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Abstract  

The presence of pharmaceutical compounds in the aquatic environment and their 
possible effects on living organisms has emerged as a serious environmental concern particularly 
as conventional wastewater treatments such as adsorption, ozonation, UV and bio-degradation 
can only partially remove them. Among various treatment technologies, considerable attention 
has been paid to semiconductor photocatalysis due to complete degradation of organic 
compounds, minimization of waste disposal and energy consumption and cost reduction. 
Titanium dioxide (TiO2) is the most widely studied semiconductor photocatalyst for water 
treatment. However, there are few problems associated with TiO2 photocatalysts such as UV 
light requirement due to wide band gap, poor photocatalytic efficiency due to high 
recombination rate of photo-generated electron-hole pares, particle aggregation, small porosity 
and specific surface area, expensive recovery and reuse which impede its application as an 
industrial wastewater treatment process. Graphene, the most recent member of carbonaceous 
nanomaterials has been extensively studied for wide variety of applications due to its unique 
electronic, mechanical and thermal properties. High surface area exfoliated graphene sheets with 
tuneable surface chemistry is an attractive two-dimensional platform for anchoring various type 
of metallic and semiconducting materials in order to enhance their performance for catalysis, 
sensing, electronic, optoelectronic, thermoelectric, energy conversion and storage application.  
This research has focused on the synthesis and modification of TiO2 nanomaterials with 
graphene to overcome TiO2 disadvantages and modify TiO2 photocatalysts with a primary 
objective of enhancing its photocatalytic performance under UV light irradiation and developing 
visible-light responsive TiO2-based photocatalysts. For this purpose different TiO2 

nanostructures with different dimensionality (nanoparticle, nanotube, nanofiber and beads) were 
modified with graphene oxide via solution mixing, sol-gel and hydrothermal methods. The 
result were compared with commercially available Degussa P25 TiO2 particles as a bench mark. 
Few pharmaceutical model compounds (diclofenac, carbamazepine, famotidine etc.) were used 
in order to study photocatalytic efficiency of these composites and degradation kinetics of drugs 
under UV and visible light using HPLC. Promising results were obtained proving the 
enhancement of UV and visible light photocatalytic activity of graphene incorporated composite 
comparing to pure TiO2 nanostructures. In synthesis procedure graphene acts like a structure 
directing agent. For example more uniform TiO2 nanoparticles with smaller crystallite size, 
higher visible absorption, higher surface area and higher porosity can be synthesised in presence 
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of graphene oxide compared to similar materials without graphene. It was found that TiO2 

nanotubes with diameters less than 15 nm immobilised on the surface of the graphene showed 
the highest photocatalytic activity under both UV and visible light as a result of mesoporous 
structure of nanotubes and facilitated charge transfer between one-dimensional TiO2 and two 
dimensional graphene sheets. We found that hydrothermal process is an efficient method to 
produce graphene/TiO2 composites from graphene oxide since crystallisation of TiO2 and 
reduction of graphene oxide can be done in one pot without need for post annealing or reduction 
treatments. Analytical techniques such as FTIR, RAMAN and UV-Vis spectroscopy, AFM, 
SEM and TEM microscopy, XRD, contact angle, four point probe conductivity measurements 
and BET had revealed that high adsorption and photocatalytic activity is related to graphene 
oxide planar structure, oxygen containing functional groups, and large surface area. Adsorption 
properties of graphene oxide were studied using freeze dried graphene oxide sponge under 
different experimental conditions. The result indicate that graphene oxide is extraordinarily 
capable of extracting wide range of pharmaceutical compounds rather rapidly (equilibrium 
reached in less than an hour comparing days for activated carbon) with a higher efficiency 
than that of activated carbon. According to microscopic images, XRD, EDX, NMR and thermal 
analysis we suggested that GO initiates crystallisation of the pharmaceutical on its surface and 
entire solution rather than physical adsorption. It can be due to low surface energy of graphene 
oxide as a suitable nucleation and growth site for compounds dissolved in water.  
An important highlight of current work is using Graphene oxide which is produced 
economically and in large scale with improved dispensability and adsorption properties instead 
of expensive pristine graphene. Finally nanomaterials especially catalysts prepared by these 
simple and scalable method are potentially attractive for commercial employment.  
 
 
Keywords: Graphene oxide, TiO2, Nanoparticles, Nanotubes, Nanofibers, Photocatalysis, 
Pharmaceutical, Adsorption.
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CHAPTER 1: INTRODUCTION 
 

Based on the World Health Organization (WHO) drinking water quality committee’s report, 
in the last decade traces of pharmaceuticals, typically at levels in the nanograms to low 
micrograms per litre range, have been reported in the water cycles around the world, including 
surface waters, wastewater, groundwater and, to a lesser extent, drinking-water 1. Their presence 
in water, even at these very low concentrations, has raised concerns regarding the potential risks 
to human health from exposure to traces of pharmaceuticals via drinking-water. Although 
present at levels of μg/l, pharmaceutical drugs are designed to be biologically active and may 
pose a threat to human health and the environment over long period of time. In this chapter 
the occurrence and fate of pharmaceuticals compounds in water and wastewater and an 
introduction to the advanced wastewater treatment will be reviewed briefly with the main focus 
on advanced oxidation processes and specifically photocatalysis as an advanced complementary 
treatment to remove pharmaceutical from water.  
 

1.1. Motivation: Water Scarcity 

Water is one of the world’s most important resources for all human life, as with all animal 
and plant life on the planet. According to United Nations Environment Programme report the 
total volume of fresh water resources on Earth is about 35 million km3, which of these, only 
about 200 000 km3- less than 0.5 % of all freshwater resources- is usable for human. (See Figure 
1-1) 2. Water withdrawals are predicted to increase by 50 % by 2025 in developing countries, 
and 18 % in developed countries. But there is no ‘creation’ of ‘new’ fresh water on the planet 
for the increasing population. As a result to save fresh water resources, processing and reusing 
domestic and industrial wastewater seems inevitable. To achieve this, all different types of 
pollutants in wastewater or surface water should be categorized and new technologies to remove 
them from the stream should be developed. 
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.  

Figure 1-1: Breakdown of fresh water resources (Source: United Nations Environment Programme 3) 

 

1.2. Water pollution: Organic compounds 

More than 100,000 synthetic chemicals are used in a variety of domestic, industrial, and 
agricultural applications 4 which some traces will end up in aquatic environment through 
different pathways. Numerous studies have documented that many of these compounds, 
including herbicides, pesticides, flame retardants and plasticizers, detergent metabolites, 
personal care products, pharmaceuticals, and petroleum products are introduced into waste 
water 5,6 and this contaminated water (wastewater) treated, and returned back to a natural water-
body. Many studies confirmed that a large amount of contaminants are incompletely degraded 
or removed by regular wastewater treatment and a larger amount are introduced to water bodies 
directly from agricultural land field runoff and industry discharge without any further treatment 
which will end up in rivers, lakes, groundwater and other resources of drinking water. In such 
a cycle as shown in Figure 1-2, persistent organic pollutants could pass all barriers such as 
wastewater treatment or underground passage and would appear in raw waters used for drinking 
water production and destroy aquatic environment in long period of time. Many reviews 
documented the occurrence, fate and environmental and health risk assessments of organic 
compounds (OCs) in wastewaters, surface water, groundwater and drinking water 6-8. 
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Figure 1-2: water contaminant’s pathway 

  

1.3. Pharmaceutical Pollution  

Generally speaking, environmental pollutants as described earlier may be described as 
unwanted chemical substances which break down slowly and have a negative impact on various 
organisms. On the basis of a wide definition such as this, pharmaceutical residues can be 
considered as an important class of environmental pollutants. The use of pharmaceutical and 
prescribed drugs, including antibiotics, synthetic hormones, continues to increase each year. 
Drugs (apart from some used for diagnosis) are designed to have some kind of effect on the 
patient’s organs or tissues or on microorganisms present inside or on the patient. This means 
that they can also affect other organisms, such as plants, mammals, fish and lower order species. 
Most drugs are designed to be swallowed. In order to survive its passage through the stomach 
without being broken down by the acid environment and gastric enzymes, the pharmaceutical 
substance must be resistant. Drugs have been deliberately given properties that can distinguish 
them from other chemicals: they are chemically stable and they have a biological effect on many 
cells and organisms. As a result exerted or unused pharmaceuticals can be persistently present 
in the environment and act as a contaminant with hazardous effect on living organisms 9,10.  

 Occurrence of pharmaceuticals in raw water  

Up to now traces of pharmaceuticals, typically at levels in the nano-grams to low micro-
grams per litre range, have been reported in the water cycle, including surface waters, wastewater, 
ground-water, and to a less extent, drinking-water. A search has been successfully conducted 
for drugs used for a large number of indications, although the majority of investigations have 
concentrated on analgesic/anti-inflammatory agents, antibiotics, hormone preparations, and 
antihypertensive agents. As illustrated in Figure 1-3, pharmaceuticals enter the environment 
through many routes, including human or animal excreta, wastewater effluent, treated sewage 
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sludge, industrial waste, and medical waste from health-care and veterinary facilities, landfill 
leachate and bio-solids. Figure 1-3 compiles possible sources and pathways for the occurrence 
of drug residues in the environment.  

 
Figure 1-3: Pathways for the contamination of the surface and ground water by pharmaceuticals 

 
As an important source of pollution drugs that are administered to humans and animals 

leave the body either as the active ingredient or an intermediate metabolite via urine and faeces 
with their fate dependent upon a number of factors. Human drugs, once used, nearly always end 
up in the sewage system, which in turn usually leads to a sewage treatment plant and eventually 
the receiving waters. Drugs directly enter the soil layers or are added to farmland via the spread 
of manure. These residues can have a direct effect on farmland or eventually, through leaching 
processes, reach the ground water sources 4,11. However the majority of pharmaceuticals end up 
in sewage that is normally centrally treated at conventional wastewater treatment plant where 
they were only removed partially through adsorption onto suspended solids as the main 
mechanism. This results in approximately 60% of these compounds being incorporated into the 
sludge, with significant quantities of the active ingredient and any metabolic breakdown 
products lost in the final effluent, which ends up in either surface or ground waters. The most 
cited reference in the peer-reviewed literature on the occurrence of pharmaceuticals in surface 
waters is the survey by the United States Geological Survey, in which more than 50 
pharmaceuticals in 139 streams across 30 states in the USA were investigated during 1999 and 
2000 by Kolpin et al. 12. According to literatures the most representative pharmaceutical 
compounds detected in urban wastewaters are antibiotics, lipid regulators, anti-inflammatories, 
antiepileptics, tranquillizers, anti-depressants and X-ray contrast media and some types of 
hormones as it has been classified in Table 1-1. Some of these compounds are not removed by 
conventional wastewater treatment plant so they were reported in surface water, ground water 
and drinking water in several areas around the world.  
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Table 1-1: Commonly occurring trace contaminants of pharmaceuticals fated in aquatic environment 
around the world 

Pharmaceutical Action References 
Diclofenac, Acetylsalicylic acid, Naproxen 
Carboxyibuprofen, Ibuprofen, Indomethacin, 
ketoprofen, phenazone, Dextropropoxyphene, 
codeine, fenoprofen, hydrocodone, 
meclofenamic acid, phenylbutazone, famotidine 

Analgesic/antiphlogistic, 
Anti-inflammatory 

13-17 

Caffeine Psychomotor stimulants 18,19 
Erythromycin, , tetracycline Ciprofloxacin, 
lincomycin Chloramphenicol, Amoxycilin, 
Sulfamethoxazole 

Antibiotic 13-15,20 

Clofibric acid, Bezafibrate Lipid regulator agent 13 
Diazepam, fluoxetine Tranquillizers, Anti-

depressant 

17,21,22 

Carbamazepine, Primidone Antiepileptic 6 
Salicylic acid, mefenamic acid Multi-purpose 14,15,17 
Iopromide, Iopamidol Contrast media 23,24 
Metoprolol, propranolol, Atenolol antihypertensive agents 

(beta-blockers) 

13-15,17 

Nonylphenol,estradiol-17, mestranol, 17-
ethinylestradiol, progesterone, testosterone 
Estrone, 17β-estradiol  

Hormones and endocrine 
disruptors 

12,24-26 

 

 Occurrence of pharmaceuticals in drinking water 

There is increasing concern that active pharmaceutical compounds are finding their way into 
drinking water due to increasing surface and ground water pollution, and the reuse of sewage 
effluents in areas of water scarcity. Among the more commonly recorded compounds are 
antibiotics, painkillers, beta-blockers, lipid-reducing drugs and sex steroids from birth control 
and hormone 27. Owing to the practical difficulties such as high cost and lack of availability of 
an straightforward analytical method to detect and measure the concentration of 
pharmaceuticals in drinking water as well as the lack of standard and regulations there is not 
any specific program to monitor the occurrence of drugs in drinking water in most of countries 
28. So the majority of the data in this issue comes from targeted research projects and 
investigations. To date, more than 16 pharmaceuticals have been detected in treated drinking 
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water worldwide, as reported in the peer-reviewed literature 29,30. The concentration of detected 
drugs in tap water is ranging from nano-grams to low micrograms per litre in several countries 
in Europe, including Germany, France, the Netherlands and Italy 16,31-33. Reddersen et al. found 
phenazone in Berlin drinking-water, with the highest concentration of 400 ng/l 34. Various types 
of antibiotic have also been detected in surface and drinking water in Korea, USA, Australia and 
France 35-39.  
  As mentioned before to date more than 100 pharmaceuticals have been identified in 
sewage or surface water but only16 drugs or drug metabolites have been reported to occur in 
various drinking water samples. This means that many of these compound naturally degrade in 
aquatic environment and many others are removed by advanced treatments technologies. From 
compounds listed in Table 1-1 and reviewing many literatures, bezafibrate, clofibric acid, 
carbamazepine, ibuprofen and diclofenac and anti-inflammatory drugs have been found as the most 
frequent pharmaceutical compounds in drinking water 15,40-43. These compounds are very 
persistent and hardly degrade with conventional wastewater treatment technologies and most of 
advanced technique such as photo-fenton, and ozone. So in current research diclofenac, 
carbamazepine and famotidine (as an inflammatory drug) were chosen as a model to test the 
newly developed photocatalyst material’s ability to remove pharmaceuticals residues from sewage 
or raw waters used for drinking water supply.  

 Risks and Hazards  

Many reports published by World Health Organisation (WHO), national Environmental 
Protection Agencies (EPAs) and united nation’s World Water Assessment Programme 
(WWAP) and numerous other research literatures increase the public concern about the health 
risk of organic chemicals and pharmaceuticals present in water on human and other living 
organism 44.  They may impose toxicity virtually on any level of the biological hierarchy, i.e. 
cells, organs, organisms, population, ecosystems, or the ecosphere. In addition, certain classes 
of pharmaceuticals like antibiotics may cause long-term and irreversible change to the micro-
organism’s genome, making them resistant in their presence, even at low concentrations 45,46. 
More importantly though, the presence of the endocrine disrupting compounds (EDCs) are 
known to disrupt the human and animals endocrine system 47-49. Although the concentrations 
of individual pharmaceuticals found in European environments are often too low to provoke 
these ecotoxicological effects but a typical exposure situation in the environment is normally a 
multi-component mixture of low-effect concentrations of individual pharmaceuticals which may 
synergistically induce risk for human health and environment. There are currently a little 
documented examples of pharmaceuticals adversely affecting wildlife including the feminisation 
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of male fish, and diclofenac killing vultures. For example diclofenac, used as a veterinary 
pharmaceutical, has killed tens of millions of vultures in Asia. Experimental evidence has 
confirmed that diclofenac is the cause of this mass poisoning of wildlife. Anti-inflammatory 
drugs also appear to be highly toxic to birds 50. The same challenges also exist for the concern 
about the effect of trace concentrations of pharmaceuticals in drinking-water on human health. 
However because of knowledge gaps and lack of data in terms of assessing risks associated with 
long-term exposure to low concentrations of pharmaceuticals and the combined effects of 
mixtures of pharmaceuticals, serious action should be taken to remove pharmaceutical 
completely from drinking water and decrease the level of risk by decreasing the level of 
pharmaceutical contaminant in wastewater effluent and surface water using advanced 
technologies. 

 

1.4. Pharmaceuticals removal from conventional WWTPs 

According to the literatures the main source of pharmaceuticals in surface water originates 
from municipal wastewater effluent. In general, municipal STPs have not been designed to 
remove residues of trace organics such as pharmaceuticals but to reduce the concentrations of 
pathogens and bulk organics. A schematic of a typical wastewater treatment process is shown in 
Figure 1-4. The steps of a sewage treatment process are often divided into primary, secondary 
and tertiary. Primary treatment is largely a mechanical process to separate solids, however 
depending on local plant conditions and requirements this step may also include fat oils and 
grease removal, pH adjustment, temperature adjustment and an initial sedimentation. Secondary 
treatment is a largely biological process. The most common type of secondary wastewater 
treatment is activated sludge. This process uses an aeration tank containing the primary treated 
or screened sewage or industrial wastewater combined with microorganism that degrade the 
organic in wastewater.  
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Figure 1-4: A diagram of a modern sewage treatment plant with different possible processes  

 
This solution is then pumped to a settling tank where the microorganisms sink to the 

bottom and are either removed as sludge or re-circulated back into the aeration tank. The 
supernatant from the settling tank flows either to a tertiary treatment step were nutrients and/or 
micro-pollutants are removed or discharged to the surface water (river or lakes) without further 
treatment. Another word, tertiary treatment is considered as a polishing step for further 
purification possibly for specific contaminants. In the tertiary treatment of sewage, the fluid 
from the secondary treatment process is cleansed of phosphate and nitrate ions that might cause 
pollution. The ions are precipitated as solids, often by combining them with calcium or iron, 
and the ammonia is released by oxidizing it to nitrate in the nitrification process. Adsorption to 
activated charcoal or advanced oxidation processes (AOPs) would be applied in this step to 
remove pharmaceuticals as well as other organic pollutants in order to reduce the BOD (Droste 
1997). 

However high concentration of pharmaceutical is detected in secondary treatment effluent. 
Generally the fate of pharmaceuticals and their remains is governed by its chemical and biological 
persistence, sorption behaviour, evaporation ability and the technology used for sewage 
purification 51. The pharmaceuticals can be removed by different ways as follow: 

 Photodegradation naturally by sun after discharge or in tertiary treatment by UV 
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 Biodegradation naturally by micro-organism in environment or by activated sludge 
 Adsorption naturally by soil in ponds and river basin or by activated carbon in tertiary 

treatment 
 Volatilisation naturally or in aeration and air stripping steps 
 Oxidation by advanced processes in tertiary treatment  
For most pharmaceuticals the extent of removal by air stripping and aeration is negligible 

because of their low volatility 52. Due to the high polarity, acidity and solubility of most 
pharmaceuticals and the corresponding metabolites, their sorption to suspended solids and 
subsequent removal by sedimentation as primary and secondary sludge is not significant 53-55. 
The biological removal of pharmaceutical varies strongly from compound to compound.  For 
example as shown in Figure 1-5 the removal rate varies from 6% for fenofibric acid to 71% for 
indomethacine. The removal rate of different compounds also varies for different secondary 
treatment process. As illustrated in Figure 1-5 the removal rate of indomethacine via biological 
filter and activated sludge are very close whereas for diclofenac there is a huge difference of 66% 
between the removal rates of the two process. However regardless of the type of secondary 
treatment high concentration of pharmaceuticals ranging from 850 ng/l for clofibric acid to 100 
ng/l for ibuprofen are still present in effluent of STPs. 
 

 
Figure 1-5: Removal of drug residues in a STP. Concentrations in influent (raw sewage), effluent of biological 
filter (trickling filter) and effluent of activated sludge in μg/l. 56 
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Another research conducted by Scheytt et al. 57 showed that Ibuprofen is often removed 
beyond the quantification limit (≥90%); Naproxen shows significant removal (50–80%) and 
partial removal is also seen for diclofenac (20–40%). Finally, no removal is found for the 
antiepileptic drug carbamazepine. Comparable results were found in other literatures. A research 
by Joss et al. 58 has revealed high concentrations of intact diclofenac, carbamazepine and 
roxithromycin in biological treatment effluent, however more than 90% of Ibuprofen is 
transformed during the biological treatment. In summary these investigations and large and 
growing number of other surveys, has proved that pharmaceutical compounds are extremely 
resistant to biological degradation processes and usually exit intact from conventional wastewater 
treatment plants. Therefore, most of researches has been directed towards the application of 
non-biological processes for the destruction of pharmaceuticals in waters with emphasis on 
advanced oxidation processes (AOPs) 59,60. 

1.5. Tertiary treatments for Pharmaceuticals removal  

Biodegradation, adsorption in activated carbon, air stripping, incineration, ion-exchange, 
coagulation-precipitation, membrane separation, thermal and catalytic oxidation, oxidation by 
permanganate, chlorine, ozone and hydrogen peroxide are widely used conventional water 
treatment process for organic pollutants removal from water. Each process has some 
shortcomings and to overcome this, researchers are looking for some new technologies. For 
example air stripping process, commonly used for the removal of volatile organic compounds 
for aqueous media, merely transfers the pollutants from liquid phase to gaseous phase rather 
than destroy them completely. In the process of adsorption in activated carbon, the spent carbon 
must be either regenerated or incinerated, which converts adsorbed pollutant to innocuous by-
product. Membranes such as those used for reverse osmosis, nanofiltration and ultrafiltration 
can be used for direct removal of some pharmaceuticals but the process is expensive and is not 
environmental friendly. Chlorination and ozonation are two water disinfection and destructive 
oxidation technologies in water treatment process. However, chlorination-based water 
disinfection process may form potentially toxic and carcinogenic disinfection by-products 
(DBPs) such as trihalomethanes.  

The main focus of this project is the efficiency of photocatalysis process by employing 
new composite materials. To achieve this one should have clear understanding of advanced 
oxidation processes and oxidant species involve in photocatalysis process. Therefore in this 
section advanced oxidation process will be reviewed briefly following by fundamental aspects 
heterogeneous photocatalysis in combination with adsorption in more detail.   
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 Advanced oxidation processes (AOPs) 

The strong potential of tertiary treatments called Advanced Oxidation Processes (AOPs) 
organic pollutant break down is universally recognized today, and many researchers around the 
world are devoting their efforts to the development of these processes 61-64. Advanced Oxidation 
Processes rely mainly on the formation of short-lived oxygen containing intermediates, such as 
hydroxyl radical (ܱܪ•) or superoxide (ܱଶ•ି). The hydroxyl radical is highly reactive, short-lived, 
non-selective reagent that is easy to produce. These ܱܶ݅ଶ processes use traditional oxidants 
(H2O2 and/or O3) with additional stimuli such as ultra-violet (UV) light to create highly reactive 
species (hydroxyl radicals) to oxidize substances. AOPs are able to oxidize substances like 
saturated organic molecules and pesticides, which are very difficult to treat using other methods. 
These AOPs include H2O2/UV, O3/UV, H2O2/O3/UV, TiO2/UV and vacuum ultraviolet (VUV) 
processes 65. AOPs can be broadly defined as aqueous phase oxidation methods based on highly 
reactive species such as (primarily but not exclusively) hydroxyl radicals (ܱܪ•) leading to the 
destruction of the target pollutant through different reaction systems. Hydroxyl radicals is 
produced via different methods which include heterogeneous and homogeneous photocatalysis 
based on near ultraviolet (UV) or solar visible irradiation, electrolysis, ozonation, the Fenton's 
reagent, ultrasound and wet air oxidation, while less conventional but evolving processes include 
ionizing radiation, microwaves, pulsed plasma and the ferrate reagent. Regarding to its high 
standard reduction potential of 2.8 V in acidic media 66,67, hydroxyl radicals are able to oxidize 
almost all organic compounds that cannot be oxidized by conventional oxidants (e.g., oxygen 
and chlorine). The oxidation potential of various oxidizing agents has been compared in Table 
1-2. Hydroxyl radicals react with dissolved compounds and the first reaction initiates a series of 
various oxidation reactions. The goal of the oxidation of compounds is complete mineralization, 
where the organic compounds are converted to carbon dioxide and water. A useful attribute of 
the hydroxyl radicals is their very low selectivity and high power that can even destroy pollutants 
that are not amenable to biological treatments 68.  
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Table 1-2: Comparison of oxidizing potential of various oxidizing agents 69 

Oxidizing species        EOP (V) EOP relative 
to chlorine 

Positively charged hole on TiO2 3.20 2.35 
Fluorine 3.06 2.25 
Hydroxyl radical 2.80 2.06 
Atomic oxygen 2.42 1.78 
Ozone 2.08 1.52 
Hydrogen peroxide 1.78 1.30 
Chlorine 1.36 1.00 
Oxygen (molecular) 1.23 0.90 

 
  The most common AOPs developed for water and wastewater remediation are presented 
in Table 1-3. Some of these processes such as photolysis with more than 3000 applications in 
Europe (as a disinfection process) and a large number in the US (for treating groundwater 
pollutants) are commercially available 70,71. Other processes such as combinations of H2O2, O3 
and UV, Fenton's reagent, super-critical water oxidation and ionizing radiation have all been 
used at full scale. Photocatalysis and ultrasound have been assessed only at laboratory bench and 
pilot scales. AOPs developed for aqueous wastes treatment include ozonation, UV radiation, 
Fenton processes, hydrogen peroxide (H2O2) and catalysts such as titanium dioxide (TiO2). 
These methods can be applied separately, in combinations or even sequentially. They have 
proven to effectively oxidise a broad variety of organic pollutants at both low and high 
concentrations and they are promising in the ultimate removal of pharmaceuticals. The chemical 
reactions involved are essentially the same as if the pollutants were slowly oxidised in the 
environment, but the oxidation rate is billions of times faster. AOPs lead not only to the 
decomposition of target pollutants, but also to complete mineralization if the treatment time is 
sufficient, although it is often not necessary to operate the processes to this level of treatment 
and therefore the target pollutants are usually degraded to biodegradable intermediates. The 
remarkable advantage of AOPs over all chemical and biological processes is that they are totally 
“environmental-friendly” as they neither transfer pollutants from one phase to the other (as in 
chemical precipitation, adsorption and volatilization) nor produce massive amounts of hazardous 
sludge (as in activated sludge processes). 
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Table 1-3: Most common AOPs evaluated for water and wastewater treatment 72 

Photochemical processes Non-photochemical processes 
UV oxidation processes Ozonation 
UV/H2O2 Fenton 
UV/O3 Ultrasound (US) 
UV/H2O2/O3 US/H2O2, US/O3, US/Fenton 
UV/Ultrasound Electrochemical oxidation 
Photo-Fenton Supercritical water oxidation 
Photocatalysis Ionizing radiation 
Sonophotocatalysis Electron-beam irradiation 
Vacuum UV (VUV) Wet-air oxidation 
Microwave Pulsed plasma 

 

 Adsorption 

Several types of adsorbent (activated carbon, minerals and molecular imprinted 
polymers) have characteristics that justify their ability to remove pharmaceuticals. However yet 
filtration over granular activated carbon (GAC) and adsorption by powder activated carbon 
(PAC) is the only industrial and well-known process for removing pharmaceuticals and other 
micro-pollutants for tertiary wastewater treatment and drinking water 73. Activated carbon is 
most commonly applied as a powdered feed or in a granular form in packed bed filters. Granular 
activated carbon (GAC) is used at many water treatment plants in the United States and Canada. 
The GAC can be used as a replacement for conventional filters, thus providing both adsorption 
and filtration. Alternatively, GAC can be applied post-conventional filtration as an adsorbent 
bed. One of the more common uses of PAC is for controlling tastes and odours 74. In controlled 
pH even relatively high concentrations of pharmaceuticals such as carbamazepine, diclofenac, 
and bezafibrate can be almost completely removed with the exception of clofibric acid because 
clofibric acid is less prone to adsorption. Carbamazepine showed the highest adsorption capacity 
of the selected pharmaceuticals. After GAC filtration in a full scale waterworks, diclofenac and 
bezafibrate were not detected above LOQ and the concentrations of carbamazepine were reduced 
by more than 75% and that of clofibric acid by 20% 75.  The removal efficiency of each 
compound depends on different parameters such as solubility, Pkα and chemical properties of 
the compound and acidity, porosity, chemistry and surface properties of the adsorbent. The 
advantages of adsorption especially by activated carbon is the simplicity and applicability for wide 
range of compounds. However for efficient performance regular regeneration of the carbon is 
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required which is expensive. In the case of PAC, the long contact times and possible need for a 
batch system/coagulation also adds to system complexity which must be considered.  

In conclusion adsorption process merely concentrate the pollutants by transferring them 
from solution to solid phase. The next problem, then, becomes how to properly disposal of the 
new pollutant-rich streams. Therefore, management of active species with strict environmental 
legislation drives the development of clean and green processes, to mineralize and completely 
degrade all organic and inorganic contaminants before they are disposed into the environment. 
In addition the spent activated carbon must be regenerated or incinerated to convert the 
adsorbed pollutants to totally innocuous products. However during chemical regeneration, 
adsorbed compounds are released to the regenerating medium that should be disposed to the 
environment after all or release to the air in the form of CO2 during incineration which has 
more negative impact on environment considering the global warming. So incorporating a 
photocatalyst with AC can overcome both regeneration and disposal of the pollutant at the same 
time.  

1.6. Semiconductor photocatalysis for water treatment 

Among the other AOPs, photocatalytic degradation processes assisted by a 
semiconductor metal oxide and oxygen (as primary oxidizing agent), earn increasing importance 
in the area of wastewater treatment. This field gained prominent attentions in 1972 after the 
pioneering work of Fujishima and Honda on photocatalytic water splitting on a single crystalline 
TiO2 photocatalyst 76,77. This finding opened the frontiers of photocatalysis for other type of 
applications such as environmental decontamination. Photocatalysis, by definition, ‘is a change 
in the rate of chemical reactions or their generation under the action of light in the presence of 
substances called “photocatalysts” that absorb light and accelerate the rate of chemical 
transformations of other compounds on their surface without being used.  

Four years later after Fujishima’s break through, Carey et al. first reported the 
photocatalytic degradation of organic molecules, biphenyl and chlorobiphenyl derivatives, in the 
presence of TiO2 78. Since then various classes of organic compounds have been partially 
degraded or completely mineralized in UV irradiated aqueous TiO2 suspensions and enormous 
number of works have been published demonstrating the efficiency of the use of TiO2 in 
photocatalytic processes as a mean of wastewater detoxification 79-82. As suggested by Pelizzetti 
83,84, TiO2 has the potential to detoxify industrial wastewater to a lower limit of 100ppm TOC 
and completely mineralize pollutants (0.01 ppm < TOC <100 ppm) in water for drinking and 
industrial purposes. Considering that this processes require mild operation conditions of 
temperature and pressure, offer the possibility of use of natural resources such as sunlight, which 
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should result in considerable economic savings; use low cost and chemical stable TiO2 and in 
many cases result in total mineralization of the pollutants without any waste disposal problem. 
Besides it does not require an addition of any other strong oxidants or consumables reagents 
which are favourable in large scale plants. 

Heterogeneous photocatalytic reaction is based on the irradiation of semiconductor 
particles, such as titanium dioxide (TiO2), by UV light having energy more than the band gap 
energy of the semiconductor particles. Due to irradiation of the semiconductor particles by 
suitable UV light, holes and electrons generate within the semiconductor particles, and they 
create active species that oxidize or reduce the adsorbed organic and inorganic compounds 
gradually. The TiO2/UV process as a heterogeneous Photocatalysis is known to have many 
important advantages over other conventional methods which can be summarized as follows: 

 
 The high oxidation power of TiO2 leads to the mineralization of almost all organic 

pollutants dissolved or dispersed in water by enough contact time. Even carbon 
tetrachloride, which is considered as hydroxyl radical resistant, can be mineralized 85. 

 Many toxic and precious metal ions in water can be transformed from one oxidation 
state to less toxic or less soluble states and recovered from the environment 86.  

 The process end products are carbon dioxide, water and mineral acids which are 
environmentally benign. 

 Atmospheric oxygen is used as oxidant and no other oxidant is required. 
 The catalysts are cheap, non-toxic, stable, biologically and chemically inert, insoluble in 

water and reusable. 
 Low energy UVA light is required for catalyst activation, and even solar light can be 

used with catalyst modification. 
 
It is a great challenge to the scientific community in designing a suitable reactor for 

photocatalytic process. Normally in laboratory, slurry reactor is used to perform the small-scale 
experiments where solid catalyst particles are dispersed in water. But in larger scale it encounters 
some limitations such as internal mass transfer due to particle agglomeration and transport of 
light, shielding effect by other catalyst particles, uniform light distribution, etc.  Furthermore 
the application of the TiO2 mediated photoreactions is still experiencing a series of technical 
challenges: (1) separation of TiO2 catalyst after water treatment is considered the major obstacle; 
(2) catalyst development with a strong absorption in the visible spectrum region; (3) prolonging 
the life time of produced electron-hole pairs; and (4) increasing the photocatalytic efficiency of 
the catalyst at low concentration of pollutants. Therefore, there is a need for modifying TiO2 
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with other materials or methods to create new photocatalyst composite which can solve the as 
mentioned problems and work more efficiently using natural sunlight as a sustainable energy 
source.   

With advances in new material synthesis, titanium photocatalysis is becoming one of the 
most promising technologies for water purification among other AOPs. Therefore, 
photocatalysis using advanced composite materials is considered as a potential alternative for 
efficient pharmaceutical elimination from aqueous wastes and this alternative is the subject of 
the present research. However as discussed earlier the concentration of pharmaceuticals are 
typically low (g/L or less) causing low frequent collision with TiO2 photocatalyst, which makes 
the reaction rate very slow. So developing a new class of TiO2 catalyst combined with an efficient 
adsorbent can overcome the existing problems of TiO2 and introduce photocatalysis as an 
efficient, environmental friendly and cheap technique to commercial wastewater and drinking 
water treatment plants.  

1.7. Thesis aims and objectives  

The aim of this project is to design and optimise an efficient nano-photocatalyst composite 
with employing titanium oxide as the catalyst and graphene- the new material of the century- 
as the adsorbent and electron conductor in order to enhance the catalyst function. The focus is 
on assembly and interfacial coupling of different morphologies of TiO2 nanostructures such as 
nano-particle, nano-tube nano-fibre, and meso-porous beads on reduced graphene oxide (rGO) 
sheets via different chemical methods such as sol-gel and hydrothermal. This research 
is particularly aimed at establishing firm structure via tuning the morphology of TiO2 combining 
with the exceptional properties of graphene to overcome TiO2 limitation such as charge 
recombination, narrow light absorbance window, post recovery of the catalyst, poor adsorption 
of the pollutants and small surface area.  The main objective of this thesis can be summarise as 
follow:   

 
i. Synthesis of the graphene oxide and reducing it to the graphene using thermal and 

chemical reduction method and studying their adsorption properties and kinetic of 
adsorption towards removing dyes and pharmaceutical and proposing an adsorption 
mechanism. An extensive characterisation had been done in terms of morphology, degree 
of graphitisation, number of layers and the amount of functional groups and defects on 
the basal plane of graphene using Raman spectroscopy, UV/Vis spectroscopy and 
conductivity measurement of the GO and rGO films 



 

18 

 

ii. Using graphene oxide as a platform to synthesis of the following different types of TiO2 

nanomaterials using wet chemistry techniques, sol-gel, and hydrothermal: 
1. TiO2 nanoparticles on the surface of graphene sheets using a sol-gel method and simple 

mixing of commercially available TiO2 with GO 
2. TiO2 nanotubes and nanofibres on the surface of graphene sheets using hydrothermal 

method  
3. Covering pre-synthesised and functionalised meso-porous TiO2 beads with rGO 

iii. Characterization of the synthesized nano-composites using different physical and chemical 
techniques in order to: 

1. Study the effect of surface characteristics, morphology, composition and electronic 
properties on performance of the nano-composite as an active catalyst for purification 
of water under UV and visible light irradiation  

2. Study the effect of dimensionality on the photocatalytic activity through specific 
surface area, and morphology 

3. Investigate the effect of different operating variables and graphene content on 
photocatalytic properties of the composite 

4. Examine the effect of GO reduction method on morphology, structure and resulting 
photocatalytic activity  

iv. Evaluation of the performance of selective nanomaterials as photocatalyst for adsorption 
and degradation of different pharmaceuticals and investigate the effect of graphene 
content and dimensionality of the TiO2 on photocatalytic properties of the composite 
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1.8. Thesis Structure  

This thesis is organized into seven chapters. In first chapter a brief introduction on 
pharmaceutical occurrence in surface and drinking water and inefficiency of conventional 
wastewater treatment plants as the main source of pollution was reviewed and applicability of 
several alternative advanced techniques with their advantages and disadvantages followed by a 
summary of the objectives of current project were outlined. Chapter 2 presents a literature broad 
survey into the pertinent areas of this investigation. This includes an introduction into the basics 
of photocatalysis, the relevant influencing parameters and different methods to enhance 
photocatalytic efficiency form doping to morphology modification. A detailed review on 
fundamental, synthesis and properties of graphene oxide as the main adsorbent of current 
research was also presented in this chapter. The detail of chemicals, synthesis methods, 
experimental procedures and protocols and characterisation methods used in this thesis are given 
in Chapter 3, followed by the main work of the thesis in subsequent chapters. In Chapter 4, 
GO and rGO are extensively studies with many analytical techniques such as UV/Vis and Raman 
spectroscopy, XRD, FTIR, SEM, TEM and AFM and the adsorption properties of GO sponges 
and GO modified adsorbent is examined. Chapter 5 is about synthesis, characterisation and 
photocatalysis degradation of pharmaceuticals using TiO2 nanoparticles modified with GO and 
the effect of synthesis method on structure, surface area, adsorption capacity and photocatalytic 
activity is discussed. In Chapter 6 one-dimensional morphologies of TiO2 (Nanotube and 
nanofibres) in combination with GO were studied in same strategy as chapter 5. In Chapter 7 
meso-porous TiO2 micro size spheres were synthesised and covered with GO and after reduction 
were studied towards pharmaceutical degradation. Finally, comparison of all different strategies, 
conclusion, considerations and implications of the present work summarised in Chapter 8. 
Finally comments and suggestions for future work were outlined in Chapter 9. 
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CHAPTER 2: BACKGROUND & LITRATURE REVIEW 

 

2.1. Introduction 

The term of photocatalysis consists of photochemistry and catalysis which implies the light 
irradiation on a catalyst (semiconductors) and promoting a chemical reaction. A 
photodegradation process is usually a photo-oxidation reaction due to the presence of oxygen. 
The photocatalyst is the agent capable to combine both reactants (light and oxygen) to promote 
the degradation of a third agent which is the pollutant. Semiconductors with a primary focus 
on TiO2 has been applied to a variety of application of environmental interest such as hydrogen 
generation, solar cells and water and air purification. Variety of semiconductors such as TiO2, 
SnO2, Fe2O3, ZnO, CdS, CeO2, WO3, MoS2 and ZnS etc. under irradiation of UV or visible 
light can initiate redox reactions of organic compounds to give CO2, water and other associated 
smaller intermediates in water treatment process. So far TiO2 is the most common semi-
conductor for this purpose which will be discussed in more detail later. However there are two 
major challenges on using TiO2 which hamper its application in wastewater treatment. (I) 
Immobilisation of TiO2 such that the material can be easily removed and recycled without 
affecting the efficiency and reaction rates. (II) Development of visible light active TiO2 such that 
sustainable solar light can be harnessed. Overcoming these drawbacks is the present focus of 
current research in TiO2 photocatalysis with the aid of 2D graphene sheets as a platform. 
Therefore in this chapter some fundamental of photocatalysis will be discussed followed by 
reviewing few methods of TiO2 modifications focusing on Graphene and the mechanism of 
photocatalysis enhancement in graphene/TiO2 composites.  
 

