parameters but 

there is a lack of data on the evaluation of post stabilized NP’s transport. Also there is no 

significant amount of data available for the transport of different shapes of TiO2 NPs. So this 

study was conducted with following aims and objectives: 

1. To compare the transport of TiO2 NPs in artificial glass bead and natural sandstone 

media.  

2. To understand the behaviour of different morphologies of self-fabricated TiO2 NPs. 

3. To know the effect of injection velocities, stabilizing agents and different phases of 

TiO2 NPs on their mobility. 

6.3 Results 

6.3.1 Introduction 

Detailed methodology for this research work is discussed in chapter 3 of this thesis 

(section 3.8). In short, two different types of porous media were used during this study; 

sandstone porous medium as representative of natural porous media and 0.1mm glass beads 

medium as a representative of artificial porous media. For all studies two types of surfactants 

i.e. sodium citrate and SRFA, were used to stabilize NPs and the columns were conditioned 
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using these solutions before passing the actual NPs solutions through these media. Experiments 

were also run using unstabilized NPs (Bare NPs). The general injection procedure was:  

1. Standard DI water bypassing 

2. NPs (Co) bypassing column to establish calibration 

3. DI bypassing 

4. DI water through column 

5. Stabilising agent bare (if used to stabilize NPs) through column 

6. NPs (Co) through column 

7. Stabilizing agent flushing (if used to stabilize NPs) 

8. DI water flushing 

9. DI water bypassing 

10. NPs standard (Co) bypassing to establish post run calibration 

11. DI water bypassing. 

All experiments were conducted at the original pH of the glass bead or sandstone 

columns. The pH values noted during the injection phase are listed in Table 6-1.  
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Table 6-1: pH, pressure, temperature and velocity data during injection phase for all experiments conducted 

Column Stabilizer Linear Velocity 

cm/min 

Run Av. 

pH 

Av. temp 

(oC) 

Bare SC 0.002 A 7.7 4.8 

GB None 0.01 Fl 7 5 

Sst PL18HV None 0.05 Fl 9.2 6.5 

GB Bare 0.007 A 6.6 4.4 

GB SC 0.007 A 7.4 5.3 

GB H SC 0.007 A 7.7 4.2 

GB SC 0.03 A 7.8 5.8 

GB SRFA 0.02 A 8.8 6.5 

Sst 6305 Bare 0.04 A 9.08 5.8 

Sst 7664H SC 0.09 A 10.2 6 

Sst 8620H SC 0.03 A 10.4 4.7 

Sst 8620V SC 0.03 A 10.6 4.8 

Sst PL18HV SC 0.01 A 8.7 4.4 

Sst 7100V SRFA 0.06 A 6.3 5.8 

GB Bare 0.01 R 8.7 4.1 

GB SC 0.01 R 10.3 5.4 

GB SRFA 0.01 R 9.2 5.6 

Sst PL18HV Bare 0.05 R 6.7 3.4 

Sst 6305V SC 0.04 R 8.1 5.8 

Sst 9706V SRFA 0.04 R 6.2 4.9 

A = Anatase R = Rutile SC= Sodium Citrate, SRFA = Swannee River Fulvic Acid, GB = Glass Bead Column, Sst = Sandstone Column, Fl = Fluorescein, V = Vertical, H = Horizontal 

Not much difference of pH values was observed. Two types of NP shapes and phases 

were used during this study i.e. anatase spherical NPs and rutile ellipsoids/nanorods. Different 

bare runs were also conducted to compare the results with stabilized and non-stabilized media. 

A standard run of fluorescein was also performed to determine solute dispersivity and 

kinematic porosity / average linear velocity: in effect the fluorescein, which is unreactive, 

provides a base against which the reacting NM breakthrough can be compared. Following table 
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shows the number of experiments conducted along with pH, pressure, temperature and flow 

velocity data. Table 6-1 shows that pH values of sandstone columns are all high because of 

dissolution of carbonate minerals (calcite and dolomite) in the rock using CO2 dissolved from 

the atmosphere before injection. This table shows that the sandstone experiments were 

undertaken generally though not entirely at higher pH values than the GB experiments. On the 

basis of above table of all experiments conducted, following table can explain the basic possible 

comparisons which can be made to accomplish the aims and objectives. Comparison of 

stabilizer effects is made in Sections 6.3.3 and 6.3.4 for GB and sandstone respectively; 

comparison of GB and sandstone column behaviour is made in Section 6.3.5; and comparison 

of anatase and rutile behaviour is made in Section 6.3.6. Section 6.3.7 then explores the results 

and implications of the differences observed.  

Table 6-2: A tabular expression of all possible comparisons of the conducted studies. For fluorescein runs 0.01 

and 0.05 cm/min were linear velocities for both glass bead and sandstone columns respectively (Unrecorded cell 

entries indicate same entry as cell above). pH variation is ignored at this stage.  

R None GB 0.01V    R None Sst 0.046V*** 

 Na Cit  0.01V     Na Cit  0.039V** 

 SRFA  0.01V     SRFA  0.036V 
           

A None GB 0.007V    A None Sst 0.039** 

 Na Cit  0.007H     Na Cit  0.011V*** 

   0.03V       0.03H,V* 

 SRFA  0.021V       0.09V 

        SRFA  0.064V 
R=rutile; A = anatase; GB=glass beads; sst=sandstone;V=vertical orientation; numbers = linear velocity 

cm/min 

 

*run on same core – H was the first    

**run on same core – H was the first 

***Same core and H was the first to run 

 

Velocity & H/V Stabilizers 

GB v Sst 

A v R 
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6.3.2 Effect of velocity on nanoparticles transport 

6.3.2.1 Velocity through sandstone cores 

 

Figure 6.1: Comparison of sodium citrate stabilized anatase through sandstone columns at different velocities 

(all vertically oriented experiments) 

It is important to consider velocity first as, if it affects the breakthrough curves 

significantly, it will have to be taken into account in the interpretation of all the other 

experiments. It is important to consider the sandstone case as this should have most uncertainty, 

as each column is unavoidably different in terms of porosity, internal architecture, and mineral 

composition, and so any effect of velocity would have to be bigger that effects caused by 

differences in these parameters. Most data on the effects of velocity are available for the 

sandstone cores (Table 6-2).  

Transport of sodium citrate stabilized anatase NPs through different sandstone cores 

was evaluated with varied velocities (cm/min), including a slow rate of 0.01 and a high flow 

rate of 0.09 cm/mins. The C’/Co was plotted against the number of pore volumes (PV) of the 
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solution introduced, are presented in Figure 6.1. For comparison purposes, a standard 100% 

C’/Co obtained from passing fluorescein through one of sandstone cores is also plotted.  

In sandstone cores, TiO2 nanoparticles concentrations broke through at about the same 

time as the fluorescein (at greater than one PV because of the volumes present in the tubing 

and manifolds).  

Figure 6.1 demonstrates a 40% breakthrough (i.e. C’/Co) for slowest velocity of 0.01 

cm per second through sandstone cores which is similar to that for the highest velocity of 0.09 

cm/min. A velocity of 0.03 cm/min gave a breakthrough which is 20% less than other two 

velocities for NPs flow, which means the equilibrium C’/Co values at breakthrough (C’/Co) are 

only dependent to a limited extent on the velocity.  