2.2. Photocatalysis: Theory and Principles 

Semiconductors are usually employed as photocatalysts because of their electronic structure 
characterized by a filled valence band and an empty conduction band. The energy difference 
between the conduction band and the valence band is called band-gap energy. When a photon 
with an energy of hν matches or exceeds the band gap energy of the semiconductor, an electron 
is promoted from the valence band into the conduction band leaving a hole behind (Figure 2-1). 
These electron-hole pairs can recombine and dissipate the input energy as heat, get trapped in 
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metastable surface states, or react with electron donors and electron acceptors adsorbed on the 
semiconductor surface or within the surrounding electrical double layer of the charged particles. 
The basic elementary processes of a semiconductor photocatalyst are:  
(i) Light absorption and electron-hole pair generation 
(ii) Charge separation and transport 
(iii) Chemical reactions at the surface 
The holes and electrons are very important for photocatalytic degradation due to producing 
strong oxidising species such as hydroxyl, peroxide and superoxide radicals. After a series of 
reaction listed below, H2O2 and highly reactive radicals, such as ܱܪ•, ܱଶ• will be generated. 
These ܱܪ• then react with the organic materials and produce CO2 and H2O. 
ܱܶ݅ଶ+ hν    ܱܶ݅ଶ(e- + h+)                    Equation 2-1 
ܱܶ݅ଶ(e-) + O2   ܱܶ݅ଶ+ ܱଶ•ି  

ା	ுమை
ሳልልሰ   ܱܪ•                                       Equation 2-2 

ܱܶ݅ଶ(h+) + H2O/ OH-    ܱܶ݅ଶ+ ܱܪ•                                             Equation 2-3 
 Organic pollutant   intermediates   CO2 + H2O                    Equation 2-4 +  •ܪܱ
 

 
Figure 2-1. Mechanism of the photocatalytic effect of TiO2  

Most organic photodegradation reactions are due to the oxidizing power of the holes either 
directly or indirectly; however, to prevent a charge build-up providing a reducible species 
continuously to react with electrons is necessary. In photocatalysis purification of water, 
dissolved oxygen acts electron acceptor to produce superoxide and prevent charge build-up.  
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2.3. Why TiO2 

Knowing the band gap energy of the semiconductor (Eg), the required threshold wavelength 
of light source can be easily calculated by a simple equation 87: 

 
 ൌ ૚૛૝૙

ࢍࡱ
         Equation 2-5 

The wavelength of an efficient light source should be equal or less than the threshold wavelength 
of that corresponding semiconductor to activate it. It is proved that lower band gap energy of 
semiconductor is preferable as it can be activated by higher wavelength visible light, which 
exhibits low energy 88,89. The p-type semiconductors such as dichalcogenides for example CdS, 
ZnS and MoS2 usually possess small band-gap while most of them suffer serious stability 
problems and are rarely used as a photocatalyst. It is generally found that only n-type 
semiconductor oxides are stable towards photoanodic corrosion although such semiconductors 
usually have large band-gap energy, thus they can only absorb UV light. TiO2 is an n-type 
semiconductor due to the oxygen vacancies. 

2.4. Structure and Properties of TiO2  

TiO2 is the most extensively studied material for photocatalysts because of its strong 
oxidizing power, low toxicity, and long-term photostability. TiO2 exists mainly in three 
polymorphs in nature, anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic). 
Among these crystal structures, rutile and anatase are commonly used in photocatalysis. 
Generally, anatase is considered to have higher photoactivity than other phases. The lattice 
structure of rutile and anatase can be described in terms of TiO6 octahedra chains as illustrated 
in Figure 2-2. Rutile and anatase have similar crystal structures that are both tetragonal but 
different in assembly pattern of octahedral chains by distortion of each octahedron. The 
difference in lattice structure of anatase and rutile causes different density and electronic band 
structure leading to different band gap of 3.2–3.3 eV for anatase and 3.0–3.1 eV for rutile 
corresponding to the absorption thresholds of 388 and 413 nm wavelength respectively. The 
rutile form is extensively utilized for pigments due to its high refractive index while anatase is 
more commonly used as a photocatalyst in near UV/Vis region ( 380 nm). The rutile has the 
higher recombination rate for the excess charged carriers compared to anatase form. The 
recombination inhibits the charge transfer from catalyst to reactants at catalyst surface. The 
rutile phase is the thermodynamically stable form and the anatase phase transfer to rutile phase 
when the temperature above 600 oC 90-92.  
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Figure 2-2: Crystal structures of anatase (a), rutile (b) and brookite (c) 

 

2.5. Modification of pristine TiO2 

As mentioned earlier there are few challenges that hinders TiO2 photocatalysis and limits its 
application in wastewater treatment. The first challenge is complicated post recovery of TiO2 
nanoparticles which demands ultra-high speed centrifugation or ultra –filtration leading to 
increase the cost and energy consumption of the process. This can be resolved with 
immobilisation of TiO2 on a substrate such that the material can be easily removed and recycled. 
This can be configured in either a suspended form (TiO2 coating on the surface of bigger 
particles of different materials) or an immobilised form (Thin film TiO2 coating on stationary 
surfaces such as glass, foams, ceramics, wool, stainless steel, silica and carbon fibres mats). 
Although the latter has notable advantages such as the prevention of light scattering, ease of 
removal, and easy reuse however decreases the active surface area of TiO2 tremendously leading 
to the considerable decrease in photocatalysis rate 93. Therefore achieving the same removal rates 
and efficiency using TiO2 coating on suspended particle especially porous solids with high surface 
area is the overall goal. The second challenge is the development of visible light sensitised TiO2 

composite such that cheaper visible light sources or solar light can be harnessed. In this section 
few modification to achieve these goals will be reviewed briefly.  

 Morphological modification 

The morphology, roughness and size of TiO2 particles can affect the light-scattering 
properties of the catalyst, as well as the degree of photon penetration. The transport properties 
of the reactants and products within the aggregate can also alter the effectiveness of TiO2. A 
photocatalytic nanomaterial with a high aspect ratio is desirable because the needle-like 
structure may retain a high photocatalytic surface area and a high degree of photon absorption 
even after the agglomeration. So far numerous research has been done in order to enhance TiO2 
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function by modifying morphology and dimensionality of TiO2 nanostructures from zero 
dimension spherical particles to 1-D nanowires, nanotubes, and 3-D porous TiO2 as shown in 
Figure 2-3.  So our aim is to study the synergic effect of TiO2 dimensionality when they combine 
with graphene sheets as adsorbent and charge transfer media.  
 

  
Figure 2-3: Schematic illustration of structural dimensionality of TiO2 attached to the surface of graphene 
sheet 

 
2.5.1.1. Zero-D TiO2 particles  
Zero-dimensional TiO2 spherical particles are the most common form of TiO2 for many 

application especially when depositing thin films are required. They can have diameter ranging 
from 4 nm to few hundred microns. Basically they have equal feature in every dimension and 
charge generation and transfer with be the same in every direction of the particle. Useful and 
interesting properties derived from their high specific surface area and a high pore volume and 
pore size which provides more accessible surface area and increases the rate of mass transfer for 
organic pollutant adsorption. This type of morphology are typically prepared via controlled sol-
gel hydrolysis of organometallic TiO2 precursor such as titanium alkoxide in the presence of a 
polymer to provide a porous structure. In this method polymer acts as a template therefore the 
structure of the polymer plays an important role in the final morphology of the synthesised 
TiO2. For example using polystyrene beads as the temple one can produced hollow TiO2 spheres 
after burning PS. All the structures synthesised via this methods need to be further treated by 
hydrothermal treatment to produce porous or hierarchical structures followed by annealing at 
temperatures higher than 400 °C for decomposition of organic molecules of polymeric template 
and TiO2 alkoxide as well as increasing the crystallinity of TiO2.   
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Figure 2-4: Various morphology of zero-dimensional TiO2, (a): TEM image of flower-like TiO2 particle 94, (b): 
SEM image of hierarchical TiO2 microspheres 95, (c): SEM of TiO2 meso-porous spheres 96, and (d) TEM 
image of TiO2 hollow spheres 97  

 
2.5.1.2. 1-D TiO2 nanowires, nanotubes and nanofibres  
One-dimensional TiO2 nanostructures, such as fibres and tubes have been comprehensively 

studied during the past two decades because of the possible practical applications in various 
fields, including photocatalysis, dye-sensitized solar cells, sensors, lithium ion batteries, 
biomedicine, catalysis, and supercapacitors. Because of their unique properties such as well-
defined size, morphology, composition, high aspect-ratio structure, chemical stability, large 
specific surface area, excellent electronic and ionic charge transfer, they are very attractive 
materials for as mentioned application especially in photocatalysis field. First of all their higher 
surface-to-volume ratio enables a reduction in the hole–electron recombination rate and a high 
interfacial charge carrier transfer rate which both are favourable for photocatalytic reactions. 
Secondly hollow structure of TiO2 nanotubes allows more efficient adsorption of the organic 
molecules on the surface and inside of the tubes. Hydrothermal method, sol–gel method, vapour 
deposition method, electrospinning method and anodisation are the most common methods to 



 

26 

 

prepare one dimensional TiO2 nanostructures. Figure 2-5 shows the various kinds of 1-D TiO2 

nanostructures that can be synthesised using these methods including TiO2 nanotubes, 
nanofibres and nanowires 98. 

a) Hydrothermal method:  is usually conducted in a closed sealed Teflon-lined autoclave 
heated above boiling point of the solvent. The creation of the supercritical fluid (above 
liquid-gas critical point) is responsible to create hierarchical structures in hydrothermal 
process. In terms of the reactants the synthesis method can be divided into the acid-
hydrolysis hydrothermal and alkali-hydrothermal approaches. In the former method, the 
reactants are usually titanium salts like chlorides and titanium alkoxide with inorganic 
acids, and in the latter method are usually TiO2 nanoparticles and strong hydroxide 
solution. The product in most cases is anatase, and dissolution–recrystallization of TiO2 

powder into titanate nanosheets and rolling these sheets to nanotubes after ion-
exchange with HCl is the proposed mechanism of this method 99-101.  

b) Sol–gel method: The sol–gel method has been used normally for the preparation of 
TiO2 nanoparticles however in presence of special confinement such as polymer chains, 
surfactant or template, growth of the 1-D nanostructure can be achieved. The essential 
precursor for sol-gel method is organometallic source of metal oxide mainly alkoxides 
such as TBT and TTIP. Through the sol–gel, TiO2 nanoparticles are aligned according 
to their crystal orientations and so form a TiO2 nanowire. This process is also known as 
the ‘‘oriented attachment’’ mechanism 102-104. 

c) Vapour deposition method: includes chemical vapour deposition (CVD) and physical 
vapour deposition (PVD), which is significant methods for producing a high degree of 
crystallinity (usually single crystal TiO2) for fundamental studies. Although this method 
are able to produce uniform forest of vertically aligned nanowires with precise control 
over length and diameter however, this method requires expensive equipment and the 
cost is too high for mass production 105-107. 

d) Electrospinning: uses high voltage electric fields to spin out the liquid precursors 
through a fine orifice, forming fibrous structures. Generally, the synthesis of electrospun 
TiO2 nanofibres involves the following four steps: (1) preparation of a sol with titania 
precursor; (2)mixing of the sol with a polymer template to obtain the desirable 
consistent  solution for electrospinning; (3) electrospinning of the solution to obtain 
composite nanofibres mat, and (4) calcination of the as-prepared nanofibres to burn the 
polymer and crystallise amorphous TiO2 particles into crystalline TiO2 nanofibres 108-113  

e) Anodization of Titanium foil: a powerful tool for the fabrication of vertically aligned 
mono-size TiO2 tubes. Anodization is typically conducted in an electrolyte containing 
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hydrogen fluoride (HF)-based aqueous solution. A titanium foil electrode and counter 
electrode are soaked in the electrolyte passing a constant voltage through for specific 
time which results in formation of vertically aligned TiO2 nanotube arrays on the foil 
surface with straight channels against the foil. This structural characteristic provides 
superior photocatalytic decomposition of organic pollutants because of facile diffusion 
of organic pollutants into the TiO2 nanotubes. Thins walls are another advantageous 
feature which reduce the recombination rate of electron-hole because the half-thickness 
of the nanotube wall is significantly less than the carrier diffusion length in TiO2. The 
morphology of 1-D TiO2 especially their length and diameter affects the photocatalytic 
performance. However this process is very slow and the starting TiO2 foil is expensive 
so not very practical for mass production for large scale photocatalysis application 114-116.  

  

 
Figure 2-5: Various morphologies of 1-D TiO2; (a): nanotubes via electrospinning, (b): nanotube array via Ti 
Anodisation, (c): nanofibres via hydrothermal deposition on Ti foil, (d): nanotube via alkaline hydrothermal, 
(e): hierarchical TiO2 nanorods grown on electrospun TiO2 nanofibres via hydrothermal, (f): nanowires via 
hydrothermal method 

 

 Sensitisation (Surface modification) 

Dye sensitization is a useful tool to induce visible light photocatalysis on the surface of wide 
band gap semiconductors like TiO2. These surface adsorbed dye molecules are excited upon 
illumination by visible light and inject electrons into the conduction band (CB) of TiO2 due to 
the more negative potential of the lowest unoccupied molecular orbital (LUMO) of the dye 
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molecules as compared to the conduction band potential of TiO2117,118. These electrons hop 
over quickly to the surface of TiO2 where they are scavenged by molecular oxygen to form 
superoxide radical ܱଶ•ି and hydrogen peroxide radical ܱܱܪ• which then attack the aromatic 
rings of organic pollutants forming intermediates and mineralizing them to carbon dioxide and 
water 119. It is also possible to sensitized TiO2 with conjugated polymers such as poly(fluorine-
co-thiophene) (PFT) instead of a dye in order to extend the light absorption to 500 nm. 
Coupling TiO2 with another narrow band gap semiconductors like Bi2S3, CdS, CdSe and V2O5 
which are capable of absorbing visible light. The basic principle of this technique is similar to 
dye sensitization 120.  

 Doping (Band-gap modification)   

Many non-metal and metallic atom have been used for doing TiO2 in order to enhance 
photocatalytic activity under visible light irradiation. Non-metals species such as Nitrogen, 
sulphur, Boron and carbon can substitute O or Ti atoms in TiO2lattice which generates states 
just above the valence band maxima that can mix with O 2p valence states to narrow down the 
band gap of TiO2 119,121. Halogen like fluorine, chlorine and Iodine can occupy substitutional as 
well as interstitial sites in TiO2lattice and shift adsorption threshold of TiO2 to the visible region 
of spectrum 122-124. Various transition metals like Fe, V, Cr, Mn, Co, Ni and Cu have been 
doped into the bulk of TiO2 substituting Ti4+ ions. Many other metals such as Au, Ag and Pt 
has been deposited on the surface of TiO2 to scavenge photogenerated electrons due to their 
suitable Fermi level position 125,126. In summary, doping (metals/non-metals) generates impurity 
levels in the band gap of TiO2. If these states lie close to the band edges they can overlap with 
band states and can narrow the band gap. High photocatalytic activity is achieved if the carriers 
can be transferred efficiently from these states to the surface. Therefore photocatalytic activity 
is determined by the competition between this charge carrier promotion rate to surface and the 
recombination rate. Through a different mechanism, doping TiO2 surface with metal deposition 
does not change energy level or band gap. It can only reduce recombination processes by 
effectively trapping electrons and additionally extending absorption into the visible region 
doping 127. However the major drawback with adding a dopant is complexity and high cost of 
mass production process particularly when metals such as Ag or Pt are applied. 

2.6. TiO2 modified by carbonaceous nanomaterials  

One of the TiO2 modification methods for enhancing light adsorption is to immobilize it on 
a suitable, high surface area substrate such as porous silica, zeolite, activated carbon or nano-
clay. In addition to light adsorption enhancement these porous materials can also act as 
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adsorbent which adsorb pollutants at their surface and expose more pollutant molecule to TiO2 
and adsorbed oxidant species for degradation. Among the porous materials, carbon-based 
materials are preferable due to their abundance and non-toxicity, unique electronic properties, 
acidity, adsorption capacity, large specific surface area and their unique pore structure. A lot of 
researchers compared the functionality of the carbon based materials such as activated carbon 
and carbon fibres with other inert supports such as zeolites, silica, alumina and porous glass in 
photocatalysis reactions and observed a synergy between TiO2 and different kinds of AC on the 
photocatalytic activity of model pollutant molecules. TiO2 can be synthesised or immobilised 
on carbonaceous materials via different techniques including mechanical mixing, aqueous 
suspensions, sol–gel, hydrothermal, CVD, low temperature hydrolysis, resin calcination, 
microwave assisted digestion and sonochemical methods 128. It has been found that the 
photocatalytic activity of TiO2 increases on carbon-based materials due to enhanced TiO2 
distribution on their surface and the ability of adsorbing organic pollutants specially the ones 
with aromatic benzene ring in their structures. Different forms of carbon materials, with varying 
properties, play an important role in heterogeneous catalysis. Conventional carbonaceous 
materials such as graphite, carbon black, activated carbon and carbon fibre paper have been used 
extensively as a substrate for immobilising various type of catalysts due to their inert nature, 
stability in harsh environment and fast charge transfer due to their high conductivity. More 
recently, new carbon materials such as carbon nanotubes (CNTs), carbon nano-fibres, fullerenes 
and most recently graphene have emerged as attractive materials in the field of photocatalysis. 

 Activated Carbon/TiO2 

Activated carbon (AC) was one of the first carbonaceous materials used for modifying the 
properties of TiO2. AC possesses a porous amorphous structure with porosity spanning the 
macro (>25 nm), meso (1–25 nm) and micro (<1 nm) pore ranges with large specific surface area 
(typically 900–1200 m2/g). When combine into AC/TiO2 composite, AC can increase 
photocatalytic activity of the composite comparing pure TiO2 for three reason:   

1. AC can concentrate pollutants on the surface of TiO2 via physical and chemical 
adsorption.  

2. Electron affinity of activated carbon can increase the acidity of the hydroxyl functional 
groups on TiO2 surface which enhances the interaction between some pollutants and 
alkaline intermediate with TiO2 129,130 

3. AC also adsorb intermediates produced during degradation which facilitate their further 
oxidation by as produced species.  
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Liu et al. reported superior activity of TiO2/AC over P25 pure TiO2 towards phenol degradation 
in wide range of pHs 131-133. Kean et al. also reported synergy effect between AC and TiO2 and 
considerable enhancement of pharmaceutical photodegradation from water 134-136. Several 
authors argued that the development of TiO2 photocatalysts anchored on AC, not only to avoid 
the disadvantages of filtration for post recovery of fine TiO2 particles, but also to lead to high 
photodecomposition efficiency for large numbers of pollutant 137-144.  
However AC/TiO2 composites have some drawbacks as well such as light penetration into the 
fluid reactor as a result of AC black colour. On the other side obviously, only TiO2 on the 
external surface of AC can be excited by light and induce the photocatalytic reaction, so the 
main percentage of the TiO2 which is loaded into the interior pores of the AC are not accessible 
which decreases the photocatalysis yield. Therefore developing a porous adsorbent support with 
less interior pores and more exposed surface and open pores (such as graphene) looks promising 
in the field of supported TiO2 photocatalyst.  

2.7. Carbon allotropes 

Carbon is one of the most versatile and important elements in the periodic table. Having a 
valency of four it has the ability to attain a stable electronic configuration by covalently binding 
to other carbon atoms or to a wide range of other elements, forming a myriad of compounds. 
Two naturally occurring polymorphs of carbon is diamond and graphite. Graphite is composed 
of strata of sp2 hybridised carbon atoms bound in a trigonal planar atomic arrangement giving a 
hexagonal lattice; the individual planes are graphene layers. The graphene planes stack on top 
of each other, held together by weak van der Waals forces acting on the delocalised p orbital 
system which give all the unique properties to graphite. 
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Figure 2-6: Schematic illustration of carbon allotropes 145  

Helical microtubules of graphitic carbon named “Carbon nanotube” was discovered by 
Sumio Iijima and co-workers in 1991 146. CNTs can be visualised as rolled-up sheets of 
graphene; the various related allotropes of carbon are shown in Figure 2-6. In 2004, Geim and 
Novoselov reported the first identification of graphene layers isolated from bulk graphite 147. In 
this section we first review graphene, its properties, synthesis methods, characterisation and 
applications. Then modification of TiO2 with carbon nanotubes and graphene will be reviewed. 
In final section of this chapter the mechanism of photocatalysis enhancement with graphene 
will be discussed in more detail.  

2.8. Graphene: Definition and Structure  

Definition - Graphene is the name given to a monolayer (or few layers) of sp2 hybridised 
carbon atoms packed tightly into a two-dimensional honeycomb lattice and can be considered 
as the basic building block for graphitic materials of all other dimensionalities 148. Until its 
discovery by Geim and Novoselov in 2004 147, graphene was widely thought to be 
thermodynamically unstable and considered a purely academic material with uses in theoretical 
physics. After being recognised by the award of the Nobel Prize in physics in 2010 to both Geim 
and Novoselov for isolation and characterisation of graphene, numerous experimental research 
have focused on graphene due to its intriguing electrical and mechanical properties 149,150. 

At 1840s, Schafhaeutl started working on splitting graphite using chemical exfoliation 
methods with strong acids 151. Since then, many forms of graphite oxide have been produced, 
characterised and modelled ; all either using covalent attachment of carbon-oxygen functional 
groups (oxidation with strong acids) or the insertion of small ions such as alkali metals 
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(intercalation method) to increase inter-layer spacing of graphite 152-155. All of these graphitic 
products are chemically distinct from the starting material. The ideal sp2 hybridised hexagonal 
network of carbon atoms is disrupted by these chemical functionalities as functional groups are 
attached to local sp3 hybridised sites and distorted the basal plane of graphene which result in 
totally different physical and chemical properties of the original graphite 152,154. For the first 
time, repeatedly peeling slices of graphite using adhesive tape led to isolation and observation of 
a single layer graphene by Geim and co-workers 156. This work sparked a great deal of scientific 
interest that has made graphene one of the most exciting and fast-moving research topics in 
science.  

2.9. Graphene: properties and applications 

Graphene has remarkable properties including high Young’s modulus (~1100 GPa), 
fracture strength (125 GPa), thermal conductivity (~ 5000 W m-1K-1), fast mobility of charge 
carriers (200,000 cm2 V-1s-1) and theoretical specific surface area (2630 m2 g−1), unique optical 
transparency, tuneable band-gap plus fascinating transport phenomena such as room 
temperature quantum Hall effect 157,158. In a defect-free sample of graphene the charge carriers 
can maintain high mobility at high carrier concentrations (>1012 cm-2), giving ballistic transport 
over length scales of a few hundred nanometres 159 which could lead to ultra-fast integrated 
circuits. Known as the strongest materials in the world, graphene can be added into polymers 
and metals in miniscule fraction as reinforcement filler and enhance and make light and tough 
composite materials 160-162. Applications requiring high surface area coupled with high electrical 
conductivity include electrochemical supercapacitors, lithium ion batteries, solar cells, fuel cells, 
sensors and catalyst supports has attracted a lot of interest 163,164. Other application of graphene 
are liquid crystalline displays, biomedicine, biosensors, drug delivery, optoelectronics, laser, 
terahertz antenna, ultra-sensitive photodetectors, field effect transistors, transparent conductive 
films for touchscreen and flexible displays and LEDs 165,166.  

2.10. Graphene: synthesis methods 

The key problem with graphene is the mass-production of high quality graphene. In 
this section different methods of synthesising graphene (and other 2D materials) will be review 
briefly and will be compared in terms of scalability and simplicity of the methods. Graphene 
oxide synthesis will be discussed in more detail since is the main synthesis method for the 
graphene production used in current thesis. Besides, there are few other methods employed to 
produce graphene including organic synthetic protocols, in situ electron beam-irradiation of 
ultrathin poly(methylmethacrylate) (PMMA) nanofibers, arc discharge of graphite under 
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suitable conditions, thermal fusion of polycyclic aromatic hydrocarbons, conversion of 
nanodiamonds, sodium reduction of ethanol, and unzipping of carbon nanotubes which are not 
the subject of this thesis.  

 Micromechanical cleavage  

Micromechanical cleavage (scotch tape method) 167 involved sticking scotch tape on the 
surface of highly oriented pyrolytic graphite (HOPG) and repeatedly pealing it off. The tape was 
then pressed on silicon with a 300nm oxide layer and flakes of graphene were imaged optically 
with a visible contrast on the colourful oxide layer. The exfoliation and transfer method is 
illustrated schematically in Figure 2-7. The most pristine monolayer graphene with the largest 
flake sizes ranging up to millimetre length scales can be obtained by this method. However it is 
a labour-intensive, slow and very inefficient process with an extremely low yield and only suitable 
for fundamental science studies. As a result micromechanical cleavage cannot be scaled up for 
any realistic applications.  

 

 
Figure 2-7: Schematic illustration of scotch-tape method followed by transfer on silicon wafer 167   

 

 Epitaxial Growth and Chemical vapour deposition (CVD) 

De Heer et.al at the Georgia Institute of Technology developed an epitaxial method in which 
graphene grows out of silicon carbide at high temperature due to evaporation of silicon in ultra-
high vacuum. This leaves behind small islands of graphitized carbon. Epitaxial growth of 
graphene requires rigid processing conditions including atomically clean highly polished SiC 
surfaces, ultra-high vacuum very high temperatures typically of the order of 1300 °C, along with 
subsequent high temperature annealing to improve graphitisation 168.  
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The second substrate-based method is chemical vapour deposition (CVD) of graphene 
on transition metal films such as Cu, Ni, Ru and etc. based on the carbon diffusion-saturation 
of a transition metal upon exposure to a hydrocarbon gas such as methane carried by Ar and 
hydrogen at high temperature (800-1000 °C). During cooling the substrate, the solubility of 
carbon in the transition metal decreases and a thin film of carbon grows on the surface 169,170. 
The CVD grown graphene can be transferred to any substrate such as silicon, glass and polymer 
sheets by etching away the underlying metal 171. Considering the large area of depositions high 
quality, and transfer possibility to the polymer sheets, this method is promising for transparent 
conducting applications such as sensors, LEDs, FE-transistors, touchscreens and flexible 
electronics 172,173. However thermally grown films of graphene are simply not suited to a wide 
variety of applications such as coatings, free-standing graphene films devices, composite 
materials, membranes and catalyst supports so developing a solution-processable, scalable and 
cheaper methods is mandatory.  

 
Figure 2-8: Synthesis and transfer of graphene by CVD; (a), (b) Growing 2D graphene on a surface of a metal. 
(c) Polymer casting on top of graphene, (d) etching away the metal substrate, (e) stamping graphene on the 
substrate of choice, (f) dissolving the sacrificial polymer layer 167 

 

 Intercalation-exfoliation method  

Due to the layered nature, graphite can strongly adsorb guest molecules into the spacing 
between layers, creating intercalated compounds which can cause the exfoliation of layers by 
applying a driving force. Intercalation, often ionic species, increases the layer spacing, weakening 
the interlayer wan-der waals bonds and reducing exfoliation energy barrier. Intercalants 
molecules such as n-butyllithium or IBr can transfer charges to the layers, resulting in a further 
reduction of interlayer binding 174-176. Subsequent treatment such as thermal shock or 
ultrasonication in a liquid completes the exfoliation process. The exfoliated nanosheets can be 
stabilized electrostatically by a surface charge, surfactant addition or re-dispersion into a suitable 
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solvent 177. Although this method tends to give large fraction of mono-layer, however, they are 
mostly damaged and contain lots of holes on graphene basal plane. Another disadvantages of 
this method is very high sensitivity to the ambient condition which mandate intercalation in 
oxygen free glove boxes.  

 Ion exchange-exfoliation method 

Ion exchange methods is based on based on intercalation layered material such as clays with 
small ion such as Cs or Li then exchange them with protons by soaking them in acidic solutions. 
These protons can then be exchanged for bulky organic ions (for example, tetrabutylammonium 
cations) leading to substantial swelling. Consequently swelling facilitates exfoliation through 
ultrasonication or shear mixing to give negatively charged nanosheets. This method is more 
versatile for synthesis of inorganic layered materials such as TiO2, clays and transition metal 
dichalcogenides (TMDs) 178,179.   

 Liquid phase exfoliation (Shear-mixing method)  

The most recent strategy for exfoliation, discovered and developed by Coleman’s group 
from Ireland, is to expose the layered material to ultrasonic waves in a solvent or water-surfactant 
solution 180-182. Such waves generate cavitation bubbles that collapse into high-energy jets, 
breaking up the layered crystallites and producing exfoliated nanosheets. Modelling has shown 
that if the surface energy of the solvent is similar to that of the layered material, the energy 
difference between the exfoliated and reaggregated states will be very small, removing the driving 
force for reaggregation 183-185. Defect-free Graphene, h-BN and TMDs have been exfoliated in 
this way by using solvents such as N-methyl-pyrrolidone 186,187. Similarly, ultrasonication in 
surfactant or polymer solutions gives nanosheets that are electrostatically or sterically stabilized 
188. For a liquid-phase dispersion to be successful, the graphene must be exfoliated from a parent 
graphite stack and then stabilised against its natural tendency to re-aggregate by surfactants. 
Disadvantages of this method is removing the solvent from the flake because most of suitable 
solvent have high boiling point which makes it difficult to evaporate even after heating in 
vacuum oven. The other limitation is the small size of the flake because of break down during 
sonication and wide range of number of layers. The concentration and extent of mono-layer is 
also considerably small. 
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Figure 2-9: Schematic description of different exfoliation methods; (a) Ion intercalation (ions: yellow spheres), 
swelling, and then agitation results in an exfoliated dispersion. (b) Ion exchange of charges between the layers 
(red spheres) with other larger ions (yellow spheres) which results in exfoliated dispersion after agitation. (c) 
Sonication assisted exfoliation of layered crystal in a “good” solvents result in exfoliated nanosheets stabilized 
against re-aggregation. In the contrary in a “bad” solvents re-aggregation and sedimentation will occur 189.  

 

2.11. Oxidation/ Reduction method  

The oldest method of exfoliating layered crystals is oxidation and subsequent dispersion into 
suitable solvents and final partial reduction. Graphite can be treated with strong oxidizers such 
as sulphuric acid and potassium permanganate resulting in addition of hydroxyl and epoxide 
groups to the graphite basal plane which is named “graphite oxide”. Graphite oxide is heavily 
oxygenated, bearing hydroxyl and epoxide functional groups on their basal planes, making it 
strongly hydrophilic. The resulting hydrophillicity allows water intercalation and large-scale 
exfoliation to yield graphene oxide upon ultrasonication or agitation 190. The dispersed flakes 
are predominantly monolayers, typically hundreds of nanometers across, and stabilized against 
re-aggregation by a negative surface charge at concentrations of 1 to 8 mg/ml. Dispersed 
graphene oxide can be chemically reduced in the liquid phase but will then aggregate unless 
surfactant or polymer stabilizers are present. As shown schematically in Figure 2-10, generally 
this process can be divided into the following steps:  

I. Oxidation of graphite to graphite oxide 
II. Dispersing graphite oxide into an stable dispersion of graphene oxide (GO) 

III. Reduction of Graphene oxide (GO) to Reduced Graphene Oxide (rGO)  
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Figure 2-10: Schematic illustration of rGO synthesis via oxidation-reduction of graphite 191  

 

 Oxidation to graphite oxide 

For the first time in 1859 Brodie made graphite oxide by adding KClO3 to a slurry of graphite 
in fuming nitric acid and determined a net molecular formula of C2.19 H0.80 O1 for it 192. Almost 
100 years later, Hummers and Offeman developed an alternate oxidation method by reacting 
graphite with a mixture of potassium permanganate (KMnO4) and concentrated sulfuric acid 
(H2SO4), achieving similar levels of oxidation 155. This method is still the primary routes for 
forming GO and base of the current research too. Although in Hummer’s method potassium 
permanganate is known as oxidant, however in the presence of sulphuric acid the active oxidant 
is diamanganese heptoxide based on the following reaction:  

KMnO4 + 3H2SO4   K+ + MnO3+ + H3O+ + 3HSO4- 
MnO3+ + MnO4-   Mn2O7 

The bimetallic heptoxide is far more reactive than monometallic tetraoxide and this is 
the compound that oxidises graphite in Hummer’s method. This strong oxidant converts 
hydrophobic graphite to hydrophilic graphite oxide that easily forms a colloidal dispersion in 
water. This is due to the attachment of hydroxyl (-OH), carboxyl (-COOH) and epoxy (C-O-
C) groups to the graphite. The level of the oxidation can be varied on the basis of the method, 
the reaction conditions and the precursor graphite used. Therefore still an exact formula for the 
graphite oxide composition has not been identified and several models are still being debated in 
the literature 190. The most stablished model proposed by Lerf and Klinowsky is shown in Figure 
2-11. In this model the sp2-bonded carbon network of graphite is strongly disrupted and a 
significant fraction of this carbon network is bonded to hydroxyl groups or participates in 
epoxide groups. Minor components of carboxylic or carbonyl groups are thought to populate 
the edges of the layers in graphite oxide 152. So “Graphite oxide” consists of a layered structure 
of ‘graphene oxide’ sheets that are strongly hydrophilic such that intercalation of water 
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molecules between the layers readily occurs increasing the interlayer spacing between the 
graphene oxide sheets from 6 to 12 Å with increasing relative humidity.  
 

 
Figure 2-11: Lerf-Klinowsky model for chemical structure of graphite oxide 152 

 

 Graphene oxide (GO)  

‘‘Graphene oxide’’ must be distinguished from graphite oxide. Chemically, graphene oxide 
is similar, if not identical to graphite oxide, but structurally is a single layer of graphite oxide 
stacked structure, exfoliated using sonication, agitation or stirring in water for long enough 
time. The exfoliation can be confirmed by thickness measurements of the single graphene oxide 
sheet (~1 nm height) using atomic force microscopy (AFM). The measurement of the surface 
charge (zeta potential) of graphene oxide sheets shows that they are negatively charged in water 
which suggests that electrostatic repulsion between charged GO sheets is the reason for the 
stability of GO dispersion in water. Chemically GO consists of sp2-bonded carbon domains 
disrupted by a large number of covalently bonded hydroxyl or carboxyl groups which interrupted 
electronic properties of graphene. However these functional groups provides highly dispersed 
processable GO dispersion in high concentrations (up to 8 mg.ml-1) which with the aid of 
suitable strategy can be reduced to rGO with reasonable electronic properties for many 
applications 193. Graphene oxide has attracted a lot attention as a new class of adsorbent for 
water purification purposes. Many studies were used GO in different forms such as dispersion, 
sponges, powder or they incorporated it into a polymer to form membranes and granules. It has 
been proposed that the interaction between metal ions and organic pollutants without benzene 
ring with GO functional groups, and interaction of organic molecules with benzene ring via -
 attraction with sp2 domain of GO, are the main mechanism that describes large adsorption 
capacity of GO 194-197.   

 Reduction methods 

While graphene oxide is electrically insulating owing to disruption of the ‘graphitic’ 
networks, subsequent reduction via chemical, thermal and hydrothermal method and 
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combination of them can restore some of these disrupted areas to some extent. Numerous work 
by a number of groups tried to convert GO back to graphene by aggressive reduction, to give 
higher degree of reduction of graphene oxide (rGO). Many papers have reported limited in 
removing the chemical functional groups from the graphene basal plane, thus giving a partial 
restoration of expected graphene properties. All these reported results share one common 
problem. The process of chemically oxidising the graphene, to date, has not been completely 
reversible. The functional groups attached to the graphene basal plane severely disrupt the 
electronic structure of graphene. Each functionalised carbon site represents a sp3 hybridised 
carbon atom as opposed to the sp2 hybridised form that would normally contribute an electron 
to the delocalised  system of pristine graphene. The presence of these functionalised sites in 
graphene turn it into an insulator or semiconductor. Methods such as chemical reduction, 
thermal methods and ultraviolet-assisted methods has produced electrically conducting rGO 
suitable for most of non-electronic applications.  

2.11.3.1. Chemical Reduction 
At early time, Stankovich et al. proposed to reduce a GO film in hydrazine at 100 °C for 

24h 198. Among many strong reductants, hydrazine monohydrate is the most attractive option 
because of slight reactivity with water comparing to other which make it possible to reduce 
aqueous dispersion of GO with it. The reduction process typically occurs through addition of 
H2 across the alkene, coupled with the extrusion of nitrogen gas (Figure 2-12c). Such a process 
is gentle enough to leave other functionalities, such as cyano and nitro groups, untouched. 

 While effective at removing oxygen functionality, the disadvantages of using chemical 
methods of reduction, hydrazine in particular, is the introduction of heteroatomic impurities 
such as  nitrogen which tends to remain covalently bound to the surface of graphene oxide, 
likely in the form of hydrazones, amines, aziridines or other similar structures 199,200. Residual 
C–N groups have a profound effect on the electronic structure of the resulting graphene, 
functioning as n-type dopants. No simple route exists for removing these impurities has been 
reported yet. In the following years, some other reducing agents were also developed such as 
hydroquinone, sodium borohydride (NaBH4), dimethylhydrazine 201. For example Lee et al. 
reported the C:O ratio of 6:2 with 14.5 %wt of C-1s bond (which is related to the sp3 carbon) 
and 2.4 %wt nitrogen with the sheet resistance of 780 K sq-1 for their best rGO reduced by 
hydrazine while these numbers are 5:3, 13.4 %wt, 0 %wt and 59 K sq-1 respectively for rGO 
reduced by NaBH4 202. Nevertheless, none of these reduction methods can recover the graphene 
structure completely and some oxygen-containing groups are still irremovable according to the 
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C/O atomic ratio of the rGO by combustion, indicating that reduced graphene oxide is not the 
same as pristine graphene.  
 

  

 
Figure 2-12: Reduction process of graphite oxide paper (b) rGO dispersed after reduction by hydrazine. Below 
each vial is a three-dimensional molecular model of GO (carbon in grey, oxygen in red and hydrogen in white) 
and rGO 203; (c) A proposed reaction pathway for epoxide reduction by hydrazine 204 

 

2.11.3.2. Thermal Reduction  
Thermal treatment of graphite oxide is another route to obtain reduced graphene platelets. 

Thermal gravimetric analysis of GO assesses that thermal reduction which is contributed to 
restoration of graphitic C, is generally happens at temperatures above 180 °C with the release of 
H2O, CO, and CO2 in the gas phase. The latter process originates vacancies and defects in the 
graphene basal plane and consumes the edges. The GO weight loss is attributed to the 
decomposition of functional groups anchored directly to GO or non-covalently attached debris 
on GO. An extensive research by Hun et al. 205 proposed that from room temperature to 130 
°C, mild vaporization of intercalated H2O molecules is happening. Within the range of 
140−180°C, GO crystals are partially exfoliated because of the drastic vaporization of intercalated 
H2O and from 180 to 600°C, removal of the main carboxyl groups occurs which results in 
decreasing the interlayer spacing of the rGO. Within 600−800°C, more residual carboxyl and 
partial hydroxyl groups are being removed promoting further reduction, however at 
temperatures higher than 800 °C, defects starts to be generated due to C=C opening during the 
removal of the residual hydroxyl and partial epoxide groups200,206. 
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2.11.3.3. UV-assisted reduction 

TiO2 nanoparticles can generate photoelectrons under UV irradiation, which in the 
presence of holes scavenger such as ethanol, these free electrons can be transferred to GO to 
partially reduce it, producing a black suspension of TiO2 anchored rGO sheets in ethanol 207. 
The TiO2 was suggested to act as a photocatalyst, transferring photoelectrons from the TiO2 to 
the graphene oxide sheets. Kamat et al. confirmed the reduction of GO in the presence of TiO2 
by measuring the absorbance of the suspension and conductivity of the composite 208. Although 
this methods cannot be used to produce pure reduced graphene oxide for many application, 
however it is important for the current research to know that the conductivity and charge 
transport properties of the TiO2/GO composite will actually enhance after photocatalysis 
experiment and reuse.   