6.3.2.2 Velocity through glass bead columns 

Transport of sodium citrate stabilized anatase NPs through glass bead columns was 

evaluated with two different velocities, including a very slow rate of 0.007 and a high flow rate 

of 0.03 cm/mins. Fluorescein as a standard non-reactive material was also run through glass 

bead column at a velocity of 0.01 cm/min. The C’/Co was plotted against the number of pore 

volumes (PV) of the solution introduced (Figure 6.2).  
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Figure 6.2: Comparison of sodium citrate stabilized anatase through glass bead columns at different velocities 

Figure 6.2 demonstrates a 60% breakthrough for slowest velocity of 0.007 cm/min at 

the point when the experiment was stopped, though it is clear that the concentrations were still 

rising, i.e. that the breakthrough shows extensive ‘tailing’. For the higher velocity of 0.03 

cm/min, much less tailing was displayed and the final, stable C’/Co (a true C’/Co) was 78.4%.  

The slower flow experiment was undertaken when the column was horizontal, the faster 

velocity experiment when the column was vertically mounted.  

6.3.2.3 Discussion 

The results from the sandstone experiments, where velocity varied over a range of 

nearly an order of magnitude, indicate that if velocity is important it has an effect that is difficult 

to determine above the differences due to different columns. 

For the glass bead experiments, there was a clearer difference between the experiments 

carried out over a range of about half an order of magnitude. However, this difference was in 
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both concentration and degree of tailing and the slower velocity experiment did not reach a 

stable C’/Co concentration before the end of the experiment. As the slower experiment was 

undertaken with the column mounted horizontally whereas the faster experiment was 

undertaken under the usual vertically mounted conditions, little can be deduced.  

It seems likely that velocity does affect the breakthrough curves in the case of the 

sandstone experiments within the uncertainty caused by the necessity of having to use different 

columns for each experiment. In the case of the glass bead medium an effect is likely to be seen 

so the most confident comparisons in the following sections will be between experiments 

undertaken at similar velocities. 

6.3.3 Bare vs stabilized nanoparticles through glass bead columns 

Figure 6.3 shows the glass bead breakthrough plots for anatase in the different 

stabilizing media and also fluorescein. Unstabilized, ‘bare’ anatase is completely retained in 

the column, and SRFA stabilized anatase is more mobile than sodium citrate stabilized anatase, 

despite the greater velocity in the SRFA experiment. The 0.007 cm/min (horizontally mounted) 

sodium citrate experiment Figure 6.2 has a significant breakthrough, so the complete 

attenuation of the bare anatase at 0.007 cm/min is not just due to the slower velocity. The SRFA 

concentrations follow the fluorescein very closely before tailing starts. The sodium citrate 

breakthrough is apparently delayed, initially more sharply defined, but also tailed. 
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Figure 6.3: Anatase bare (0.007 cm/min) compared with sodium citrate (0.03 cm/min) and SRFA (0.02 cm/min) 

stabilized anatase through glass bead columns.  

 

Figure 6.4: Rutile ellipsoids bare compared with sodium citrate and SRFA stabilized rutile through glass bead 

columns. All experiments were completed at the same velocity (0.01 cm/min). 

Figure 6.4 demonstrates a 100% breakthrough for bare rutile at a velocity of 

0.01cm/min which is equal to fluorescein although broke apparently a little early. The curve 
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has similar shape to fluorescein i.e. unattenuated and a little less dispersed. The behaviour of 

SRFA and sodium citrate is very similar, showing 92 and 88% breakthrough respectively, at a 

linear velocity of 0.01 cm/min. In both cases of SRFA and sodium citrate, the breakthrough is 

followed by a little ripening effect which is not continuous, as is much more usual, but a 

stabilized C’/Co becomes more established.  

 Table 6-3: Total release of NPs after flushing with relevant surfactant solution followed by DI water through 

glass bead columns 

 

Table 6-3 summarizes the flushing behaviour during the GB experiments. It is 

noticeable that in all cases except for the bare anatase experiments, there is significant release 

of NPs in the flushing phase with the stabilizer in solution and that the deionized water flushes 

out most of the rest of the retained particles. For bare anatase the particles seem to be 

irreversibly retained.  

In summary, these experiments have shown the following features: 

1. C’/Co of zero for anatase bare (Figure 6.3) 

2. Early breakthrough and then clogging of column with bare anatase  

3. 100 % C’/Co for rutile bare (Figure 6.4) 

4. A finite ripening behaviour for rutile ellipsoids for both sodium citrate and 

SRFA (Figure 6.4) 

5.  0< C’/Co<1 for all the cases (Figure 6.4) except bare rutile 

NPs C’/Co pH Retained as 

% total 

injected 

Released by 

stabilizer 

flush as % 

injected 

Released by 

DI water 

flush as % 

injected 

Total released 

as % total 

injected 

Total 

released as  

% retained 

Bare 

anatase 

0 6.6 100 - - - 0 

Sod cit 

anatase 

0.74 7.4 26 6.64 14.39 21.03 80.9 

SRFA 

anatase 

0.76 8.8 24 13.58 9.35 22.93 95.5 

Bare 

rutile 

0.98 8.7 2 0 2.07 2.07 103 

Sod cit 

rutile 

0.88 10.3 12 5.61 5.84 11.45 95.4 

SRFA 

rutile 

0.95 9.2 5 3.4 1.4 4.8 96 
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6. Breakthrough curves for anatase are tailed, those for rutile are not 

7. Mass balances show >90% release from glass bead columns except 0% bare 

anatase NPs and 80.9% sodium citrate anatase (Table 6-3) 

8. SRFA is not equal to Sodium Citrate nor equal to bare NPs  

9. Sodium citrate and SRFA are not equal in behaviour  

 

It is found with these experiments that SRFA and sodium citrate behaved very 

differently during transport of NPs in glass bead columns.  Mass balances showed that SRFA 

released more NPs with flushing as compared to sodium citrate followed by less release with 

DI water for SRFA and more release for sodium citrate flushed columns (Table 6-3). 
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6.3.4 Bare vs stabilized nanoparticles through sandstone columns 

  

Figure 6.5: Comparison of bare anatase (0.039 cm/min) with SRFA (0.064 cm/min) and sodium citrate (0.03 

cm/min, vertically oriented) stabilized anatase through sandstone columns 

 

 

 

Table 6-4: Total release of NPs after flushing with relevant surfactant solution followed by DI water through 

sandstone cores 

 

Figure 6.5 shows that when passing through sandstone columns anatase NPs are most 

mobile when stabilized in SRFA and are largely retained when bare. However, Figure 6.1 

NPs C’/Co pH Retained 

as % total 

injected 

Released by 

stabilizer 

flush as % 

injected 

Released by 

DI water 

flush as % 

injected 

Total released 

as % total 

injected 

Total 

released as  

% retained 

Bare 

anatase 

0 9.08 100 - - - 0 

Sod cit 

anatase 

0.31 10.4 69 3.24 11.77 15.01 22.6 

SRFA 

anatase 

0.59 6.3 41 13.27 4.01 17.28 42.1 

Bare 

rutile 

0.97 6.7 3 - 2.12 2.12 70.7 

Sod cit 

rutile 

0.82 8.1 18 2.02 5.97 7.99 44.4 

SRFA 

rutile 

0.74 6.2 26 14.12 5.14 19.26 74.1 
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indicates that the C’/Co for sodium citrate was closer to that for SRFA for velocities above and 

below that. The experiments shown in Figure 6.5 are on different sandstone samples, so the 

difference between sodium citrate and SRFA may not be as great as Figure 6.5 appears to 

suggest. The breakthrough curves are tailed. No delay in breakthrough is seen compared with 

fluorescein. In terms of NPs released during flushing with stabilizing solution and deionized 

water as a % of NPs retained, the order was: 99.8% fluorescein; 42.1% SRFA anatase; 22.6% 

sodium citrate anatase; 0% bare anatase (Table 6-4). It showed that rutile was more loosely 

attached to the sandstone column as compared to anatase, and attached NPs in SRFA systems 

are more easily released.  

In summary, these experiments have shown the following features for sandstone 

breakthrough curves: 

1. C’/Co <0.5 bare for anatase (Figure 6.5) 

2. 0< C’/Co<1 for all the cases (Figure 6.5) 

3. Possible blocking in the case of bare anatase 

4. Low retardation 

5. Breakthrough curves are usually tailed 

6. Mass balances for stabilizers show >40% release from sandstone cores 

7. SRFA ≠ Sodium Citrate ≠ Bare (Figure 6.5) 
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Figure 6.6: Comparison of bare rutile (0.046 cm/min) with SRFA (0.036 cm/min) and sodium citrate (0.039 

cm/min) stabilized rutile through sandstone columns 

Figure 6.6: compares the breakthrough curves for rutile stabilized in the different ways 

in the sandstone columns at similar velocities. The order of increasing attenuation is bare, 

sodium citrate and SRFA (Figure 6.6), the opposite of what was found for anatase (Figure 6.5); 

though because the results are similar with those presented in section 6.3.2.1 for sodium citrate 

stabilized anatase. Only the SRFA appears tailed significantly. In terms of releasing behaviour 

during stabilizing solution and deionized water flushes, the total NPs released as a % of that 

retained during injection was: 100% fluorescein; 74.1% SRFA rutile; 70.7% bare rutile; 44.4% 

sodium citrate rutile.  

In summary, these experiments have shown the following features for sandstone 

breakthrough curves: 

1. 0< C’/Co<1 for all the cases of stabilizers (Figure 6.6)  

2. Low retardation 

3. Breakthrough curves are usually tailed 
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4. Mass balances for stabilizers show >40% release from sandstone cores 

5. SRFA ≠ Sodium Citrate ≠ Bare (Table 6-4)  

It is found with these experiments that SRFA and sodium citrate behaved very 

differently during transport of NPs in sandstone columns.  Mass balances showed that SRFA 

released more NPs with flushing as compared to sodium citrate followed by less release with 

DI water for SRFA and more release for sodium citrate flushed columns (Table 6-4).  

6.3.5 Glass beads vs sandstone columns 

Figure 6.7: Comparison of glass bead (GB) and sandstone (Sst) for anatase and rutile bare run and 

fluorescein (Bare Anatase GB = 0.007 cm/min, Bare Anatase Sst = 0.04cm/min, Bare Rutile GB = 0.01 cm/min, 

Bare Rutile Sst = 0.05 cm/min, Fluorescein GB = 0.01 cm/min, Fluorescein Sst = 0.05 cm/min)  

Figure 6.7 indicates that generally the sandstone and glass bead columns show similar 

results for the case of bare anatase and rutile suspensions. Bare anatase is largely retained in 

both media and bare rutile is largely unattenuated in both media. It should be noted that in 

general the pHs of the sandstone experiments are larger than those of the glass bead 

experiments and the velocities were higher. In both cases the rutile appears to have a sharper 
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breakthrough than the fluorescein, providing confirmation that this is a real phenomenon. The 

anatase in the sandstone case may show some indication of blocking, with a slow rise of 

concentration.  

Figure 6.8: Comparison of glass bead (GB) and sandstone (Sst) for anatase stabilized with sodium citrate 

and SRFA (Sod Cit Anatase GB = 0.03 cm/min, Sod Cit Anatase Sst = 0.03cm/min, SRFA Anatase GB = 0.02 

cm/min, SRFA Anatase Sst = 0.06 cm/min, Fluorescein GB = 0.01 cm/min, Fluorescein Sst = 0.05 cm/min)  

Figure 6.8 compares the breakthrough curves for anatase with the SRFA and sodium 

citrate stabilizers in the two porous media types. The order of C’/Co is the same for the two 

media, but the values are lower for the sandstone. In terms of releasing behaviour during 

stabilizing solution and deionized water flushes, the total NPs released as a % of that retained 

during injection was: 100% Fluorescein GB; 99.8% Fluorescein Sst; 95.5% SRFA Anatase 

GB; 80.9 % Sod Cit Anatase GB; 42.1% SRFA Anatase Sst; 22.6 % Sod Cit Anatase Sst.  
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Figure 6.9: Comparison of glass bead (GB) and sandstone (Sst) for rutile stabilized with sodium citrate and SRFA 

(Sod Cit Rutile GB = 0.01 cm/min, Sod Cit Rutile Sst = 0.04cm/min, SRFA Rutile GB = 0.01 cm/min, SRFA 

Rutile Sst = 0.036 cm/min, Fluorescein GB = 0.01 cm/min, Fluorescein Sst = 0.05 cm/min) 

Figure 6.9 compares the breakthrough curves for the stabilized rutile for the two media. 

It shows that sodium citrate has greater breakthrough for sandstone columns than SRFA but 

both sodium citrate and SRFA are similar for glass bead columns. Glass bead columns for both 

sodium citrate and SRFA showed a finite ripening behaviour which is unusual and not seen in 

sandstone. Initial breakthrough is earlier for NPs which sometimes can be compared with 

fluorescein, but this could be due to difference in cell size between the nephelometer and the 

fluorimeter. In a nutshell, both sandstone and glass bead columns have similar behaviour in 

comparison for both sodium citrate and SRFA stabilized rutile NPs. The order of the total 

released as a % of retained NPs through the glass bead and sandstone columns is as follows: 

95.4% Sod Cit rutile GB; 92.9% SRFA rutile GB; 74.1% SRFA rutile Sst; 44.4% Sod Cit rutile 

Sst. 
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Figure 6.10: Comparison of the C’/Co for the glass bead (GB) and sandstone columns (sst) 

Figure 6.10 gives a comparison of the entire C’/Co values for the glass bead and 

sandstone columns. The concentrations of glass bead are on same 1:1 plan and give nice linear 

relationship while sandstone are scattered and well below the equilibrium line. 

In summary, these experiments have shown the following features: 

1. GB and sandstone columns are equal in anatase breakthrough without any 

C’/Co (Figure 6.14) 

2. ~100 % C’/Co of rutile bare for glass bead and sandstone (Figure 6.14) 

3. Low retardation for both glass bead and sandstone 

4. Ripening behaviour, though over a finite number of pore volumes, for rutile 

ellipsoids in glass bead and sandstone 

5.  0< C’/Co<1 for all the cases in both glass bead and sandstone (Figure 6.11) 

6. Breakthrough curves are usually tailed for both glass bead and sandstone 

7. Mass balances show >40% release both from glass bead and sandstone 

8. Anatase is not equal to rutile for breakthrough in glass bead and sandstone 

(Figure 6.8 and Figure 6.9) 

9. Bare rutile > SRFA ≥ Sodium Citrate for both glass bead and sandstone 

10. Bare anatase is not equal to bare rutile for both glass bead and sandstone 
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6.3.6 Anatase vs Rutile 

6.3.6.1 Anatase vs rutile through glass bead columns 

Figure 6.11 compares the breakthrough curves for sodium citrate and SRFA stabilized 

anatase and rutile through glass bead columns. It shows that rutile ellipsoids have greater 

breakthrough curves than anatase regardless of the surfactant use. However, glass bead 

columns for both sodium citrate and SRFA stabilized rutile ellipsoids showed a finite ripening 

behaviour which is not seen in anatase. Initial breakthrough for rutile ellipsoids once 

approached near 100% and can be compared with fluorescein, but these were ripened up to the 

levels of anatase breakthroughs after 10 pore volumes. In a nutshell, both anatase and rutile 