2.12. Comparison of graphene production methods  

According to the reviewed literature as summarised in Table 2-1, sonication-assisted 
liquid-phase exfoliation seems the most promising method for mass production of high quality 
graphene. However the extent of the monolayer graphene are quite low. Besides anchoring TiO2 
to the surface of pristine graphene produced by this method is quite challenging and requires 
complicated functionalization chemistry. Therefore in current thesis we focused on oxidation-
reduction method which yield large amount of mono-layer reduced graphene oxide containing 
useful functional groups. The yield of this method in high as well and few gram of graphene 
oxide can be made in each synthesis batch. Literature survey to find the most efficient method 
to reduce graphene oxide suggested that various aggressive chemical reduction, thermal 
annealing processes and other methods remove some of the functional groups but not all of 
them. XPS, FT-IR, NMR and some other analytical technique has confirmed that even after 
these harsh treatments there is still a substantial population of oxygen functionalities often 
carboxyl and epoxide species that are extremely difficult to remove once formed. Whilst the 
presence of residual functional groups and defects in rGO may be deteriorate their electronic 
properties and degrade their application in electronic devices, however they are advantageous for 
some polymer reinforcement applications and anchoring inorganic nanoparticles on their surface 
without the need for functionalization due to the interaction of the inorganic particles with the 
residual functional groups. This makes synthesis method of the composite quite straightforward 
and justifies the application of rGO as a suitable catalyst support for TiO2.   
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Table 2-1: Review of graphene production techniques 209 

Method Advantages Disadvantages  
Mechanical 
exfoliation 

 

Low cost 
No special equipment required High 
quality, no functional groups, defect-
free basal plane Large area flakes 

Slow process 
Extremely low yield 
No mass production possibility 
Limited to single flake fundamental 
experiments  

Epitaxial 
growth 

Compatible with CMOS processing 
 

Intensive surface preparation required 
Largely multilayer graphitic domain  
High temperature processing   
Limited substrate choice  

CVD growth 
 

Large area graphene coatings 
Compatible with CMOS  
High quality graphene  
High monolayer yield 
Easy to transfer to other substrates 
Useful in transparent electronic  

Limited scalability potential, dictated by 
furnace and substrate sizes 
Not suitable for composite application 
High temperature processing  
Damage possibility during transfer 
Metal substrates impose high cost 

Liquid phase 
exfoliation by 
sonication 

 

High quality graphene 
Low process capital cost 
Scale up possibility 
Screening possibility to the range of 
sizes and thicknesses  
Environmentally friendly in case of 
using water/surfactant 

Low throughput  
Low concentration dispersion 
Solvent recovery problem 
Small content of mono-layer 
Small flake size due to breakage with high 
power ultrasound   
  

Graphite 
Oxidation-
Reduction  

 

Scalable liquid phase route 
High monolayer yield possible 
Water-processable graphene oxide 
intermediate 
High concentration (~10 mg/ml)  
Useful for composite application 

Defected with holes and persistent 
functional groups 
Electronically altered  
Strong acid needs (Not sustainable) 
Non-trivial reduction step by reducing 
chemicals or high temperature  
 

 

2.13. Photocatalysis enhancement in Carbon nanotube/TiO2  

Carbon nanotubes (CNTs) are tubular allotrope of carbon composed of graphene sheet 
(single layer makes SWCNTs and multilayer makes MWCNTs) with entirely sp2 bonds rolled 
at specific and discrete (chiral) angle which poses unique mechanical strength, electrical 
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conductivity , thermal conductivity, optical properties and chemical stability 210,211. Nowadays 
CNTs are playing an important role in developing new technologies for many application such 
as electronics, energy storage, battery and supercapacitors, LEDs, flexible electronic, sensors, 
solar cells, nanocomposites and catalysis such as hydrogen production and storage 212-217.  

Due to its unique properties in addition to high-surface area (400–900 m2g-1), CNT is 
interesting material for photocatalytic enhancement of TiO2 through providing high quality 
active sites, retardation of electron–hole recombination and driving visible light catalysis by 
modification of band-gap and/or sensitization. Owing to high metallic like electrical 
conductivity, CNTs can accept TiO2’s photo-generated electrons when they are in direct contact 
with each other, resulting in slowing down the recombination rate 218-220. In addition very high 
surface areas of CNTs make them a suitable material for immobilisation of TiO2 as a catalyst 
support using chemical method and functionalization 221. CNTs have unique adsorption 
properties toward organic molecules with aromatic rings via - interaction with sp2 free 
electrons of CNT which in the case of TiO2/CNT composite enhances photocatalysis 
degradation of the pollutants on the surface of composite 212. Carbon nanotubes can also act as 
a photosensitizer when in contact with TiO2, absorbing more visible light, extending TiO2’s 
band gap into the visible region and thereby enhancing the efficiency of the photocatalytic 
reactions under solar light irradiation 222,223.  

Like other TiO2 composites, TiO2/CNT can be synthesised by different methods, 
including sol-gel, CVD, hydrothermal treatment or mechanical mixing followed by annealing 
step at 300-500° C in an inert atmosphere like Ar or N2 to crystallize amorphous TiO2 without 
burning CNTs 224,225. Degradation of different variety of organic pollutant such as pesticides, 
pharmaceuticals, dyes and aromatic pollutants had been studied extensively focusing on several 
parameters including the molecule structure of target pollutants, UV intensity, catalyst dosage, 
catalyst surface area, etc. One of the most important key in TiO2/carbonaceous composite is the 
mass loading of TiO2 for example, it was found that the optimum percentage of CNT for mixed 
TiO2: CNTs is around 20 wt.% CNT 223. Main mechanism proposed for photocatalysis 
enhancement is formation of a Schottky barrier at the CNT/TiO2 interface. Generally TiO2 is 
an n-type semiconductor, but in the presence of CNTs, photogenerated electrons may move 
freely towards the CNT surface which have lower Fermi level. Thus CNT acts as an electron 
sink which leaves an excess of holes in the valence band of the TiO2. These holes migrate to the 
surface for oxidation reaction and makes TiO2 to behave more like a p-type semiconductor 226. 

Numerous study has confirmed the importance of the morphology, configuration and 
fine dispersion of TiO2 on CNTs. They found that fine, well-dispersed TiO2 coating produced 
via sol-gel on CNT surface shows higher photocatalytic activity than those produced by a 
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hydrothermal route, which tended to lead to TiO2 particle agglomeration at CNT junctions 227. 
Yao et al. studied the effect of synthesis method, size of TiO2 particles (5nm and 100 nm), the 
type of nanotube (SWCNTs and MWCNTs) and its interface with TiO2 on photo-reactivity of 
the composite (Figure 2-13). They found optimal activity in SWCNTs wrapped around on 100 
nm TiO2, suggesting that this morphology and the use of SWCNTs provides optimal dispersion 
and inter-phase contact 228. Considering the similarities of graphene and carbon nanotubes, this 
strategy and mechanism can be applied to the current research which leads to identify an 
appropriate method which is able to produce highly dispersed fine TiO2 coating on graphene 
surface with optimum interface and maximum photocatalysis efficiency under UV and visible 
irradiation.  
 

 
Figure 2-13: TiO2/CNT morphologies and inter-phase contact. (a) Random mixture of TiO2 nanoparticles and 
CNTs, (b) TiO2 coated CNTs, and (c) CNTs wrapped around large TiO2 nanoparticles 228  

2.14. Graphene-TiO2 composite 

Recently Graphene is used as a two-dimensional mat for photocatalyst support owing to its 
excellent properties reviewed in section 2.9. Graphene has very high electron transfer rate, 
making it potentially ideal electron sink or electron transfer bridge and its high transparency of 
one-atom thick structure allows efficient light penetration through the composite (208,229,230. 
Having delocalized electron behaviour in the conjugated π–π interaction of TiO2 with graphene 
results in rapid photo-induced charge separation and slow charge recombination in the electron 
transfer process 231,231. Graphene narrows down the bang gap of TiO2 from 3.2 eV to the range 
of 2.66–3.18 eV, depending on the graphene content from 0.25 to 10 wt.% which extend the 
absorption edge of TiO2 to the long-wavelength light of the visible region208,232,233. The 
synthesis and physiochemical characterization of TiO2/GO and TiO2/rGO composites were 
reviewed in few literature emphasized on the different synthetic strategies for the preparation of 
different morphologies of this composite for water splitting, solar cells, lithium-ion battery 
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electrodes and photocatalysis applications 234-237. There are four common methods that has been 
reported so far for producing G/rGO/GO-TiO2 composites: 

1. Hydrothermal/solvothermal methods: Generally, precursors (GO or rGO, dispersed n an 
organic solvent or water and a titanium organometallic compound or TiO2 powder) are 
loaded into a pressure vessel and treated at high pressure and temperature for several 
hours. Depending on pH and other growth conditions, rod-shaped TiO2 232, nitrogen-
doped rGO/ TiO2 238, nanoparticles 239 and other morphologies can be obtained. 

2. Solution mixing: This process involves ultrasonic-assisted mixing pre-synthesised TiO2 
with GO or rGO in water or organic solvent followed by UV-assisted photocatalytic 
reduction of GO 208. Using this method layer-by-layer rGO/TiO2 can be obtained by 
spin-coating, dip-coating or Langmuir-Blodgett self-assembly of rGO/GO and TiO2 
consecutively 240.  

3. Sol-gel: In this process generally a titanium precursor is injected drop-wise into rGO/ 
GO dispersed in an organic solvent under controlled hydrolysis condition. The mixture 
is then aged to induce TiO2 growth and resulting powder is calcined in order to 
crystallise amorphous TiO2 241.  

4. Self-assembly (direct growth from salt): In this method TiO2 particles with different 
morphology is hydrolyse on the surface of GO directly by drop-by-drop addition of 
titanium chloride (TiCl4) or fluoride (TiF4) salt into GO dispersed in organic solvent or 
water-surfactant system 242,243  

There are few papers also reported the combination of above methods such as sol-gel/ 
hydrothermal or solvothermal method 235,244. It is remarkable that all the main production 
methods are based on rGO and not pristine graphene because rGO nanosheets still contain 
decent amount of functional groups and defects which are capable of binding uniformly to metal 
oxide particles and remain in suspension without aggregation.  

Zhang et al. prepared chemically bonded TiO2 (P25)-graphene nanocomposites using a 
hydrothermal method. The synthesized catalysts shows significant enhancement in the 
degradation of methylene blue compared to bare Degussa P25 and CNT-P25 composites 229. It 
was also found that hydrothermal treatment not only reduces GO to rGO, but also plays an 
important role to strengthen the interaction between TiO2 and rGO which results in increasing 
the efficiency of hydrothermally treated samples comparing solution-mixed rGO and Degussa 
P25 composite. Another study showed that photocatalytic activity of the TiO2/graphene 
composite highly depends on graphene contents and calcination temperature. The highest 
photocatalytic activity was observed for the sample with 5% graphene sheets 233,245.  
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2.15. Photocatalytic degradation of Pollutants by rGO/TiO2  

One of the most important uses of graphene composites especially graphene/TiO2 composite 
is the photo-degradation of ionic, organic and biologic pollutants from aqueous and gas phase. 
Kemp et al. reviewed the applications of graphene composites for water remediation, where rGO 
based TiO2 composites turned out to be highly useful for removal of many organic compounds 
from water 246. Many papers reported different routes to synthesis various morphologies of 
TiO2/graphene composites for photocatalysis application. However majority of them used dyes 
such as methylene blue as a pollutant model 175,247-252. For example Zhang et al. 253 have used a 
hydrothermally prepared TiO2/rGO composite for degradation of methylene blue and found 
that photocatalytic activity was higher than that of TiO2 alone, or TiO2/CNT composites with 
the same carbon content. The enhancement was attributed to the giant two-dimensional planar 
structure of graphene favouring dye absorption, suppressing electron–hole recombination due 
to the high electrical conductivity of rGO, extending light absorption to the visible range due 
to the high transparency and band-gap narrowing resulting from the presence of Ti–O–C bonds. 
Liang et al. synthesised TiO2 nanocrystals on graphene oxide via hydrolysis followed by 
hydrothermal treatment to crystallise TiO2 and reduce GO to rGO. The as-prepared composite 
exhibited an impressive three-fold photocatalytic rate enhancement over pure TiO2 P25 and 2.5 
times over graphene/TiO2 mixture towards rhodamine-B dye degraphation 254. In summary all 
reviewed research exhibited much higher photocatalytic activity for graphene/TiO2 composite 
than bare TiO2 and also reported an optimum ratio of graphene to TiO2 for the best 
photocatalytic activity. The increase in photocatalytic activity was explained to be attributed to 
enhanced adsorption of pollutants on the composite surface, intensified light absorption, 
increased lifetime of electron hole-pair and extended light absorption range to the longer 
wavelength in solar spectrum.  

2.16. Mechanism of Photocatalytic Enhancement in graphene/TiO2 

There are two main limitations concerning the use of TiO2 as a photocatalyst especially for 
water remediation. First is very fast electron-hole recombination (10−9s) which provides very 
short chemical reaction response time of only 10−8–10−3 s. Second is wide band gap (3-3.2 eV) 
which requires UV light for activation 255,256. There are four main parameter introduced to be 
responsible for enhancement in photocatalytic properties of graphene based TiO2 comparing to 
pure TiO2.  

(I) Trapping and shuttling electrons which enhances electron-hole separation and 
reduces charge recombination rates owing to very high electron mobility of 
graphene. It has been demonstrated that electrons flow from higher to lower Fermi 
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levels. Since the work function of graphene (4.42 eV) is higher than the conduction 
band of TiO2 (4.21 eV) graphene could be used as an electron shuttle so that 
electrons will flow from graphene to TiO2. Both electrons and holes react with O2 
and water to form superoxide and hydroxyl radicals, respectively which ultimately 
degrades organic molecules.  231.  

(II) Enhancing light absorption via enlarging the absorption range to the visible region, by 
narrowing the band gap of the TiO2 to 2.8 eV because of Ti-O-C bonds formation and 
nano-sized Schottky interfaces, acting as a sensitizer 257.  

(III) Enhancing the transportation of the photogenerated carriers via photothermal effect 
of rGO which is continuous generation of thermal energy in graphene under NIR 
irradiation 258.  

(IV) Increasing the adsorption of pollutants with TiO2 via increasing the interaction surface 
area and creating a π-π interaction with the delocalized electrons of rGO especially 
towards pollutants with benzene ring 259.  

A schematic of the main three mechanism is shown in Figure 2-14.  
 

 
Figure 2-14: Proposed mechanism for photocatalysis enhancement in graphene/TiO2 composites, (I) graphene 
act as an electron trapper and shuttle, (II) graphene act as a photosentisizer and produces charge carriers due 
to interacting with photons (a) and act as impurity and doping agent reducing the band gap of the TiO2 due to 
the Ti-O-C bonds formation, (III) Surface Plasmon resonance under NIR irradiation leads to photothermal 
effect of rGO. Thermal energy promotes carrier mobility on rGO sheets and thus results in the improved 
photodegradation activity. 
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Through the first mechanism, valence band electrons of TiO2 are excited by high energy 
photons and transferred to the conduction band. Photogenerated electrons are then transferred 
into the graphene and a hole remains in TiO2, with redox reactions occurring on the surface of 
TiO2. The second mechanism considers graphene as photosensitizers which photo-generated 
electrons from graphene transfer to the conduction band of TiO2, followed by formation of 
superoxide radicals from the adsorbed molecular oxygen. Meanwhile, the positively charged 
graphene takes an electron from the valence band of TiO2, leaving a hole. The positively charged 
TiO2 then reacts with adsorbed water to form hydroxyl radicals (Figure 2-14II). In this 
mechanism also has been proposed that functional groups such as –OH and –COOH which are 
abandon on rGO basal plane and edges can make chemical bonds with TiO2 and create Ti-O-C 
bond and function as TiO2 dopant. This helps to extend the light absorption to longer 
wavelengths, potentially improving the photocatalytic activity.   
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CHAPTER 3: MATERIALS & METHODS 
 
 

3.1. Introduction 

This chapter discusses the main characterisation methods and experimental techniques used 
in this thesis. In this work, different types of TiO2/graphene nanocomposites were prepared via 
different chemical routes and used for adsorption and photocatalytic degradation of selected 
drugs. All samples were separated from the liquid phase, washed and dried. For UV/Vis 
spectroscopy characterisation, small amount of each sample re-dispersed in water with 
ultrasonication and supernatant were transferred into the quartz quvet for further spectroscopy 
characterisation. The remaining characterisations were carried out on solid material deposited 
or extracted from the liquid dispersions. Infrared and Raman spectroscopies were used to probe 
the chemical nature and composition of the produced materials. Transmission electron 
microscopy was extensively used to examine dimensions of as synthesised material and, their 
crystallinity. Scanning electron microscopy was used to study the morphology of TiO2 
nanostructure and their assemblies on graphene in the form composite deposited on different 
substrates. These various techniques will be now be discussed with reference to relevant 
literature as appropriate. 

3.2. Materials and chemical reagents 

All materials, chemicals and reagent used in current research can be divided in three 
categories: chemicals and precursors for material synthesis, solvents for HPLC analysis, and 
consumables such as filters, syringes and HPLC stationary phase (column). All the chemicals 
and consumables used in this study is listed in Table 3-1. 
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Table 3-1: Source and description of materials used 

 
Graphite flakes    Asbury Carbon/USA  Graphene synthesis 
Potassium permanganate   Sigma-Aldrich   Graphene synthesis 
Hydrogen peroxide 30%   Sigma-Aldrich   Graphene synthesis 
Sulphuric acid 97%   Sigma-Aldrich   Graphene synthesis  
Nitric acid    Sigma-Aldrich   Graphene synthesis  
Hydrochloric acid37%    Sigma-Aldrich   Graphene synthesis  
Titanium isopropoxide (TTIP)  Sigma-Aldrich   TiO2 synthesis 
Iso-propyl alcohol, ethanol  Sigma-Aldrich   TiO2 synthesis 
Acetic acid    Sigma-Aldrich   TiO2 synthesis  
Ammonium hydroxide   Sigma-Aldrich   PH control 
Sodium hydroxide   Sigma-Aldrich   TNT synthesis 
N-Methyl-2-pyrrolidone (NMP)  Sigma-Aldrich   Graphite exfoliation 
TiO2 powder Degussa   Evonik Industries/Germany Photocatalyst 
Dolomite granules    Queens University/Belfast  Adsorbant 
VitraPOR® Porous Glass Beads   Robu Glassfilter Gerate/GMBH Adsorbant 
Silica gel granule   VWR Ireland   Adsorbant  
Methylene blue dye   Sigma-Aldrich/Germany  Pollutant model 
Famotidine    Astellas/Ireland    Pollutant model 
Solifenacin succinate   Astellas/Ireland    Pollutant model 
Diclofenac    Sigma-Aldrich   Pollutant model 
Carbamazepine    Sigma-Aldrich   Pollutant model 
HPLC grade water    Fischer Scientific Ltd  HPLC mobile phase 
HPLC grade methanol    Fischer Scientific Ltd  HPLC mobile phase 
Spectrometry grade formic acid   Fischer Scientific Ltd  HPLC mobile phase 

Nylon syringe filters (0.22 μm)   Phenomenex   Filtration 
Nylon filters (0.2 μm, 47 mm)  Pall/Ireland   Filtration  
Amber HPLC vials    Fischer Scientific Ltd  HPLC sample storage  
Quartz cuvette CXA-145-050W   Hellma GmbH & Co. K  UV/Vis spectroscopy 
HPLC Column     Phenomenex   HPLC 

Silicon wafer cuts     NCPST    Raman analysis  
 

3.3. Apparatus 

Apparatus are all the equipment that were used in material preparation and photocatalysis 
test excluding analytical instruments and were briefly listed in Table 3-2. 

Materials and consumables  Supplier Application 
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Table 3-2: Apparatus and their application in this project 

 
Ultrasonic cleaner    5510 E-Mt    exfoliation of GO, cleaning 
Probe Sonicator  VibraCell, CVX 750 W Graphite exfoliation 
Carbolite Tube furnace  CTF 31 600   Calcination/ reduction  
1L-Photo reactor   model 7841-06   UV Photocatalytic tests 
29cm immersion well   model 7857   UV-vis Photocatalytic  
Medium pressure Hg lamp  TQ 150 Heraeus Noblelight UV source 
Hydrothermal reactor      composite synthesis 
Oven         Drying materials 
Freeze-dryer   Labconco   GO sponge preparation 
Shaker        Adsorption rests 
Microwave oven      Graphite expansion 
 

 UV irradiation experimental set-up 

Photodegradation studies using suspensions of TiO2 composites with water spiked with 
selected pharmaceuticals were conducted in 1 L borosilicate glass photo-reactor manufactured 
by Ace Glass (model 7841-06) and a quartz immersion well (model 7857), 290 mm in length 
with water cooling (Figure 3-1). On the central axis, the 125W medium pressure mercury lamp  
(TQ 150 Heraeus Noblelight, emission between 248 and 579nm, λmax 366nm) is placed in a 
jacketed quartz cylinder as the UV light source (thermo-regulated with cooling water to remove 
lamp and reaction heating) encasing the lamp with a Pyrex reactor vessel to ensure filtration of 
light below 300 nm outside of the vessel for the safety. Three necks are used for sampling, 
purging air, and measuring temperature. The internal wall of the box hosting the reactor is 
covered with aluminium foil which prevents the penetration of any parasitic radiation coming 
from the outside environment within the reactor. The solution is stirred with a magnetic stirrer 
continuously and purged with air in order to increase the circulation of the composite between 
the reactor walls also provide enough oxygen for the photoreaction. Air purging was undertaken 
with standard air pumps throughout the reaction (Hagen Elite aquarium pumps). A sparger at 
the air inlet allowed generation of a consistent flow of small air bubbles. 

 

Apparatus    Model Application 
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Figure 3-1: photograph and schematic of photochemical reactor with labelled components 

  

 General method for UV-photocatalysis studies 

For photodegradation studies different as-synthesised TiO2/graphene composites described 
in chapter 5, 6 and 7 were mixed with water containing certain concentrations of selected 
pharmaceuticals ranging from 10 to 100 ppm. In each photodegradation experiment a catalyst 
concentration of 0.3 g/L as the optimum catalyst dosage were used. A 100mg/L 
initial concentration of Famotidine, Solifenacin, and diclofenac and a 15 mg/L initial 
concentration of carbamazepine were used for photodegradation experiments. Each 
photocatalytic experiment includes two sequential successive processes: adsorption then 
oxidation.  

 Adsorption step: 1L of distilled water spiked with pharmaceutical models in certain 
concentration as mentioned earlier, was poured inside the reactor then a known mass of 
the photocatalytic materials (as stated previously) was added. The solutions were then 
magnetically stirred inside the box in dark without any light irradiation at 25°C for 1 
hour to allow adsorption equilibrium to be reached. During the adsorption, one sample 
was taken immediately and four samples were taken every 10 min and filtered for analysis 
either by HPLC or UV-Vis spectrophotometry.  

 Oxidation step: After the adsorption step, the UV lamp was switched on and a stream 
of air was supplied to provide more agitation, faster mass transfer and enough oxygen 
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for the reaction. During the oxidation step, samples was taken regularly and then 
analysed either by HPLC or UV-Vis spectrophotometry.  

The change of the substrate concentration during adsorption and UV/visible light irradiation 
was measured by withdrawing 3mL samples of the solution from the reactor. These samples 
were syringe filtered with 0.22m nylon filters to remove any particles in the sample and then 
analysed with HPLC which described in the following section of 3.3.6. Degradation profiles are 
plotted with reaction (illumination) time on the x-axis (in minutes) and concentration on the 
y-axis in the form of: Ct/C0 where Ct is the concentration of pharmaceutical at time t, divided 
by the concentration of pharmaceutical at 0 minutes, C0. Kinetic of the reaction modelled with 
Pseudo-first-order model subsequently.  

 Visible irradiation set-up 

The set-up for study the visible light activity of TiO2 composites as shown in includes a 300 
ml Pyrex schlenk flask, a 500 W Halogen lamp (IQ Group), a Pyrex cold finger and a Hagen 
Elite air pump. The schlenk reaction vessel was clamped to a stirring plate and 250 ml of selected 
pharmaceutical with certain concentration and calculated amount of composites were added to 
the flask and stirred for one hour to reach the adsorption equilibrium and samples were taken 
regularly as described in previous section. Then the cooling cold finger inserted and the halogen 
lamp, located by 30 cm distance from the vessel, was turned on to initiate visible light 
photodegradation, while the reaction was purging with air bubbles. Sample concentrations were 
monitored by HPLC chromatography.  
 

 
Figure 3-2: Indoor visible light photocatalytic reaction set-up irradiated by a Halogen lamp. 



 

54 

 

 

 General method for visible-photocatalysis studies 

The general process of Visible light photocatalytic degradation of famotidine, solifenacin, 
diclofenac and carbamazepine were followed as outlined previously (3.3.2) with the incorporation 
of a Halogen lamp instead of Hg UV lamp. The reactor volume was also 300 mL in this case. 
Generally 250 ml of spiked water containing the same concentrations as UV experiments 
described in section 3.3.2 was added to the schlenk flask (Figure 3-2) along with a previously 
weighed amount of photocatalyst (0.3 g/L) (or none for photolysis experiments). Prior to 
irradiation the reaction solution were stirred in dark for 60 min, and 2ml samples were taken 
every 10 min. Then the air purging tube was inserted and lamp was turned on. Samples from 
both adsorption and photocatalysis step were filtered using Nylon filter membranes straight into 
vials for HPLC analysis. Degradation profiles are plotted with reaction (illumination) time on 
the x-axis (in minutes) and concentration on the y-axis in the form of: Ct/C0 where Ct is the 
concentration of pharmaceutical at time t, divided by the concentration of pharmaceutical at 0 
minutes, C0. 

 Control experiments 

Control experiments were performed with a drug concentration of 100 ppm and were 
conducted as follow: (i) Photolysis (UV only), (ii) Pure TiO2 in dark, (iii) TiO2/UV/visible light, 
(v) P25/UV/visible light, (vi)GO/rGO in dark and (vii) GO/rGO/UV/Visible. The general 
procedure, as outlined previously in sections 3.3.2 and 3.3.4, and 3.3.6 was then followed.  

 HPLC-UV chromatographic methods 

The concentrations of pharmaceuticals used for this study were measured using a high 
performance liquid chromatography (HPLC) system consisting of an Agilent 1100 (Agilent 
Technologies, Palo Alto, Ca, USA) low-pressure gradient pump equipped with a UV–Vis 
detector. Stock solutions of 100 ppm were prepared in Millipore distilled water and dilutions 
were made with Millipore water with laboratory auto-pipettes in order to make 8 standard with 
known concentrations. All freshly made standards were analysed by HPLC method and 
calibration curve was derived to calculate the unknown concentrations. Table 3-3 contains 
method development conditions with the methanol solvent phase system which were optimized 
from methods developed by A. Deegan detailed in a PhD Research Thesis previously undertaken 
in our group 260. The LOD (limit of detection) and LOQ (limit of quantification) for FAM, 
SOL and DIC were 0.2 and 1mg/L respectively. A 150 x 4.6mm, 3.5μm particle Luna 
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pentaflourophenyl propyl reverse phase column was used for separation of FAM and SOL 
analytes and a C18, Luna 25 cm4.6 mm with 5 μm particle size was used for separation of 
DIC. The mobile phases used for FAM analysis consisted of 15% methanol to 85% water with 
0.1% formic acid. The mobile phase used for SOL analysis was 70% methanol to water with 
0.1% formic acid. The mobile phases used for DIC was 80% methanol to 20% water and pH 
was adjusted to 3 by addition of ortho-phosphoric acid to the MeOH/H2O mixture. These 
solvents were filtered by 0.22μm nylon filters and degassed by ultrasonication for 30min. For 
FAM, SOL and CBM the eluent flow rate was 1mL/min and for DIC was 0.75 mL/min with 
the injection volume of 50μL. 
 

Table 3-3: Chromatographic conditions for pharmaceutical pollutant models 

Eluent Mobile phase Inj. Vol. 
(L) 

Flow rate 
(ml/min) 

WL 
(nm) 

Column LOD 
mg/l 

LOQ 
mg/l 

Famotidine 
(FAM) 

15% MeOH: H2O 
(0.1% formic acid) 

50 1 205 1504.6mm, 
3.5μm, Luna 
PFP  

0.2 1 

Solifenacin 
(SOL) 

70% MeOH: H2O 
(0.1% formic acid( 

50 1 205 1504.6mm, 
3.5μm Luna 
PFP 

0.2 1 

Diclofenac 
(DIC) 

80% MeOH: H2O 
pH:3 phosphoric 
acid  

50 0.75 277 25 cm4.6 mm,  
5μm Luna C18  

0.2 1 

Carbamazepine 
(CBZ)  

ACN:6MeOH: 
4H2O 

50 1 230 25 cm4.6 mm,  
5μm Luna C18 

0.2 1 

 
 

3.4. Material synthesis and experimental section of chapter 4 

 Chemicals 

Expandable graphite flakes (1721, Asbury Graphite Mills, US) with flake size average 500 
m were used as starting material for GO synthesis. All the HPLC grade solvent such as water, 
methanol, acetonitrile and spectroscopy grade formic acid and ortho-phosphoric acid were 
purchased from Fischer Scientific Ltd. Three different substrates including dolomite, porous 
glass, and silica were employed as porous substrates immobilization of graphene oxide nano-
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sheets. Physico-chemical properties of each material are summarized in Table 3-4. The 
grounded dolomite, donated by Queens University Belfast, was mined from the dolomite 
deposits found in Co. Fermanagh, Northern Ireland and calcined at 800 °C for 8 hours to 
increase the porosity of the powder. Porous glass bead (VitraPOR ROBU) was donated by 
ROBU-GLASFILTER-GERÄTE Germany and the silica gel was supplied by GeeJay Chemicals 
Ltd., UK. All substrates were initially washed several times with distilled water and dried at 60 
C overnight.  

Table 3-4: Physical properties of the substrates for GO immobilisation  

 
       
Diluted solutions of methylene blue (MB), famotidine (FAM), diclofenac (DIC), and a 

mixture of salbutamol, salicylic acid, metoprolol, propranolol, carbamazepine and diclofenac 
(MIX) were used were used as adsorbate to model pharmaceutical rich wastewater. The test 
solution was prepared using ultra high purity water.  

Table 3-5: Molecular structure and physical properties of methylene blue and pharmaceuticals used as 
pollutant models 
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The properties of the adsorbates are shown in Table 3-5. All chemicals and solvents used 
for chromatography were HPLC grade and purchased from Fisher Scientific Ltd. 

 

 Synthesis of GO film and GO sponge 

Large GO sheets were prepared by modified Hummers’ method using expandable flake 
graphite with a size of 500–600 m as raw materials. As shown in Figure 3-3, graphene synthesis 
procedure simply be divided in three step: expansion, oxidation/exfoliation and reduction.  

 

 
Figure 3-3: Graphene synthesis procedure via oxidation-reduction method 

 
In a typical procedure, graphite flakes were heated in 100 W microwave for 15 sec to 

produce expanded graphite (EG) as the precursor for graphene oxide (GO) synthesis. Then 4 g 
of EG and 500 ml of sulphuric acid were mixed and stirred in a three neck flask for 2 hrs.  Next 
20 g of KMnO4 was gradually added to the mixture. After 24 hrs of stirring at room temperature, 
the mixture was then transferred into an ice bath and 500 ml of deionised water and 100 ml of 
H2O2 were poured slowly into the mixture resulting in a colour change to golden brown. Having 

Graphite oxidation 
and expansion to 
obtain EG

Chemical oxidation 
and exfoliation of EG 
to GO

Chemical and thermal 
reduction of GO to 
obtain Grphene
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stirred for another 30 min, the resulting oxidised EG particles were washed and centrifuged 
with HCl solution (9 H2O:1 HCl %Vol.) three times, then centrifuged again and washed with 
deionized water. Repeated centrifugation washing steps with deionised water were carried out 
until a solution pH ≥ 5 was achieved. In Figure 3-4 step-by-step procedure of making GO is 
shown graphically.  
 

 
Figure 3-4: Experimental procedure for making graphene oxide: (1)Microwave assisted expansion of graphite 
(a) to EG (b); (2)Oxidizing with sulphuric acid and KMnO4 to form a green paste (d); (3)Adding water and 
H2O2 gradually under controlled temperature using ice bath (e) to obtain golden yellow suspended graphite 
oxide flakes (f); (4, 5) Washing with 1 L of HCl solution and water using repeating centrifuge and discarding 
the supernatant, this will cause gradual exfoliation of graphite oxide into paste like GO solution (h) 

 
During washing process, oxidised EG particles were exfoliated to GO sheets resulted in a 

highly viscos honey like solution with concentrations up to 10 mg.ml-1. In order to produce GO 
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sponge, the resulting concentrated solution were transferred into 500 ml bottle and frozen at -
80 C. The solidified GO aqueous solution was then placed in freeze-dryer under vacuum for 2 
days until the water was removed completely and light porous GO sponge was obtained. To 
prepare GO composites certain amount of GO re-dispersed in water by sonication for 60 min. 
To produce GO film, the GO concentrated solution was poured onto a Teflon plate or mould 
and was dried in the oven at 50 C for two days. The GO paper was then peeled off the Teflon 
surface, cut into desired sizes and were stored in dry place. In order to study the effect of GO 
reduction on adsorption properties, thermal reduction of GO to obtain reduced graphene oxide 
(rGO) was performed at 450 ° C for 2 hours. The images of these three form of graphene is 
shown in Figure 3-5. 

 

 
Figure 3-5: Photograph of freeze-dried GO foam, rGO foam and GO paper 

 

 Immobilisation of GO on the surface of porous substrates  

Immobilisation of GO on the surface of porous materials is an approach to produce 
engineered adsorbent with higher adsorption capacity and easier post recovery of GO from water 
after the adsorption process. In this experiment, three different porous supports as mentioned 
in Table 3-4, including porous glass beads, dolomite powder (charred at 800 ˚C for 8 hrs), and 
silica gel granules were chosen as a substrate for GO immobilization. The as synthesised GO 
solution with the concentration of 3.37 mg/ml, as a source of GO, and 15 g of each substrate 
after washing and drying were used to make composite containing 2.2 %wt. of GO. Generally 
100 ml of GO solution with pH 4.5-5 divided in to three parts and were added to the substrate 
in three steps, stirred for 30 min and dried at 60˚C before adding the next GO part in order to 
obtain uniformly coated substrates containing 2.2 wt% GO.  
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Figure 3-6: GO coated substrate: porous glass/GO (1), dolomite/GO (2), silica/GO (3), bare substrates (a), 
coated with GO (b) 

 

 Synthesis of Dolomite/GO composite  

Three different types of dolomite were examined in order to find the most efficient form of 
dolomite to make GO composite. As shown in Figure 3-7(a-c) dolomite with average grain size 
of 2-2.5 mm and 1 mm as received and 200-250 m charred at 800 °C for 4 h were used as 
substrate. 50 g of these substrates were mixed with 300 ml of GO with the concentration of 6.4 
mg/ml and as a result of increased pH as well as water absorption by dolomite, the dispersion 
was turned into viscus gel as shown in Figure 3-7(e). The resulting gels were dried at 70 C 
overnight to obtain black to grey composites (a1-c1) containing 3.6 %wt. GO. They were stored 
in sealed vials for further adsorption experiments.  
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Figure 3-7: Process of making dolomite/GO adsorbent using three different meshes of dolomite before 
coating (a-c), after mixing GO solution (d) with bare dolomite they create a gel which holds dolomite particle 
stable (e) and makes uniformly GO coated dolomite after drying the gel (a1-c1) 

 Adsorption experiments: Graphene oxide 

All adsorption experiments were conducted using a batch equilibration technique at 23 ± 1 
C. TO evaluate the adsorption capacity pharmaceuticals on GO and the optimum GO 
concentration, adsorption of 200 mg/l of diclofenac, famotidine and solifenacin were carried out 
by mixing a certain amount of GO sponge (0.1 to 1 g.L-1) in 100 ml sealed flak and were shaken 
for 4 hours in dark to reach the equilibrium and prevent any possible photodegradation of the 
adsorbate. The suspension then was centrifuged at 10000 rpm for 15 min to separate liquid from 
solid phases and the liquid phase was filtered with the 0.22 m nylon syringe filter and stored 
in amber HPLC vials for concentration measurement.  

In order to investigate the functionality of the GO adsorbent in real condition which is the 
presence of variety of drugs in water, the adsorption experiments of a mixture of five different 
pharmaceutical (Salbutamol, Salicylic acid, metoprolol, propranolol, carbamazepine and 
diclofenac at three initial concentrations (50, 10, 5 mg.L-1) and three GO concentration (0.1, 
0.05 and 0.01 g.L-1) were carried out in 100 mL solution with constant shaking under ambient 
conditions. After the adsorption studies were completed, the samples were taken at regular 
intervals then centrifuged and filtered in the same procedure. The concentration of the adsorbate 
in the solution was determined using Beer–Lambert law by monitoring absorbance at 
wavelength of 284 nm which is the maximum absorbance of the mixture obtained from the UV-
Vis scan of the solution.  
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The adsorption kinetic study was carried out with an initial diclofenac and famotidine 
concentration of 200 mg.L-1 at 296 K, GO concentration of 0.025 g.L-1 in 200 mL and pH 4.0 
to determine the minimum time required for adsorption to reach the equilibrium. Samples were 
taken every 10 min for the first hour then every 30 min for the next two and half hours and 
were analysed based on the HPLC method described in section 3.3.6. To study the effect of pH 
on adsorption of diclofenac and famotidine 0.05 g.L-1 of GO sponge were added to 20 mL of 
the two analyts at the concentration of 100 mg.L-1 and pH was adjusted ranging from 2 to 11 
by addition of 0.1 M NaOH and HCl aqueous solution. The adsorption isotherms were carried 
out by stirring of 20 mL aqueous solution with 1000, 500, 200, 150, 100, 50, 10, 5, and 1 mg.L-

1 of diclofenac and famotidine and the GO concentration of 0.05 g.L-1 and the pH was adjusted 
at 4. The samples were taken after 60 min and prepared via the same procedure. HPLC samples 
for the concentrations above 200 were diluted 10 times to be able to obtained accurate data. The 
effect of adsorbent concentration on removal rate and amount of adsorption was studied using 
graphene sponge concentration at 1, 0.5, 0.2, 0.1, 0.075, 0.05 and 0.01 g.L-1 in 20 mL of 100 
mg.L-1 of diclofenac and famotidine during one hour of adsorption through the same procedure.    
In adsorption graphs Ce (mg.L-1) denotes the equilibrium concentrations in aqueous phase after 
the adsorption of tetracycline on GO. The equilibrium adsorption capacity or the uptake of the 
adsorbate (qe, mg.g-1) is the variation between the initial (C0) and equilibrium concentration 
(Ce) caused by per unit weight of the adsorbent which can be calculated by (C0–Ce)/CGO. The 
removal efficiency is calculated by [(C0–Ce)/C0]*100.  

 Adsorption experiments: GO/Dolomite and other substrates 
3.4.6.1. Batch mode adsorption experiment 
Adsorption on GO and GO coated materials were initially carried out in a batch system to 

determine their removal capacity. A desired amount of each adsorbent ranging from 0.01 up to 
3 g/l was added to the flask containing 100 ml of water with the known concentration of 
pollutants. As mentioned in Table 3-5, two classes of pollutant models were chosen for 
adsorption experiments, pharmaceuticals and methylene blue dye. The initial concentration of 
pharmaceuticals, depending on the solubility, was set between 2 to 10 mg/l for carbamazepine 
and 10 and 100 mg/l for other compounds. Methylene blue concentration was varied between 
10 to 1000 mg/l.  The glass bottles were sealed and then were placed on a shaker in the dark. 
The adsorption experiments were carried out at 180 rpm for 12 hrs to ensure that equilibrium 
is reached. The temperature was maintained between 21 and 23 C. Upon equilibration, the 
water sample was filtered through a 0.45 μm nylon syringe filter to remove the adsorbent and 
collected in HPLC vials. Finally the concentration of pharmaceuticals in water samples were 
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measured by HPLC and the concentration of MB were measured by UV spectrophotometer. 
The amount of adsorbed pollutants on GO (qe) and water sample (Ce) for equilibrium condition 
at respective adsorbent dosage was calculated for each experiment using: 
      

 Equation 3-1   ࢋࢗ ൌ
ሻࢋ࡯૙ି࡯ሺࢂ

࢓
 

 
Where qe is the adsorbed amount; V is the volume of the liquid phase (l); C0 (mg/l) is the initial 
concentration of pollutant; Ce is the concentration after equilibrium; and m is the mass of the 
adsorbent.  

3.4.6.2. SPE column adsorption experiments 
In order to examine the adsorption properties of the composites in continuous flow and to 

examine the life time of adsorbent before reaching the saturation also to prevent the post 
separation of composite in batch adsorption experiments, a special adsorption column was 
designed based on solid phase extraction method. As shown in Figure 3-8, the adsorbent was 
placed in SPE cartridges between two frits and attached to the stopcock fitting which is 
switchable. For adsorption experiments methylene blue at a concentration of 0.2 M were used. 
For each experiment, 5 ml of each solution was injected and a vacuum applied to keep the 
pressure at -254 mmHg. Water samples were collected accordingly at the bottom in a vacuum 
manifold for each cartridge and were analyzed with UV spectrophotometer to determine the 
concentration. This process were repeated 10 times for each cartridge to find out the 
exhaustion time for each adsorbent. 
 

 
Figure 3-8: Adsorption column set up for adsorption test of bare and GO coated substrates 
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3.5. Material synthesis and experimental section of chapter 5 

 Chemicals 

Titanium (IV) Isopropoxide 97%, also called Titanium Tetraisopropyl orthotitanate (TTIP), 
were used as TiO2 precursor in sol-gel synthesis. Anhydrous Isopropyl alcohol (IPA) and 
sulphuric acid purchase from Sigma were used without any further purification.  The chemical 
structure of TTIP and IPA, the two main compound involved in sol-gel process is shown in 
Figure 3-9. Graphene oxide dispersion with certain concentration were synthesised according 
to section 3.4.2. The commercially available Degussa P25 TiO2 powder under the trade mark of 
AEROXIDE® was purchased from Sigma Aldrich.  
 