NPs through glass bead columns gave similar behaviour in long run irrespective of the 

stabilizing agent used. The order of the total released as a % of retained NPs through the glass 

bead columns is as follows: 95.5% SRFA Anatase; 95.4% Sod Cit rutile; 92.9% SRFA Rutile; 

80.9% Sod Cit Anatase (Table 6-3). 
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Figure 6.11: Sodium citrate and SRFA stabilized anatase and rutile ellipsoids through glass bead columns (Sod 

Cit Anatase = 0.03 cm/min, Sod Cit Rutile = 0.01cm/min, SRFA Anatase = 0.02 cm/min, SRFA Rutile = 0.01 

cm/min, Fluorescein = 0.01 cm/min) 

Figure 6.12: Comparison of bare anatase (0.007 cm/min ) and rutile (0.01 cm/min ) along with fluorescein (0.05 

cm/min ) through glass bead columns 
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Figure 6.12 compares the breakthrough curves of bare anatase and rutile through glass 

bead columns. Bare anatase showed no breakthrough curve while bare rutile showed ~100% 

breakthrough. This clearly shows that anatase without surfactants behaved in an entirely 

different way than rutile ellipsoids without surfactants. The glass bead column in case of bare 

anatase was clogged but in case of rutile ellipsoids 100% NPs were recovered (Table 6-3).  

In summary, these experiments have shown the following features: 

1. C’/Co of zero for bare anatase (Figure 6.12) 

2. 100 % C’/Co for bare rutile (Figure 6.11) 

3. A finite ripening behaviour for rutile ellipsoids (Figure 6.11) 

4.  0< C’/Co<1 for all the cases (Figure 6.11) except bare anatase 

5. Breakthrough curves for anatase are tailed, those for rutile are not 

6. Mass balances show >80% release from glass bead columns except 0% bare 

anatase NPs (Table 6-3) 

7. Stabilized anatase = stabilized rutile regardless of surfactant 

8. Bare anatase is not equal to bare rutile 

6.3.6.2 Anatase vs rutile through sandstone columns 

Figure 6.13 shows a comparison between sodium citrate and SRFA stabilized anatase 

and rutile NPs through sandstone columns. It shows that rutile ellipsoids have greater 

breakthrough curves than anatase regardless of the surfactant use. This is quite similar 

behaviour to the one we have seen in case of glass bead columns. However, the differences 

from glass bead columns are order of magnitude of breakthrough and lack of ripening 

behaviour. In the entire cases breakthrough curves are tailed. The order of the total released as 

a % of retained NPs through the sandstone columns is as follows: 74.1% SRFA Rutile; 44.4 % 

Sod Cit rutile; 42.1 % SRFA Anatase; 22.6% Sod Cit Anatase (Table 6-4). 
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Figure 6.13: Comparison of sodium citrate and SRFA stabilized anatase and rutile through sandstone columns 

(Sod Cit Anatase = 0.09 cm/min, SRFA Anatase = 0.06 cm/min, Sod Cit Rutile = 0.04cm/min, SRFA Rutile = 

0.04 cm/min, Fluorescein = 0.05 cm/min) 

 

Figure 6.14: Comparison of bare anatase (0.04 cm/min) and rutile (0.05 cm/min) along with fluorescein (0.05 

cm/min) through sandstone columns 

Figure 6.14 shows the big contrast between the behaviour of bare anatase and rutile 

through sandstone cores. There is very little breakthrough for anatase, but complete 
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breakthrough for rutile. Mass balance analysis shows that 0 and 70.7% of the retained anatase 

and rutile ellipsoids were released through sandstone columns respectively.  

In summary, these experiments have shown the following features: 

1. C’/Co of zero for bare anatase (Figure 6.14) 

2. 100 % C’/Co for bare rutile (Figure 6.13) 

3. 0< C’/Co<1 for all the cases (Figure 6.13) except bare anatase 

4. Breakthrough curves are tailed for all the cases 

5. Mass balances show >40% release from glass bead columns except 0% bare 

anatase NPs (Table 6-4) 

6. Anatase is not equal to rutile 

7. Bare anatase is not equal to bare rutile 

 

6.3.7 Explanation and discussions 

6.3.7.1 Introduction 

In summary the experiments have shown the following broad results: 

1. Breakthrough of titania NPs is similar in style, though different in degree, in glass 

bead and sandstone columns; 

2. The presence of different stabilizers affects mobility differently; 

3. Anatase and rutile do not have the same mobility in the same stabilizers; 

4. Tailing is common; 

5. Ripening appears to occur for rutile under some conditions; 

6. A large proportion of NPs retained in the columns are released on flushing. 

These observations will be discussed in the following subsections.  

For ease of reference, Table 6-5 repeats some of the main results from the experiments. 
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Table 6-6: C/Co and mass balances of bare vs stabilized anatase and rutile through (a) glass bead columns and 

(b) sandstone columns. 

NP Stabilizer C’/Co pH Retained 

as % total 

injected 

Released 

by 

stabilizer 

flush as % 

injected 

Released 

by DI 

water flush 

as % 

injected 

Total 

released 

as % total 

injected 

Total 

released as  

% retained 

A None 0 6.6 100 - - - 0 

 Na Cit 0.74 7.4 26 6.64 14.39 21.03 80.9 

 SRFA 0.76 8.8 24 13.58 9.35 22.93 95.5 

R None 0.98 8.7 2 - 2.07 2.07 103 

 Na Cit 0.88 10.3 12 5.61 5.84 11.45 95.4 

 SRFA 0.95 9.2 5 3.4 1.4 4.8 96 

      (a) 

NP   Stabilizer C’/Co pH Retained 

as % total 

injected 

Released 

by 

stabilizer 

flush as % 

injected 

Released 

by DI 

water flush 

as % 

injected 

Total 

released 

as % total 

injected 

Total 

released as  

% retained 

A None 0 9.08 100 - - - 0 

 Na Cit 0.31 10.4 69 3.24 11.77 15.01 22.6 

 SRFA 0.59 6.3 41 13.27 4.01 17.28 42.1 

R None 0.97 6.7 3 - 2.12 2.12 70.7 

 Na Cit 0.82 8.1 18 2.02 5.97 7.99 44.4 

 SRFA 0.74 6.2 26 14.12 5.14 19.26 74.1 

      (b) 

6.3.7.2 The similarity of breakthrough behaviour in glass bead and sandstone columns 

Though differing in degree, the general style of breakthrough is similar in glass bead 

and sandstone columns, namely C’/Co is less than one and varies in the same order with the 

type of stabilizer present, and tailing is present. The values of C’/Co for the sandstone are 

slightly less than for the glass beads. This similarity suggests that the surface properties of the 

glass beads are similar to those of the sandstone and that the pore architecture of the sandstone 

has limited effect.  

The zeta potential of the surface of very similar sandstones has been investigated in 

detail by Anderson (In Prep) (Amirbahman and Olson, 1993). Anderson (Amirbahman and 

Olson, 1993) (In Prep) used a new technique developed by Malvern Instruments called Single 

Surface Electroosmotic Flow Mapping (SS-EFM). Her results, extrapolated using 
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electrophoretic mobility measurements on sandstone fines, suggested that the zeta potentials of 

the sandstone surfaces, despite their mineralogical complexity, varied very little through a 60m 

sandstone sequence, with almost all values lying between -35 and -40 mV. This value compares 

with -37mV for glass (Stankus et al., 2010). The SS-EFM measurement is at a scale of a few 

millimetres and will not pick up changes in zeta potential below this scale. The similarity of 

the breakthrough curves for the two media suggests that the likely sub millimetre heterogeneity 

of the sandstone is not important. This argument is not to claim that zeta potential is the only 

control here but that possibly the surfaces of the GB and sandstones appear to be similar in 

terms of their initial, pre-injection, surface potentials.  

The pore size of the glass beads is almost certainly less variable and has a minimum 

size much larger than the sandstone. Mercury injection pore size measurements have been 

made by Bloomfield et al. (2001) on UK Triassic sandstone samples similar to those used here, 

and they found that median pore throat diameters were around 20µm, but that perhaps 5% of 

pore throats are less than 100nm. The similarity of the breakthrough curves suggests that 

straining may not be an important part of the removal of titania NPs in the sandstones.  

6.3.7.3 The presence of different stabilizers affects mobility differently 

6.3.7.3.1 Introduction 

It is obvious from the results obtained that different stabilizers enhance the NP mobility 

to different degrees as compared to bare NPs. These results are in line with those obtained from 

the stability (chapter 5) where SRFA and sodium citrate showed different stability and 

aggregation kinetics at different pHs and ionic strengths. Sodium citrate can be considered an 

example of an efficient stabilizer for TiO2 NPs, and SRFA as representing natural humic and 

fulvic acids. Use of SRFA and sodium citrate surfactants during GB and sandstone column 

experiments changed the transport of NPs in two ways. Firstly, with use of surfactants the NP 
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surfaces were modified and remained stable for a period of time. Secondly, with the initial 

injection of NP-free surfactant, the surface of rock was being conditioned prior to NP injection. 

This might represent the condition at the tip of a pollution plume where the surfactant has 

travelled further than the NPs.  

6.3.7.3.2 SRFA 

The steric repulsion forces resulting from adsorbed SRFA on the surface of TiO2 NPs 

gives high levels of steric protection providing steric barriers to aggregation and attachment of 

nanomaterials to the rock or glass bead surfaces. Hotze et al. (2010) confirmed similar sort of 

steric repulsion behaviour where DLVO forces alone are not sufficient to accurately predict the 

aggregation behaviour, rather another sort of imparted steric forces define whether the 

aggregation is temporary or permanent. Such additional forces are known as extended DLVO 

forces (XDLVO). Moreover, NOM and fulvic acid form covalent complexes on the metal NPs. 

However, they can also form intermolecular bridging connecting the collector (rock) surface 

to the NPs (Baalousha et al., 2013), or indeed NP to NP, hence tending to increase attachment 

or destabilize the suspension. 

Generally, the greater C’/Co of anatase NPs in SRFA than in both sodium citrate and 

pure water confirms the stability results reported in chapter 5 i.e. steric effects always dominate 

over bridging effects. SRFA has given an extended stability to the NPs by developing XDLVO 

forces which was not the case with the sodium citrate stabilizer.  

6.3.7.3.3 Sodium citrate 

In contrast, sodium citrate provides high levels of electrostatic repulsion as an ionic 

molecule. It is suggested that the sodium citrate provides increased stabilisation by electrostatic 

repulsion.  
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Generally, highly acidic pH gives more stabilization to the NPs suspension due to the 

presence of greater amount of H+ ions in the system. This stability is further enhanced by the 

electrostatic effect of sodium citrate. It is already reported in chapter 5 that the pH of the NPs 

suspension has a pronounced effect on metal oxide nanoparticle stability. pH determines the 

zeta potential plane which is measured as the primary indicator of surface charge on NPs. This 

surface charge is altered with an increase or decrease in the pH. This change in pH and hence 

zeta potential can change agglomeration state, which influences the transport of NPs in a porous 

media. It is well documented that zeta potential values of ±30 mV can impart stability to NPs 

suspensions (Júnior and Baldo, 2014). This is because higher potentials of the same sign (either 

positive or negative) in the suspension system increases repulsion providing greater counter-

balancing of the van der Waals forces and therefore enhancing stability (Hunter, 1981). 

6.3.7.3.4 Bare 

In case of bare rutile NPs there was relatively low zeta potential of the rutile was enough 

that rutile was mobile anyway in glass bead and sandstone. One other concept which comes in 

mind is no binding force on the surface of NPs so they passed relatively quickly through pores 

as compared to the stabilized NPs which have protecting shields which act as barriers and 

caused more resistance in movement (Macé et al., 2006). If this concept is true, then it should 

be same for bare anatase which should also move quickly through both systems. So clearly 

behaviour of bare rutile is not well understood and such behaviour is not documented either.  

The counter ion effect imparted by the alkoxide used during synthesis procedure is also 

important in determining overall stability of suspension. Such counter ion effect was present 

in rutile but absent in anatase because of the different surface properties of the polymorphs.   
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The bare rutile NPs were relatively stable in suspension when compared to bare anatase, 

having -43mV of zeta potential which is more negative than -37mV of anatase NPs. So rutile 

NPs were probably less likely to attach to the surfaces of the column medium, which they 

proved to be in both sandstone and glass bead media. Similar behaviour of predicted C’/Co was 

observed recently by Anderson (2015) who noted a significant change in C’/Co even with a 

slight change in zeta potential. 

6.3.7.3.5 Conclusion 

Overall, generally the differences in type of stabilization give rise to the differences in 

mobility of NPs. These differences are attributed to differences in electrostatic (provided by 

sodium citrate or the NP itself) and steric stabilization (provided by the SRFA). 

6.3.7.4 Anatase and rutile do not have the same mobility in the same stabilizers 

This is a very interesting finding as both stabilizers result in greater mobility for rutile 

than anatase in both glass beads and sandstone columns. It is suggested that this difference in 

mobility arises because of the different surface properties of the two polymorphs. It is already 

reported that isoelectric point is dependent on size and crystal structure (Suttiponparnit et al., 

2011), which shows that difference in size, shape and crystal structure for both ~30 nm 

spherical anatase and 20x140 nm rutile ellipsoid might have a decisive role in the mobility of 

both NPs. It is already reported in literature that rutile NPs have always differences in IEP 

which is related to differences in coordination number and proportion of acidic and basic sites 

on the particle surface (Bullard and Cima, 2006).  

It is true that without further experimental and modelling investigations, the likelihood 

of the effect of different surface properties cannot be determined, but it is well known that there 

are different behaviours of the surfaces as zeta potentials are lower for rutile than anatase. 
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Reason for a difference in transport of rutile may also be attributed to the different 

morphologies of anatase and rutile, where rutile is relatively more active as dense nanorods 

arrays and multilevel branched rutile NPs demonstrated enhanced chemical and field emission 

properties.  It was reported that morphology, surface-related defects and oxygen species were 

responsible for the differences in behaviour (Sarkar et al., 2012). 

As mentioned above, rutile ellipsoids have a width of 20±5 nm and average length of 

120-140 nm and so exhibit a large aspect ratio as compared to spherical anatase NPs. The larger 

surface aspect ratio of rutile NPs provides greater opportunities to have steric and ionic shields 

around themselves to give them enhanced stability (Mukherjee et al., 2005, Macé et al., 2006). 

These protective shields are more efficient for ellipsoids than the protective shields for 

spherical NPs (Zhang, 2003), thus qualitatively explaining why rutile particles are more mobile 

than anatase particles. 

The surface ionic or steric interactions can be affected by the spatial configuration of 

surfactants around the NPs that can act as shields that prevent or encourage the interaction of 

the nanorods with other nanomaterials or collector surfaces (Spaeth et al., 2011).  