 
Figure 3-9: Chemical structure of TTIP and IPA  

 

 Sol-gel synthesis of TiO2 nanoparticles  

TiO2 nanoparticles were derived via sol-gel hydrolysis of titanium isopropoxide, followed by 
calcination or hydrothermal treatment in order to increase crystallinity of the as-synthesised 
powder. Generally 15 ml of TTIP was dissolved in 150 ml of anhydrous IPA gentle stirring in 
order to avoid hydrolysis of TTIP with the moisture present in the air and labelled as solution 
A, as illustrated in Figure 3-11. Separately 300 ml deionised water was mixed with 30 ml IPA 
(solution B). Then, the former solution (A) was added dropwise to the latter (B) under vigorous 
stirring and the pH was adjusted to 0.5 by adding required amount of 1 M nitric acid and stirred 
for 1 h at room temperature to obtain the homogenous TiO2 sol. Small amount of white 
precipitates of hydrous oxides were produced instantly which was dissolved after adding acid and 
stirring for 3 h and the resulting sol was aged at 40 °C overnight. The amorphous sol were then 
subjected to either calcination or hydrothermal treatment to promote TiO2 crystallisation. In 
the former, the sol were first dried at 70 °C followed by calcination at 450 °C for 2 h in air 
circulated furnace for removal of volatile and organic species and formation of crystalline oxides. 
In the hydrothermal route, the as-synthesised sol was transferred to a sealed Teflon-lined 
stainless steel autoclave (70% filled), and treated at 170 °C for 20 h. The hydrothermally treated 
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suspension was then centrifuged at 5000 rpm; the powder recovered was washed with deionized 
water, and dried at room temperature.  

 

 
Figure 3-10: BERGHOF hydrothermal reactor with controlled time, pressure and temperature equipped with 
magnetic stirring   

 

 In-situ synthesis of TiO2 nanoparticles on GO  

As illustrated in Figure 3-11, sol-gel derived GO/TiO2 composite was produced via exactly 
same process as describe in previous section. The only difference in these two process was the 
addition of GO dispersion to the solution B (solution B*) before adding TiO2 precursor 
(Solution A). The amount of GO was adjusted in order to make GO/TiO2 composites with 1, 
2, 5, 10, and 20 %wt GO. To be able to adjust GO mass in the composite, it was necessary to 
know the total mass of TiO2 particles in sol. In a typical procedure certain volume of TiO2 sol 
were dried and calcined at 450 °C as described in previous section and weighed after drying. 
Concentration of the TiO2 was estimated around 10 mg/ml with the total mass of 5 g TiO2 in 
every 500 ml batch of TiO2 sol.  
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Figure 3-11: Flow chart of TiO2 and TiO2 nanoparticle sol-gel in-situ synthesis on GO  

 
To make each GO/TiO2 composite with different weight percent GO, one batch of TiO2 

were synthesised based on the recipe explained in Figure 3-11 and accordingly the required 
amount of GO were taken from the previously synthesised GO batch with the concentration of 
4.9 mg/ml and dispersed in water/IPA mixture before adding to the solution B. After aging all 
samples showed cloudy whitish brown ranging from very light for the 1 % wt GO sample to 
very viscous and dark brown for the 20% wt GO sample. Then each batch of composites were 
divided into two parts. One part dried at 40 °C overnight and pulverised into fine powder using 
mortar and pestle and calcined at 450 °C for 2 h in controlled atmosphere furnace under flow 
of 99.999% pure nitrogen to avoid burning graphene to CO and CO2 in presence of oxygen 
during crystallisation of TiO2 . The second part of sol was loaded into the Teflon lined stainless 
steel directly and treated hydrothermally at 170 °C for 24 h. The hydrothermally treated 
suspension was then centrifuged at 5000 rpm; the powder recovered was washed with deionized 
water, and dried at room temperature. The colour of the powder changed from brown to light 
navy blue to dark blue and black which was the sign of the GO reduction to rGO due to 
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hydrothermal treatment. All samples were labelled as GO-PS-X where X=1, 2, 5, 10, 20 wt% 
and stored for further characterisation and photocatalysis experiments. The colour contrast of 
GO-PS-X wt% composites with increasing the weight percent of GO is shown in Figure 3-12. 
 

 
Figure 3-12: photographs of (a): TiO2 sol and sol-gel synthesised GO/TiO2 composite with 2, 5, 10, 15 and 
20%wt (1 to 6), (b): Pure TiO2 nanoparticles, (c): 5% wt GO/TiO2 composite after drying, (d): Sample GO-
PS-5 (5% wt GO/TiO2 after hydrothermal treatment at 170 °C for 24 hrs) 

 

 Immobilisation of pre-synthesised TiO2 on GO 

Through a different route, pre-synthesised crystalline commercial TiO2 nano-powder, 
known as P25, were used in order to study the effect of in-situ growth of TiO2 nanocrystals via 
sol-gel on the surface of graphene comparing with dispersing pre-synthesised TiO2 nanopowder 
on the surface of GO. P25 is a photocatalyst manufactured commercially and sold under the 
trade mark AEROXIDE® P25. P25 is a mixture of anatase and rutile in the region of 70-90% 
anatase and is manufactured by flame synthesis. P25 has an average particle diameter of 35–
40nm and a specific surface area of 44–50 m2g-1.  

GO/P25 composites were prepared by ultrasonic assisted mixing method. The ultrasound 
provides enough energy to break TiO2 agglomerates and bind them to the GO surface through 
electrostatic interaction between negatively charged GO and positively charged P25 particles. 
First 1 g of P25 were added to 100 ml water and sonicated in ultrasonic bath for 1 h to obtain 
very homogeneous slurry. Next calculated amount of GO were added to each TiO2 dispersion 
in order to obtain GO/P25 composites with the GO weight percent ranging from 1 to 20 %wt 
and were sonicated in bath for more 1 h until a uniform light brown dispersion was obtained. 
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All the dispersions were dried at 40 °C overnight and pulverised into fine powder using mortar 
and pestle, were divided into three parts and labelled as GO-P25-C-X% for further treatment. 
The first part is stored without any further treatment, the second part calcined at 450 °C for 2 
h in controlled atmosphere furnace under flow of 99.999% pure nitrogen and the third part 
hydrothermally treated at 170 C for 24 hrs.  
 

 
Figure 3-13: photographs of (a): GO/P25 TiO2 dispersion with 0, 0.5, 1, 2, 5, 10, and 20%wt, (b) and (c): Pure 
TiO2 and GO/P25 composites after drying 

 

3.6. Material synthesis and experimental section of chapter 6 

 Chemicals 

The major chemical to synthesis TiO2 nanotubes are P25 AEROXIDE®, sodium hydroxide 
(ACS reagent 97%) in pellets form and hydrochloric acid (ACS reagent 37%) from Sigma 
Aldrich.  

 Synthesis of TiO2 nanotubes (TNTs) 

Generally 4gr P25 TiO2 particles was added to 120 ml of 10 M NaOH (48 g NaOH in 120 
ml water) and dispersed by sonication for 30 min. The resulting TiO2 slurry were hydrothermally 
treated at different temperature (110, 130, 150, and 180 C) and time (5, 24, 40 and 80 hrs), 
followed by calcination at different temperature (300, 450, 550 and 700 C) and time (1, 2, 5, 
and 7 hrs) in order to crystallize TNTs. After cooling the reactor naturally to the room 
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temperature, it was transferred to PTFE tubes and centrifuged at 3000 rpm for 30 min to remove 
NaOH from the supernatant. Then washed with 0.1 molar HCl to reach the pH 7. Finally the 
resultant milky slurry was washed with 1 litre of deionised water to removed NaCl residue and 
dried at 70 °C overnight. The white TiO2 powder was grinded with mortar and pestle to obtain 
uniform and smooth powder, labelled and stored in sealed glass vials for further characterisation. 
Among all the TiO2 -TNTs the one hydrothermally treated at 150 C for 24 hrs and calcined 2 
hrs at 450 C shows highest surface area, more porosity, longer tubes, smallest diameter and 
well defined tubular structure. This sample labelled as TNT-150-24 and were used for 
photocatalytic experiments and making graphene composite.  
 

 Synthesis of TNTs/rGO 

The synthesis of TNTs/rGO composite was achieved via three different routes. For all three 
methods, the optimised TNT sample TNT-150-24 was chosen as the standard TiO2 nanotubes 
based on its high surface area and nanotube quality as the optimised sample.  

 Method A: 1 g of previously synthesised TNT-150-24 dispersed in 50 ml of deionised 
water then mixed with calculated amount of GO dispersed in 20 ml water in order to 
make 5 and 10  wt% TNT/GO composite. Finally the dispersion were dried and calcined 
in nitrogen flow furnace at 450 °C for 2 h for reduction of GO to rGO and also 
crystallisation of TiO2 nanotubes. This sample labelled as rGO-TNC-X (X=5 and 10 %)  

 Method B: 1 g of previously synthesised TNT-150-24 dispersed in 50 ml of 25:75 
ethanol: deionised water mixture and mixed with calculated amount of GO dispersed in 
20 ml water in order to make 5 and 10 wt% TNT/GO composite. The dispersions then 
were loaded into Teflon lined autoclave for the second hydrothermal treatment at 170 
°C for 10 h in order to reduce GO to rGO also crystallise TiO2 nanotubes and were 
labelled as rGO-TNH-X (X=5 and 10 wt%).   

 Method C: In third method TiO2 nanotubes were synthesised on GO surface in one 
pot. First 3.6 g P25 powder was added to 120 ml of 10 M NaOH and dispersed by 
sonication for 30 min. Then 0.4 gr of freeze dried GO were added to the TiO2 slurry 
and sonicated for another 30 min to make 10 wt% GO containing composite. The 
resulting homogeneous light brown dispersion were hydrothermally treated at 150 °C 
for 24 hours. After cooling the solution to the room temperature, the resulting navy 
blue dispersion was centrifuged to remove NaOH, washed with 0.1 M HCl to the pH 
7, washed with deionised water, filtered and dried at 60 °C overnight and labelled as 
rGO-TNP-10 wt%.   
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 Synthesis of rGO/TiO2 nanofiber composite (TNFs/rGO) 

The procedure to make TiO2 nanofibers are quite similar to procedure of making TiO2 
nanotubes but hydrothermal treatment was performed at 200 C for 48 hrs. After washing and 
drying, 1 g of the resulting powder was dispersed in 50 ml of deionised water then mixed with 
10 wt% GO, dried and calcined in nitrogen flow furnace at 450 °C for 2 h.  This sample labelled 
as rGO-TNF-10 wt%.  

 

3.7. Material synthesis and experimental section of chapter 7 

 Chemicals 

Hexadecylamine (HDA, 90%), potassium chloride pellet (ACS reagent 85%), titanium 
(IV) isopropoxide (TTIP) and absolute ethanol (ACS reagent 99.8% Fluka) were purchased 
from Sigma-Aldrich and used without any further purification.  
 

 
Figure 3-14: Chemical structure of Hexadecylamine 

 

 Synthesis of TiO2 beads (TBs) 

Mesoporous TiO2 beads were prepared from a combined sol-gel and solvothermal process 
based on the method reported by Caruso et.al 261. In a typical synthesis 10.6 g HDA was 
dissolved in 1200 mL ethanol, followed by the addition of 6.5 mL 0.1 M KCl solution. Then 
30 ml of TTIP were added to this solution drop wise under vigorous stirring at ambient 
temperature. The resulting white TiO2 suspension statically ages overnight, then the TiO2 beads 
were collected on whatman filter paper, washed with ethanol three times and dried in air at 
room temperature. In order to increase porosity and crystallinity of TiO2 beads, a solvothermal 
method was used. Typically 4 g of as synthesised amorphous TiO2 beads was dispersed in 35 ml 
water and 70 ml ethanol and were hydrothermally treated at 160 °C for 16 h. The solid products 
were collected by filtration, washed with ethanol, and dried in air at room temperature. The 
resultant powders were calcined at 450 °C for 2 h in air to burn HDA and other organic 
compounds from TTIP and produce the final mesoporous crystalline TiO2 micro beads. This 
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sample was labelled as TBs. The schematic of synthesis process is shown consecutively from 1 
to 3 in Figure 3-15.  

 Synthesis of rGO/TBs 

TiO2 beads/rGO composites was synthesised by dispersing 4 g of TBs beads in 70 ml of 
ethanol and was added to 35 ml of water containing 0.44 g of GO finely dispersed with sonication 
aid and stirred for an hour to make a homogeneous GO/TBs composite containing 10 wt% GO 
(Figure 3-15). The final slurry then was loaded into autoclave and heated at 170 °C for 10 h in 
order to reduce graphene oxide and enhance TiO2/graphene binding. After cooling to room 
temperature the slurry were filtered and washed three times with ethanol, dried overnight.  
 

 
Figure 3-15: schematic process of synthesising TiO2 beads (1-4), and two different routes for synthesising 
graphene wrapped TiO2 beads (a and b) 

 

3.8. Analytical methods 

 High performance liquid chromatography (HPLC) 

Reversed-Phase Chromatography were used in this study to quantify the amount of 
residual pharmaceuticals in water after removal by adsorption and photocatalysis. The separation 
is based on analytes’ partition coefficients between the polar mobile phase (H2O:MeOH) and 
the hydrophobic (nonpolar) stationary phase which is octadecyl (C18) bonded groups, on silica 
support. The polar analytes elute first while nonpolar analytes interact more strongly with the 
hydrophobic C18 groups. Thus in chromatograph the more polar compounds are located in less 
retention time than the non-polar ones.  
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The HPLC system used for this study is an Agilent 1100 (Agilent Technologies, Palo 
Alto, Ca, USA) consisting of low-pressure gradient pump equipped with a UV–Vis detector. 
This is a typical HPLC system consists of a pump, an injector, a column, a detector, and a PC-
based data handling workstation which is integrated with the Agilent Chem-Station software 
B.02.01SR1. (see schematic diagram in Figure 3-16). The UV/Vis absorbance detector monitors 
the absorption of UV or visible light in the HPLC eluent since all pharmaceuticals used have 
the highest UV absorbance in specific wavelength which were identified from their UV/vis 
spectrum.  

 
Figure 3-16: schematic diagram of HPLC system with different modules 

 

 UV/Vis Spectroscopy and Beer-Lambert  

The ratio of the intensity of light transmitted through a medium, I, to the incident intensity, 
I0, at a given frequency is called the transmittance, T. It has been shown empirically 262 that the 
transmitted light varies with the length, l, of the sample and the concentration, C, of the 
absorbing species according to the Beer-Lambert law: 

ClII  100               Equation 3-2 
Where  is known as the extinction coefficient (or the molar absorption coefficient). The 
attenuation of light beam passing through a cuvette, due to absorption as outlined by the Beer-
Lambert law. 
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Figure 3-17: Representation of Beer-Lambert law, showing the various components as outlined in Equation 
3-3 263 

 

The absorbance, A, can be defined as:  

I

I
A 0log           Equation 3-3  

So the Beer-Lambert law takes its usual form: 

ClA              Equation 3-4 
It shows the absorbance in a sample is to be reliant on the concentration of the sample and the 
thickness of the sample that the light is transmitted through. In this work Beer-Lambert law 
was used to calculate the concentration of methylene blue dye after adsorption experiments.  

3.9. Characterisation techniques 
Material characterizations in this work include measurements of crystallographic 

information, identification of chemical functional groups, characteristic images, surface 
structure and morphology, surface areas and porosity etc. The characterization techniques being 
mostly used in the present work are described in this section. 

 Field Emission Scanning Electron Microscopy (FESEM)  

The Scanning Electron Microscopy (SEM) is a technique of electronic microscopy based 
on the electrons-material interactions, capable of producing images of the sample surface. The 
principle of the SEM is based on the fact that an electron beam bombards the surface of the 
sample to be analysed which re-emits certain particles. These particles are analysed by various 
detectors which give a three dimensions image of the surface. Due to the excited state of the 
atoms present in the material by interaction with the incidental electrons, photons are emitted 
(de-excitation process). The emission volume of photons depends upon the energy of the 
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incidental electrons, the atomic number of the sample and the level energy initially ionized. The 
chemical analysis by EDX (Energy Dispersive X-ray analysis) consists of a detection of these 
photons by using a detector (detection by energy dispersion). The energy of these photons is 
characteristic of its atoms; which can be used for elemental analysis. The detectors allow to 
FESEM, high resolution FEI SEM, Quanta 650 FEG, equipped with Oxford Instrument EDS, 
X-MAX20 SDD detector, is used in the present thesis which can provide characteristic images 
and is useful for judging the surface structure and morphology of all samples. Depending on the 
type of materials, electron voltage was adjusted between 5-15 keV. For graphene samples voltage 
should be set as low as possible to prevent sample damage and chamber pollution. Compared to 
commonly used SEM, FESEM is a type of electron microscope which is able to produce the 
highest resolution and less electrostatically distorted images. Besides sample images, FESEM 
can also provide information on the elemental composition of materials imaged with EDX. 
Samples were adhered on stainless steel stubs using carbon tabs and coated with thin layer of 
gold (2-4 nm) by plasma sputtering method in order to prevent charge accumulation on the 
surface of non-conductive samples. Considering that graphene is highly conductive, graphene 
and graphene composites were not coated with gold.  

 Transmission Electron Microscopy (TEM) and SAED 

JEOL 2100 HRTEM under conventional bright field conditions operated at 80 keV for 
graphene and up to 200 keV were used to study the structure and crystallography of graphene 
and graphene/TiO2 composites. TEM is an imaging technique whereby a beam of electrons is 
transmitted through a specimen, then an image is formed, magnified and directed to appear on 
a fluorescent screen. Sample preparation is very crucial for TEM analysis as it should be very 
thin to let the electron beam pass through the specimen. Graphene is a thin sheet of carbon 
which is conductive and transparent. As a result there is no need to electron milling for sample 
preparation and samples can be easily deposited on lacy carbon conductive TEM copper grids 
from solution.  During the specimen preparation, around 5 mg of sample powder was dispersed 
into 10 mL of ethanol, isopropyl alcohol or water followed by ultra-sonication for 15 minutes 
to obtain a better dispersion of particles in the suspension and a few drops of such solution were 
spread on the carbon coated grid for analysis. Depending on beam selection, there are four 
common types of TEM image: bright field (BF) image; dark field (DF) image; selected area 
diffraction (SAD); and lattice or high-resolution TEM  (HRTEM) imaging.  

High resolution transmission electron microscopy (HRTEM) is an imaging mode of 
TEM that allows the imaging of the crystallographic structure of a sample at an atomic scale. 
In HRTEM, several beams scattered by the crystal in different directions interfere to form a 
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“lattice image”, which is formed by the interference between the diffracted beam and un-
scattered beam. In practice, a larger objective aperture is selected to allow both types of beam to 
pass. Furthermore, all the diffracted beam and un-scattered beam are brought together again in 
the objective lens and the Fourier transform (analysis) creates a diffraction pattern of the object 
in the back focal plane. The inverse Fourier transform (synthesis) is performed subsequently, 
making the interference of diffracted beams back to a real space image in the image plane as a 
lattice image and at present, the highest resolution realised is 0.8 Å.  

Selected Area Electron Diffraction (SAED), crystallographic technique that can be 
performed inside a TEM, is obtained when a special aperture namely SAD aperture is inserted. 
It encloses a small area through which both un-scattered and diffracted electrons contribute to 
the image formation. The periodic structure of a crystalline solid acts as a diffraction grating, 
scattering the electrons in a predictable manner. Working back from the observed diffraction 
pattern, it can deduce the structure of the crystal producing the diffraction. SAED is similar to 
X-ray diffraction, but unique in that areas as small as several hundred nano-meters in size can 
be examined, whereas X-ray diffraction typically samples areas several centimetres in size. If a 
large number of randomly orientated crystallites are covered, ring patterns will be obtained. 
With fewer crystallites present in the selected aperture, the “rings” lose their continuity and a 
spotty ring pattern results. Furthermore, a single crystal will give rise to a regular and ideally 
symmetrical arrangement of diffraction spots, each of which has a different value of 
crystallographic planes. In current research SAD pattern were used to estimate crystallinity and 
orientation of graphene crystallites.  

 Powder X-Ray Diffraction (XRD) 

XRD is a technique used to characterize the crystallographic structure, crystallite size, 
and preferred orientation in polycrystalline or powdered solid samples also to identify the 
presence of inorganic phases in nano-composites. For current project XRD studies were 
conducted at room temperature using a Bruker D8 Advance GX002002 X-ray diffracto-meter 
with NaI scintillator detector configured with 0.6mm solid slot. A 0.6mm slit was placed in 
front of the 2.2 kW Cu-Kα (λ = 1.5406 Å, 60 kv and 20 mA) X-ray radiation source. The 
samples are prepared in the form of fine homogeneous powder and a thin smooth layer of the 
samples mounted on a substrate is held in the path of X-rays. Powder samples were adhered 
onto borosilicate glass slides using two sided pressure sensitive adhesive tape. The glass slides 
and adhesives were analysed separately to provide controls for all samples. The XRD patterns 
with diffraction intensity versus double diffraction angle (2θ) are recorded from 10º to 80º at a 
step size of 0.02° and step time of 0.01 seconds. The interlayer space (d) of the crystal planes 
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can be obtained from Bragg’s equation (λ = 2dsinθ). Data processing used Diffrac-plus XRD 
commander version 2.6.0 and EVA Application 8,0,0,2 software. The unknown substances were 
identified by comparing diffraction data against a database (JCPDS cards).  

Principally in X-ray diffractometer, the X-ray source is produced in an X-ray tube where 
the high speed electrons collide with a metal target. By passing the X-ray beam through a filter 
which absorbs undesirable components, a monochromatic X-ray with strongest Kα 
characteristic line is obtained and used for diffraction purpose. In principal, the phase 
identification is based on the fact that when a beam of monochromatic X-rays passes through a 
crystal containing of atoms arranged periodically in three dimensions, it can be scattered by the 
atoms in all directions. If there exists a large number of crystallites involved, then the chances 
of a crystal plane diffracting the beam is high. In addition, diffraction will take place only when 
the coherently scattered rays mutually reinforce each other in certain directions and fulfil the 
Bragg’s Law (nλ = 2d sinθ). Where n is order of diffraction, λ is the wavelength of 
monochromatic X-rays, d is the inter-planar spacing of particular (hkl) crystal plane and θ is the 
angle between the incident X-rays and diffraction plane. By fixing the wavelength λ of X-rays 
and measuring θ, therefore the d-spacing of various planes in a crystal can be determined. The 
direction of diffraction is related to the shape and size of the unit cell, while the positions of 
atoms with the unit cells of the crystal determine the intensity of a diffracted beam. The 
principal of XRD is shown in Figure 3-18. 
 

 
Figure 3-18: Interaction of x-ray with crystallographic plane in specimen according to Bragg’s Low 

 
For selected samples, crystallite sizes of TiO2 in nano-composite were estimated using the 
Scherrer’s equation 264: 
 

ܜ      ൌ ૙.ૡૢ	
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    Equation 3-5 
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where t is the average crystallite size, λ is the Cu- Kα X-ray wavelength, θ is the Bragg’s 
diffraction angle and  is the integral breadth of peak or peak broadening (full-width at half 
maximum (FWHM) in radians). For proper calculation, other aspects such as the broadening 
due to strain in the sample should be considered. Therefore, the crystallite sizes determined 
from XRD was compared with those derived from the transmission electron microscopy (TEM) 
analysis.  

 Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR -FTIR) 

FTIR is an absorption spectroscopy for collecting infrared spectra and analysing the 
chemical bonding information. It works because chemical bonds have specific frequencies at 
which they vibrate corresponding to energy levels. Thus a particular bond type can be deduced 
from the frequency of the vibrations. Typically FTIR needs sample preparation including 
dilution down to more than 100 times and making tablet. Attenuated Total Reflectance (ATR) 
is today’s most widely used FTIR sampling tool. ATR generally allows qualitative or quantitative 
analysis of samples with little or no sample preparation, which greatly speeds sample analysis. 
The main benefit of ATR sampling comes from the very thin sampling path length and depth 
of penetration of the IR beam into the sample. This is in contrast to traditional FTIR sampling 
by transmission where the sample must be diluted with IR transparent salt, pressed into a pellet 
or pressed to a thin film, prior to analysis to prevent totally absorbing bands in the infrared 
spectrum. This encourages faster analysis with the higher resolution. 

In this study the infrared spectra of the graphene oxide and reduced graphene oxide were 
obtained using an ATR-FTIR (Perkin-Elmer Spectrum 100 with ATR) averaging 10 recorded 
scans at a resolution of 2 cm-1 in mid infrared range (2.5−50 μm or 4000−400 cm-1). The 
resulting infrared spectrum is presented as the absorbance versus wavenumber.  

 Raman Spectroscopy  

Another useful technique in characterizing carbonaceous materials is Raman 
spectroscopy. The Raman Effect arises when the incident light excites the molecules in a sample 
which subsequently scatters the light. The scattered light consists of two types; Rayleigh 
scattering, which is strong and has the same frequency as that of the incident beam, and inelastic 
Raman scattering, which is very weak and scattered at different wavelengths due to phonon losing 
or gaining. The difference in frequency between the scattered light and the incident light is 
known as the Raman shift, the intensity of which can be measured and illustrated as a Raman 
spectrum. Measurements of the Raman shifts enable the identification of the scattering 
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compounds and further analysis of peak intensities can provide useful information related to 
stoichiometry, stress and the degree of crystallinity of the material under investigation. These 
advantages have made Raman spectroscopy as one of the very sensitive and important technique 
to analyse the structure and electronic transitions of carbonaceous materials such as carbon 
nanotubes, fullerene and recently graphene and graphene oxide.  

Raman can be used to determine the number of graphene layers as well as the nature of 
their defects, regardless of the substrate and preparation methods. In graphene, there are three 
prominent bands in the characteristic Raman spectrum of graphene: the D-band due to lattice 
defects in graphene, the G-band due to in-plane vibration of the sp2 bonded carbon atoms, and 
the G′/2D-band due to the double resonant condition in graphene as it shown in Figure 3-19. 

 

 
Figure 3-19: Raman spectra of (a): multilayer, (b): single layer graphene 

 
The intensity of the G-band essentially increases linearly with the increasing number of 

graphene layers with greater quantity of carbon atoms measured. The low intensity G-band, the 
sharp and symmetrical 2D-band, and the large intensity ratio of 2D-band over G-band (I2D/IG) 
serve as unambiguous identification of monolayer graphene 265,266. As shown in Figure 3-20, 
the 2D peak of a single layer is sharp and symmetric compared with other Raman spectra which 
is hence widely used to identify single layer graphene. In addition to the difference of the 2D 
peak, the intensity of the Raman G peak increases almost linearly with the layer number 267.  
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Figure 3-20: Comparison between Raman spectra of increasing layers of graphene  

 
In this work, the Raman measurement was carried out in back scattering configuration using 

micro-Raman system (Jobin-Yvon Horiba LabRam HR800) equipped with a Synapse Air 
Cooled CCD detector using a 488 nm (Uniphase 2014) argon ion visible laser with a maximum 
output power of 20mW. The excitation power were adjusted low at 10 mW in order to avoid 
the undesired heating effect on the sample or sample damage. The spot size of the laser was 
adjusted 1m approximately with the acquisition time of 1 second. The spectral resolution of 
the apparatus is estimated to be approximately ~1 cm-1. 
 

  UV-Visible Spectroscopy  

Ultraviolet−Visible (UV−Vis) spectroscopy measures the wavelength and intensity of 
absorption of near-ultraviolet and visible light by a sample. The transition alters the 
configuration of the valence electrons in the molecule and the radiation is generated by the 
ultraviolet-visible portion of the electromagnetic spectrum 160 to 780 nm. The absorption 
generally results from excitation of bonding electrons from the ground state to higher energy 
levels. The mechanisms involved can be categorized into: (i) absorption by species containing π, 
σ and n electrons; (ii) absorption involving d and f electrons; and (iii) absorption by charge-
transfer electrons. The first mechanism is the most common one for organic molecules where 
the absorption in the conventional spectral region (200-700 nm) is dominated mainly by n to 
π∗ and π to π∗ transitions involving the electrons in s and p orbitals. During such a transition 
in a molecule, electrons are promoted from the highest occupied molecular orbital (HOMO) to 
the lowest unoccupied molecular orbital (LUMO). On the other hand, most inorganic 
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compounds with transition-metal ions absorb ultraviolet and visible light due to second and 
third mechanisms, which involve transitions with d and f orbital electrons as well as electron 
donor-acceptor characteristics. In TiO2 nano-structures as a semiconductor, the transitions 
occur between the valence band (VB) and conduction band (CB). To some extent, the VB and 
CB can be considered as the solid state analogue of the HOMO and LUMO of an organic 
molecule. For composites containing TiO2 nanoparticles, the UV−Vis spectrum can provide a 
correlation between the fundamental absorption edge and the respective photon energy required 
to excite the electrons from valence band to higher energy conduction band. The band gap 
energy can be calculated from  
 

ሺࢻ૙ࣖࢎሻ࢔ ൌ ࣖࢎሺ࡭ െ  ሻ    Equation 3-6ࢍࡱ
    
Where αο is linear absorption coefficient; hν is the incident photon energy; A is the edge-width 
parameter; and Eg is the optical band gap energy, respectively. The absorption coefficient at the 
higher energy side of the absorption edge can be used to fit to obtain the optical band gap Eg 
of TiO2 nanotubes and graphene/TiO2 composites in chapter four by extrapolating the plotted 
(αοhν)n as a straight line towards an intersection with the hν axis.  The value of n can be 
assumed to depend on the nature of electronic transitions responsible for the absorptions (n is 
equal to ½ and 2 for indirect and direct band gaps, respectively). UV- Vis spectrometer used in 
this work to measure properties of composites was Perkin Elmer UV-VIS Spectrometer with 
the wavelength between 190-1100nm. UV-Vis spectroscopy used for identifying the maximum 
absorption wavelength for methylene blue and pharmaceuticals was a Beckman Du520 general 
purpose UV/Vis spectrophotometer with the wavelength between 190-1100nm with the samples 
placed in quartz cuvette. 

 BET Gas adsorption Isotherm 

Surface area and porosity were measured using a Nova 4200 High Speed, Automated 
Surface Area and Pore Size Analyser from Quantachrome Instruments. Samples were prepared 
by outgassing in vacuum at 120-200 °C for 2 hours under 10-3 torr vacuum to remove adsorbed 
contaminants (especially water and carbon dioxide) which were acquired from atmospheric 
exposure. The mass of the degassed sample is then measured to calculate the final specific 
surface. The samples were then cooled at -196 °C under vacuum. Nitrogen was dosed to the 
samples in controlled increments and quantity adsorbed was calculated. The quantity of gas 
required to form monolayer on the external surface was determined from adsorption isotherm. 
The isotherm is determined by both the sequential introduction of known gas pressure in the 
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cellular unit and the measure of the adsorbed gas quantity according to the pressure in the 
system. The temperature of the system remains constant and equal to that of the liquid nitrogen. 

To calculate the specific surface, it is necessary to analyse the experimental adsorption 
isotherm which leads to the adsorbed gas quantity on the complete monolayer, then to calculate 
the layer area and thus the specific surface of the solid, further increase of gas pressure will form 
multi-layer coverage (see Figure 3-21). The general equation for the physical adsorption of a gas 
on a solid is: 

 

ࢂ ൌ
۱ᇲ.൬.ܕ܄

۾
૙۾
൰

൬૚ି ۾
૙۾
൰.൬૚ାሺ۱ᇲି૚ሻ. ۾

૙۾
൰
    Equation 3-7 

 
Where p is the adsorption equilibrium pressure (Pa); 
P0 - the vapour pressure of adsorbate at adsorption temperature (Pa); 
V - Volume of the adsorbed gas (m3); 
Vm - volume of the gas necessary to form a complete monolayer on the surface (m3); 
C’ - the adsorption constant of gas used 
The BET Equation may be given under a linear shape for relative pressure values (௉

௉బ
) ranging 

from 0.05 to 0.20: 
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This equation is called transformed linear BET of the adsorption isotherm. The values of Vm 
and C' are obtained from the slope  ௉
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ሻ and the intercept. If the area of a gas 

molecule, Am, is known (16.2 Å2 for nitrogen), the specific surface of the solid (SBET) is obtained 
according to the following equation: 
 

ܵ஻ா் ൌ
ேಲ.஺೘.௏೘
௏೘೚೗.௠ೞ

                             Equation 3-9 

Where: 

Vm is the volume of the monolayer; 

Am is the cross-sectional area occupied by each adsorbate molecule; 

NA is the Avogadro’s number (mol-1); 



 

82 

 

Vmol      is the molecular volume of gas (m3.mol-1); 

ms         is the mass of solid sample (kg).     

With increasing pressure, gas was condensed on small pores (smallest diameter) first and 
continue until saturation pressure was reached at which all pores filled with liquid. The gas 
pressure was then reduced incrementally to allow evaporation of the condensed gas. The Kelvin 
equation (see the Equation 3-10) was used to calculate the relative pressure of nitrogen in 
equilibrium with the solid. The pore size distribution was determined from the desorption data 
using the Barrett, Joyner, and Halenda (BJH) model. A relative nitrogen pressure step, ranges 
from 0.98 to 0.37 was used. 


cos

2
ln

0 rRT

V

P

P L   Equation 3-10 

Where 

P is the equilibrium vapour pressure of a liquid in a pore of radius r 

P0 is the equilibrium pressure of the same liquid on a plane surface 

γ is surface tension of the liquid 

VL is the molar volume of the liquid 

θ is the contact angle with which the liquid meets the pore 

R is the gas constant 

T is the absolute temperature 

The value of the total pore volume is based on the measurement of the nitrogen 
volume adsorbed until p/p0 = 0.98.  
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Figure 3-21: Gas adsorption mechanism to measure the specific surface area (200 Micromeritics Instrument 
Corporation) 
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CHAPTER 4:  GRAPHENE AND GRAPHENE OXIDE 
AS AN ADSORBENT  

 
 
 

4.1. Introduction   

Pharmaceutical which are used extensively worldwide in human therapy and the farming 
industry, have recently attracted increasing concern as a new class of pollutants 268,269. Because 
most of pharmaceuticals are partially metabolized and absorbed by the treated humans and 
animals, large fractions are excreted intact through urine and faeces to agricultural runoff and 
municipal wastewater treatment plants becoming a source of contamination for soil, surface 
water, groundwater, and even drinking water 4,270. Recently, tremendous attention has been 
devoted to improve the efficiency of pharmaceutical removal from water and wastewater because 
of their detrimental effect on aquatic environment and human health 30,268. Different 
technologies such as adsorption, membrane filtration, biological treatment, and photocatalytic 
degradation has been explored for pharmaceutical removal from water 58,271-273. However 
photocatalysis and adsorption are the two important methods that we have been working on 
extensively in recent years 135,136,274. Despite of advantages of each method, they suffer from 
number of drawbacks in use which has been challenging for water purification in industrial scale. 
For instance adsorption is the most effective and widely used one so far because of its relatively 
low cost and simplicity of the operation, however the adsorption efficiency is highly pH 
dependant and not effective for many harmful organic substances . The other limitation is the 
regeneration need after adsorbent saturation which can be done chemically or thermally. 
However both of regeneration methods are not environmentally friendly since they transfer the 
pollutant from solution phase into concentrated form in other solvents in chemical regeneration 
or into the air in thermal regeneration. Also the regeneration causes considerable weight loss 
and reduction in efficient life cycle of the adsorbent 51,275. In contrast the other interesting 
technique, photocatalysis, breaks down the organic pollutants to smaller intermediate molecules 
and finally to the H2O and CO2 using a semiconductor nanomaterial (typically TiO2 
nanoparticles) irradiated by UV light 276. But the major problems in photocatalysis are low 
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quantum efficiency and poor adsorption property of pollutant on TiO2 surface which can be 
attributed to the low specific surface area of TiO2 277. In addition the post recovery of the catalyst 
form water considering their small size, ranging from 25-100 nm, is also challenging 278. 
Comparing these two approaches revealed combination of adsorption and photocatalysis method 
in the form of adsorbent-photocatalyst composite can omit the regeneration step of the 
adsorbent along with enhancing photocatalysis and post recovery efficiency. 

Many efforts have been made by designing various type of adsorbent with chemical stability 
and large surface area which increase the adsorption amount of pollutant on the surface of 
catalyst but do not deteriorate the photocatalytic activity or light transmittance. The porous 
nano-carbons such as carbon aerogels, carbon nanotubes (CNTs), fullerenes, nanoporous carbon 
and graphene are some of the most extensively investigated and most promising materials water 
treatment owing to their lightweight, nonpolar, nonreactive and nontoxic nature of carbon 
materials and the easy separation of the materials from water are attractive in wastewater 
treatment 279-281.  

Recently graphene has attracted tremendous attention as a new class of adsorbent for highly 
efficient removal of different organic and inorganic pollutants owing to its unique two 
dimensional honey comb structure of sp2-hybridized carbon atoms which imposes an 
exceptional physicochemical properties such as huge adsorption capacity, 
transparency, conductivity, unique pore geometry and large surface area (theoretical specific 
surface area of 2630 m2.g-1) 194,282. However, hydrophobicity and tendency to re-stacking into 
graphite hinders graphene from being an ideal adsorbent for removal of water soluble organic 
compound 283. By contrast, GO, the oxidized form of graphene, is rich in oxygen-containing 
groups, such as hydroxyl and epoxide (mostly located on basal plane), and carboxyl and carbonyl 
(mostly at the sheet edges) 152,154. This chemistry makes GO water soluble, hydrophilic, 
positively charged and acidic, which can consequently improves the accessibility and affinity of 
GO to adsorbate molecules 190. GO can be produced on a large scale and at low cost by chemical 
exfoliation of graphite. Reduced graphene oxide (rGO) could obtain from subsequent reduction 
of GO which restores the sp2 carbon structure via various methods such as annealing 200, 
solvothermal/hydrothermal processes 284-286, chemical reduction 198,287-289 or UV-assisted 
reduction 207,208.  

According to the these explanations we decided to select GO as a platform to immobilize our 
catalyst on the surface, hence we needed to study the adsorption properties of the GO adsorbent 
separately before combing with the catalyst. Based on literatures graphene-based adsorbents 
have been applied to remove various organic pollutants, such as dyes 290,291, naphthalene and 1-
aphthol 292, bisphenol A 293, tetracycline antibiotics 195, and oil 194,294 from aqueous solutions.  
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Yang et al. 295 demonstrated methylene blue removal by GO with a large adsorption capacity, 
as high as 714 mg.g−1. Other studies reported the adsorption capacity of 1939 mg.g-1 296 and 
397 mg.g-1 196 of MB on GO. Sun et al. 297 reported maximum adsorption capacity of 1400 
mg.g-1 for acridine orange by GO and 3300 mg.g-1 for modified rGO. Wu et al. 298 reported the 
maximum adsorption amount of 1430, 1460 and 1520 mg.g-1 by graphene nanosheets for p-
toluenesulfonic acid, 1-naphthalenesulfonic acid and methyl blue respectively.  

According to all literature that summarised above, five possible interactions including 
van der Waals type interactions, π–π bonds (cation–π bond), hydrophobic effect, covalent and 
electrostatic interactions and hydrogen bonds are believed to be responsible for the adsorption 
of organic molecules on the surface of GO and rGO 299. However they are not still able to justify 
the extraordinary adsorption capacity of GO towards different types of non-aromatic organic 
molecules and the difference between adsorption behaviour of GO and rGO. In this study, we 
aim to study the possible phenomena behind the extraordinary adsorption capacity of GO using 
different type of pharmaceuticals with different physicochemical properties and methylene blue 
as a cationic dyes to study the effect of electrostatic interaction in adsorption characteristic of 
GO and rGO in aqueous solution under different experimental conditions. For this 
investigations GO sponge was obtained by chemical exfoliation of graphite according to the 
modified Hummers method and freeze-drying. Then GO sponge was reduced to rGO chemically 
using hydrazine mon-hydrate named HrGO, thermally in vacuum at 300 °C for 20 h named 
VT-rGO and in Ar atmosphere furnace at 450 °C for 2 h named rGO. In order to study the role 
of functional groups in adsorption mechanism, thermally reduced rGO was obtained by 
annealing of GO sponge in Ar atmosphere furnace at 450 C was used. The effect of benzene 
ring on adsorption process has been studied using diclofenac as a pharmaceutical molecule model 
containing aromatic functionality and famotidine as benzene free linear molecule. These findings 
may open up many possibilities for the use of graphene oxide in water decontamination, drug 
recrystallizations and catalysis in organic molecule synthesis.  