The transport of the anatase nanoparticles was significantly enhanced with SRFA 

compared with sodium citrate in the sandstone columns, though the two stabilizers performed 

similarly in the glass bead columns. For rutile, sodium citrate and SRFA performed similarly 

in both sandstone and glass bead columns. One possible reason for the difference in SRFA 

stabilization behaviour between anatase and rutile in the sandstone column experiments is that 

the high levels of steric protection. But this was not true for rutile ellipsoids.  

NOM and fulvic acid form covalent complexes around the metal NPs as well as forming 

intermolecular bridging which act as a barrier on the collector surface to the NPs (Baalousha 
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et al., 2013). As mentioned earlier, rutile NPs size is approximately 20x140nm and molecule 

size of SRFA is well below than 10nm (<<100 kDa) (Haiber et al., 2001). This size range of 

SRFA and rutile NPs show that several 10s of SRFA molecules can adjust on the surface of 

rutile ellipsoids. In case of rutile the larger aspect ratio gives more available sites for the SRFA 

molecules to attach the rutile ellipsoids; a mechanism generally called molecular bridging. This 

bridging in certain cases imparts a reasonable amount of destabilization in the suspension by 

giving rise to larger agglomerates which eventually settle down.  

In contrast sodium citrate provides high levels of electrostatic repulsion as an ionic 

molecule. It is suggested that the sodium citrate altered stabilisation by electrostatic repulsion 

to the rutile ellipsoids which have large aspect ratio.  

The SRFA provides steric repulsion in addition to the electrostatic stability of both 

anatase and rutile NPs. It looks like dual action of SRFA which imparts negative charges to the 

NPs along with the steric stabilization as an additive effect.  

In optimized conditions of SRFA stability negative SRFA attaches to positively 

charged TiO2 NPs (Palomino et al., 2013). An increase or decrease in the SRFA concentration 

gives either inversion of surface charge or lack of required amount of required negative charges 

on the surface thus imparting destabilization. Overall stability of the suspension depends on 

the pH of the suspension as low and high pH values more surface charges prevent aggregation 

with increased number of charges. The aggregation is likely to occur at a pH near to pHzpc 

(Palomino et al., 2013).  

In a nutshell from the above arguments we cannot resolve the reasons for greater effects 

of stabilizers on mobility of rutile compared with anatase without further experimental and 

modelling research. But it seems likely from simple geometric arguments that the reason is 
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probably less likely to do with particle-scale morphology but more likely to do with the 

interaction of the stabilizers with the particular surfaces which in turn modify surfaces for better 

transport.  

6.3.7.5 Tailing is common 

Tailing is usually caused by a physical non-equilibrium process usually involving a 

zone where flow is much slower than elsewhere in the porous medium and to and from which 

mass exchanges through diffusion, or through non-equilibrium attachment (Šimůnek and van 

Genuchten, 2008). Theoretically tailing should be more in sandstone as compared to glass bead 

columns. By comparing Figure 6.4 to Figure 6.11 it is obvious that although tailing is more in 

sandstone than in glass bead columns, it does occur in the glass bead columns too.  

The fact that tailing is observed for both the glass bead and sandstone, and the fact that 

the fluorescein breakthroughs were much less tailed suggests that the tailing is not due to 

physical non-equilibrium but a process associated with the rock/particle interactions. This 

suggests that kinetic attachment and detachment processes need to be considered, suggesting 

that colloid filtration theory may well not be valid for these systems. To determine the possible 

types of process involved in the tailing process in glass bead and sandstone media, a numerical 

modelling investigation is recommended to determine whether kinetic attachment and 

detachment processes can describe the tailing consistently, and quantify the rates. Without such 

an investigation via numerical calculations followed by experimentation, further resolution is 

not possible. Rates determined may indicate processes involved, but even then the 

interpretation will be difficult; much more certain determination of process would be obtained 

if information could be obtained on concentrations within the columns, such as by use of 

imaging methods such as MRI, though this application of MRI is in its infancy.  
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6.3.7.6 A ripening appears to occur for rutile under some conditions 

Ripening was only seen in the SRFA run using rutile and glass bead column. It shows 

continuous dropping of concentrations throughout the experiment. It was noted that pH of this 

run was usually higher than other glass bead runs at 9.2. This pH was the highest for any SRFA 

in both sandstone and glass bead columns. This high pH may well have some effect on the 

fulvic acid and hence mobility of rutile ellipsoids. Previous work on very dilute propylene 

glycol suspensions of titania in UK Triassic sandstone Tiller and O'Melia (1993) has also 

shown that ripening can occur (with a concomitant significant decrease in permeability);  the 

pH values were similarly high in these experiments. 

6.3.7.7 Release is limited 

The mass balance data show that NP release is dependent on the media used. Glass bead 

media released more than 80% of retained NPs as a result of the sequential flushing using the 

stabilizing solution and DI water. It was observed that in the SRFA experiments a greater % of 

the retained NPs was released in both glass bead and sandstone columns. The release of retained 

NPs was less with sodium citrate flushing followed by increased release with DI water. For 

bare rutile the release is possibly related to the presence of secondary minima. SRFA imparts 

steric stabilization which limits the approach of NPs to the collector surfaces, and this may 

discourage attachment in the primary minimum. In the case of glass beads more NPs (almost 

100% of that retained) were released with subsequent flushing with surfactant and DI water. 

The effectiveness of DI flushing on the total release is not possible to deduce as most of the 

NPs were already released with surfactant flushing.  

Figure 6.15a illustrates the total release of NPs expressed as % injection, the results for 

the GB columns being plotted against those for the sst columns. It shows that the sandstone 
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columns release rather less than the GB columns. The relationship between the C’/Co values 

for the two media is linear, suggesting that glass beads are a reasonable analogue for the 

sandstone not just in terms of the form of the breakthrough curves, but also in terms of the 

particle release.   

Figure 6.15b shows the total mass released as a percent of the injected mass following 

flushing with the stabilizing solution in the glass beads columns. Ignoring the case of bare 

anatase, flushing with the stabilizing solution releases 6-16% of total mass retained. The GB 

columns allow slightly more release than sandstone columns. Figure 6.15c shows the % release 

of NPs with DI water in the glass bead columns. Ignoring the case of bare anatase, flushing 

with DI water releases 2-14% of the injected mass.  

Figure 6.15d shows a comparison of % release by DI water and solution in glass bead 

columns. For glass bead total release is nearly equal to total retention. Much of the retained 

mass in glass bead columns was released by the solution flush and hence as mentioned above, 

the results for the subsequent DI water flushes are not a very good indication of the 

effectiveness of DI flushing. At this stage we cannot really compare the actual effect of DI 

water due to lesser availability of NPs in second flush of DI water which was the case in all 

flushing. Total sandstone release was <100%, so more could have been released.  However, 

there may still be a finite amount of retained particles that could not be removed by either 

solution or deionized water, so still may get different result if the order of flushing was 

reversed. 

Figure 6.15e shows a comparison of % release by DI water and solution in sandstone 

columns. In this case total release is much less than total retention and hence the effectiveness 

of DI water release can be gauged. For the SRFA runs, more NPs are released by the SRFA 
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flush than the DI water flush (upper two points), but for the sodium citrate runs, more NPs are 

released by the DI water flush (lower 3 points). 

 

Figure 6.15: a) Total release of NMs as % injected mass b) Mass release by solution as percent injected (Yamago 

et al.) mass c) Release of DI waster as % injected mass d) DI water Vs solution in glass bead columns as % injected 

mass. e) DI water Vs solution in sandstone (sst) columns as % injected mass. f) Total released by glass bead Vs 

total released by sandstone columns as % retained (ret) mass. 