In order to study the adsorption mechanism, the graphene oxide sponge, rGO sponge 
and dolomite/GO composite were selected for further characterisation. The structure and 
morphology of rGO, GO and processing steps towards GO synthesis were characterised by SEM 
and high resolution TEM. The crystallinity of both rGO and GO was obtained from SAD 
patterns and XRD. Raman spectroscopy was used to measure the D and G bands of graphitic 
structures. The ratio of the intensities of the two bands (D/G) was used for evaluating the 
efficiency of the reduction and the 2D band was used to estimate the number of layers. The 
porosity characteristics and surface area were measured through N2 sorption analysis. The surface 
area of rGO and GO was also calculated based on MB adsorption. FT-IR spectra were conducted 
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for studying the degree of the reduction and functional group types. The optical properties of 
GO were measured by a UV–Vis spectrophotometer using the normal incident transmittance. 
More detail on instruments, sample preparation and working parameters were described in 
chapter two. 

4.2. Result and Discussion  

 Morphological study 

Exfoliation of graphite into graphene oxide sheets through oxidation and washing processes 
with the omission of sonication step resulted in a stable brown suspension.  Fabrication of large 
GO sheets depends on the size of starting graphite flake and avoiding strong reactions promoted 
by vigorous ultrasonic force. However the use of large graphite flakes as a starting material does 
not necessarily guarantee large-size GO final products. Therefore the sonication process was 
omitted by using exfoliated graphite and pre-exfoliation with microwave to ensure 
minimum possible breakage of GO sheets during the process. Without the sonication step, 
a high yield of large size single GO sheets was obtained. The SEM images of the starting 
expandable graphite flakes is shown in Figure 4-1. This product contains a distribution of sizes 
but they mainly (more than 80% of flakes) fall between 300-600 m across their largest 
dimension as shown in size distribution diagram in Figure 4-2. Based on the image processing 
with ImageJ software, the average length of flakes is about 500 m with the average area of 0.3-
0.4 mm2 and thickness of 10-50 m. These dimensions are similar to those reported by the 
supplier. As can be seen in higher magnification in Figure 4-1(b), each graphite flake is 
composed of smaller sheets with different shapes highly stacked on top of each other.  
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Figure 4-1: SEM images of expandable graphite flakes before expansion. In higher magnification image (b) 
steps which shows layered structure of graphite are visible 

 
Our source of expandable graphite is known as a sulphate intercalated graphite which 

sulphate molecules were introduced between layers by treating highly crystalline natural flake 
graphite with a mixture of sulphuric acid. Expandable flakes were heated by microwave for about 
10 seconds to provide enough heat to initiate foaming reaction. During the time in the 
microwave, the intercalated compounds vaporize and create pressure between sheets. This high 
pressure caused by the rapid heating of intercalant compounds, result in its decomposition and 
the conversion of intercalate and decomposed compounds from liquid or solid phase to gas 
phase. The pressure generated by the gas phase forced adjacent graphene layers to separate along 
the c crystallographic axis (Figure 4-3), resulting in the expansion observed 300. 

 
Figure 4-2: Graphite flake size distribution diagram  
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As illustrated in Figure 4-3 expansion of a single graphite flake results in layering 

graphite into hundred thousands of graphene sheets parallel with the "c" crystallographic axis 
of the graphite flake due to the internal pressure induced by gas evolution. The expansion of 
[0002] planes of graphene parallel with the “c” axis is leads to the formation of accordion 
morphology or worm-like structure which can be seen in SEM micrograph shown in Figure 
4-4.  

 
Figure 4-3: Schematic illustration of expansion of expandable graphite 

 
The expansion rate of the graphite is of 290:1 cc/g which exhibits a 1000 times increase 

in volume. Compared to the compact structure of normal flaked graphite, this expanded porous 
structure is more suitable to produce GO in larger scale with higher efficiency and less un-
exfoliated waste.  
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Figure 4-4: SEM images of worm like expanded graphite (EG) 

 
Considering interlayer spacing of graphite which is 0.34 nm, the thickness of a single 

graphene sheet which is 0.23 nm and the average thickness of each flake (30000 nm) as indicated 
in Figure 4-5, each flake can be exfoliated into 80000 single layer sheets of graphene.  
 

 
Figure 4-5: Schematic structure of graphite and graphene building blocks 301 

 
As shown in Figure 3-4 from experimental chapter, during the washing process of oxidised 

expanded graphite, the GO sheets were exfoliated without any external force such as sonication 
and a highly stable brownish aqueous dispersions with difference concentrations were obtained. 
The As-prepared GO dispersions contain large monolayer GO sheets predominantly in the order 
of 40-50 µm. It is widely believed that the electrostatic repulsion of the edge carboxylic acid 
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groups allows graphite oxide to be fully exfoliated and form stable single layer GO aqueous 
dispersions. Another driving force to form stable and well dispersed GO in water is proposed as 
very strong interactions between the water and the GO mainly hydrogen bonding network 
formed between oxygen functionality on GO and water molecules. The neutron 
scattering studies confirmed that water is strongly bound to the basal plane of GO 
through hydrogen bonding interactions with the oxygen in the epoxides of the GO which can 
be responsible for hydrophilicity and dispersability of GO in water 190,302. The as-synthesized 
GO suspensions are very stable and did not form any aggregation even after several months of 
aging time. 

GO adsorbent foams necessary for adsorption experiments were produced by freeze drying. 
The concentrated suspension of GO solution (5 mg/ml) were converted to 3D self-assembled, 
binder free foam like material (see Figure 4-6(h)) by freeze-drying method. SEM images (Figure 
4-6(a and b)) of GO sponge clearly shows ultra-hollow porous framework with large sheets 
which wrinkled and connected to each other by twisted graphene fibre like morphology (Figure 
4-6(e)) formed due to the pressure imposed by ice crystals during the freezing process. These 
wrinkled GO sheets interconnected with fibre like GO possess relatively homogeneous pores 
around 10 m between them.  
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Figure 4-6: SEM micrograph of (a-e) GO sponge in different magnifications, (f) GO sheet surface, (g) GO 
single sheet edge, (h) photograph of GO sponge 

 
The lateral cohesion of the adjacent GO sheets is attributed to the strong van der Waals 

interactions (from the hydrophobic polyaromatic nanographene domains remaining on the basal 
planes) and the formation of hydrogen bonds (mediated by the oxygenated functional groups 
and water molecules).The drying of the GO foams also prevented the GO sheets from 
agglomerating and forming compact lumps which are difficult to be re-dispersed. The resultant 
GO sponge with shiny brown colour and soft layered morphology was easily obtained with the 
same size of the drying container. This porous structure of the GO sponge provides a high 
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accessible surface area for contamination adsorption. The layered structure and long range order 
of sheets which is related to the liquid crystallinity of the GO can be seen clearly. A higher 
magnification view inside GO sponges reveals that individual GO sheets larger than 40 m in 
lateral dimensions are mainly single later and have the wrinkled feature of GO on the surface 
and very smooth edge as shown in Figure 4-6 (f) and (g).  

The freeze dried GO sponges and vacuum dried GO film were sonicated for 30 min in 
water in order to recover individual monolayer GO sheets and to examine the re-dispersability 
of the sponge compared to GO dried in the oven. It was observed that the GO sponge disperses 
more quickly and the re-dispersed solution is more stable than the re-dispersed GO film. An 
explanation for this is that the bonding between neighbouring GO sheets are relatively weaker 
than their bonding in the GO film 303. This approach can be suitable to produce reduced 
graphene from GO sponge since the strong bonding between GO sheets in GO paper promotes 
re-stacking of graphene sheets to graphite after reduction as shown in cross-section SEM image 
in Figure 4-7. These results demonstrate that after reduction of GO sponge simple sonication 
process can disconnect the rGO network to produce a single-layered graphene. The rGO sponge 
also presented better dispersability in water compared to rGO films. So the reduced GO sponges 
can be a source for monolayer graphene with less sonication time which reduces the lateral size 
of graphene sheets. 
 

 
Figure 4-7: Low magnification side view SEM micrograph of an rGO paper cross section prepared by vacuum 
drying of GO solution followed by hydrazine reduction 
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However semi-transparent sheets in SEM images were observed, which is a sign of single 
layer or few layer GO, but the conclusive proof of single-layer exfoliation of GO sheets requires 
transmission electron microscopy (TEM) or atomic force microscopy (AFM).  High-resolution 
TEM (HRTEM) was then used to image the GO and rGO sheets. The HRTEM micrograph 
of an isolated GO sheet on lacy carbon grid is shown in Figure 4-8. As shown in figure a, GO 
sheets are larger than few micron in size and are atomically transparent to electrons which is an 
evidence that GO sheets are indeed consist of single layers.  

A selected area electron diffraction pattern (SAED) image in Figure 4-8c shows the typical 
six-fold symmetry expected for graphite and graphene. Although the GO structure mostly 
contains distorted and oxidized sp3 domains, SAED results showed some crystallinity due to the 
existence of un-oxidized polyaromatic nano-graphene domains which remain on the basal planes 
of GO. This suggests that that GO still has the ordered structure of graphene related to the sp2 
areas that was not destroyed completely by the oxidation process. Also according to Miller–
Bravais (hkil) indices, the relative intensity of the inner spots {1100} of six-fold symmetry 
diffraction pattern is more intense than the outer {2110} spots, which confirms that the re-
dispersed GO sponge is indeed composed of single layer GO 180. 

 

 
Figure 4-8: TEM image of atomically transparent and thin GO sheets (a), HETEM of single layer GO sheet 
(b), SAED pattern of GO (c) 

 
AFM image of GO dispersion deposited on SiO2/Si substrate is shown in Figure 4-9(a). 

GO sheets are expected to be around 1 nm thick due to the presence of covalently bonded 
oxygen and the displacement of the sp3 hybridized carbon atoms slightly above and below the 
original graphene basal plane 304 which is also responsible for wrinkles observed on the GO 
surface. Figure 4-9 confirms that GO sheets are flat and wrinkled with the average thickness of 
~0.8 nm according to the height profile in Figure 4-9(b) consistent with the thickness of a 
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single-layer graphene 305,306. This is in complete agreement with the literature and calculated 
inter layer spacing (d) value obtained from XRD results (0.82 nm) shown in Figure 4-16.  

The wrinkles observed on the surface are normal for large size GO sheets. These wrinkles 
were also observed in GO sheets shown in Figure 4-6(b). They are important characteristic of 
GO causing the increase in surface area and susceptible sites to attach functional groups and 
inorganic particles as they represent the highest concentration of chemical functions and 
electron density 307. From the AFM profile in Figure 4-9(b) it is also apparent that the thickness 
of individual wrinkles is in the range of 0.5 to 5 nm. There are different explanations for the 
origin of these wrinkles. It is widely believed that it originates from the chemical structure of 
graphene oxide but the precise chemical structure of GO is still the subject of considerable 
debate and currently, there is no unambiguous model for GO plane. The main reason for this is 
the nonstoichiometric atomic composition and the lack of precise analytical techniques for 
characterizing such materials 190.   

 

  
Figure 4-9: AFM image of GO sheets (a), height profile along the blue line (b) 

 
Many structural models were proposed for GO physical and chemical structure and they are 

mostly agreed on regular lattices composed of discrete repeat units. However Ruess for the first 
time proposed a variation of this model which incorporated hydroxyl groups into the GO basal 
plane, accounting for the hydrogen content of GO. Ruess’s model also modified the basal plane 
structure to a sp3 hybridized system instead of sp2. A model suggested by Scholz and Boehm 
proposed substituting regular quinone species in GO backbone instead of epoxide and 
ether groups 308. 

The latest model by Dékány modified the Ruess and Scholz–Boehm models and suggested 
that GO basal plane is composed of two distinct domains: trans-linked cyclohexyl species 
interspersed with tertiary alcohols, ethers, and a corrugated network of quinone species (Figure 
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4-10). However, potentiometric acid–base titrations indicated the presence of acidic sites on the 
basal plane of GO 309. No carboxylic acids are believed to be present in these models of GO. So 
it is widely believed that carboxylic acids is created after further oxidation by destruction of 
alkenes of the quinones through formation of 1, 2-ethers and aromatic domain that were 
persistent during the initial oxidative conditions 310. It is also proposed that the quinone’s 
domain introduce rigidity to the planes and are a possible source of the macroscopic wrinkling 
of the GO sheets observed in TEM and AFM images 308. A recent study has also suggested that 
the hydrogen bonding between the as created carboxylic acid edge groups with water might be 
responsible for the wrinkling behaviour 153,190. 

 
Figure 4-10: Structure of GO proposed by Ruess (a), Scholz-Bohem (b) and Dékány (c) 308 

 
All these functional groups cause massive rupture in the sp2 basal plane of graphene and 

acid oxidation create lots of pores and holes on the GO surface which destroyed electronic 
structure and electrical conductivity of graphene as proved by four point probe conductivity 
measurements. Therefore chemical reduction using hydrazine mono-hydrate was chosen to 
reduce GO and partially restore the damaged structure of GO and eliminate functional groups 
as much as possible. The reduction process previously described in chapter 3. Figure 4-11 shows 
the HRTEM image of chemically reduced GO using hydrazine (HrGO). As indicated by arrows, 
small domains of graphitic sp2 surrounded by sp3 disordered domains can be distinguished. It is 
also illustrated schematically in inset image.  
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Figure 4-11: TEM micrograph of HrGO and schematic inset showing the restoration of sp2 domains after 
reduction (inset image adopted from ref 193 

 
Figure 4-12(a) shows a TEM image of reduced graphene oxide sheets, where the low 

contrast of the image, wrinkles and folding indicate thinness of the single layer graphene sheets. 
Figure (a) confirms that rGO sheets are quite large (few micron), atomically thin and free from 
agglomerates and inorganic contaminants. In the corresponding SAED pattern shown in Figure 
4-12(b), the ring patterns along with point patterns of hexagonal symmetry are clearly seen. 
Ring patterns indicate various orientations of graphene plane which is related to the wrinkles 
and folds of a graphene layer or overlapping of diffraction patterns of different graphene sheets. 
The point patterns reflect the presence of a main single crystalline domain composed of sp2-
hybridized carbons arranged in a hexagonal lattice. As can be seen, the intensity of the {1100} 
sets of planes which corresponds to the inner spots are stronger than that of {2110} planes in 
the outer ring which identifies single layer rGO. 
 

 
Figure 4-12: TEM image of HrGO (a,b), SAED image of HrGO (c) 
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Figure 4-13 is the SEM images of HrGO. It can be seen that rGO sheets are 
agglomerated and created an orientated bundles of sheets aligned parallel with their basal plane. 
As mentioned before, a reduction process is responsible for the agglomeration of the rGO sheets 
and obtaining a stable and homogeneous solution at high concentrations without any surfactant 
becomes a challenge. This stacking is related to the - interaction between restored sp2 
domains and also the hydrophobic character of rGO layers.  
 

 
Figure 4-13: SEM images of chemically reduced GO (HrGO) 

 
Although chemical reduction by hydrazine is one of the most effective reduction 

methods, however it is indeed a toxic chemical which is not environmentally friendly especially 
for our application in water treatment. Therefore we considered developing a thermal reduction 
method as replacement for chemical reduction. It had been reported that annealing GO at 
temperatures higher than 220 °C removes basal plane functional groups to some extent 
depending on temperature and heating time. Most of the literature reported so far are focused 
on thermal reduction of GO for electronic application which demands high quality graphene 
with lowest sheet resistance. For this reason annealing had been carried out normally at 
temperature higher than 800 °C to encourage graphitisation or two step reduction method 
composed of chemical reduction followed by thermal reduction or vice-versa was applied 206,311-

313. For the first time we considered a new low temperature annealing method which may not 
be suitable for electronic application but quite suitable for making composite and rGO adsorbent 
for our application. In this method GO sponge or GO paper was heated in vacuum oven at 280 
°C overnight. This temperature is slightly above the required temperature to remove functional 
groups, however prolonged heating time for 24 h makes this method quite efficient for GO 
reduction.  
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 FTIR characterisation of GO and rGO 

FTIR spectroscopy was used to examine the effectiveness of the different reduction 
processes.  In order to obtain an overview about the chemistry of GO and the type of functional 
groups on the GO planes an FTIR spectrum was collected and oxygen-containing groups on 
the surfaces of GO nano-sheets were identified by comparing the vibrations from collected 
spectrum with the FTIR database (Figure 4-14(a)).  

 

  
Figure 4-14: (a) FTIR spectrum of GO sheets and corresponding vibrations, (b) FTIR spectrum of GO in 
comparison with thermally reduced GO in air (AT-rGO), chemically reduced GO with hydrazine (HrGO) and 
vacuum reduced GO (VT-rGO). 

 
In the FTIR spectrum a broad vibration related to the O-H bonding can be seen in the 

range of 3500-3700 cm-1. This corresponds to water or the O-H groups on the surface of GO. 
Two vibrations related to the carbonyl and aromatic C=C which is related to the sp2 domains of 
graphene basal plane can be distinguished in the spectrum. This is well in agreement with the 
Scholz-Bohem and Dékány’s model described earlier. Other vibration related to carbonyl, 
carboxyl and epoxy functional groups were also indicated in Figure 4-14(a). The high 
dispersability of GO in aqueous and most of non-aqueous solvents, strong complex bonding 
with different substrates such as dolomite, and uniform coverage and bonding with TiO2 nano-
structures can be related to strong interaction with this surface oxygen- functional groups. 

Figure 4-14(b) is comparing FTIR spectra of graphene oxide and reduced graphene 
oxide prepared via thermal reduction in vacuum chamber and air with the one reduced 
chemically by hydrazine. From this spectrum thermal reduction in vacuum can be introduced 
as the most effective reduction method as no oxygen containing functional group appeared in 

(a) 
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the spectrum (VT-rGO) in contrary to annealing in air which not only did not reduce GO but 
also introduced additional functional groups to it.   
Although annealing at low temperature in vacuum oven successfully removes functional groups 
from GO however, it is not applicable for sol-gel synthesised GO/TiO2 composites. As described 
in chapter three, after in-situ synthesis of TiO2 nano-particle on the surface of GO, they need 
to be annealed at 450 °C for 2 h in order to convert amorphous TiO2 into crystalline form. 
Therefore it is necessary to check if GO is reduced in this process as well. In Figure 4-15 (a) the 
FTIR of the rGO sponge reduced at 450 °C for 2 h comparing with GO film and sponges clearly 
confirms the effective removal of oxygen containing functional groups. Since adsorption 
experiment was carried out on GO sponge and GO film as well as rGO, so it was necessary to 
collect their FTIR as well. As it can be seen there is no difference between GO film and sponge 
except their morphology.   

 
Figure 4-15: FTIR spectra of GO sponge, film and rGO (a) and images of each material (b-d) 

 

 XRD characterisation of GO and rGO 

When the as-synthesized GO sponges were reduced, the brown colour of GO sponges 
turned black and the porosity of the GO sponges was diminished as the functional groups on 
the GO planes were removed and the aromatic structure of graphene was restored. This causes 
the restacking of graphene sheets into few layers in order to reduce the energy of the system to 
graphite state which has the least energy state and the most stable form of graphene sheets. 
Hydrophobicity of the rGO sheets also is the other reason of the re-stacking. The XRD results 
and TEM images of this study also confirm this re-stacking after reduction.  
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Figure 4-16 shows the X-ray diffraction patterns of both graphene oxide and thermally 
reduced graphene oxide samples. It can be seen that as-prepared GO shows a distinct peak at 
10° attributed to the (002) plane and corresponding to a layer-to-layer distance (d-spacing) of 
about 0.82 nm.  This d-spacing is related to single layer of water molecules trapped and 
presumably hydrogen-bonded between the graphene oxide sheets 314and is in well agreement 
with AFM results previously discussed. The crystallite size of graphene oxide sheets is about 7.5 
nm based on the calculations from the half width at maximum  (HWFM) of the X-ray 
diffraction peak using the Scherrer’s equation (see methods in chapter 2). In contrast the rGO 
sample showed a considerable decrease in interlayer spacing (d = 0.36 nm), in XRD pick at 2θ 
= 25.6 which is in accordance with the diffraction peak of normal graphitic planes in graphite 
precursor at 2θ = 26.40° (d = 0.34 nm). 

  

 
Figure 4-16: XRD pattern of GO and thermally reduced rGO 

 
Table 4-1: GO and rGO XRD peak information 

Sample Peak (2) FWHM d spacing (࡭ሶ )  La(nm) 
GO 10.38 0.82 8.5 18.8 
rGO 25.13 0.91 3.54 17.34 

 
The decrease of interlayer spacing (c-axis spacing) from 0.82 nm to 0.36 nm after 

reduction is due to the loss of the oxygen-containing functional groups on GO basal plane and 
the restoration of sp2 aromatic domains which implies strong π−π attractions between the basal 
planes of rGO sheets and promotes the restacking of rGO sheets into semi-graphitic structure. 
Since the larger interlayer spacing and the more functional groups are ideal for adsorption of 
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pollutant and attachment of inorganic particles on the surface and between the layers, it was 
concluded that reduction of GO to rGO deteriorate its functionality as an adsorbent. Hence 
pure was used for adsorption experiments and starting material for developing graphene based 
photocatalyst composites. However GO suffers from low electron conducting properties which 
has negative impact on transferring the electrons generated by TiO2 when used as adsorbent 
platform for making TiO2 composites. Our strategy to solve this problem was synthesis of TiO2 
on the surface of GO or mixing TiO2 with GO, then reducing it at the same time while 
crystallising TiO2 at 450 °C. Therefore in one annealing treatment GO partially reduced to rGO 
and amorphous TiO2 crystallised simultaneously. Also, an advantage of TiO2/GO composites is 
that GO will reduce to rGO more via photochemical process while illuminating with UV light 
during photocatalysis experiments which will be discussed in chapter 5. Photochemical 
reduction of GO by TiO2 has the added benefit of keeping rGO sheets from restacking 315 
because of the intercalation with TiO2 nanoparticles.  

 Surface area measurements of GO and rGO 

In order to use GO as an adsorbent, open pores and carbon sp2 sites on the surface of 
GO layers should be accessible when the GO layers are packed together when dried normally. 
By increasing the space between the GO sheets by freeze-drying, the available accessible pores 
and carbon sites to adsorb pollutant molecules is increased substantially leading to the superior 
performance of GO network as an adsorbent especially for molecules with the benzene ring. As 
mentioned before the reduction process causes the decrease in interlayer spacing and also 
agglomeration of the rGO sheets which consequently decrease the surface area and pore volume 
of the rGO compared to that of the GO sponge. This phenomenon can be described clearly 
from the N2 adsorption isotherms shown in Figure 4-17.  
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Figure 4-17: N2 adsorption-desorption isotherm and BJH accumulative pore size distribution (inset) of GO 
and rGO sponges 

 
Both isotherm were identified as type III which is indicative of micro-porous (pore size 

0.5< R <2 nm) and meso-porous solids (2< R< 50 nm) with the multilayer formation and a 
cylindrical meniscus pore filling mechanism. The observed hysteresis loop is another indicative 
of multilayers formation in meso-porous materials which is as a result of the differences in the 
pore filling and emptying processes. This class of isotherm is a characteristic of weak adsorbate-
adsorbent interactions. The weak interactions between the nitrogen molecules as an adsorbate 
with rGO and GO as adsorbent lead to low uptake at low relative pressures. However, after 
adsorption of the first layer, accelerated uptake at higher relative pressure observed. These 
isotherms also confirm that there are large quantities of open pores in the structure which causes 
the hysteresis loop. The GO isotherm shows that 1550 cc of nitrogen were taken to fill the 
pores of 1 g of GO. However this is 1100 cc per g for rGO which shows a less porous structure 
of rGO compared to that of the GO sponge which is quite in agreement with the XRD and 
TEM data from this study. The BJH pore size distribution shown in Figure 4-17 insets confirms 
the meso-porosity of the both samples. However in the GO sample majority of pores have a 
diameter around 1.5 nm and for 2 nm for rGO. This finding is not consistent with the XRD 
results where rGO showed less interlays spacing compared to the GO sample. However, this 
finding can be explained as the restacking of the rGO planes decreases the accessible small pores, 
so that the pore size distribution shifts towards the larger pore radius as shown in the pore size 



 

104 

 

distribution diagram. A summary of pore properties such as surface area, pore size and pore 
volume is reported in Table 4-2. According to the surface area and pore volume, BET data also 
confirms that the rGO is less porous than GO which is in accordance with XRD and SEM data. 
 

Table 4-2: Surface characteristic of GO and rGO obtained from N2 adsorption isotherms based on BET and 
BJH models 

Properties GO rGO 
BET surface area (m2/g) 547.37 345.92 
Pore volume cc/g (size< 66nm) 2.366 1.7 
Average pore radius nm 8.64 9.87 
BJH desorption pore radius nm 1.89 2.039 

 
However the surface area obtained from adsorption isotherm using BET model is very 

different from the theoretical surface area (2630 m2/g) 306,316,317. This means that N2 adsorption 
is not suitable for surface area measurements for GO and rGO for two reasons. Firstly, all samples 
need to be degassed at high temperatures to make sure the entire surface is available and no 
water molecule present inside the pore. For this experiment samples were degassed at 100 C 
for 10 hours in vacuum which obviously reduced GO partially. This was observed visually as the 
colour of GO changed from brown to black. Secondly, the pores in GO and rGO are mainly 
open pores but BET model is more suitable for closed microspores. Therefore in order to obtain 
the actual surface area, another technique which is the absorption of methylene blue (MB) 
molecules from solution onto the GO and rGO surface was used.  

MB dye (formula C16H18ClN3S), with a corresponding molecular weight of 319.87 g/mol 
is a cationic dye, C16H18N3S+, which absorbs in large amounts onto the surface of negatively 
charged GO and rGO. The specific surface area of samples was calculated from the amount of 
absorbed MB. The surface area covered by one methylene blue molecule is typically assumed to 
be 130 Å2 318. The value of specific surface is derived from the point of complete cation 
replacement determined on the titration curves shown in Figure 4-18. For this experiment 0.2 
g of adsorbents were poured into a flask and 20 ml of 1 g/L of MB solution were added at 
regular intervals and the remnant concentration of MB in the solution was measured with UV-
vis spectrophotometer at 665 nm after removing the adsorbent using high speed centrifugation 
(12000 rpm for 15 min). Then the amount of MB added versus the amount of absorbed MB 
was plotted to identify complete cation replacement point (CRP shown in Figure 4-18 plots). 
The specific surface is calculated from the amount of absorbed MB at CRP point using:  
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Where mMB is the mass of the absorbed MB at the point of complete cation replacement, ms is 
the mass of GO and rGO samples, Av is Avogadro’s number (6.02 ×1023/mol), and AMB is the 
area covered by one MB molecule (assumed to be 130 Å2).  

A summary of the surface areas obtained by the BET and MB adsorption techniques is 
presented in Table 4-3. There is a considerable difference between the surface area values 
reported by the two methods. The MB surface area for GO is 4 times higher and for rGO is 6 
times higher than the ones reported from BET model. The specific surface area of both samples 
are in agreement with the theoretical surface area of graphene around 2630 m2/g. 

 

 
Figure 4-18: Titration plots to determine complete cation replacement point 

  
Both techniques involve the sorption of an adsorbate (MB and nitrogen gas). The 

methylene blue technique involves high bonding energy (ionic Columbian attraction-
chemisorption) and it is generally limited to a monolayer. In the nitrogen gas absorption, N2 
molecules are neutral and attracted to the surface by van der Waals forces (physi-sorption), and 
multiple layers may form. This is schematically shown in Figure 4-19. The MB absorption 
method renders higher values of specific surface because of the strong bonding between MB and 
adsorbent surface and strong hydrogen bonding between water molecules and graphene plane 
in the aqueous solution (which creates swelling of the sample) can delaminate GO layers and 
more interlayer surfaces can be reached by exchangeable ions after hydration.   
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Table 4-3: Surface areas determined by N2 adsorption (BET) and MB adsorption  

Sample BET surface area (m2/g) MB surface area (m2/g) 
Graphene oxide 547.37 2605.5  
Reduced graphene oxide 345.92 2210.2 

 
Another disadvantage of the N2 adsorption method is imposed by heating and degassing 

the specimen at high temperatures which can chemically alter the chemistry of the materials 
including the functional groups which causes dehydroxylation of the GO. Therefore for this 
study, it is concluded that the MB adsorption method is more accurate and reliable technique 
to measure the actual surface area of not only GO and rGO but also for all carbonaceous materials 
including carbon nanotubes and activated carbon.  
 

 
Figure 4-19: schematic illustration of MB wet adsorption and N2 dry adsorption mechanism 

 

 UV/Vis spectroscopy of GO and rGO 

Considering our application of GO and rGO as a platform for TiO2 photocatalyst 
immobilisation which is subjected to the UV and visible light irradiation for photocatalysis 
experiments, it is important to study the interaction of GO and rGO nano-sheet with UV and 
visible light. It is also important that they transmit UV light to the TiO2 with high efficiency. 
As illustrated in UV/vis spectrum (Figure 4-20) there is an absorption peak for GO at 232 nm 
due to the  π → π* transition or the C=C bonding, which is similar to the reported value in 
the literature 319,320.  
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Figure 4-20: UV/vis spectra of GO and rGO suspension  

The peak position exhibits the lowest wavelength, indicating that the sample has a lower 
amount of remaining conjugation (thus requires higher energy for the electronic transition). 
Therefore the red shift from 232 to 270 in rGO suggests that the sp2 area within the graphene 
sheets is restored by hydrazine reduction, i.e. this shows a lower degree of oxidation, with less 
functional groups on the GO basal plane and a higher amount of conjugation. For GO sample 
also a small shoulder appears around 300 nm which is attributed to the carbonyl groups. This 
shoulder has not observed for the rGO which is further evidence of a high degree of reduction. 
However both GO and rGO can transmit UV light with higher wavelength than 270 nm quite 
efficiently which matches with the UV light used in photocatalytic experiments.  

 Raman spectroscopy characterisation of GO and rGO 

Although UV/Vis spectroscopy can provide information about the efficiency of reduction, 
to determine the order of crystallinity, number of layers and quality of the graphene Raman 
spectroscopy is the key analysis not only for graphene but also for every carbonaceous material. 
It can provide useful information about the relative position of carbon atoms within the lattice 
and the nature of their bonding to one another. Another important feature of Raman 
spectroscopy which has been used in this work is the ability to differentiate between graphene 
and graphite since many studies in the literature have reported graphitic structure instead of 
graphene because of the similarities in the Raman spectra. In this section first we studied the 
efficiency of our method to exfoliate and reduce GO comparing to graphite and commercial 
graphene nano-platelets provided by Haydale Company UK. Then investigate the degree of 
reduction by thermal and chemical method comparing with the as-synthesised GO.  
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The theory of Raman spectroscopy for carbon nano-materials was explained briefly in 
chapter three. Generally graphene is characterized by three prominent features: a G band at 1587 
cm-1  arising from first order Raman scattering of the E2g phonon due to the bond stretching 
of all pairs of sp2 atoms in both rings and chains, a weak D band at 1357 cm-1 arising from of 
A1g phonons or breathing modes of sp2 atoms in rings which renders the small size of the 
ordered graphene (small sp2 domains) or defects and functional groups in basal plane or carbon 
atom located on the edges of nano-sheets. Another feather of graphene is the 2D band (~2680 
cm-1) arising from Raman scattering of hexagonal lattice. The obvious difference between the 
Raman features of graphene and graphite is the 2D band. The 2D peak can reflect the stacking 
order of graphene and the number of layers. For single layer graphene, the 2D band is a sharp 
and symmetric peak. Adding successive layers of graphene causes the 2D band to split into 
several overlapping modes which arises from symmetry lowering due to increasing the layers of 
graphene 265,266,321-323. In this word the 2D band analysis has been used in order to examine 
whether we obtained graphene.  

As shown in Figure 4-21 Raman spectroscopy of starting graphite flakes showed features 
at: 1350 cm-1 (D-band) which corresponds to the breathing mode of sp2 carbon atoms, and it 
should be absent without the presence of defects or edges detected by Raman laser; 1580 cm-1 
(G-band), associated with the doubly degenerate phonon mode at the Brillouin zone centre, 
which are associated with in-phase vibrations of the graphite lattice; and the relatively wide 2D 
band at 2730 cm-1, an overtone of the D-band. The Raman spectrum of rGO (thermally reduced 
at 450 °C for 2h in Ar) shows both feature of graphene, D and G bands, however the intensity 
of the D band dramatically increased relative to the G band and 2D band became very broad and 
hard to detect. All these difference are related to the defected structure of the GO and distortion 
of the graphite lattice due to strong oxidation with acid which is mostly irreversible. However 
with chemical and thermal reduction, oxygen containing groups attached to the edges and 
defected basal plane can be removed (as confirmed with the FTIR spectra in Figure 4-14) which 
improves the electron conductivity of the reduced graphene flakes.  
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Figure 4-21: Raman spectra for graphite, thermally reduced GO (our method) and commercial graphene 
nano-platelets. Spectra are normalised to [0, 1] and numerically averaged over 10 measurements for each 
sample. Their magnified 2D bands are shown in right panels. 

 

Comparing the 2D band of graphite with rGO shows that out method has a good degree of 
exfoliation since the doublet 2D peak is replaced by the broad symmetric peak which is 
characteristic of graphite exfoliation. The ratio of D band to the graphitic G band (ID/IG) for 
our rGO is 0.92 while the commercial graphene shows the intensity ratio of about 0.28. It could 
be concluded that the commercial sample is composed of a high quality graphene, however 
further investigation of the asymmetric shouldered 2D band (deconvoluted in Figure 4-22) 
which will be discussed later, revealed that the sample might be defected graphite or stacked 
layer of defected graphene and but no single or few layer graphene.  



 

110 

 

According to the isolated 2D band of rGO shown in Figure 4-21(b), our thermally reduced 
graphene oxide shows a symmetric 2D band without any shoulder on the left tail of the peak 
(which is the characteristic of graphite as shown in 2D band of graphite source in Figure 
4-21(b)) but the 2D band of the graphene nano-platelets exhibits an asymmetric shoulder. It 
should be noted that 2D band of single layer graphene normally shows 50 cm-1 red shift 
comparing with the 2D band of graphite which is matched with 43 cm-1 red shift for our rGO. 
In contrast GNPs shows only 20 cm-1 red shift which confirms the graphitic structure of the 
GNPs. Both characters of the peak are the evidence of having graphite instead of graphene 
which necessitated further investigation. In order to study the stacking of the commercial 
graphene, the 2D band was plotted in Figure 4-22 separately and fitted with three Lorentzian 
peaks centred at 2660 (G*3DA), 2680 (G*2D)  and 2726 (G*3DB), respectively. The 2D or G* peak 
of the graphene is mostly composed of the G*2D peak but graphite has a strong G*3DA peak 267.  

 

 
Figure 4-22: 2D band of commercial graphene nano-platelets fitted with Lorentzian equation which confirms 
Bernal stacking of graphene layers 

 

Comparing the positions and the intensity ratios of these peaks revealed that the 
commercial graphene exhibited high intensity of G band and less defect although it poses Bernal 
stacking 267 which is characteristic of graphite. Hence it was concluded that it mostly composed 
of un-exfoliated graphite as it mainly composed of G*3D peaks rather than G*2D. Comparing 
our graphene with commercially available graphene one can be concluded that although the 
reduced graphene oxide produced in this study has more defects and smaller sp2 domains 
compared to the commercial graphene, however single layer graphene with acceptable quality 
which is suitable for future applications was produced in larger quantity and lower cost. 
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To investigate the efficiency of the reduction process in order to generate the highest 
quality of graphene, Raman analysis was used. The Raman spectra of graphene oxide (GO), 
hydrazine reduced graphene oxide (HrGO), thermally reduced graphene oxide in vacuum (VT-
rGO) and thermally reduced GO at 450 °C, 2h in Ar, are shown in Figure 4-23. The Raman 
spectrum of GO displayed a strong D band at 1357 cm-1 (which matched the D band of graphite) 
and a broad G band at 1597 cm-1. The perfect matching of the G peak positions for both 
reduction processes (1586 cm-1 for both methods) clearly indicates the efficient healing of sp2 
conjugated electrons during the reduction. After reduction of GO, the position of G band in all 
reduction methods is red shifted from 1597 which exactly matches with G band position of 
graphene (1587 cm-1). The intensity ratio of D band to the G band (ID/IG) of GO is about 0.9 
to 1.0 (comparing with single layer low defect CVD grown graphene about 0.1-0.2) which is 
due to the defects introduced by strong oxidations and presence of various functional groups 
323. At first glance by looking at the intensity of the D and G bands it seems that after reduction 
the ID/IG ratio increased from 0.9 for GO to 1.0 and 0.92 for HrGO and rGO respectively. This 
increasing in ID/IG ratio according to the literature is not necessarily related to increase in defect 
densities 201. However it might be due to the small size of the newly formed nano-graphene like 
sp2 domains which are smaller than the domains which had been present in the initial sample 
before reduction 324,325. But interestingly we found out that all the Raman spectra can be 
deconvoluted to three Lorentzian peaks (with adj. R-Squared  92 %) and not only 2 peaks of 
D and G. Based on the intensity of deconvoluted D and G peaks shown in inset spectra in Figure 
4-23, ID/IG was recalculated and noted as fitted ID/IG in Table 4-4. This shows that ID/IG 
decreased from 1.27 for GO to 1.02 for all reduced graphene oxides which equals to almost 20% 
increase in density of sp2 nano-graphene domains due to restoration of graphene defected 
structure during the reduction process. 
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Figure 4-23: Raman spectra of GO, thermally reduced graphene oxide in vacuum (VT-rGO) and hydrazine 
reduced graphene oxide (HrGO) 

Table 4-4: Raman band position and ratio of GO and rGO 

Sample D band (cm-1) G band (cm-1) ID/IG  ID/IG (fitted) 
GO 1357 1597 0.90 1.27 
HrGO 1355 1586 1.0 1.02 
VT-rGO 1344 1590 0.90 1.02 
rGO 1350 1590 0.92 1.02 

  
Based on all the characterisation methods described so far such as Raman, FTIR, XRD and 

electron microscopy we concluded that the quality of graphene for all the three evaluated 
methods are very similar therefore thermal reduction is preferred to the chemical one because 
it is simpler, more controllable, and straightforward with less impact on the environment. 

 Liquid phase exfoliation of graphene (LPE) 

In order to examine the chemical exfoliation method to produce high quality graphene 
sheets in comparison with oxidation-reduction method, graphite flakes were bath sonicated in 
N-Methylpyrrolidone (NMP) for 20 hours and the supernatant of the solution was collected 
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after centrifuging at 3000 rpm for 60 min. The Raman spectra of rGO and exfoliated graphene 
are shown in Figure 4-24. The two G band and 2D band positions exactly match the 
characteristic peaks of graphene with very little ID/IG intensity ratio which confirms the 
production of high quality of defect free graphene. The 2D band data fitted with three 
Lorentzian peaks (Figure 4-24(c)) shows that graphene lost the typical Bernal stacking of the 
initial powder and attains the turbostratic stacking typical of disordered graphite 267. It can be 
concluded that high quality mainly single layer graphene was produced via exfoliation by sonic 
waves in NMP.  
 

  

Figure 4-24: Raman spectra of liquid-phase exfoliated graphene (b) comparing with HrGO (a), the 2D band of 
exfoliated graphene nano-sheets (c)  

Although the as-produced graphene made by sonication-assisted LPE (Liquid Phase 
Exfoliation) possess characteristic of low defect pristine graphene, however because of the 
following limitations this method was not considered to produce graphene for our application 
in this study. The first limitation is difficult washing process to remove the NMP completely 
which is a toxic solvent therefore not suitable for water treatment. The second reason is that 
the as-produced graphene is highly hydrophobic which is not desirable for the application in 
water since it will affect dispersibility of the composites and adsorption of the water soluble 
pollutants on the surface. It also does not have functional groups and defects which are 
favourable sites for TiO2 attachments therefore there is a need to pre-functionalization of the 
graphene flakes to be able to immobilise TiO2 on its surface which imposes more complex 
chemical treatments. However the most important limitation is the very low efficiency or 
production yield of this method (0.05 to 0.1 mg/ml) which make it difficult to produce graphene 
in high concentrations and large masses for adsorption experiments. Therefore oxidation-
reduction were selected as the main method to produce graphene as an adsorbent and a substrate 
for TiO2 immobilisation in current research. 