 

Figure 6.15f shows a comparison of glass bead and sandstone overall retention, with 

values expressed as % retained. Glass bead columns (except bare anatase which gave 0% 
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release), released more than 80% as a result of two flushes, but the sandstone usually released 

much less. 

 

6.4      Conclusions 

The stabilized NPs with SRFA and sodium citrate were studied to understand their 

transport in porous media. It was evaluated that the overall mobility of the rutile ellipsoids is 

greater than the spherical anatase NPs. Bare anatase NPs gave no breakthrough and the NPs 

clogged both sandstone and glass bead columns; while bare rutile ellipsoids gave nearly 100% 

breakthrough curves. The breakthrough and release behaviour in the sandstone columns was 

similar to that in the glass beads columns, but overall retention of NPs was greater in the 

sandstone columns. In most of the cases for glass beads the C’/Co values remained above 80% 

and more than 80% of retained NPs were released by subsequent flushing with NP-free 

stabilizing solution and deinoized water. Bare anatase showed difficulty in movement through 

both sandstone and glass bead media. 

When compared glass bead with sandstone it might be concluded that surface properties 

are a little different as indicated by zeta potential values but these small differences can be 

significant in determining overall transport through glass bead and sandstone columns. From 

the results obtained it seems that pore architecture is not that important which suggest that 

straining is not that important and it was not seen either.  

Both stabilizers i.e. have different effects on mobility of nanomaterials as SRFA gave 

steric while sodium citrate gave electrostatic stabilization. The stability of bare NPs depends 

on the zeta potential differences and even a minor difference in zeta potential can induce 

stabilization or destabilization within a NPs suspension system.  
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Rutile NPs gave greater breakthroughs as compared to anatase. It is concluded that 

surface properties are different as indicated by different zeta potential of anatase and rutile 

polymorphs. Morphology of both anatase and rutile is different but no much difference in total 

surface area, so bridging effect of stabilizer is less important in transport of both anatase and 

rutile. Overall reason for greater breakthroughs of rutile ellipsoids is still not well understood 

and needs further experimentation and modelling.  

Tailing was seen in all runs and it is more physical in glass bead followed by sandstone 

columns while a little tailing is seen in fluorescein. This tailing behaviour shows probably non-

equilibrium attachment processes which suggests that CFT not likely to be correct. As CFT 

behaviour was not completely studied nor reported in this thesis, this needs further 

investigation. Moreover, ripening of column was only seen with one high pH for rutile run in 

glass bead column. 

The total release in case of glass bead columns was nearly 100% which was much 

greater than the total release from sandstone columns. Only 40% or less NPs were released 

from sandstone columns and rest of injected NPs were retained within the columns. Release of 

anatase with solution flush remained same in order of magnitude for both glass bead and 

sandstone columns while release of rutile with solution flush was different in sandstone and 

glass bead. SRFA gave greater release of NPs as compared to sodium citrate. For both 

sandstone and glass bead media SRFA proved a better flushing agent than sodium citrate. 

Deionized water released more mass than solution for sandstone except in case of SRFA flush.  

From overall experimental results it is concluded that glass bead columns are analogous 

to sandstone columns, in style, though not in degree. So it is encouraging for laboratory 

experimentation. More release of NPs with SRFA flush is also important as it reflects the 



   

 

216 

 

ultimate fate and behaviour of TiO2 NPs in natural environment which is rich in humic 

substances.  

6.4.1.1 Implications 

1. Even small drops in C’/Co below a value of 1 in columns of the sizes used here would 

result in severe attenuation of NP movement in porous media at field scale. 

2. The SRFA used in this experiment is environmentally relevant because it is commonly 

found in soil and groundwater systems, and therefore the high C’/Co observed during 

different experiments suggest that the fulvic acid may enhance mobility of 

nanoparticles in environment. As SRFA is a constituent of natural organic matter 

(Yamago et al.), it is predicted that the transport of NPs must be enhanced in natural 

environments with increase in overall stability of NPs. However, it would be very 

difficult to determine the role of indigenous SRFA molecules due to the complexity of 

natural systems and understanding about the interactions with the originally stabilizing 

solution(s) being also present.  

3. The release mechanism is enhanced with SRFA flushing which means NOM in natural 

environments can enhance the movement of NPs through natural porous media, perhaps 

after any stabilizing solutions have been flushed out of the system. However previous 

research by different scientists (Gottschalk and Nowack, 2011, Petosa et al., 2010) 

emphasized greater release of NPs with DI than those observed with synthetic and 

natural groundwater.  

4. In a nutshell, the stabilization process during manufacturing or post synthesis 

stabilization is an important parameter along with the chemistries and morphologies of 

the aquifer environment, for the transport of engineered nanomaterials. Also 

stabilization might be the case with release of NPs into the environment where 



   

 

217 

 

pollutants and/or natural humic substances may increase overall stability and hence 

mobility of NPs in groundwater.  

5. From all of the experiments conducted during this research work, it is proved that glass 

bead columns are a reasonable though not perfect analogue and can be used for initial 

laboratory experiments to represent the complex porous media in real environment.  

6.4.1.2 Recommendations 

1. There is need of modelling of data for different aspects of NPs mobility in order to test 

out possible processes, and produce eventually a description that could be used for 

predication. A part of such modelling was conducted but not reported in this research 

work.  

2. Studies on the flushing of columns after injection could help in understanding the total 

% release as an effect of the surfactants and/or surfactants. Columns should be flushed 

with DI water followed by surfactant solution or alternative washings with DI water 

and surfactants can help to understand the effect of flushing on total percent release. 

Moreover, SRFA flush can be followed by sodium citrate flush or vice versa and in 

some studies different surfactants might be mixed to tackle the complex natural 

systems.  

3. It would be a great deal if concentrations could be checked against the distance 

travelled. That would enable the processes to be pinned down in better and precise way.  

4. Effect of pH can be studied in detail and behaviour of different pH values on overall 

transport, release and retention might be studied in detail. 

5. The aggregation kinetics of the NPs might be linked to the overall mobility in different 

media and effect of different ionic strengths especially different anion strength could 

be another landmark for this research work. 
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6. It is highly recommended to use the zetasizer for getting online particle size and zeta 

potential data during breakthrough. This will help in understanding the linkage of zeta 

potential with breakthrough and eventually with the overall interactions within the 

porous media columns.  

7. Studies with different loadings of SRFA, humic acid, NOM and a mixture of all may 

help to understand the exact behaviour of NPs in complex environmental media.  

8. The length of glass bead column and size of glass beads might be another parameter 

which can help in understanding the overall sticking coefficient of NPs and collector’s 

surfaces.  

9. In this research work, though effect of velocities was studied, there is still need of a 

proper investigation of effect of velocity on breakthrough with emphasis to horizontal 

and vertical layout of columns.  
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Chapter 7  

Summary 

The effects of different precursors, pHs, temperatures and alcohol concentrations on 

synthesis of TiO2 nanoparticles have been studied. The data collected from all the synthesis 

experiments were varied and interesting. Some of the results obtained were as expected and 

were in line with the previous research work. However, few studies were interesting and not 

easy to interpret precisely and warranted further detailed research work. Overall this thesis 

gives a lot of beneficial results with breakthrough and advancement in experimentation and 

data collection. But there are many other aspects of relevant research work which need further 

experimentation. This chapter summarises the achievements, impact and future progression of 

the research work done to complete this PhD thesis.   

The effect of pH was studied for nanopowder fabrication with titanium isopropoxide 

precursor at varied pH values from 1-11. A pH value of 4 proved to provide reasonably small 

anatase NPs. It was evaluated that NPs were in more dispersed and stable form at acidic pH 

values and morphology was changed from perfectly round NPs at acidic pH towards nanorods 

at highly basic pH values (9-10), when calcined at 700oC. Titanium trichloride and tetrachloride 

were two other precursors which were used to fabricate NPs at room or near room temperature. 

Several alcohol and water concentrations were used to control the NPs morphology and phase. 

Various shapes of TiO2 including spherical NPs with shape factor of 0.9 or more, nanocubes, 

nanorods and ellipsoids were synthesised with different mixture alcohols and water ratios. The 

research work in this section of thesis is very precise and gives a different understanding to the 

materials scientist for nanomaterials growth with respect to control on morphology, specifically 

effect of pH and alcohol water ratios help to understand the growth kinetics. This needs further 
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investigation in the area of pH control for alcohol water synthesis methodology as only two pH 

values, pH3.8 and pH4.0 were studied for rutile and anatase growth respectively. This can be 

further extended to study the effect of range of pH values on alcohol and water mixture 

synthesis methodology.   

Couple of synthesized NPs were checked for their stability with 5 different surfactants; 

PEG, PVP, SDS, SRFA and sodium citrate. The stability of anatase spherical attenuated as 

sodium citrate, SRFA, PVP, PEG and SDS while this attenuation was SRFA, sodium citrate, 

PEG, SDS and PVP for rutile ellipsoids. SRFA and sodium citrate at 0.3% weight concentration 

proved to be the best stabilising agents without any change in the hydrodynamic diameter over 

a period of 2 weeks. These two types of NPs stabilized with two different types of surfactants 

i.e. SRFA and sodium citrate were further used for aggregation kinetics and transport studies 

through natural and artificial porous media. This aspect of research was important as it gave a 

better understanding of nanoparticles stability specifically with respect to their behaviour in 

natural environments. SRFA stabilization and its further use in aggregation kinetics studies and 

transport through different packed and loose media gave a breakthrough in new type of research 

work where coated and stabilized nanoparticles were studied for their behaviour in natural 

environments. There are many aspects of this research work which can easily be further 

studied. For example, the effect of nanoparticles size was not studied and a detailed study on 

nanoparticles size can be planned. Furthermore, type of nanoparticles, a mixture of 

nanoparticles, type and loading of surfactants, salinity of media, duration of exposure, use of 

other type of natural organic matter and interaction with a mixed or more complex media etc. 

could be other possible ways to extend this research work.  

The aggregation kinetic studies showed that rutile ellipsoids behaved well against 

different mono and divalent cations. It has been observed in this study that SRFA stabilized 
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NMs proved to be slightly less stable in either mono or divalent cations as compared to sodium 

citrate stabilized NMs of same kind. In comparison CCC’s observed for sodium citrate 

stabilized NMs were significantly higher than SRFA stabilized NMs, showing that sodium 

citrate is a better stabilizing agent than SRFA. TEM analysis of aggregated samples in slow 

and fast regime of aggregation showed different morphologies of aggregates which were 

analysed with fractal dimension analysis. Most of the aggregating salts gave a fractal dimension 

of more than 1.5 which means presence of perfect aggregates after addition of different salts. 

In this part of research work the idea of aggregation kinetics studies for stabilized nanoparticles 

was new and novel. Four different types of mono and divalent cations were used for their 

aggregation behaviour. Although this work gave a better understanding of the effect of cations 

on the aggregation kinetics of stabilized different shaped nanoparticles, this research work can 

easily be extended to further studies on behaviour of anions. Other possible options for further 

investigation in this area might be the type, size and other shapes of nanoparticles along with 

a better control on pH of the media. Studies on mixture of nanoparticles, mixture of salts and 

a blend of different surfactants can give a better understanding of the nanoparticles behaviour 

in natural environments.  

The stabilized NPs with SRFA and sodium citrate were studied for porous media 

column transport by using glass bead as an artificial and sandstone as more complex natural 

environmental media. The mobility of the rutile ellipsoids is greater than spherical anatase. 

Bare anatase NPs gave no breakthrough and the NPs clogged both the sandstone and glass bead 

columns; while bare rutile ellipsoids gave nearly 100% breakthrough curves. There was no 

significant trend in the behaviour of transport for sandstones and glass beads except retention 

of NPs is more in sandstone columns than in glass bead columns.  It was observed that glass 

beads gave almost double breakthroughs as compared to sandstone columns. TiO2 aggregation 
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kinetics is important in their transport as mobility of stabilized NPs is higher than that of bare 

anatase NPs. In most of the cases for glass beads the C’/Co values remained above 80% and 

after retention NPs release gave more than 80% of retained NPs. Only 40% or less NPs were 

released from sandstone columns and rest of injected NPs were retained within the columns. 

For both sandstone and glass bead media SRFA proved a better flushing agent than sodium 

citrate. Stabilized anatase showed no difference in mobility as compared to stabilized rutile but 

bare rutile NPs behaved entirely different from bare anatase. Bare anatase showed difficulty in 

movement through both sandstone and glass bead media. This was the most interesting study 

because there is a lack of understanding on the transport of stabilized and different shaped 

nanomaterials through porous media. The data obtained from this work showed a clear 

advancement in the techniques used for such complex data acquisition. There in an 

improvement in glass bead packing methodology and a new method of nanoparticles transport 

through porous media is introduced. The results obtained are also different from all those which 

are previously reported so far in the literature. This gave a breakthrough in the understanding 

of stabilized nanomaterials transport through porous media. Clearly this work gives a better 

understanding of nanomaterials behaviour in natural environments specifically their movement 

in soil and in the aquifer. Although this research work has a better impact on current research 

work on nanoparticles transport, this is only a small part of study and it can be extended to 

many big projects of related research work. For example, this research work was aimed at only 

one type of glass bead which can be further extended to different type of beads with different 

sizes, shapes and composition. Only few types of sand stone cores were used with more or less 

similar core size, but definitely different types of sandstone with different porosity, grain 

structure, pore size distribution and size can be used for further investigation. In current 

research work only two types of stabilising agents were used and pH was not studied in much 

detail, so this can be further investigated to more types of stabilizing agents, acidic and basic 
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pH ranges and a mixture of stabilizing agents for a better understanding with respect to complex 

environmental media. Transport in soils with different chemical and mechanical properties 

would be a very interesting area to do further investigation. Different types of nanoparticles, 

different shapes and morphologies, nano-hybrids or a mixture of nanoparticles could be other 

possible ways to extend this research work further. One last area which needs further 

investigation is to study the nanoparticles transport at different pressure levels to get 

understanding of nanoparticles transport in deep aquifer zone where pressure is relatively 

higher than atmospheric pressure.  

In a nutshell, this research work gave a breakthrough in understanding the 

nanomaterials synthesis approaches, their stability and transport in natural environments. New 

methodologies are developed; to engineer nanoparticles with desired morphologies, to make 

TEM grids, to study aggregation kinetics and to study the nanoparticles transport through 

porous media. Alcohol water mixing methodology might be very beneficial to do further 

research to control other types of nanomaterials. The standard operating procedures for 

nanoparticles transport can give future perspective students an easy way to conduct 

experiments. Sandwich TEM grid making technique gives an even distribution of nanoparticles 

on the surface of grid which avoids the effect of improper drying of grid. This technique will 

solve many TEM related issues.  As explained in individual paragraphs of this summary 

chapter, this research has a good impact on future research work and can give many new areas 

of investigation in nanomaterials synthesis, stability, aggregation kinetics and their transport in 

natural environmental media. The results obtained can help the regulatory authorities to make 

regulations for nanomaterials use in different domestic products and it gives a breakthrough 

for further investigation in this field.  
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