(c) 

 



 

114 

 

4.3. Graphene oxide integrated adsorbents 
As described in materials and methods section 3.4.3 page 59 in order to reduce the amount 

of GO dosage for adsorption experiment and facilitate post recovery of the adsorbent after 
adsorption experiments a series of adsorbent substrates were examined for GO immobilisation 
including porous glass beads, dolomite and silica gel. Among these substrates as will be discussed 
in next section, only dolomite exhibited promising properties such as cyclability and adsorption 
capacity. In case of glass beads, the small surface area of the substrate (1.6 m2/g), large pore sizes 
40-100 m and lake of functional groups on the surface, introduced it as an inapplicable 
substrate for GO immobilisation. It was observed that large amount of immobilised GO 
detached from the surface during the batch adsorption experiment which destroyed the 
cyclability of the composite. 
Silica gel possessing high surface area (800 m2/g) and small pore size (0.5-4 nm) should be a 
favourable substrate for GO immobilisation however it was found that it only absorb small 
amount of GO on its surface non-uniformly which detached during batch experiments too. 
Further investigation showed that it might be due to the strong hydrogen bonding between the 
silica’s surface oxygen groups with water which makes it difficult for any other molecule except 
water to approach to the silica surface. In contrary dolomite has reasonably high surface area 
(65-85 m2/g) and small average pore size (60 nm). In addition it is positively charged due to 
alkaline dissociation in water which interact with positively charged GO very strongly. Also 
dolomite has a layered structure which can swell in water and provide more surface for GO 
incorporation between the layers. This structure depicted in Figure 4-26. Further adsorption 
studies confirmed that Dolomite/GO composite is a promising adsorbent especially for dye 
removal from wastewater which has the potential for the commercialisation and large scale 
industrial textile manufacturer wastewater treatment plants considering dolomite abundance and 
low price. Therefore in the following sections first we will characterise dolomite and 
dolomite/GO composite and study their physical and morphological properties then adsorption 
properties of all the integrated adsorbents towards dye removal will be discussed briefly.  

 Characterisation of dolomite/GO integrated adsorbent  

Dolomite powder with an average particle diameter size of 200-500 m was used as a 
substrate to coat graphene oxide. The raw dolomite was charred in a furnace at 800 °C for 8 
hours with an air atmosphere to produce a porous body for GO immobilization. The SEM 
images of the charred dolomite powder are shown in Figure 4-25. Dolomite is a calcium and 
magnesium carbonate compound (CaMg(CO3)2) which possess a non-porous rhombohedra 
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layered crystalline structure Figure 4-26. However in the inset image of Figure 4-25 small pores 
between dolomitic grains on the surface of the charred dolomite can be distinguished. According 
to the literature 326,327, dolomite calcination at temperatures between 780 and 840 C produces 
a porous calcite-magnesium oxide structure based on the following chemical reaction:  

CaMg(CO3)2   
ૡ૙૙	࡯
ሱۛ ۛۛሮ CaCO3 + MgO + CO2             Equation 4-2 

The as-calcined sample in Figure 4-25(b) shows the presence of discrete round shaped grains 
and the layered structure with sharp edges is shown in Figure 4-25(a). The step like features 
confirms the layered structure of dolomite and shows an apparent preferential orientation of 
crystals growth along c-axis. This layered structure is possibly responsible for the instant reaction 
of GO with dolomite in water as a result of swelling and delamination. The presence of spherical 
particles with small pores between them can be explained by the decarbonation of MgCO3 
associated with dolomite as shown in Equation 4-2. The CO2 release leads to a more porous 
structure 328,329.  
 

 
Figure 4-25: SEM micrographs of charred dolomite 

   
The layered structure of dolomite is based on the calcite structure. The calcite group 

structure is layered with alternating carbonate layers and metal ion layers as shown in Figure 
4-26. These layers start to delaminate when they dispersed in water and create a positively 
charged suspension. When dolomite disperses in GO aqueous solution, a strong exothermic 
reaction occurs, which is as a result of the interaction between negatively charged graphene 
oxide and positively charged dolomite in water media. This reaction might be the reason for the 
hierarchical morphology as shown in Figure 4-27. 
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Figure 4-26: Dolomite trigonal crystal structure (a), atom’s position in each unit cell 

In the proposed mechanism in this research, the electrostatic interactions between 
negative GO and positive layers of carbonate encourages the nucleation and growth of dissolved 
Ca(OH)2 into a pillar hollow structure based on the orientation of the adjacent GO sheets. GO 
sheets can be seen on the surface of the pillars and between the routes of the flower like 
structure. Another interesting morphology in this composite is the open structure of the pillars 
or open cap pillar which will be investigated further with BET analysis. This type of morphology 
possibly is the reason for the extraordinary adsorption capacity of the dolomite/GO composite 
compared to bare dolomite. In order to investigate the crystal structure of this new morphology 
and determine if it exhibits different crystalline structure compared to bare dolomite, samples 
were analysed using X-ray diffraction (XRD) and the resultant scans are presented in Figure 
4-28.  
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Figure 4-27: SEM images of Graphene oxide/dolomite composite. Graphene oxide covers dolomite partially 
(a), high magnification of dolomite surface showing granular morphology of dolomite (b), dolomite 
recrystallized flower-like morphology (c) and in higher magnification (d) 

he XRD scan of bare dolomite suggests that the main components of the both samples 
are calcite (CaCO3 strong peak at 229and small peaks at 39and 49), magnesium oxide 
(236and 43) which shows similar patterns in both samples. The other similar feature is 
related to the calcium oxide that rehydrates into calcium hydroxide once removed from the 
furnace in contact with the moisture in the air at 23 and 47. Although both samples follow 
the same trend, the dolomite/GO composite shows more features related to the Ca(OH)2 at 34, 
51, 18 and 19 that is possibly related to the acidic nature of the GO solution which caused 
dissociation of calcite into calcium hydroxide. This is confirmed by the drop in calcite peak 
intensity at 29 and the increase of calcium hydroxide peaks compared to the similar peaks in 
dolomite sample.  

(a) (b)

(c) (d)
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Figure 4-28: XRD spectra of bare dolomite and Dolomite/ graphene oxide composite 

According to the XRD spectra, the needle like structure could be related to the 
formation of Ca(OH)2 in the solution. In order to investigate the effect of this new structure 
on the surface area of the composite, N2 adsorption isotherm was used to obtain more 
information about the surface, pore size and pore volume of the dolomite and dolomite/GO 
composite. The isotherm is shown in Figure 4-29. The sample presented the isotherm type III 
which shows weak interaction between adsorbent and adsorbate without large meso-pores 
available in the structure. The BET model was used to measure the surface area and the BJH 
model to study pore size. The results are listed in Table 4-5. 

 
Figure 4-29: N2 adsorption isotherm of Dolomite/GO composite 
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Table 4-5: Surface area and porosity of Dolomite/GO and dolomite composite 

Sample BET surface area  Total pore volume  Average pore Radius  
Dolomite/GO 8.97 m2/g 0.07 cc/g 17.3 nm 
Dolomite 6.21 m2/g 0.04 cc/g 63.3 nm 

 
These results indicate that the rise in specific surface area of the composite is not 

significant when compared to the bare dolomite; however the average pore radius of the 
composite dramatically decreased from 63.3 to 17.3 nm which could be as a result of the small 
pores on the top of pillars observed in SEM images in Figure 4-27 and covering some of large 
pores by GO sheets. This possibly increases the pore volume of the composite from 0.04 to 0.07 
cc/g. In conclusion on reviewing the data from XRD and BET it was found that the observed 
hierarchical morphology does not imply significant difference on the structure and porosity of 
the material compared to the bare substrate. Therefore the extraordinary adsorption of the 
composite towards dyes could be as a result of interaction with GO intercalated in the lamellar 
structure of the dolomite.  

 Adsorption Studies  

Adsorption experiments were carried out for MB dye via column studies and batch studies, 
after which the most efficient adsorbents were selected for adsorption of pharmaceuticals in a 
series of batch adsorption experiments. These experiments were described in more detail in 
Chapter 3.  

4.3.2.1. Fixed bed column studies 
Methylene blue solution with an initial concentration of 30 mg/L was filtered through 

syringes containing compact adsorbents to evaluate the ability of fast removal of pollutants by 
adsorbents. The effect of the number of cycles of the solution through column is illustrated in 
Figure 4-30.  The data show that the dye concentration decreases with increasing the number 
of cycles indicating that dye removal is not completely successful after the first cycle. However 
for all of the adsorbents the first filtration is the most efficient and after that the adsorption rate 
decreases. It also clearly indicates that all of the GO integrated adsorbents are more efficient 
than their bare substrate. Among all the filters dolomite/GO shows promising adsorption and 
it removes almost 100% of MB after the first filtration. Considering the characteristic of MB 
which is a cationic dye and negative charges on GO as a result of various functional groups like 
carboxyl at the edge planes, epoxy, and hydroxyl groups in the basal plane of graphene sheets, 
the electrostatic interaction plays an important role in adsorption of MB. The increase in 
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negative charges on GO may increase the adsorption efficiency of MB which is a positively 
charged dye molecule. According to the literature the zeta potential of graphene and graphene 
oxide shows that they stay negatively charged between the pH range 2-11 157,320. However with 
the increase in the pH of GO containing solutions the negative charge associated with GO 
increases thereby increasing the extent of adsorption of cationic dye from the solution phase is 
expected. Measuring the pH of the effluents confirm the hypothesis of the relation between 
adsorption extent and pH. The pH of the dolomite/GO adsorbent was between 11 and 12 which 
favours the negative charge accumulation on the GO surface. However the pH of the silica/GO 
and silica was 3.67 and 4.68 respectively which is in contradiction with the high adsorption 
efficiency of the composite. This can be related to the porous nature of the silicon and the high 
adsorption ability of silica on its own and is not related to the GO coating since there is no 
significant difference between GO coated silica and bare silica. Although the silica/GO exhibited 
considerable adsorption ability, the GO coating did not present the strong bonding with the 
silica surface and leached out to the solution which can be as a result of affinity of silica to adsorb 
water rather than another compound. Hence silica/GO was not considered for any further 
investigation.  

Despite the fact that there are less functional groups on the surface of HrGO compared to 
GO, it showed a higher adsorption rate. Measuring the pH of the both solutions confirmed that 
rGO has the higher pH which can be responsible for the higher adsorption efficiency. The 
porous glass and GO/glass showed poor adsorption that could be related to the large size of 
beads that encouraged channelling of water among the beads instead of having contact with the 
surface features. In summary the data suggested a rapid removal rate higher than 80% for 
dolomite, dolomite/GO and rGO within the first filtration experiment and dolomite/GO 
adsorbent showed promising application toward the adsorption of MB. In order to find out the 
capacity of the adsorbents by time and number of cycles, syringes were used 6 times in separate 
experiments and the concentration of MB in the filtrate was measured.  
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Figure 4-30: Concentration of MB solution after 3rd filtration (a), removal efficiency of filters (b) 

As illustrated in Figure 4-31 the adsorption efficiency of all adsorbents except 
dolomite/GO decreased by repeating the number of filtrations. This reduction could be as a 
result of the saturation of the MB on the surface of adsorbents. However the considerable 
difference in GO and HrGO could not be explained by saturation or the difference in 
electrostatic charges on the adsorbent surface only. The agglomeration of the GO during the 
experiments to form a compact film which is not accessible for the dye molecules, was recognised 
as the reason of this decrease. Reaching a constant efficiency value after the second run is another 
proof for this conclusion.  

 
Figure 4-31: Adsorption efficiency of different GO integrated adsorbents within six adsorption experiments 

Comparing the adsorption data of bare dolomite and dolomite/GO confirmed that the 
high adsorption capacity of the composite is not related to the dolomite substrate since it has 
shown a dramatic decline after the first adsorption run. In contrast, dolomite/GO offers almost 
100% of adsorption at the first run which stayed constant even after using it over time. The 
image shown in Figure 4-32 visually shows the difference in adsorption efficiency of the bare 
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dolomite and the GO coated dolomite in the first and sixth filtrations. After the first filtration 
cycle, dolomite/GO filtrate is quite clear compared to the filtrate of the dolomite. In addition 
after six cycles the adsorption ability of the dolomite decreased while the filtrate of the 
dolomite/GO is still quite clear.  

 
Figure 4-32: MB solution after first and sixth filtration through dolomite and dolomite/GO adsorbents 

 
In conclusion, dolomite/GO was introduced as a promising adsorbent for the removal of a 

cationic dye. It offers some advantages such as high adsorption capacity, fast adsorption process, 
easy recovery compared to pure GO and rGO and low cost as the main body of the adsorbent 
composed of dolomite which is cheap and abundant mineral. The adsorption ability of this 
material towards the different types of pollutants will be investigated further.  
 

4.3.2.2. Batch adsorption experiments  

4.3.2.2.1. Methylene blue adsorption 

The result of 1 hour MB batch adsorption experiments using 0.2 g of different GO 
integrated adsorbents is shown in Figure 4-33. It can be seen that dolomite/GO, rGO and GO 
have the highest amount of adsorption from all the adsorbents. Also the difference in the 
amount of adsorption by dolomite with dolomite/GO is evident. Therefore the high adsorption 
efficiency of the dolomite/GO is more related to the integration with GO since bare dolomite 
offered less than 10 mg/g compared to 40 mg/g for the dolomite/GO adsorbent. However this 
is not the highest capacity of the adsorbent because the volume of the solution was limited and 
the time of adsorption was short. In order to study the effect of contact time on adsorption a 
new set of experiments for GO, RGO and dolomite/GO were conducted. The results indicate 
almost no time dependency of GO and RGO samples as the adsorption takes place on their 
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surface instantly and no considerable decrease in the concentration was observed for samples 
taken after 1 and 6 hours contact time. In contrast, the adsorption equilibrium for dolomite/GO 
was achieved after 3 hours contact (Figure 4-35). When this adsorption equilibrium time for 
GO and dolomite/GO at three hours is compared with the performance of commercial activated 
carbon which varies between 8 hours to one day, depending on the type and level of the 
pollution, it can be seen that this new material is a fast and efficient adsorbent for dye removal 
form industrial effluents 330,331. The GO foam and rGO powder offered the highest amount of 
adsorption at around 50 mg/g of adsorbent compared to dolomite/GO with 40 mg/g amount of 
adsorption. However these results do not illustrate the maximum capacity of the adsorbents. 
Based on a new experiment which offers a regular addition of MB solution to the adsorption 
batch, the adsorption capacity of 1128 mg/g, 978 mg/g and 232 mg/g was measured for GO, 
HrGO and dolomite/GO respectively (Figure 4-36). These results show the very large capacity 
of GO and GO integrated composite for dye adsorption when compared to activated carbon with 
the adsorption capacity of 500 mg/g 332.  

 
Figure 4-33: The amount of adsorption (bars) and pH (black dots) for GO integrated adsorbents 

Figure 4-34 also indicates the high removal rate of GO, HrGO (indicated with RGO) 
and dolomite/GO adsorbent since the concentration of MB declines to less than 1 mg/L after 
one hour. In another words GO, HrGO and dolomite/GO have very high removal efficiencies 
and they reach 99.4%,  98.4% and 80.2% removal after the first hour of adsorption respectively.  
The q value for GO and HrGO is similar as depicted in Figure 4-33, however Figure 4-36 shows 
about 150 mg/g difference between the two q values. The difference in q value for GO and 
HrGO might be related to the difference in pH of the solution since the pH of GO and HrGO 
solutions are 3.04 and 4.5 respectively in the first experiment. Hence in order to exclude the 
effect of pH in the second experiment, the pH of both solutions was adjusted to 5 by adding 4 
molar NaOH solution. As a result the two different q values (1128 mg/g and 978 mg/g for GO 



 

124 

 

and HrGO) were obtained which can be purely related to the differences in chemical and physical 
properties of nano-sheets. However it is strongly believed that the differences between the q 
values is more related to the configuration of the columns and size and shape of adsorbents 
which determines the contact efficiency between adsorbent and adsorbate. 

 
Figure 4-34: Final concentration of MB in solutions containing GO integrated adsorbents 

 

 
Figure 4-35: The variation of the concentration versus time for dolomite/GO composite 

 
Figure 4-36: Maximum adsorption capacity of MB for GO, rGO and dolomite/GO 
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Effect of pH 

The pH of a solution is an important parameter affecting the adsorption process. A 
change in the pH alters the charge profile of adsorbate species which consequently influences 
their interactions with the adsorbent. The effect of pH on the adsorption of MB onto GO 
sponge was investigated in pH range from 1-12 (Figure 4-37). The top photo shows the GO 
sponge after mixing with the MB solution and the bottom photo shows the filtrate after 
removing the GO. The results show that the adsorption of MB onto GO is not drastically 
influenced by the pH of the solution, but is instead, related to the large negative zeta potential 
of GO in pH wide pH range 320. The negatively charged surfaces can enhance the adsorption 
properties of the positively charged MB cations by the adsorbents through electrostatic forces 
of attraction. However further investigation of dolomite/GO, rGO and GO indicate that the 
adsorption by graphene integrated adsorbents is not affected by pH significantly.  

 
Figure 4-37: GO mixed with 100 mg/L of MB at different pHs (top photo) and MB solution after removing 
GO comparing with the blank MB (left side of bottom photo) 

 
As depicted in Figure 4-38 a similar trend was observed for dolomite/GO composite and 
increasing the pH did not change the adsorption significantly.  
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Figure 4-38: effect of pH on adsorption of MB on dolomite/GO adsorbent 

Effect of initial concentration 

Another important parameter that can affect the adsorption is the initial concentration 
of the adsorbate. This is important because the adsorption efficiency of the most common 
adsorbents declines at very high or very low pollutant concentration. However because of the 
high adsorption uptake of GO integrated adsorbent no significant efficiency was observed at 
various range of concentrations which is an advantage for GO based adsorbents for dye removal. 
Figure 4-39 shows that the final concentration is independent of the initial concentration of 
MB.  

 
Figure 4-39: The effect of initial concentration of MB on the final concentration 

The outstanding adsorption properties of GO towards MB can be due to the availability 
of a large surface area caused by its unique single atom layered structure. Another reason for the 
high adsorption capacity of MB onto GO integrated adsorbents can be attributed to  -  
electron donor acceptor interactions with graphene surfaces. MB has CC double bonds and 
contains  electrons. These  electrons can easily interact with the  electrons of benzene rings 
on GO surfaces through  -  electron coupling 298. On the other hand, MB is a cationic dye 
and will exist as positively charged ions in aqueous solution. In contrast GO and rGO are 
negatively charged in a wide range of pHs. Therefore, the electrostatic attraction also plays a key 
role for MB adsorbed by GO integrated adsorbents. However the effect of oxygen containing 
functional groups on the basal plane of GO and rGO could not be ignored. In order to examine 
the possibility of functional group involvement in the adsorption process, an adsorption 
experiment with rGO and commercial graphene was carried out (Figure 4-40). The result was 
significant since the commercial graphene did not show significant adsorption of MB. Based on 
FTIR studies this can be related to the absence of functional groups and defects on the basal 
plane of pure defect free commercial graphene. Another reason for low adsorption ability of 
commercial graphene can be as a result of graphitic structure and not having graphene as it 
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proved by Raman spectroscopy shown in Figure 4-22. Therefore it can be concluded that along 
with the  -  interactions and electrostatic attraction, functional groups and defects on the 
surface of GO and rGO play a crucial role on the adsorption properties of GO.  

 
Figure 4-40: Adsorption of MB by commercial graphene (a mixture and b infiltrate) comparing with the 
chemically reduced graphene oxide (a mixture and d infiltrate)  

 Batch adsorption experiments of pharmaceuticals   

4.3.3.1. Diclofenac and Carbamazepine adsorption 
Graphene oxide showed a high affinity towards diclofenac since 100% adsorption of 

diclofenac was observed after 30 min of stirring. According to the calculations based on the 
weight of GO (0.002 g), the concentration of diclofenac (100 mg/L) and the volume of the 
solution (10 ml), the total amount of adsorption was obtained around 5000 mg/g which is the 
highest capacity of any adsorbent and adsorbate reported to date. In addition to the massive 
adsorption capacity of GO towards diclofenac, reaching the adsorption equilibrium rapidly in 
less than 30 min is another outstanding adoption properties of GO. In order to study the effect 
of pH and initial concentration of diclofenac, a series of experiments were conducted. However 
because of the fast adsorption of 100% of diclofenac, no comparable data was achieved since all 
of them demonstrated zero mg/L at the final concentrations. According to the chemistry and 
structure of diclofenac it can be related to the benzene ring and hydroxylic and carboxylic groups 
of the molecule Figure 4-41.  

   
Figure 4-41: Molecular structure of Diclofenac (right) and carbamazepine (left) 
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A similar trend was also observed for carbamazepine. At GO concentrations higher than 
0.05 g/L no comparable data was obtained and for 0.0015 g/L of GO more that 40% of 
carbamazepine was adsorbed instantly and 100% was adsorbed after 30 min of adsorption (Figure 
4-42). 

 
Figure 4-42: UV-Vis absorption spectra of carbamazepine adsorption by GO 

4.4. Adsorption Kinetic study 

 Pharmaceutical adsorption by GO 

Adsorption kinetics of diclofenac and famotidine were investigated in order to understand 
the mechanism of adsorption, evaluate the maximum amount of adsorption and determine the 
optimum equilibration time. The concentration of remaining Fa and Di (Ct) versus time (t) and 
the effect of contact time on the amount of adsorption (qt) are plotted in Figure 4-43 (a,b). As 
stated in the graph the concentration of GO is very small (0.025 g.L-1) however it has removed 
15% of Fa and 35% of Di in less than 30 min. Based on the plot of qt versus t (Figure 4-43b) 
the adsorption capacity of GO increased quickly in the first 30 min and then rose slowly until 
the adsorption equilibrium was reached within 4 h. On the basis of the above result, a contact 
time of 1 h was selected as an adsorption equilibrium in further adsorption studies. Two 
conventional kinetic models (pseudo-first-order and pseudo-second-order) were applied to 
analyse the experimental data and calculate the adsorption constants.  
The pseudo-first-order model can be expressed as:  

lnሺqe	െqtሻൌlnqe	–k1t			 Equation 4-3 

45% reduction



 

129 

 

where qe and qt are the amount of adsorption at equilibration time and various time respectively 
and k1 is the adsorption rate constant (1/h) based on this model. The values of qe and k1 were 
calculated from the intercept and slope of the linear plot of ln(qe − qt) versus t. The pseudo-
second-order model which is more accurate and detailed model can be described as  

࢚

࢚ࢗ
ൌ

૚

࢑૛ࢋࢗ૛
൅

࢚

ࢋࢗ
         Equation 4-4 

where k2 is the rate constant of the pseudo-second-order model of adsorption (g.mg-1.h-1). The 
qe and K2 constants were calculated from the slope and intercept of the linear plot of t/qt against 
t. The kinetic parameters and coefficients for the diclofenac by graphene are summarized in 
Table 4-6. According to the R squared (R2) value the data is fit with the pseudo-second-order 
model exceeded with the R2 value of above 0.99. In addition, the calculated amount of 
adsorption based on the pseudo-second-order model (qe,cal) is very close to the experimental 
adsorption capacity (qe,exp) reported for the both pharmaceutical. So these results showed that 
the adsorption kinetic of pharmaceutical on GO can be described with the pseudo-second-order 
kinetic model with a fast adsorption equilibrium rate.  
 

 
Figure 4-43: Concentration versus time (a), adsorption capacity versus time (b), pseudo-second-order kinetic 
fit (c) and the adsorption isotherm for diclofenac and famotidine 
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Table 4-6: Kinetic Parameters for the Adsorption of diclofenac and famotidine by GO 

Model pseudo-first-order pseudo-second-order 

Parameter qe,exp 
(mg.g-1)  

k1 (1/h) qe,cal 
(mg.g-1) 

R2 k2 (g.mg-1·h-1) qe,cal 

(mg.g-1) 
R2 

Diclofenac 2607 0.45 595.5 0.50 0.0048 2538 0.998 
Famotidine 1199 0.89 281.3 0.31 0.0007 1246 0.997 

The pH of a solution is one of the most important parameters affecting the adsorption 
process by changing the net charge of the adsorbent and adsorbate in the solution. A change in 
the pH alters the charge profile of adsorbate species and adsorbent which consequently 
influences their mutual interactions. Figure 4-44a shows the effect of initial pH ranging from 2 
to 11 on the adsorption capacity and removal of diclofenac and famotidine by GO sponge. For 
diclofenac the adsorption decreased slightly from 100% removal to 80% and adsorption amount 
reduced from around 2000 mg.g-1 to 1600 mg.g-1 under investigated pH range. The adsorption 
of famotidine rapidly decreased over pH 2.0–6.0, stayed constant over pH 6.0-8.0 and rapidly 
increased to the adsorption capacity in acidic range over the basic conditions (pH > 6.0). So 
clearly the adsorption of famotidine is the lowest at the neutral pH and with receding from the 
neutral region the amount of adsorption is acceding quickly. At the acidic pH, GO possess the 
highest amount of negative charge (-44 mV) which decreases with increasing the pH up to 
natural pH around 6, leading to the decrease in amount of adsorption of famotidine. In the 
other side, pH dependant dissociation (pKa) of famotidine can affect the adsorption through 
the interaction of negatively charged GO and positively charged dissociated famotidine.  

Fam + H+ ↔ FamH+ 

Fam + GO ↔ F-GO 
Fam H+ + O=GO ↔ FamH+-O=GO (Hydrogen band) 
Fam + H+ O=GO ↔ FamH+-O=GO 
Fam + H-O=GO ↔ FamH+-O=GO (Hydrogen band) 

The transition of Fam to FamH+ is dependent on pH, with a maximum amount of FamH+ 
occurring at low pH (pHi ≤ 4), which results in the highest adsorption of FamH+ onto the 
negatively charged surface of the GO. With increasing the pH (pHi ≥ 4), the Fam molecules are 
neutral in charge however the surface charge of GO also decreasing. So the observed increasing 
in the amount of adsorption could not be interpreted by the electrostatic interaction. It has 
been observed that in pH ≥ 8.5 the GO sheets dispersed in water become unstable and create a 
netlike structure and settle down in the flask. Therefore we propose that the adsorption is 
promoted by a process similar to flocculation. In this process famotidine molecules which has 
been located between sheets through physical interaction or by hydrogen bonding between 
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hydroxyl group of GO and N-H groups of famotidine were trapped. Therefore GO has the 
minimum affinity to famotidine at 6 ≤ pH ≤ 8 and the maximum adsorption were observed at 
the highly acidic pH when GO has the highest amount of negative charges and famotidine has 
the highest amount of positive charges due to the dissociation.   
 

 
Figure 4-44: effect of pH (a) and adsorbent concentration (b) on amount of adsorption (qe) and the removal 
efficiency  

However as shown in Figure 4-44a, adsorption of diclofenac on GO is not highly pH dependant 
from pH 4.0–11.0. However the maximum amount of diclofenac adsorption of about 2000 mg.g-

1 for diclofenac was observed at acidic pH. Diclofenac sodium salt dissolves in water and creates 
the molecule shown in Figure 4-45 which is protonated at acidic pH. The protonation reduces 
the amount of repulsive electrostatic forces between negatively charged GO and dissociated 
diclofenac which results in the more - interaction between the aromatic groups of diclofenac 
and benzene ring of GO and therefore the higher amount of adsorption. With increasing the 
pH, the amount of protons adsorbed by diclofenac is reducing which increases the negative 
charge of the adsorbate.   

Figure 4-45: The structure of dissolved diclofenac and the adsorption mechanism on GO 

As a result of the repulsive interaction of both negatively charge GO and diclofenac the 
amount of adsorption is reduced. However this reduction is not very significant because on the 
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other side the negative charge of GO is decreasing due to the pH increase which reduced the 
amount of adsorption drop. This value of adsorption has not reported so far for any type of 
adsorbent. Therefore more investigation had been conducted to identify different aspects of the 
adsorption phenomena occurring on the surface of GO adsorbent which is discussed in next 
section. Figure 4-44b also confirms the extraordinary adsorption of diclofenac by GO which is 
about 4500 mg.g-1 at lowest concentration of adsorbent. As expected with the same initial 
concentration of adsorbate, the amount of adsorption is decreasing with the increase of 
adsorbent concentration. This graph shows that the removal of famotidine had not been 
completed and even at high concentration of GO, the maximum adsorption of 87% had 
achieved. However for diclofenac the 100% removal has been achieved at GO concentration of 
0.1 g.L-1 and the maximum adsorption capacity of 4600 mg.g-1 is obtained at the GO 
concentration of 0.01 g.L-1. This data also confirmed the difference between the mechanism of 
diclofenac adsorption by GO.  

In order to visually observe the difference between adsorption of pharmaceuticals with 
difference chemical functionality, the adsorption of diclofenac, famotidine and solifenacin with 
the initial concentration of 200 mg.L-1 were conducted with the GO concentrations ranging 
from 0.1 to about 1 g.L-1. As shown in Figure 4-47 using 0.1 g.L-1 of GO considerably reduced 
the concentration of diclofenac in supernatant (60 % removal) which exhibit nearly 1000 mg.g-
1 of adsorption capacity. However only 10% of famotidine and 25% of solifenacin were adsorbed 
by 0.1 g.L-1 of GO. To determine the minimum GO adsorbent that can completely remove the 
three pollutant, the amount of GO were increased gradually to 1 g.L-1 but even at the highest 
adsorbent concentration only 50% of famotidine is removed. Although the removal efficiency 
of famotidine by GO is much less than diclofenac and solifenacin however the adsorption 
capacity of GO is still higher than common adsorbent. For example 0.2 g of GO removed 25% 
of famotidine showing the amount of adsorption of about 300 mg.g-1 which is considerable 
value for the adsorption comparing most of common adsorbents.  
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Figure 4-46: equilibrium concentration (Ce) and adsorption capacity (qe) versus GO concentration for 
diclofenac, famotidine and solifenacine  

 Mechanism of adsorption  

In order to study the adsorption mechanism the chemical structure of diclofenac, 
solifenacin and famotidine as well as the digital photo of GO behaviour in solution is illustrated 
in Figure 4-47. As shown diclofenac and solifenacin both have two aromatic rings which are 
favourable for adsorbing on the GO surface through π−π stacking. Due to the hydrophilic 
property of GO and 3D compact framework, the GO sponge are well dispersed in an aqueous 
phase and remove pollutants efficiently during mixing. While mixing GO with aqueous solution 
of solifenacin and famotidine the morphology of GO sponge was changed from compact lump 
into millimetre sized GO globular connected network structure which were precipitated and 
easily and quickly collected through a simple vacuum filtration or low speed centrifuge (Figure 
4-47b). In pure water GO sponge will be dispersed into GO sheets and create brown 
homogeneous solution which is difficult to collect however in the presence of trace amount of 
positively charged organic molecules they tend to restack and agglomerate. This agglomeration 
is not observed in the presence of diclofenac even though it has two aromatic ring which is 
favourable for restacking of GO.  The main reason for this phenomena can be related to the 
ionic interaction due to the acidic dissociation constant (pka) in experimental condition. In this 
experiment the pH was about 4 which is natural pH of the solution after dispersing GO in 
water. In this experimental pH solifenacin which is weakly basic (pKa 8.5) and famotidine which 
is weakly acidic (pKa 6.9) are mainly positively ionized (cationic). When negatively charged GO 
exposed to water due to the hydrophilicity, hydrogen bonding between GO functional groups 
with water and their repulsive electrostatic charges between sheets they start to disperse. At the 
same time because of the pH reduction due to GO dispersion solifenacin and famotidine ionized 
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and became positively charged. The interaction between negative charges of GO and positive 
charges of drugs neutralized the GO sheets and initiated the coagulation and agglomeration of 
GO sheets into particulates which will be followed by enhanced π−π stacking of GO resulting 
in easy post separation of adsorbent.  
 

 
Figure 4-47: Image of three different GO concentration mixed with diclofenac, solifenacine and  famotidine 
(a) and the mixture after settling for 15 min (b). Chemical structure of diclofenac (c), famotidine (d) and 
Solifenacin (e) 

In summary the different maximum adsorption of famotidine and solifenacin values 
could be explained by the different pKa values and number of aromatic rings. The pKa values of 
solifenacin (pKa 8.5) which is higher than famotidine (pKa 6.9) so under the experimental 
condition of pH 4, the proportion of cationic form of solifenacin is higher than that of 
famotidine, which facilitates the adsorption. Also solifenacin has two benzene ring in the 
structure comparing to famotidine which enhances the adsorption through π−π interaction of 
these groups with the intact sp2 areas remaining in basal plane of graphene oxide. 

In contrast this explanation could not be applied to explain the extraordinary adsorption 
of diclofenac by GO because diclofenac sodium in a salt which dissociated in water into Na+ and 
hydrated negative diclofenac molecule. The negative charges on diclofenac is not favourable for 
adsorption by negatively charged GO because of the electrostatic repulsion. The data obtained 
from measuring the zeta potential is also confirmed the increase in negative charge of the system. 
The GO solution in experimental condition had the potential of -36.91 mV while mixing GO 
with diclofenac decrease the potential down to -53.24 mV. The zeta potential data explains why 
the agglomeration of GO in solution was not observed. However the GO dispersion changed to 
a swelled gel like instead while still many GO sheets stayed stable in the top solution which 
made the post separation more difficult. To investigate the actual mechanism involved in 
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diclofenac adsorption, the GO sponge were collected by centrifuge after adsorption and were 
dried in vacuum oven 6 hrs, sputter coated with gold to avoid charging the samples by electron 
and were analysed by SEM in low voltage. As shown in Figure 4-48(a) large particles were 
observed on the surface of the GO also from the contrast around the wrinkles and the 
topography of the surface particles could be recognised under GO sheets.  

Figure 4-48b in higher magnification confirmed the existence of crystals wrapped by 
thin layer of GO sheets. These crystals are different in size and shape with preferable growth 
direction towards the GO surface. In some areas of the samples they create interesting flower 
shape all wrapped with a transparent blanket of GO as shown in Figure 4-50c. TEM images in 
very low voltage and short exposure time verified that these particles are highly ordered 
crystalline organic material which was burning quickly under electron beam exposure. As shown 
in Figure 4-49 the as grown diclofenac are highly crystalline and they burn under the electron 
beam quickly.  

 



 

136 

 

 
Figure 4-48: SEM images of GO sponge after adsorption of diclofenac with different magnification (a-d), 
growth mechanism (e,f) 
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Figure 4-49: TEM images of diclofenac crystals grown on the surface of GO sheets first shot (a) and second 
shot after few second electron beam exposure  

To confirm that the observed crystals are actually diclofenac the EDX spectra was 
collected in SEM chamber from two different spot on GO sponge after diclofenac adsorption 
(Figure 4-50). The both spectra showed highest amount of carbon and oxygen which is common 
in both GO and diclofenac and presence of Na, S, and Cl which are the elements of diclofenac 
and Au which is from the sputter coating. However the spectra 2 which was collected from the 
surface of a crystal shows higher amount of carbon, oxygen, sulphur and sodium due to the 
direct exposure to the beam.    
 

 
Figure 4-50: EDX spectra of GO sponge after adsorption of diclofenac 
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To study the size and polymorph type of as grown crystals, diclofenac with different 
initial concentration were prepared and certain amount of GO paper were introduced to the 
solution. In this case GO paper was used because they were not dispersed without shaking and 
ultrasonic force, therefore crystals that were formed in the solution were separable without traces 
of GO in their structure. The crystal formation were started immediately after introducing the 
film into the solution and clear solution became cloudy and white. The paper was taken out and 
dried for SEM analysis and crystals precipitates were collected from the bottom of beaker using 
filtration. According to the literature, diclofenac salts exhibit a variety of hydrates and 
polymorphs 333-335. In particular, the crystal structure of some diclofenac salts prepared with 
hydroxyl amines revealed that these salts exist as ion pairs in the solid state, where the hydroxyl 
groups participate in a network of H-bonds, in some cases together with water molecules of 
crystallization, that keep anion and cation in a close association: these structural aspects 
suggested it would be better to define these compounds as complexes rather than simple salts. 
The complexity of the structures observed made it possible to preview a frequent occurrence of 
polymorphs among these diclofenac salts as a function of the extent of hydration and/or the 
nature of the crystallization solvent.  

 
Figure 4-51: Optical microscopy image of collected diclofenac precipitate (a), and original source of diclofenac 
(b), DSC data of original diclofenac comparing the as grown precipitate (c), digital image of 500 mg.L-

1diclofenac solution before and after introducing the GO paper 
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DSC results also confirms that the grown crystals are hydrate form of diclofenac as a 
result of contacting with water. However the driving force of this transformation is not still 
clear since the similar phenomena were not observed using rGO instead of GO. SO we concluded 
that it might be related to the acidic nature of GO and its high surface energy which make it a 
perfect substrate for nucleation of new crystals. Also as shown in Figure 4-51(a, b) the hydrate 
crystals are much larger than the original form of diclofenac powder. They also exhibit different 
shapes and geometry which is in accordance with the SEM images of Figure 4-48.  

 

 
Figure 4-52: SEM image of as-grown diclofenac crystals on the surface of GO paper at different 
magnifications 

SEM images of as-grown diclofenac crystals on the surface of GO paper revealed 
interesting nucleation and instant growth of the well-shaped crystals on its surface. As shown 
in Figure 4-52(a) the crystalisation initiated at different spots on the surface and growth 
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centrically into a peacock feather morphology. Looking closer in image b shows that the growth 
was started from the centre of the zone or peacock tail and spread directionally in the area of a 
circle. The SEM image (d) shows the growth mechanism clearly. We proposed that diclofenac 
started to be saturated on the surface of GO and then the nucleation happened in certain spots 
which might be defected areas of GO. With increasing the concentration of diclofenac the 
feather like structure grew instantly in the form of large crystals.  

Contact angle data which is shown in Figure 4-53 confirmed that the surface energy was 
decreased as a result of diclofenac growth on its surface. The average of 6 point on the surface 
of both samples showed contact angle of 67.5 degrees for GO paper and 32.3 degrees for 
GO/diclofenac paper which can be related to the free surface energy of the films. The 
considerable decrease of 50% in contact angle confirms the energy loss in the system after 
growing crystals which is favourable for formation of crystals based on nucleation-growth 
mechanisms.  
 

 
Figure 4-53: Contact angle of GO film (a) and GO film after diclofenac adsorption (b) 

Studying the recovered GO sponge after adsorption of famotidine and solifenacin were 
not exhibited the similar phenomena. As shown in Figure 4-54 there are some crystals of 
famotidine on the surface of GO however only small numbers of crystals were found by searching 
all over the surface. They also do not have an ordered pattern of growth direction. We assume 
that these crystals were created after drying of the remaining solution after centrifuge on the 
surface. No crystal were also found on the surface of GO adsorbed solifenacin as shown in Figure 
4-54b.  
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Figure 4-54: SEM images of GO sponge after adsorption of famotidine (a)  solifenacin (b) 

 Pharmaceutical cocktail adsorption 

In order to study the synergistic effect of different pharmaceuticals on the adsorption 
process, adsorption of a pharmaceutical cocktail containing six different drugs (salbutamol, 
salicylic acid, metoprolol, propranolol, diclofenac and carbamazepine) with the total 
concentration adjusted to 100 mg/L was conducted. Figure 4-55 indicated the fast adsorption 
of 50% of the substrate in only 1 min and more than 80% after 30 min of contact time. 
Therefore high adsorption capacity it is not only related to the type of pharmaceutical analyte 
which can be very useful in real application of treating wastewater containing many different 
organic pollutant that affect adsorption process. In following section we studied kinetic of 
adsorption and examined the effect of adsorbent dosage on adsorption efficiency.  
 

 
Figure 4-55: UV-vis adsorption spectra of six drugs before and after adsorption 
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4.4.3.1. Adsorption Kinetic Studies 
In order to study the kinetic of adsorption we studied the effect of GO concentrations and 

initial concentration of pharmaceuticals on adsorption efficiency, final concentration and the 
amount of adsorption is demonstrated in Figure 4-56. It can be seen that adsorption on 0.01 g 
of GO at 50 ppm of drug mixture has the highest amount of adsorption at around 3000 mg/g 
which correlates well with the results of diclofenac adsorption. However the adsorption 
efficiency of GO declined dramatically at low concentration of the substrate since the final 
concentrations by different GO dosage did not make significant decrease in the final 
concentrations and increase the amount of adsorption. This is because at low concentration is 
less probable that pharmaceutical molecule get in contact with GO surface especially at short 
adsorption times. The kinetic of adsorption were fitted with pseudo-second-order model 
(Figure 4-56B) as described previously.  
 
 



 

143 

 

  

 
Figure 4-56: Pharmaceutical cocktail removal with initial concentration of 5, 25 and 50 mg/l by GO dosage of 
0.01, 0.05 and 0.1 g/l by time of adsorption (A) pseudo-second order kinetic plot of adsorption (B) bar charts 
summarizing amount of adsorption and removal efficiency versus  initial concentration and graphene oxide 
dosage (C and D) 

 
 
 
 

A
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Table 4-7: Kinetic parameters of 5, 25 and 50 mg/L of diclofenac using three dosage of GO 

GO 
concentration 

Parameters Concentration (mg/l) 

  50 25 5 

0.1 g/l  

qe,exp (mg/g) 401.08943 172.07317 27.9626 
qe (mg/g) 403.22 174.82 28.74 
K (g mg-1min-1) 0.00075746 0.00064296 0.002193405 
Adj. R-Square 0.99996 0.99959 0.99938 

0.05 g/l 

qe,exp (mg/g) 733.07317 301.86992 44.54309 
qe (mg/g) 740.74 310.55 45.76 
K (g mg-1min-1) 0.000277398 0.00018128 0.00120984 
Adj. R-Square 0.99992 0.9995 0.99937 

0.01 g/l 

qe,exp (mg/g) 2998.69919 944.30894 198.3252 
qe (mg/g) 3039.5 1054.8 209.2 
K (g mg-1min-1) 4.44E-04 1.47E-05 1.31E-04 
Adj. R-Square 0.99975 0.98205 0.99507 

  
The results of fitting parameters by this models are listed in Table 4-7  where k (g mg−1 

h−1) is the rate constant of sorption, qe (mg g−1) is the calculated amount of adsorption at 
equilibrium as well as fitting coefficients of determination (Adj. R2). In most of the cases R2 is 
above 0.99 and the calculated adsorption capacity (qe) values estimated by the pseudo-second-
order model shows good consistency with the detected values in experiment (qe, exp). As 
discussed above, the pharmaceutical adsorption on GO can be well described by the pseudo-
second-order kinetic model. Since the kinetic data of adsorption at high initial concentration 
fit pseudo-second-order kinetics model best, the initial rate (݇ݍ௘ଶ) from this linear fitting was 
calculated to be 4064 mg g−1 h−1 and the rate constant of sorption (k) is 0.0004 g mg−1 h−1.By 
comparing this results (initial rates and qe) with the literature 195,291,293,297,336,337 our results 
shows higher adsorption capacity in order of magnitude. However isotherm data shown in 
Figure 4-57 did not fit well with Langmuir and Temkin models with are the ideal model for 
monolayer physical adsorption and chemical adsorption based on strong electrostatic interaction 
between positive and negative charges respectively. Only Freundlich model which is an empirical 
widely used in the field of chemistry can be applied to obtain a reasonable fitting as shown in 
Figure 4-57 inset graph with R2= 0.98. 
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Figure 4-57: Adsorption isotherm of pharmaceutical mixture and Freundlich adsorption isotherm (inset 
graph)  

Table 4-8: Freundlich adsorption isotherm parameters calculated from the inset graph of Figure 4-57 

Freundlich model Temperature 
(K) 

KF 1/n R2 

ln qe = lnKF + (1/n) lnCe 298 1.677 2.32 0.90 
   

The mechanism for strong adsorption of drugs on graphene oxide is not clear. Yet π–π 
stacking interaction reported as a dominant driving force to explain the mechanism of aromatic 
adsorbate to graphene surface 338,339. However we showed that GO also has high affinity to 
adsorb non-aromatic compounds such as famotidine. In another proposed mechanism the 
cation–π bonding could also be responsible for adsorption. The cation–π bonding is dominated 
by the cation-induced polarization and electrostatic force between the cation and the π-
electron-rich aromatic structure or another word electrostatic interaction between negatively 
charged GO and positively charged species 195,291,340,341. However, since some of our tested drugs 
such as diclofenac dissociate in water and contain a negatively charged group in their structure, 
most likely electrostatic interaction between opposite charges is not responsible for high 
adsorption efficiency of the graphene oxide towards pharmaceutical. We showed that GO is very 
effective adsorbent which not only can remove pharmaceutical from water via normal adsorption 
process but also via other mechanism such as crystallisation or precipitation. Therefore we 
believe that combination of π–π interaction,   cation–π bonding and drug crystallisation due to 
low surface energy of graphene oxide can be described as involved mixed mechanism of 
adsorption. 
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4.5. Summary  

Briefly in this chapter:  
 Single layer Graphene oxide sheets were synthesised via modified Hummers method and 

fully characterised by different techniques such as Raman, Uv/Vis and FTIR 
spectroscopy, AFM, SEM and TEM, XRD and N2 adsorption methods to study 
morphology, structure, efficiency of exfoliation, size of nano-sheets, degree of oxidation 
and defects, surface area and chemistry of graphene oxide nanosheets 

 Reduction of graphene oxide to reduced graphene oxide was studied via chemical and 
thermal reduction and the efficiency of reduction were examined by XRD, Raman and 
FTIR spectroscopy. 

 High concentration of graphene oxide dispersion were used to create 3D structure of 
graphene oxide foam via freeze drying which was used as an adsorbent for methylene 
blue dye and various type of pharmaceuticals from water  

 Graphene oxide immobilised on the surface of different type of substrate in order to 
obtain an engineered adsorbent which is efficient and easy to recover after adsorption 
process 

 Kinetic of pharmaceutical adsorption on graphene oxide foam were studied  
 

4.6. Conclusion  

It may be concluded that graphene oxide foam resulting from graphite oxidation and freeze 
drying of high concentration of GO dispersion is a very efficient and fast adsorbent for 
adsorption of organic contaminant from water. We observed high adsorption capacity of up to 
3000 mg of drugs per gram of GO with a high rate of adsorption about 4064 mg g-1 h-1 which 
is one of the highest numbers reported so far. This can be attributed to the following reasons:   

 Planar 2D structure of GO which provides both side of GO sheets available for 
adsorption of organic molecules on its surface via different interactions such as π–π 
interaction between aromatic groups and electrostatic interaction between positively 
charged molecules and negatively charges GO  

 Open macro-pore structure of GO which reduces the diffusion path length of adsorbate 
molecules to reach the surface of GO 

 Abundancy of defects on basal plane of GO and functional groups on edges and basal 
plane are suitable sites for adsorption via chemical interaction   
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 Crystallisation of diclofenac and maybe some other drugs that observed on the surface 
of GO might be responsible for extraordinary adsorption capacity which is related to the 
low surface energy of graphene oxide as a suitable site for nucleation of organic and 
inorganic soluble species  

 
We also found that nitrogen adsorption isotherms and BET model is not suitable method 

to identify pore structure and surface area of graphene oxide porous material which might be 
due to partial restacking of graphene oxide during vacuum heating of GO foam for degassing 
process. We for the first time used Methylene Blue dye solution to measure actual surface are 
of GO and obtained 2600 m2/g which is very close to the theoretical surface area of graphene 
whereas BET gave 547 m2/g that was not able to verify the high adsorption capacity of GO. We 
also assembled GO sheet on the surface of different inorganic substrates and found that 
Dolomite/GO engineered adsorbent has great capacity towards dye adsorption and can be an 
efficient and cheap adsorbent for industrial wastewater treatment.  
One interesting outcome of the current research is that very special surface chemistry of 
graphene oxide makes this material a suitable platform for range of chemical reactions, 
adsorption and physical phenomena such as crystallisation and growth of organic and inorganic 
materials. We observed that dissolved dolomite re-crystallised on the surface of GO to form 
hierarchical morphologies. This also happened for organic drug diclofenac which might be 
related to low surface energy of graphene oxide as a suitable sites for nucleation and growth of 
other organic and inorganic materials in aqueous solution.  
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CHAPTER 5: TiO2 nanoparticle/Graphene nano-composite 
Synthesis and Photocatalytic Properties  

 
 
 

5.1. Introduction 

In recent years variety types of pharmaceuticals are being detected in the aquatic environment 
and common sewage treatment plants are not able to remove these compounds completely as 
described in chapter 1. The most common approach for removal of these trace pollutants which 
is adsorption by carbonaceous materials such as activated carbon or new class of nanomaterials 
such as graphene oxide was described in chapter 4. Heterogeneous photocatalytic using TiO2 

semiconductor nanoparticles as catalyst is one of the most promising advanced oxidation 
processes which is based on the generation of very reactive species such as hydroxyl radicals 
(.OH) that can oxidize a broad range of organic pollutants quickly and non-selectively 
88,276,342,343. Most organics can be mineralized to water, carbon dioxide and mineral acids by 
successive hydroxyl radical attack and fragmentation 344-346.  

We designed new Graphene based TiO2 nano-composite which combines photocatalytic 
properties of TiO2 with excellent adsorption capacity of graphene oxide (GO) and reduced 
graphene oxide (rGO) to achieve the highest removal efficiency of pharmaceuticals. As a new 
form of carbonaceous material, graphene and graphene oxide (GO) are promising adsorbent 
owing to their planar structure, abundant functional groups and defects, light weight, large 
surface area, and hollow geometry. The aim of this study is to find the most efficient TiO2 

/graphene nano-composite which is easy to process and able to purify water under solar light 
irradiation and investigate photocatalytic activity; kinetics and efficiency of graphene/TiO2 

catalyst to remove commonly found pharmaceuticals in water. The combination of TiO2 and 
graphene oxide and/or graphene which possess excellent adsorption, transparency 
and conductivity is predicted to generate a synergistic effect that simultaneously enhance 
pollutant adsorption and charge transportation to facilitate photodegradation of the pollutants.  
Few reports related to the synthesis of such graphene-based composites with TiO2 photocatalyst 
have been published 347-352. For example it has been shown that P25-graphene composites 
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exhibit higher adsorptivity and photocatalytic activity towards methylene blue dye than P25 and 
P25-carbon nanotube composites 229,353. Manga et al. 354monitored the ultrafast electron 
transfer between TiO2, graphene oxide and graphene sheets in femtosecond transient absorption 
spectroscopy, reflecting the higher separation efficiencies of photo-induced charge carries. They 
also determined that the photo-reductions in the transformation of graphene oxide to graphene 
created a continuous electron conducting network through cross-surface charge percolation and 
allowed graphene to function as an efficient electron sink. However to do so, graphene oxide 
needs to be reduced to some extent to recover its electronic structure partially. 

In TiO2/GO composites reduction can be achieved via chemical reduction, thermal annealing, 
photocatalytic reduction and hydrothermal dehydration route 236,285,355-357. The photocatalytic 
reduction of graphene oxide in the presence of TiO2 suspension developed by Kamat’s group 208 
is based on the reduction of GO by accumulated UV generated electrons if the holes are 
scavenged by ethanol. Hydrothermal dehydration method means that supercritical water serves 
as the reducing agent to achieve the reduction from exfoliated graphene oxide to graphene 285.  

In the present study two different approaches were applied to make TiO2/graphene oxide 
composite. First method is in-situ synthesis of TiO2 nanoparticles from the Ti organic precursor 
on the surface of GO visa sol-gel method and the second method is a simple one-step colloidal 
blending of graphene oxide with commercial and commonly used P25 TiO2 powder both 
followed by a reduction step. The photocatalytic activity of this new composite was evaluated by 
degradation of pharmaceuticals in the immersion well photoreactor presented in chapter three. 
The studied process is composed of two sequential batch steps: every cycle alternates a step of 
adsorption and a step of photocatalytic oxidation in the presence of UV, at 22 °C and 
atmospheric pressure. The role of graphene oxide content adsorption capacity and photocatalytic 
activities under both UV and visible irradiations was investigated and the optimum GO weight 
in composites was identified. Then the effect of thermal annealing and hydrothermal reduction 
on morphology and structure of composite and their resulting photocatalytic activities were 
studied.  

5.2. Result and Discussion 

 Sol-gel synthesis of TiO2 nanoparticles on GO 

TiO2/GO composite were prevalently obtained by in-situ hydrolysis of TiO2 precursor on the 
surface of GO. The amount of GO were adjusted from 0 to 100 wt% in the mother sol (GO-
PS-X, X=0-100 %wt). TiO2 sol was prepared based on the sol-gel method described in section 
3.5.2. SEM images of as-synthesised composite are shown in Figure 5-1. Clearly the morphology 
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of TiO2 particles are quite different in pure TiO2 and TiO2/GO composite. As shown in Figure 
5-1A in vicinity of GO, TiO2 powder is composed of agglomerated poly-crystalline spherical 
TiO2 particles with the average particle size of 2 m which is expected to have low surface area 
which confirmed by BET analysis. On the other side as shown in Figure 5-1F, graphene oxide 
powder is a network of large GO sheets with a layered and porous structure and large amount 
of pores between sheets which can provide large surface area for immobilisation of TiO2 .  
 

 
Figure 5-1: SEM images of TiO2/GO composite with (A) 0 wt% GO; (B) 2 wt% GO; (C) 10 wt% GO; (D) 15 
wt% GO; (E) 20 wt% GO; (F) 100 wt% GO 

In the presence of 2 wt% GO (Figure 5-1B) the TiO2 nanoparticles preferentially 
hydrolyse on GO surface which forms uniformly coated TiO2/graphene oxide nano-sheets after 
condensation step rather than forming large agglomerated TiO2 particles (A). This was 
confirmed by closer look at the surface of each nano-sheets at inset SEM images which showed 
very smooth and fuzzy morphology representing the amorphous nature of TiO2 nano-structure. 
With increasing the amount of GO from 2 to 20% the amount of available surface for TiO2 

nucleation increases leading to more layered-porous morphology observed in cross section of 
the deposited composite films in SEM images of Figure 5-1 (C, D and E). The mechanism of 
TiO2/GO composite formation with such a unique structure is relied on the mechanism of sol-
gel process. Generally in sol-gel, TiO2 alkoxide precursor is added at controlled rate to the 
water/IPA mixture when hydrolysis of the precursor happens and TiO2 nucleation starts. In 
acidic environment hydrolysis is being catalysed by acid which leads to fast and uniform 
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nucleation with control over the growth of the particle resulting in a sol with nano sized TiO2 

particles which later during the condensation grow to larger spherical particles. Depending on 
the temperature and aging time of the sol this particles grow larger and precipitate. This process 
is shown in Figure 5-2.  

 
Figure 5-2: Proposed mechanism for TiO2/GO composite formation via sol-gel process. TTIP in IPA as TiO2 

precursor (A) is added to water/IPA under controlled pH which initiates hydrolysis of the precursor (D) 
yielding a clear homogeneous TiO2 sol. TiO2 agglomerate particles formation after condensation and drying the 
sol (E). In the presence of GO in water/IPA during the hydrolysis, GO regarding to abundant functional 
groups acts as a substrate which encourage uniform nucleation on its surface (B) and hinders growth during 
condensation (C)   

However when TiO2 was added to water/IPA mixture containing graphene oxide nano-
sheets, hydrolysis of TTIP starts from the GO surface as preferential sites which upon 
condensation leads to formation of small and uniform TiO2 particles on the surface of GO. In 
another words graphene oxide acts as a nucleation platform which prevents growth of TiO2 
particle. We believe this is as a result of low surface energy of the GO (which was also the reason 
of diclofenac crystallisation on GO surface during the adsorption experiments described in 
section 4.4.1) and abundant functional groups which get involve in hydrolysis reactions. In order 
to support this hypothesis, very pure pristine (defect-free graphene) graphene synthesised by 
Jonathan Coleman’s group in Trinity College Dublin was used instead of graphene oxide to 
synthesis TiO2/graphene composite following the same procedure. This pristine graphene was 
made by ultrasonic assisted liquid-phase exfoliation of graphite in suitable solvent 181,185. The 
Raman spectra of the single graphene flake shown in Figure 5-3A confirms the absence of any 
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defect in graphene basal plane since the D band related to the defects around 1350 cm-1 is not 
present.  

 

Figure 5-3: Raman spectra of liquid-phase exfoliated pristine graphene (A) with the representative TEM 
image of a single graphene nano-sheet (B). SEM image of TiO2 synthesised via sol-gel process in pristine 
graphene dispersion.  

The TEM image also shows the electron transparency of the graphene which is the 
evidence of few layer graphene. As shown in SEM image in Figure 5-3C, the morphology of 
the resulting TiO2/graphene is quite similar to the pure TiO2 powder synthesised in the absence 
of graphene via sol-gel. This means that TiO2 nano-particle were not hydrolysed on graphene 
surface and as if graphene was not existed in the system which led to emerging growth rather 
than nucleation. This supports our hypothesis about the importance of the functional groups 
and defect on formation of nano-sized TiO2 coating on GO surface and building a layered 
structure nano-composite. We suggest that graphene without functional groups and defects 
exhibit weaker chemical interactions (van der Waals) with coating species on the surface which 
is in favour of growth to decrease the surface energy of graphene sheets in aqueous media of the 
chemical synthesis media. However GO interacts via stronger chemical interaction with oxygen 
functional groups including carboxylic, hydroxyl, and epoxy groups and the coated species, 
providing pinning forces to the small particles to hinder diffusion and recrystallization and 
results in smaller and more uniform coating of inorganic species. 

This is important to grow TiO2 nanocrystals on graphene surface to facilitate the electron 
transport via conducting graphene efficiently. Although decoration of different nanoparticles on 
graphene oxide has been shown 230,231,358-360 in numerous researches, however synthesising 
inorganic materials especially TiO2 with controlled morphology on the surface of highly 
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conducting pristine graphene with high conductivity yet remains unexplored. For the future 
work studying the relation between the morphologies of the as synthesised TiO2 nanocrystals 
via sol-gel/hydrothermal two-step process and the degree of oxidation of underlying  graphene 
sheets, and rationalize the nanocrystal growth behaviour is highly recommended. 
Dai et. al grew nickel and cobalt hydroxide on graphene oxide and graphene with two degrees 
of oxidation and observed drastically different nanocrystal growth behaviours on low-oxidation 
graphene sheets and highly oxidized GO in hydrothermal reactions. While large single crystalline 
platelets with defined shape formed on the surface of pristine graphene with few oxygen-
containing surface groups, small nanocrystals without recrystallization were obtained on the 
surface of Go with large amount of oxygen groups and defects 361.   
So based on our results and Dai’s study we suggest that by tuning the chemistry of graphene by 
controlling the concentration of the functional groups and defects on basal plane of graphene 
the nucleation and growth of inorganic materials can be controlled leading to a new approach 
to synthesis hierarchical structures with engineered properties. Graphene’s functional group and 
defects concentration can be tuned by the degree of oxidation which can be obtained by 
exfoliation-intercalation-expansion and reduction methods method 206,284,312,362,363.  

In summary based on these experiments our strategy to make graphene modified TiO2 

nano-structures for this thesis is first to make different morphologies of TiO2 composite with 
graphene oxide followed by a reduction process (thermal and hydrothermal reduction) to 
convert graphene oxide to partially reduced graphene in order to increase the conductivity and 
efficiency of graphene.  
As shown in SEM images in Figure 5-1 the TiO2/GO composite has a layered structure but the 
shape and morphology of TiO2 could not be identified due to the small size and also is not quite 
clear if nanoparticles are actually covered the surface of the GO. Therefore high-resolution TEM 
imaging was used to first confirm the underlying GO sheets and second identify the shape and 
crystalline structure of TiO2. Typical high-resolution TEM images of TiO2/GO with 5 wt% GO 
sample in different magnification and the corresponding SAED pattern are shown in Figure 
5-4(A-E).  
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Figure 5-4: High-resolution TEM images of in-situ synthesied TiO2 on graphene oxide sheets (TiO2 with 5 
wt% GO) (A-E) showing the morphology of the composite and also the shape and crystallinity of TiO2 

particles. The corresponding SAED pattern assigned to (101), (004) and (200) lattice planes. Two sets of 6 dot 
can be distinguished in this pattern which is related to crystalline pristine areas of underlying graphene oxide  

Form Figure 5-4A, the large GO sheets can be identified without any agglomerated 
TiO2 on the surface. The electron transparency of the composite confirms very well exfoliation 
of GO and uniform single layer coating of TiO2. In higher magnification shown in Figure 5-4B, 
the edges of GO can be seen clearly and still no free TiO2 particle could be found in image. In 
Figure 5-4C TiO2 particles are observed more profoundly due to the contrast which might be 
related to the crystallinity of the particles. The surface coverage is quite uniform without any 
unattached particle covered all over the GO surface up to the sharp edges. This well-dispersed 
coverage is attributed to the functional groups on graphene oxide basal plane which acts as 
surfactant and promotes the individualization of the particles as were described previously. The 
different TEM images of our study are consistent with a well-dispersed suspension of 
nanoparticles on GO surface.  The higher resolution image shown in Figure 5-4D revealed that 
the TiO2 particles are not actually spherical but they have spindle morphology and some particles 
are more crystalline which results in darker contrast in TEM image. From the image analysis 
the average length of spindle-shape TiO2 is 25  5 nm. However higher resolution image in 
Figure 5-4E shows that each spindle is composed of a mixture of small TiO2 crystallites and 



 

155 

 

amorphous phase with the average crystallite size of between 5 and 10 nm. This can explain the 
fuzzy image in lower magnification and wide variety of contrast in TEM images. The 
corresponding selected area electron diffraction (SAED) pattern (Figure 5-4E) showed a 
concentric-continuous ring pattern, suggesting that TiO2 were polycrystalline with a mixture of 
amorphous and crystalline structure. However a closer examination revealed that there are two 
different type of patterns: one fringe type (rings) which exhibits polycrystalline nature of the as-
synthesised TiO2. The three most distinguished rings were are assigned to (101), (004) and (200) 
lattice planes with the inter-layer (d-spacing) of 3.5, 2.3 and 1.8 angstrom respectively which 
was calculated by measuring the distance of each ring from the central spot of the image and 
microscope constant as described in methods section with more detail. The second type of 
pattern is two set of individual dots each composed of 6 dot which is attributed to the underlying 
graphene lattice in some pristine and defect-free areas.  

This shows partial oxidation of the graphene basal plane and confirms that GO sheets 
are composed of small patchy sp2 areas (pristine graphene) which are connected by disordered 
sp3 oxidised GO. This might be the main reason for the formation of spindle-shape TiO2 

because of the tendency of the growth along the pristine area to cover them and decrease the 
surface energy of the whole system. In summary this TEM study validates our synthesis approach 
towards synthesising a stable suspension containing individual homogeneously covered 
TiO2/GO composite.  

For real world application of nanoparticles such as TiO2, immobilising it on a suitable 
substrate to prevent agglomeration of the particles is a very critical challenge. When reduce the 
dimension of materials to nano size the new surfaces will be created which increases free energy 
of the system. Therefore they always tend to agglomerate (in case of nano-particles or re-stack 
in case of two dimensional layered materials such as graphene) 183,364. In-situ sol-gel synthesis 
of TiO2 nanoparticles on the surface of GO has three advantages. First of all it prevents graphene 
from restacking after reduction process because of TiO2 coating between each graphene single 
sheets. Second it forms very uniform TiO2 nanoparticles on GO surface without any free particles 
in dispersion or agglomeration which effectively increases the active surface area of the catalyst 
in contact with electrolyte or organic pollutants. The third and the most important advantages 
of in-situ hydrolysis of TiO2 nanoparticles on GO surface is the strong chemical and physical 
interaction between TiO2 particles and the underlying graphene substrate which facilitates 
charge transfer between the two materials and prevents the recombination of the charge carries 
due to the conductivity of graphene.  
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 Immobilization of pre-synthesised TiO2 P25 nanoparticles on GO 

In order to examine the effect of chemical bonding between graphene and TiO2 we 
prepared TiO2/GO through another strategy which was explained in section 3.5.4 precisely. 
Briefly we mixed pre-synthesised calcined commercial P25 Degussa TiO2 powder with average 
particle size of 355 nm which was dispersed in water via sonication and was centrifuged to 
remove un-exfoliated particles. Because GO is negatively charged and TiO2 P25 is positively 
charged so they tend to mix together quite effectively. After drying the composite powder also 
looks quite uniform and depending on the weight percentage of the GO the colour varies from 
very light brown to dark navy. In Figure 5-5 SEM images of P25 TiO2/GO composite labelled 
as GO-P25-X which X is the weight percentage of graphene oxide varying from 2 to 20 wt%. 
Top images are in lower magnification to get an overall view about the morphology of the 
composite however the higher resolution images (second row) from the surface of the composite 
shows the coverage of TiO2 on GO surface.   

  

 
Figure 5-5: SEM images of P25 TiO2/GO (GO-P25-X wt% X=2, 5, 15, 20) composite prepared by simple 
mixing of previously dispersed P25 powder with GO dispersion. A and B: tilted image and top surface image 
of GO-P25-2 wt% respectively. C and D: GO-P25-5 wt%. E and F: GO-P25-10 wt% G and H tilted image 
and high magnification image of GO-P25-20 wt% 

In composite with 2 wt% GO (Figure 5-5A) very thin GO transparent film can be seen 
on top part of the image and TiO2 particles are dispersed between GO layers which creates a 
sandwich-like structure. However TiO2 is mostly agglomerated all over the GO surface and the 
coverage is very poor. In lower image B, TiO2 nanoparticles can be observed under a transparent 
blanket of GO which is torn in the middle and TiO2 particles are appeared from underneath. 
However with increasing the amount of GO to 5 and 10 (Figure 5-5C-F) the composite forms 
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more uniform morphology and less agglomerates were observed in samples. While still some 
area in GO remained uncovered (Figure 5-5C) in composite sample with 5 wt% GO but further 
increasing the concentration of GO to 15 wt% the homogeneity of the composite increases and 
no free GO surface can be distinguished in higher resolution SEM image (Figure 5-5F). We 
propose that GO plays a role as a surfactant which facilitates dispersing TiO2 in aqueous solution 
through electrostatic interaction between opposite charges on GO and TiO2 . Therefore like 
every other surfactant there is an optimum concentration which the surfactant is the most 
efficient function which in the case of GO/P25 system is between 10 and 15 wt% GO. With 
additional amount of GO to 20 wt% the composite become more compact and less 
homogeneous as shown in Figure 5-5G and H.  

In order to investigate the composition of GO-P25-20 wt% composite powder and see 
how well-dispersed TiO2 is in the composite, EDX elemental mapping was collected from 4 
different spots of sample (corresponding inset SEM image) as shown in Figure 5-6.    

 

 
Figure 5-6: EDX elemental mapping of 4 different spots on GO-P25-20 wt% composite 

 
As shown in inset SEM image three spots are located on a large GO flake covered with 

TiO2 and forth spot is located on an area which is more uniform without flake feature. 
Comparing the intensity of the Ti peak in spots 1 to 3 revealed that the spots 2 and 3 which are 
located in the middle of Go sheets almost have similar TiO2 content however spot 3 which is 
close to GO edge contains less TiO2 and the spot 4 outside the flake show no TiO2 at all (contains 
carbon only). This confirm that the optimum dispersion of TiO2 happens on GO weight less 
than 15 wt%.   

Transmission electron microscopy (TEM) was performed in order to determine the 
nature of TiO2 adsorption on graphene sheets. Very diluted sample of P25 containing 20 wt% 
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GO (GO-P25-20) nanocomposite were placed on holey carbon grid and dried. Although large 
amount of small  unbound TiO2 nanoparticles pass through the relatively large holes in the 
TEM grid, however still large amount of TiO2 agglomerated lumps can be identified in TEM 
image shown in Figure 5-7A as well as poor coverage of the GO surface.   

 

 
Figure 5-7: A and B: Bright-field TEM images of TiO2 P25 with 5 wt% GO composite (GO-P25-5). C: high 
resolution TEM image of TiO2 particles on GO surface. D: corresponding SAED pattern of GO-P25-5 
composite showing the poly-crystallinity of TiO2 .  

Large TiO2 agglomerate all over the surface of large GO sheet can be clearly seen also in 
phase image shown in Figure 5-7B. This strategy of making TiO2/graphene composite might 
be suitable for solid state application where electrodes are made by depositing thin of thick layer 
of composite material for battery or water splitting electrocatalysis or photo- electrocatalysis 
which graphene role is to interconnect TiO2 particles and enhances charge transfer from TiO2 

to the supporting electrode 237,365-367. However for our application which is photocatalysis based 
on powder and water mixture performing under vigorous stirring is not suitable for two reasons. 
First, agitation provides shear forces which detach particles mechanically from the GO surface. 
Secondly unbound TiO2 particles moving around in water would have no interaction with 
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graphene which makes the composite inefficient. However in further study we examined the 
effect of hydrothermal treatment and thermal treatment on strengthening TiO2/graphene 
interaction along with GO reduction to rGO. The high-resolution micrograph of individual P25 
TiO2 nanoparticles on graphene oxide is shown Figure 5-7C with the interlayer spacing match 
with anatase TiO2 as it also confirmed with selected area electron diffraction pattern (SAED) in 
Figure 5-7D. In SAED pattern 6 ring related to diffraction of electrons by graphene crystallite 
can be identified as well. It also exhibits reciprocal lattice spacing characteristic of anatase TiO2 

and graphene.  
Degree of crystallinity plays an important role in photocatalysis activity because catalytic 

active sites are TiO2 crystals and the smaller the crystals are the higher photocatalytic activity 
they exhibit. This is because the band gap is inversely relates to the crystal size and the smaller 
the crystallite size are the higher the bang gap is, which results in decreasing the rate of electron-
hole recombination and therefore higher photocatalysis activity. Decreasing the crystallite size 
also increases the total surface area of the photocatalytic active sites. In order to study the 
difference between the degree of crystallinity of as-synthesised TiO2 on the surface of GO and 
pre-synthesied commercial P25, X-ray diffraction of both composites with 5 wt% graphene 
oxide (Figure 5-8) were measured and the main anatase diffraction peak (101) located around 
2=25 were fitted with Lorentzian equation (Figure 5-9) and fit parameters were used to 
calculate the crystallite size from Scherer formula as described in characterisation methods. 
Generally the intensity of the peaks corresponds to the crystallinity and particle size. Comparing 
these two pattern suggested that both composites are composed of irregular polycrystalline TiO2 

. However the sol-gel synthesised TiO2 contained a mixture of crystalline and amorphous phases 
which can be interpreted from low intensity and broader peaks. 
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Figure 5-8: X-ray diffraction pattern of sol-gel as-synthesised TiO2/GO composite versus commercial P25 
TiO2 immobilised on GO surface and their corresponding lattice indices and polymorph structure (A=Anatase, 
R=Rutile)  

In both samples, TiO2 crystal structure mainly composed of anatase phase which is 
indexed to tetragonal body-centered space group with lattice parameters a = b = 3.7842 Å, c = 
9.520 Å. The structure comprised TiO6 octahedra sharing two adjacent edges with the two 
other octahedra so that planar double chains are formed 256,368. Diffraction patterns of both 
TiO2/GO and P25/GO composites show the characteristic peaks corresponding to anatase TiO2 

with a small (110) reflection of rutile phase located at 27.4.  Anatase peaks are located at 25.2, 
37.7, 48.0, 54.03, 55.0, 62.7, 68.9, 70.1, and 75.1 which is indexed to (101), (004), (200), (105), 
(211), (204), (116), (220), and (215) crystal planes of anatase TiO2. The small peaks at 27 in 
P25/GO and 26 and 42.5 are assigned to (110) and (111) reflection of rutile phase. No typical 
diffraction peaks of GO are observed in these patterns which means that TiO2 particles quite 
successfully adsorbed between GO lamellar structure so that the interlayer spacing is not 
matched with GO anymore. 

Crystallite size is determined by measuring the broadening of anatase (101) peak at 25.2 
in both diffraction patterns. It is inversely related to the full width at half maximum (FWHM) 
of fitted peak, the narrower the peak, the larger the crystallite size. Based on our calculations 
the average crystal size of commercial TiO2 in P25/GO composite is about 22.5 nm whereas it 
is about 15 nm for TiO2 which were synthesised in-situ on GO surface by sol-gel. This is 
reasonably match with the crystal size observed from high-resolution TEM image shown in 
Figure 5-4.  
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Figure 5-9: Anatase (101) diffraction peak with the corresponding Lorentz peak fitting for (A) P25/GO 
(sample GO-P25-5 wt%) and (B) TiO2/GO synthesised by sol-gel (sample GO-PS-5 wt%). The (101) peak for 
as-synthesised TiO2 by sol-gel is a shouldered peak which was de-convoluted into two peaks which small peak 
on the shoulder represents very small amount of (110) rutile shifted and broadened due to very small size.  

Therefore based on all of these XRD and TEM data we concluded that TiO2 

nanoparticles crystallise on the surface of GO mainly in anatase form which is the most effective 
TiO2 polymorph for photocatalytic applications. However base on the literature synthesising 
crystalline TiO2 at room temperature is quite challenging and usually the as-produced TiO2 

powder through sol-gel is amorphous and needs a suitable post treatment such as thermal 
treatment at temperature above 400 C or hydrothermal treatment above 120 C in order to 
increase the crystallinity of the resulting powder 369-372. This could mean that graphene oxide 
provides a low surface energy which encourages nucleation of TiO2 crystals on its surface. To 
justify this hypothesis we prepared TiO2 sol in the absence of graphene oxide in exactly same 
manner. Then the sol was dried and grounded into the power and half of the powder was 
calcined at 450 C. The as-synthesised TiO2 powder and the calcined powder were analysed by 
XRD as shown in Figure 5-10 in comparison with the sol-gel synthesised TiO2/GO composite 
(sample GO-PS-5 wt%).  
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Figure 5-10: X-ray diffraction of sol-gel synthesised TiO2 powder comparing with (a) GO-PS-5 wt%, (b) as-
synthesised TiO2 without any treatment, (c) TiO2 powder calcined at 450 C for 2 hours  

As it can be seen from Figure 5-10(b) the as-synthesised TiO2 sol only shows very weak 
peaks corresponding to anatase crystals however three strong peaks at 29, 33 and 40 are related 
to Brookite phase which is an unstable polymorph of TiO2 and a common product of room 
temperature sol-gel process. After annealing at 450 C brookite completely re-crystallised into 
anatase phase as shown in Figure 5-10C.  

As described earlier when GO or rGO incorporated into TiO2 nano-composite the 
diffraction of (002) plane which is normally located at 12 and 25 degree for GO and rGO (see 
Figure 4-16) are no longer visible in XRD pattern. In Figure 3, the (002) peak at 27° for pristine 
graphite indicates an interlayer spacing of 0.34 nm. The disappearance of these peaks can be 
attributed to the exfoliation of layered structures of GO and randomly distribution within the 
composite. Another reason is that comparing high intensity TiO2 sharp peaks, graphene oxide’s 
(002) peak is very broad and weak which can be masked in the background especially at low GO 
content composites. The (002) peak of rGO is located at 25 which is overlapped by reflection 
of (101) plane of anatase TiO2. Therefore although XRD is a useful technique to study micro-
structure and crystalline phase of TiO2 however it does not provide enough information about 
TiO2/GO composites since any signal from GO and rGO could not been distinguished in XRD 
pattern.  

In contrast Raman spectroscopy is a powerful tool to characterize structure of both TiO2 

and graphene derivatives in same sample. The important advantages of Raman spectroscopy to 
study TiO2/graphene composite is that the Raman active modes of TiO2 and graphene are quite 
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segregated since 5 Raman vibrations of TiO2 located at the very beginning of the spectra (100 
to 650 cm-1) while D and G band modes of graphene are located at the tail of spectra (1300 to 
1500 cm-1).  We recorded the Raman spectra of sol-gel synthesised TiO2 on graphene oxide 
(GO-PT-5 wt%) and pure sol-gel TiO2 without addition of GO (GO-PT-0 wt%) as a control 
as shown in Figure 5-11. The results were compared with the Raman spectra of commercial 
P25 powder.  
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Figure 5-11: (A): Raman spectra of sol-gel synthesised TiO2 and TiO2/GO composite (inset: enlarged area of 
graphene’s D and G band modes). (B) Raman spectra of commercial P25 TiO2 powder with assigned vibration 
modes. (C): Raman spectra of as-synthesised TiO2 powder in comparison with P25 

Standard single crystalline Anatase has a space group D4h with six Raman active 
vibrational modes, A1g + 2B1g + 3Eg. The six allowed bands in the first-order Raman spectrum 
are located at 144 (Eg), 197 (Eg), 399 (B1g), 513+519 (A1g+B1g), and 639 (Eg) cm−1. For 
commercial P25 TiO2, six Raman active modes appear at 140 cm−1 (Eg), 193 cm−1 (Eg), 393 
cm−1 (B1g), 513 cm−1 (A1g+ B1g), and 634 cm−1 (Eg) which is close to single crystalline anatase 
Raman spectra 281. While, TiO2 powder synthesised via sol-gel method shows all 6 anatase 
vibration modes respectively at 154, 203, 407, 517 and 632 cm−1 in addition to a set of very weak 
Raman bands located at 245, 321 and 362 cm−1 which matches with Brookite Raman modes. 
However when TiO2 was synthesised in presence of 5 wt% of graphene oxide it shows stronger 
Raman bands comparing to as-synthesised TiO2  powder but weaker than P25 with the Raman 
bands located at 154, 287, 405, 518 and 638 cm−1 which is in accordance with the band structure 
of anatase polymorph without any other phase such as Brookite. The massive increase in 
intensity of Raman peaks in TiO2/GO sample compared to pure as-synthesised TiO2, confirms 
the role of graphene oxide in engaging TiO2 crystallisation as discussed by XRD data earlier. 
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The other two peaks in GO-PT-5 wt% appeared at 1350 and 1600 cm−1 are assigned to D 
(disordered sp2 carbons) and G (stretching mode of graphite) band of graphene oxide 
respectively.      
This results indicated that TiO2 was crystallise into anatase form with higher degree of 
crystallinity when synthesised in presence of 5 wt% graphene oxide nanosheets while pure as-
synthesised TiO2 powder contains brookite and exhibits less crystallinity. Raman modes of 
brookite polymorph is quite similar to anatase however the shape of peaks are different with 
two additional Eg modes at 245 and 325 cm−1 373. In addition TiO2 peaks in TiO2 powder and 
TiO2/GO composites are slightly broadened and shifted as compared to P25 TiO2. As the size 
of TiO2 nanomaterials decreases, the featured Raman scattering peaks become broader. The size 
effect on the Raman scattering in nanocrystalline TiO2 is interpreted as originating from phonon 
confinement. As the particle size decreases, the Raman peaks show increased broadening and 
systematic frequency shifts 374-377. The most intense E1g mode shows the maximum blue shift 
and significant broadening with decreasing crystallite size 256,374. We found that the all Raman 
peaks of GO-PT-X wt% composites are blue-shifted compared with P25, more strongly for first 
and second Eg modes and B1g+A1g modes (between 10 to 14 cm−1 blue shift) and less 
pronounced for second B1g and third Eg (2 to 5 cm−1).  For example the strongest Raman mode 
(first Eg and at 140 cm−1) of as-synthesised TiO2 and TiO2/GO composite is blue-shifted by 14 
cm−1 and considerably broadened comparing with similar peak in P25. Such a peak broadening 
and blue shift is contributed to the decrease in average crystallite size which is indeed consistent 
with observations from XRD and TEM images.   
 

 Adsorption Properties of GO/TiO2 Nano-composites 

Considering the superior adsorption properties of graphene oxide (chapter 4), performing 
adsorption studies of the composites in dark prior to photocatalytic experiments seems necessary 
in order to first be able to differentiate between adsorption of pollutant molecule and 
photocatalytic degradation and second to investigate the effect of adsorption on their 
photocatalytic activity. Comparing the adsorption capacity of pure graphene oxide with pure 
TiO2 as sorption baseline with GO/TiO2 composites provides us very useful information about 
the kinetic of the reactions and mechanism of photocatalysis improvement.  
Taking diclofenac as a pharmaceutical model, 0.06 mg of GO, GO/TiO2 (GO-PS-X, X=0, 1, 2, 
5, 10, 20) and GO/P25 (GO-P25-X, X=0, 1, 2, 5, 10, 20) with various amount of graphene oxide 
was first put into a diclofenac solution (200 ml, C0=100 mg/L), and was stirred at 22 C and 
samples were taken in regular interval (see materials and methods). The amount of adsorption 
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qt (mg/g) within time t (min), was calculated by ݍ௧ ൌ
ሺ஼೟ି஼బሻൈ௏

௠೎ೌ೟ೌ೗೤ೞ೟
 where C0 and Ct (mg/L) are 

the initial concentration of diclofenac and concentration after t time (min), respectively, V is 
the volume of the solution (L) and mcatalyst is the mass of solid adsorbent or catalyst. The 
adsorption of diclofenac is shown in Figure 5-12. Unlike porous carbonaceous materials such as 
activated carbon or char coal which reach the equilibrium after weeks or month, graphene oxide 
adsorbs organic molecules quite quickly and reached equilibrium within less than 2 hours. As 
shown in Figure 5-12A the diclofenac concentration dropped by 80% after only 40 min for pure 
graphene oxide and reaches the equilibrium capacity of 286 mg/g. The quick decrease in 
concentration at the beginning of experiment might be due to the fact that initially all adsorbent 
sites were vacant and the solute concentration gradient is high. Afterwards, the diclofenac 
uptake by the graphene oxide functional groups (chemisorption) and graphene oxide aromatic 
basal plane surfaces (Physisorption) decreased significantly due to the decrease in adsorption 
sites. After 50-60 min of stirring the solution, the concentration did not decrease. Therefore, 
on the basis of these results a 60 min optimum contact time was selected for other adsorption 
experiment and dark adsorption before photocatalysis experiments. The adsorption kinetic can 
be fit by pseudo-second-order model:  

t
qqkq

t

eeadst

11
2
     Equation 5-1 

Where t is time in min, qt the amount of diclofenac adsorbed at t in mg/g, qe the amount of 
diclofenac adsorbed at equilibrium in mg/g, and kads  is the pseudo-second-order rate constant 
in min·g/mg. We obtained kads and qe by plotting diclofenac adsorption data t/qt versus t and 
fitting the data linearly based on above equation and calculated qe from the slope and kads from 
the intercept of fitted curve. In this model, the rate-limiting step is the surface adsorption that 
involves chemisorption, where the removal from a solution is due to physicochemical 
interactions between the two phases 378,379. The model is usually represented by its linear form 
as shown in Figure 5-13 and fitted pseudo-second-order-model kinetic parameters for GO-P25-
X and GO-PS-X are presented in Table 5-1 and Table 5-2 respectively. Where kads (g/mg.min) 
is the pseudo-second-order rate constant of adsorption and R2 is adjusted R-squared 
representing the goodness of the linear fit. Figure 5-12 shows contact time curves and the 
kinetic results are also shown in Figure 5-13 as a plot of t/qt against time for sorption of 
diclofenac compatible with the pseudo-second order model. The values of the correlation 
coefficients are all extremely high (>0.990). For all of the systems studied, chemical reaction 
seems significant in the rate-controlling step and the pseudo-second order chemical reaction 
kinetics provide the best correlation of the experimental data. The correlation coefficients (R-
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squared) for the linear plots of t/qt against time from the pseudo-second order rate law are 
greater than 0.996 for all systems. This suggests that this sorption system is the pseudo-second 
order model, based on the assumption that the rate-limiting step may be chemical sorption or 
chemisorption through sharing or exchange of electrons between sorbent and sorbate, provides 
the best correlation of the data. 
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Figure 5-12: (A and C) The effect of graphene oxide content on adsorption of diclofenac by GO/P25 mixture 
(GO-P25-X wt%) and sol-gel synthesised GO/TiO2 nanoparticles (GO-PS-X wt%) where X=0, 1, 2, 5, 10, 20, 
100. The amount of diclofenac adsorption per gram of catalyst by time (B and D). GO-P25-0 and GO-PS-0 
are TiO2 samples without any graphene oxide and graphene oxide-only samples are included for comparison.  
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Figure 5-13: Second-order kinetic plots for the diclofenac adsorption by GO/P25 mixture and sol-gel 
synthesised GO/TiO2.  

Table 5-1: Adsorption kinetic parameters of GO/P25 composites 
Sample qe (mg/gcatalyst) kads10-3  R2 
GO-P25-0 16.28664 2.89 0.974 
GO-P25-1 30.4878 2.32 0.998 
GO-P25-2 36.49635 2.46 0.999 
GO-P25-5 43.66812 2.61 0.999 
GO-P25-10 50.25126 1.89 0.999 
GO-P25-20 86.2069 0.69 0.999 
GO 285.71429 0.833 0.999 

 
Table 5-2: Adsorption kinetic parameters of sol-gel synthesised GO/TiO2 composites 

Sample qe (mg/gcatalyst) kads10-3  R2 
GO-PS-0 35.31073 0.88 0.994 
GO-PS-1 40.35513 1.27 0.997 
GO-PS-2 43.01075 1.17 0.996 
GO-PS-5 54.40696 0.815 0.998 
GO-PS-10 57.01254 0.969 0.999 
GO-PS-20 74.57122 0.854 0.998 
GO 285.71429 0.839 0.999 

 
In all cases, the adsorption reached a plateau after 30 min, indicating that adsorption 

equilibrium between diclofenac and GO containing composites takes place very fast. This can 
be due to the planar structure of GO which all pores are accessible and can be reached within 
very short adsorption time.  
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 Photocatalytic properties of nano-particulate GO/TiO2 composites 

All of the photocatalytic experiments were carried out after adsorption of diclofenac in the 
dark for 60 min under stirring. Under ambient conditions, air bubbling and rigorous stirring to 
supply oxygen to the reaction, the reactor was exposed to the UV irradiation. Photocatalysis 
studies used unmodified TiO2 to demonstrate how much substrate is removed by conventional 
photocatalysis. Also photolysis of the substrate without any catalyst were performed to 
determine the substrate photodegradation due to UV light. As shown in Figure 5-14(a,c) 
diclofenac concentration is plotted versus UV irradiation time along with a 60 min pre-dark 
adsorption. For a comparison P25 commercial TiO2 powder and bare sol-gel synsthesised TiO2 

nano-particles were tested for their adsorptivity and photocatalytic degradation of diclofenac 
using the same procedure and conditions described in materials and methods chapter. 
Photocatalysis degradation of diclofenac can be fitted by a pseudo first-order kinetic model 
described by Equation 5-2.     

t
K

CCC app
t 203.2

log)log( 00      

Where t is time in min, Ct is the diclofenac concentration after t min of irradiation in mg/L, 
C0 is the equilibrium concentration reached after one hour of adsorption in dark which is initial 
concentration of the substrate for photo-degradation experiment. Kapp is the first-order rate 
constant in min−1. The simplified model of this equation can be written as: 

െ݊ܮ
௧ܥ
଴ܥ

ൌ ݇௔௣௣ݐ 

Where C0 and Ct (mg/L) are the initial concentration which is the equilibrium concentration 
after dark adsorption experiment and concentration at time t (min), respectively. kapp (min−1) is 
the pseudo-first-order rate constant for the kinetic model. By Plotting –ln C/C0 versus 
irradiation time and linear fitting with zero intercept, the slope can give the kapp. The 
photocatalytic activities of the composite material can be quantitatively evaluated by comparing 
the first order reaction rate constants (kapp). Figure 5-14 shows the photocatalytic properties of 
GO/P25 and GO/TiO2 with various amount of GO from 0 to 20 wt% of composite.  

Equation 5-2

Equation 5-3
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Figure 5-14: UV Photocatalytic activity of GO-P25-X and GO-PS-X (X=0 to 20 wt%). (A and C): 
Concentration of diclofenac versus dark adsorption time and UV irradiation time. (B and D): -Ln(C/C0) 
versus irradiation time and Pseudo-first order kinetic fitting. (E and F): Degradation efficiency of diclofenac 
versus time. In all experiments the initial concentration of diclofenac is 100 mg/L and catalyst mass loading of 
0.3 g/L.      
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Table 5-3: Photocatalysis and kinetic parameter for GO/P25 composites 
Sample Kapp10-3 

(min-1) 
C0 (mg/L) PC Removal 

% 
Adsorption% R2 

P25 5.43 95.15 59.36 4.85 0.987 
GO-P25-1 6.61 92 67.40 7.96 0.984 
GO-P25-2 6.68 91.02 68.67 8.98 0.991 
GO-P25-5 7.41 90 73.19 9.95 0.995 
GO-P25-10 15.12 84.44 93.91 15.56 0.95 
GO-P25-20 2.7 76.39 35.94 23.61 0.979 

 
Table 5-4: Photocatalysis and kinetic parameter for sol-gel GO/PS composites 

Sample Kapp10-3 
(min-1) 

C0 (mg/L) PC removal% Adsorption% R2 

TiO2  5.85 93.3 63.35 6.67 0.99 
GO-PS-1 8.44 92.7 75.42 7.27 0.98 
GO-PS-2 11 92.8 86.36 7.15 0.99 
GO-PS-5 18.7 90.03 100 9.97 0.99 
GO-PS-10 12.9 87.03 89.95 12.97 0.99 
GO-PS-20 5 82.56 57.28 17.44 0.98 
C0 is the initial concentration when the adsorption–desorption equilibrium is reached 

The results in general show that the photocatalytic properties of TiO2 composite have 
great enhancement comparing pure TiO2 standard samples. For these experiments the 
concentration of the substrate after 60 min of adsorption (adsorption equilibrium shown as C0 
in Table 5-3 and Table 5-4) is considered the initial concertation for photocatalysis experiments 
therefore the degradation percentage which is reported as PC removal % in parameter tables is 
only representative of photocatalysis efficiency. As can be seen from the table the amount of 
adsorption by both type of composites is increasing by increasing the amount of GO which is 
quite in agreement with the adsorption characteristic of graphene oxide. However adsorption 
by GO/P25 composite is greater than sol-gel synthesised GO/TiO2 composite which confirms 
that the surface of GO is more efficiently covered with TiO2 when synthesised via sol-gel rather 
than mixing P25 with GO.  For example 23.6% of diclofenac was adsorbed by GO-P25-20 wt% 
while 17.4 % of diclofenac was removed by adsorption on GO-PS-20 wt% composite. After 
deducting the adsorbed diclofenac and using C0 reported in parameter tables also the amount 
of substrate removed by photocatalysis increases by increasing the amount of graphene oxide 
from 0 to 10 wt% for GO-P25 composite and 0 to 5 wt% for sol-gel synthesised GO/PS TiO2 
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composites. It means that optimum graphene oxide concentration for GO/P25 composite is 
about 10 wt% while it is only 5 wt% for GO/PS composites. This interesting results is quite in 
accordance with percolation theory of systems 380,381. For example this theory in case of non-
conductor/conductor systems says the more hemogenious a system is the less conductor is 
needed to increase the conductivity of the composite system few order of magnitudes and there 
is a point called percolation threshold which above that adding conductor will not improve 
conductivity of the system considerably380. Therefore this theory is very useful to find the 
optimum concertation of the second phase in composite system to achieve the highest 
performance with the least amount of second phase (usually a reinforcing phase or a conducting 
phase which are normally expensive materials). We can conclude that percolation threshold is 
10 wt% for GO/P25 composite and 5 wt% for sol-gel synthesised GO/PS composites. Above 
this threshold the photocatalysis of both composites drops considerably which might be due to 
light scattering and UV penetration to the reactor because with increasing the amount of GO 
the composite becomes darker and the solution containing substrate and composite turns darker 
therefore reduces the amount of UV that penetrates to the reactor. Therefore, optimization of 
the carbon content should be considered in the preparation of TiO2/GO photocatalysts.  

Studying the kinetic of photo-degradation for both composite also confirms that the 
rate of photo-degradation Kapp increases by increasing the amount of GO below the optimum 
GO weight percentage and higher than this threshold the photocatalysis rates drops considerably 
from 15 to 2.7 for GO/P25 and from 12.9 to 5 for GO/PS composites. This photocatalysis 
improvement of GO/TiO2 composites over pure TiO2 can be related to two factors. First, both 
type of TiO2- Graphene Oxide composites have higher adsorption capacity than their pure TiO2 

powder (as summarized in Table 5-3 and Table 5-4) which provides higher concentration of 
diclofenac in contact with TiO2 particles and higher probabilities for degradation by active 
species. Second, adding graphene oxide increases the surface area of the composite dramatically 
comparing their pure TiO2 powder which is due to very high surface area of graphene oxide 
(2600 m2/g). For example as shown in Table 5-5 adding 5wt% graphene oxide increase the 
surface area of P25 and sol-gel synthesised TiO2 powder from 50 and 95 m2/g to 78 and 210 
respectively. Also the average pore size of the composite were reduced considerably.  
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Figure 5-15: Adsorption isotherm of GO-P25-5 wt%, inset graph: BJH pore size distribution and cumulative 
pore volume with surface area and pore information extracted from BET and BJH plots 

 
Table 5-5: N2 adsorption data for GO/TiO2 composites containing 5 wt% graphene oxide 

Sample BET surface 
area (m2/g) 

Total pore 
volume (cc/g) 

Average pore 
size (nm) 

GO-P25-5 wt% 78.63 0.493 5.28 
P25 50 0.25 17.5 
GO-PS-5 wt% 210.4 0.027 3.2 
TiO2 95 0.01 10 

 

Comparing photocatalytic activity of GO/P25 and sol-gel synthesised GO/TiO2 

composite shows that in all GO concentrations, GO-PS-X composites have higher activity. This 
can be described by considering surface area, morphology, TiO2 crystallite size and pore size 
distribution of both composites. For example GO-P25-5 wt% and sol-gel synthesised GO-PS 
5wt% exhibit the degradation rate constant (Kapp) of 7.4 and 18.7 and removal percentage of 73 
and 100 % respectively. This considerable difference in both type of composites which have 
same amount of TiO2 photocatalyst and graphene oxide adsorbent can be described by higher 
surface area of the composite which were synthesised via sol-gel comparing the mixture of GO 
and P25. For example GO-PS 5wt% has 210 m2/g of active surface area comparing only 78 m2/g 
for GO-P25-5 wt%. This massive difference in surface area is obviously as a result of 
mesoporours structure and small particle size of TiO2 when synthesised in-situ on the surface 
of GO which confirmed by TEM and XRD previously (see Figure 5-4, Figure 5-7 and Figure 
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5-9). The crystallite size of TiO2 in GO-P25-5 wt% is 25 nm comparing 15 nm for GO-PS 
5wt%. The crystallite size also is an important factor for catalytic activity of semiconductors. 
The smaller the crystallite of a particle, the higher is percentage of TiO2 exposed to UV light. 
The homogeneous morphology of fine layered structure of the sol-gel synthesised composite is 
also another factor that can more contact between TiO2 and organic substrate. Adsorption of 
diclofenac on graphene oxide can also decrease its diffusion path to TiO2 nanoparticles by surface 
diffusion and increase photocatalytic activities for all samples.  

In summary, we have synthesized graphene oxide/TiO2 composite via two different route, in 
which TiO2 is coated on both sides of planar GO sheets and forms a type of sandwich structure 
with graphene oxide core and TiO2 wrapping. Reduced TiO2 agglomeration, increased surface 
area, mesoporous morphology, reduced crystallite size, high adsorption capacity and reduced 
diffusion path length for the reactant and pore are responsible for the increased photocatalytic 
activity of the GO hybrid catalyst comparing their pure TiO2 powder.  

 Photocatalytic reduction of GO to rGO in GO/TiO2 composite  

One interesting phenomena that observed during the photocatalytic experiments with graphene 
oxide/TiO2 composite was changing the colour of the solution containing catalyst from light 
brown to grey and black depending the weight percentage of GO during the UV irradiation. 
This can be a sign of graphene oxide partial reduction to reduced graphene oxide or shortly 
rGO. It has been shown that carbon nanotube in combination of ZnO and TiO2 shows electron 
accepting and storing capacity 382. Hence, it is reasonable to expect that GO sheets may play a 
similar role of accepting electrons when support semiconductor catalyst nanoparticles. This can 
cause partial reduction of graphene oxide and result in conductivity increase which can lead to 
photocatalytic enhancement. The ability of semiconductor nanoparticles to partially reduce GO 
samples when excited with UV light was demonstrated recently with TiO2 and ZnO which 
opened up a new area of photocatalytic reduction method 164,231,383.  

To examine how efficient UV-photocatalysis is in terms of enhancing photocatalyst 
performance 0.3 g of GO/P25 and sol-gel synthesised GO/PS containing 5 wt% GO recovered 
after first photocatalysis cycle of diclofenac degradation, washed with ethanol, dried at 25 C 
overnight and reused with same procedure. The photocatalytic activity of the resulting catalyst 
were examined under both UV irradiation.  
As shown in Figure 5-16 after first photocatalytic experiment the recovered sample performs 
better than the as-synthesised sample in terms of degradation rate and removal extent as 
summarized in Table 5-6. This is the case after second recovery which means 6 hours of 
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irradiation. By irradiating by 3 and 6 hours the photocatalytic apparent rate (Kapp) increased 
from 7.9 to 13.3 and 24.2 respectively. Considering the reduction of adsorption percentage from 
15.24 to 6.2 and 2.78 it can be concluded that this improvement in photocatalytic rate is not 
related to the adsorption. Since the adsorption main sites are GO functional groups the 
reduction in adsorption capacity can be representative of removal of some of the functional 
groups from GO basal plane. The observable change in colour of the solution during the test 
can be another evidence for partial reduction of GO to rGO. If this is the case then it is expected 
to observe improvement in conductivity of the composite. To examine this, solid thin films of 
each composite were made by filtration on cellulose membrane and transferring them on to 
non-conductive glass slides (see materials and methods). Then 4 electrodes were painted using 
silver paint and wired by silver wire. The following I-V curves were measured and sheet-
resistance were calculated knowing the length and thickness of each sample and width of the 
electrodes gap.  
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Figure 5-16: Plot of concentration vs adsorption and irradiation time (A) and Pseudo-first order kinetic plot 
(B) of sol-gel synthesised GO-PS-5 wt% (NA: as-synthesised with no processing, UV3: Recovered composite 
powder after 3 hours of UV irradiation, UV6: Recovered composite powder after 6 hours of UV irradiation. 

 
Table 5-6: Photocatalytic, kinetic parameters and sheet resistance of GO-PS-5 wt% as-synthesised composite, 
recovered composite powder after 3 hours of UV irradiation and recovered composite powder after 6 hours of 

UV irradiation. 

Sample C0 
(mg/L) 

Removal 
%  

Adsorption 
%  

Kapp10-3 
(min-1) 

R2 R (K.sq-1) 

GO-PS-5-NA 84.67 75.57 15.24 7.9 0.99 1.5103 500
GO-PS-5-UV3 83.8 90.52 6.2 13.3 0.99 450  10 
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GO-PS-5-UV6 97.22 100 2.78 24.2 0.99 210  15 
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Figure 5-17: Raman spectra of as-synthesised GO-PS-5 wt% before and after 3 hours of UV irradiation  

Resistivity measurements showed that as-synthesised GO-PS-5 wt% composite has very 
poor conductivity and can be classified as non-conductive (R=1.5103  500 K/sq). However 
following 3 hours of UV irradiation, the resistivity of the composite is dropped by three times 
which results in almost twice increase in degradation rate. Upon 6 hours of irradiation (sample 
recovered after being tested twice) the resistivity decreased to almost half of the 3 hours 
irradiated sample which resulted almost twice increase in photocatalytic rate (from 13.3 to 24.2 
min-1).  

 
Figure 5-18: Excited-State Interaction between TiO2 and Graphene Oxide leading to partial reduction of GO 
to rGO and photocatalytic degradation of organic pollutant at the same time 

Raman spectra of the samples before and after irradiation (Figure 5-17) also confirms 
the reduction of GO to rGO by comparing intensity of the GO band to D band. Another 
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interesting results from Raman spectra is increasing the intensity of the TiO2 vibration bands 
which can be attributed to increasing the crystallinity of TiO2 during the irradiation.  

The mechanism of reduction as shown Figure 5-18 is the electron transfer from excited 
TiO2 nanoparticles to GO while hole are scavenged by water and organic molecules leading to 
degradation of organic pollutants. Using this method the photoconductivity of the composite 
and conductivity of graphene can be tuned for catalytic and photocatalytic applications such as 
water splitting, hydrogen production and environmental remediation. 

In summary, all the evidences such as visual colour change, reduced adsorption capacity and 
reduced sheet-resistance (increased conductivity) confirms the partial reduction of GO to rGO 
in composite. This increase in conductivity facilitates charge transfer between TiO2 and 
underlying reduced graphene and prohibit charge carrier recombination which results in 
dramatic increase in photocatalytic degradation rate. Therefore it seems critical to reduce 
graphene oxide in the composite to benefit from both adsorption properties of graphene and 
conductivity at the same time.  

 Thermal and Hydrothermal reduction of GO in GO/TiO2 composite 

Since photocatalytic reduction is not very practical way of reduction from energy 
consumption point of view and low yield as well as material loss during recovery therefore we 
tried thermal and hydrothermal reduction methods and compared their photocatalytic 
properties. We chose 5 wt% of both type of nanoparticle/GO composite and calcined one-half 
of it in inert atmosphere at 450 C for two hours (samples with CA suffix) and another half was 
treated hydrothermally at 170 C for 20 hours (HT suffix) which explained in materials and 
methods in detail. The photocatalytic degradation of diclofenac in presence or in the absence of 
the 8 composites with catalyst dosage of 0.3 mg/L and 100 mg/L diclofenac during the studied 
photoperiod (240 min) is presented in Figure 5-19. Under UV irradiation and absence of 
photocatalyst (photolysis), diclofenac underwent very slow dissipation as compared to the 
reaction rates in the presence of catalysts. The final diclofenac carry over in photolysis 
experiment is about 13.2 %. Photocatalytic degradation of Diclofenac follows the pseudo-first-
order reaction kinetics as plotted in Figure 5-19 B and D. The results show that the apparent 
rate constant is remarkably enhanced by reducing treatment of the composite samples and for 
both type of composites, the hydrothermally treated sample shows the highest activity under 
UV irradiation. The apparent rate constant (kapp = 37 × 10−3 min−1) for GO-PS-5 wt% composite 
catalyst which hydrothermally reduced is much higher than that of pure TiO2 (kapp = 4.32 × 10−3 
min−1). Similar enhancement was observed for GO-P25-5 wt% sample as well.  
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 Figure 5-19: Dark and UV removal of 100 mg/l of Diclofenac (A, C) with degradation kinetic plots (B, D) for 
GO-P25-5 wt% and GO-PS-5 wt% as-synthesised composite compared with annealed and hydrothermally 
treated samples. Photolysis of diclofenac without any catalyst and pure P25 and TiO2 synthesised powder as 
reference is also included.   

However for the P25 composite the annealed samples has lower activity comparing the 
as-synthesised sample. This can be due to the particle growth since the initial P25 is crystalline 
therefore annealing cannot improve photocatalytic activity further. This deteriorates the rate of 
degradation even though graphene oxide reduced to graphene this still could not overcome the 
drawback of TiO2 growth. Plotting the degradation efficiency versus time (Figure 5-20) shows 
that both composites which was hydrothermally reduced were reached 100% of degradation. 
Table 5-7 lists the photocatalytic kinetic parameters of diclofenac degradation such as apparent 
rate constants, r-squared and half-lives (t½) for 5 wt% composites under different thermal 
treatments as well as their pure TiO2 powder. Among all sample hydrothermally treated GO-
PS-5 wt% composite with rate constant of kapp = 37 × 10−3 min−1 is the most efficient composite 
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compared to its pure TiO2 powder with rate of 4.32 min-1. Although three composites including 
GO-P25-5-HT, GO-PS-5-HT and GO-PS-5-CA reached 100 % of removal within the 
experiment time however comparing their rate constant which are 27.2 × 10−3 min−1, 37 × 10−3 
min−1 and 18.7× 10−3 min−1 and their t1/2 which are 19, 16 and 37 min respectively revealed that 
sol-gel synthesised composite which was reduced by hydrothermal treatment is the most active 
photocatalyst for degradation of diclofenac in shorter irradiation time. Therefore, the efficiency 
of the catalysts is arranged in the order: GO-PS-5-HT  GO-P25-5-HT  GO-PS-5-CA  
GO-P25-5-NA  GO-PS-5-NA  GO-P25-5-CA  P25  TiO2.  

0 25 50 75 100 125 150 175

0

20

40

60

80

100

0 25 50 75 100 125 150 175

0

20

40

60

80

100
 GO-P25-5-NA
 GO-P25-5-CA
 GO-P25-5-HT
 P25

D
eg

ra
da

tio
n 

%

Time (min)

A

 GO-PS-5-NA
 GO-PS-5-CA
 GO-PS-5-HT
 TiO2
 Photolysis

Time (min)

B

 
Figure 5-20: Degradation efficiency of as-synthesised GO-P25-5 wt% (A) and GO-PS-5wt% (B) comparing 
reduced composite by thermal and hydrothermal treatments. The straight line defines the t1/2 which is the 
time that 50% of diclofenac is being degraded  

 

Table 5-7: Surface area and Photocatalysis parameter of as-synthesised GO-P25-5 wt% and GO-PS-5wt% 
composite and reduced composite by thermal and hydrothermal treatment 

Sample C0 
(mg/L) 

% Removal ࢚૚
૛ൗ
 (min) Kapp10-3 

(min-1) 
R2 

GO-P25-5-NA 84.8 79.3 55 9.5 0.985 
GO-P25-5-CA 90.05 73.2 82 7.46 0.993 
GO-P25-5-HT 68.3 100 19 27.2 0.985 
P25 93.05 67.7 110 6.46 0.99 
TiO2 94.1 51.08 173 4.32 0.98 
GO-PS-5-NA 84.67 75.57 85 7.96 0.99 
GO-PS-5-CA 90.03 100 37 18.7 0.99 
GO-PS-5-HT 72.11 100 16 37 0.998 
Photolysis 99.6 13.2 NA 0.87 0.93 
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In order to investigate the reason why hydrothermal treatment is more efficient than 

thermal reduction we analysed the physical properties of each sample by N2 adsorption isotherms 
as shown in Figure 5-21 and their BET specific surface area, pore volume and pore size were 
summarized in Table 5-8. It can be seen that GO-P25 samples are mainly contains large pores 
 20 nm however sol-gel synthesised GO-PS is mesoporous with narrow pore size distribution 
 4 nm before and after treatment. If arrange sample by the surface area (GO-P25-5-HT  GO-
PS-5-NA  GO-PS-5-HT  GO-P25-5-NA  GO-PS-5-CA  GO-P25-5-CA) we observed 
that hydrothermally treated samples have higher surface area comparing to the annealed samples. 
This can be explained by the presence of water in the system during hydrothermal treatment 
which prevents re-aggregation of the samples. For sol-gel GO-PS-5 wt% sample the as-
synthesised one has the highest surface area comparing to the hydrothermal and thermally 
reduced samples. This can be due to crystallisation and growth of TiO2 during the treatment 
which reduces the surface area. However the extraordinary high surface area (338 m2/g) of GO-
P25-5-HT could not be explained since both type of treatment are expected to reduced surface 
area to somewhat. Therefore we imaged both hydrothermally treated samples by TEM as shown 
in Figure 5-22. For GO-PS-5 wt% (A, B) TiO2 particles are anchored to the surface of graphene 
quite uniformly without any free TiO2 particle in image. The shape of these particle are spherical 
with the average size of 10 nm. If we compare this with the TEM image of the as-synthesised 
GO-PS-5 wt% without any treatment (Figure 5-4) we see that particles are slightly larger and 
spherical instead of spindle morphology observed for the as-synthesised material. This can be 
due to recrystallization of the particles under hydrothermal pressure which can be resulted to 
the smaller surface area. However hydrothermal treatment of GO-P25-5 wt% sample (C, D) 
comparing the as-prepared mixed sample (shown in TEM images of Figure 5-7) resulted 
considerable changes in the morphology and structure of both TiO2 and composite. Firstly in 
contrast with the as-prepared sample we did not observe any free TiO2 particle in the image 
which was not attached to the surface of graphene. So one good aspect of hydrothermal 
treatment is strengthening the bonding between TiO2 and underlying graphene sheet via 
applying heat and pressure. Therefore, beside the reduced resistivity due to hydrothermal 
reduction of graphene oxide, the significantly enhanced photocatalytic performance of 
hydrothermally treated samples can be attributed to the strong coupling between TiO2 and 
graphene. 
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Figure 5-21: N2 adsorption isotherms and their corresponding BJH pore size distribution (inset graphs) of 
sol-gel synthesised GO-PS-5 wt% (A, B and C) and GO-P25-5 wt% (D, E and F) as-synthesised, calcined at 
450 C and hydrothermally treated respectively from top to bottom 
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Table 5-8: BET Surface area and BJH pore size distribution data of as-synthesised GO-PS-5 wt% and GO-
P25-5 wt% and after thermal and hydrothermal treatment  

Sample BET surface 
area (m2/g) 

Total pore 
volume (cc/g) 

Average pore 
size (nm) 

GO-PS-5 wt% 210.4 0.027 3.2 
GO-PS-5-CA wt% 60.35 0.031 3.5 
GO-PS-5-HT wt% 134.5 0.15 3.78 
GO-P25-5 wt% 78.63 0.493 5.28 
GO-P25-5-CA wt% 43.11 0.456 23.8 
GO-P25-5-HT wt% 338 2.133 23.8 

 
Secondly, P25 TiO2 nanoparticles look quite uniform and there is no lump or 

agglomerated particle in the image. So the increase in surface area can be due to the de-bundling 
of TiO2 particles due to the pressure of the supercritical water which increase the surface area of 
the composite. Another feature of this TEM image is elongation of TiO2 particles which 
increases the aspect ratio which can be resulted the increase in surface area.  
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Figure 5-22: TEM images of GO-PS-5 wt% (A, B) and GO-P25-5 wt% (C, D) hydrothermally treated at 170 
C for 20 hrs   

SEM images of GO-PS-5 wt% and GO-P25-5 wt% after hydrothermal treatment (A, 
C) and annealing (B, D) respectively are shown in Figure 5-23. While hydrothermally treated 
GO-PS-5 wt% (A) is more uniform with uniform graphene distribution between layers, the 
annealed sample looks more dense and agglomerate. This results in easy re-dispersion of 
hydrothermally reduced samples in water for photocatalysis experiment and provides more 
surface area for adsorption and catalysis which is in good agreement with BET surface area 
analysis.  
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Figure 5-23: SEM images of GO-PS-5 wt%, hydrothermally reduced (A) and calcined (B) and GO-P25-5 
wt%, hydrothermally reduced (C) and calcined (D). 

SEM images of GO-P25-5 wt% after hydrothermal treatment shows elongation of TiO2 

into very short nano-rods exactly as confirmed by TEM images shown Figure 5-22. We 
suggested that this particular growth of nano-particles to nano-rods might be due to 
temperature and pressure inside the vessel which promotes TiO2 growth along with their 
preferential direction. This special morphology might be the reason of high surface area and 
photocatalytic activity of GO-P25-5-HT sample. However for GO-P25-5 wt% sample which 
was annealed at 450 C the particulate morphology of TiO2 with large agglomerated particle can 
be distinguished. For both type of composites calcination resulted in more lumpy and 
agglomerated materials which have less surface area comparing their original powder without 
ant treatment. This is absolutely in agreement with the BET surface area data in Table 5-8. In 
order to see how annealing dramatically decreases the accessible surface area we performed N2 
adsorption on so-gel synthesised GO-PS composite containing 20 wt% graphene oxide before 
and after calcination which the surface area and pore information data is reported in Table 5-9. 
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As discussed previously increasing graphene oxide content increases the total surface area of the 
composite for example TiO2/GO composite containing 5 wt% of GO (GO-PS-5 wt%) has 
surface area of 210 m2/g and pore volume of 0.027 cc/g while increasing the GO content up to 
20 wt% increases the surface area to 554 m2/g and 0.797 cc/g respectively. However after 
annealing GO-PS-20 wt% sample the surface area and pore volume were dramatically decreased 
to 177 m2/g and 0.043 cc/g. This results in agreement with previous data on annealed samples 
confirm that annealing TiO2/GO composite is not suitable method to crystallise TiO2 and reduce 
graphene oxide due to the loss of porosity and encouraging agglomeration of the resulting 
powder which results in less accessible surface area for adsorption of pollutants and light.  
 

Table 5-9: BET Surface area and BJH pore size distribution data for GO-PS-20 wt% before and after 
calcination 

Sample BET surface area 
(m2/g) 

Total pore 
volume (cc/g) 

Average pore 
size (nm) 

GO-PS-20 wt% 554.08 0.797 3.78 
GO-PS-20-CA wt% 176.98 0.043 3.47 

 
It should be noted that in addition to the surface area, morphology and porosity, the 

crystalline structure of TiO2 plays an important role in photocatalysis activity. It has been found 
that anantase phase shows higher UV photocatalytic activity due to higher band gap (3.2 eV 
versus 3.0 eV for rutile) which reduces the rate of electron-hole recombination. Also the smaller 
the crystallite size the higher photocatalytic activity 384,385. In order to check TiO2 phase and 
crystallinity XRD patterns of as-synthesised GO-PS-5 wt% and it’s hydrothermally treated and 
annealed form in comparison with GO-P25-5 wt% and its reduced forms are presented in Figure 
5-24. Comparing the two type of composite shows that sol-gel synthesised composite has 
smaller crystallite size as discussed previously in section 5.2.2. The smaller crystallite size result 
in noisy patterns with smaller peak-to-peak ration. In both composite small amount of rutile 
exist which is almost equal in both type of composite. Calcination and hydrothermal treatment 
slightly changed the crystallite size of anatase which might be due to crystallisation of the 
amorphous phase in composite which hinders the growth step. However hydrothermal 
treatment increases the crystallinity of P25 TiO2 particles while the phase composition stays 
stable. Therefore it can be concluded that the difference between photocatalytic activity of 
composites after calcination and hydrothermal treatment it is more related to the porosity and 
surface area rather than crystallite structure. Also another important characteristic which may 
be related to the improved photocatalysis of hydrothermally treated over calcined sample is the 
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electrical resistivity. We explained previously that in addition to crystallisation of TiO2, the 
main purpose of the post-treatment is to reduce graphene oxide to graphene to increase the 
conductivity of the composite which will affect charge transfer and separation within particles. 
Accordingly four-point probe resistivity measurements showed that the resistivity of as-
synthesised GO-PS-5 wt% (1.5  103  500 K.sq-1) considerably decreased to 250  20 K.sq-

1 for calcined sample and to that 110  12 K.sq-1. The lower resistivity in hydrothermally 
treated sample can be due to the homogeneous distribution of graphene sheets layered within 
the composite as shown in SEM images of Figure 5-23 and also higher degree of reduction 
under supercritical conditions. The lower resistivity (higher conductivity) enhances charge 
transfer which results in higher photocatalytic activity. 
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Figure 5-24: X-ray diffraction patterns of GO-PS-5 wt% (A) and GO-P25-5 wt% (B) composites before and 
after hydrothermal (HT) and calcination (CA) 
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CHAPTER 6: TiO2 Nanotubes/graphene composite 
Synthesis and Photocatalytic properties 

 
 
 

6.1. Introduction 

Few different approaches have been used so far to synthesize TiO2 modified graphene 
nanocomposites with the highest photocatalytic efficiency especially within extended light 
wavelength to visible range. It has been reported that, TiO2-carbon nanotube composites show 
enhanced photocatalytic activity because of facilitated electron transfer from TiO2 to highly 
conductive carbon nanotubes (CNTs) which prohibits electron-hole recombination 386. The 
expensive cost of CNTs, metal catalyst impurities and difficult de-bundling of CNTs limits the 
potential application of CNTs in large scale particularly for water treatment. In contrast, 
graphene is much cheaper, easy to make in large scale with lower price without any impurity. 
Therefore our approach in this chapter is to use graphene as the conductive platform and 
synthesis TiO2 in the form of nanotube to provide maximum interfacial contact between 
graphene and TiO2 instead of using expensive CNTs. In contrast to TiO2 nanoparticles, TiO2 
nanotubes (TNTs) have larger surface area (inner and outer surface) and larger aspect ratio which 
increase the contact between TiO2 and graphene. Larger interfacial contact between TNTs and 
graphene should favour charge separation, and the high aspect ratio of TNTs enhances the 
photocatalytic activity 228. Although, there have been numerous attempts to prepare different 
photocatalysts with reduced graphene-TiO2, there are currently no reports on growing TiO2 
nanotubes on reduced graphene sheets in one pot. Also there has been no report on comparing 
one dimensional TiO2 nanotubes and nanofibers immobilised on the surface of graphene with 
graphene/TiO2 nanoparticle composites.  

Herein, we report a facile hydrothermal route to produce TiO2 nanotubes and nanofibers 
then immobilising them on the surface of graphene oxide and reducing GO to rGO via the 
second hydrothermal treatment or thermal treatment. In another method we used one pot route 
to synthesise TiO2 nanotubes in-situ on the surface of reduced graphene oxide via hydrothermal 
treatment in strong alkaline solution. While TNTs were grown on the GO surface, a 
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simultaneous reduction of GO to rGO was observed. We reported that rGO/TiO2 nanotube 
(rGO-TNT) composites exhibit excellent photocatalytic activity towards decomposing 
famotidine drug under both UV and visible light while rGO/TiO2 nanoparticles show very low 
visible light efficiency. This enhancement can be due to facilitated charge transfer via larger 
interface of TiO2 as well as improving the charge separation via conductivity pathways on 
graphene.  

6.2. Results and Discussion 

 TiO2 nanotubes  

As described previously in materials and methods chapter (section3.6.2), TiO2 nanotube 
synthesise were optimised by varying hydrothermal treatment temperature and time. The 
morphology of the resulting TNTs were identified by TEM and SEM imaging. It was observed 
that formation of TNTs happens in hydrothermal treatments above 110 C which is in 
agreement with other reports. 387,388 
In order to obtain optimum temperature to synthesise TNTs with the hollow structure with 
the highest aspect ratio TEM images of as-synthesised TNTs were collected. As shown in Figure 
6-1A at 110 C still some nanoparticles, as well as a kind of amorphous titanium oxide material 
can be observed on the nanotube and nanosheets surfaces which indicates that the temperature 
is not high enough to initiate large enough nanosheets necessary for nanotubes formation.  Also 
small nanosheets can be find in sample which is not rolled into tubular form because of the 
small size of the sheets. By increasing the temperature up to 130 C nanotubes have more 
pronounce feature with thin walls and loose structure. They more look like curled sheets which 
could not completely close up to nanotubes and they also have quite short length (smaller than 
500 nm). At higher temperatures (180 C) nanofibers form with large aspect ratio (length> 1 
µm) as shown in Figure 6-1C. The resulting powder contain nanofibers that are mostly joined 
in bundles with average diameter of 100 nm and individual nanofibers diameter of 30-50 nm (as 
also shown in Figure 6-13 ) and length of 3-5 μm. They do not have inner channels which 
obviously will provide less available catalytic surface area.  

Therefore to have high aspect ratio but hollow tubular structure we can guess that ideal 
temperature is between 110<T<180 C. Figure 6-2 show schematically how morphology of the 
resulting powder varies by adjusting hydrothermal treatment parameter or post processing 
condition ranging from nanosheets to nanotubes and nanofibers 101. In low temperature 
formation of nanosheets are favourable however the aspect ratio increases with increasing 
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temperature and in temperatures higher than 150 C they tend to crystalline into more bulky 
structures.  

 
Figure 6-1: TEM images of TNTs formed by 24 hrs of hydrothermal treatment at 110, 130, 180 C for A, B 
and C respectively. 

Figure 6-3 shows a representative TEM images of the optimum TNTs sample 
synthesised by hydrothermal treatment at 150 C for 24 hours. Nanotubes have a distinguished 
geometry, that is, long cylinders with a hollow cavity lying though the centre along their length. 
The aspect ratio (i.e., length divided by diameter) of nanotubes is usually greater than ten and 
can achieve several thousands. The walls of titanate nanotubes are always multi-layered and the 
number of layers varies from two to ten. The as-synthesised nanotubes are usually straight and 
tend to curl up after thermal or hydrothermal post-treatment. It should be noted that no sign 
of TiO2 aggregates were observed after hydrothermal treatment, which might be due to 
complete dissolution of TiO2 particles during the hydrothermal treatment and reforming into 
titanate nanosheets which were rolled into TNT during the acid treatment. However XRD 
results shows small amount of anatase in TNT structure. Therefore this can be as a result of 
efficient de-agglomeration of TiO2 particles during alkaline treatment. TEM image (Figure 6-3 
A and B) demonstrate that TNTs contain entangled multi-walled nanotubes with number of 
walls ranging from 4 to 8 layers. Nanotubes have lengths up to 1-3 μm, outer diameters between 
15 and 20 nm and inner diameters of 10-12 nm. As also confirmed by SEM images in Figure 
6-4, the resulting TNTs are quite uniform in diameter and straight.  
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Figure 6-2: Four different morphologies observed during alkaline hydrothermal reaction of TiO2. Nanotubes 
(I), nanosheets (II), nanorods or nanowires (III), and nanofibers or nanobelts (IV). a, b and c are 
crystallographic axes 389. 

 

 
Figure 6-3: TEM images of TNTs hydrothermally synthesised TNTs at 150 C for 24 hrs. HRTEM image of B 
shows that TNTs are 15-20 nm in outer diameter and 3 nm thick walls composed of multi layers of titanate 
sheets rolled into micron length TNT nanotubes  

The crystalline structure of the samples was studied by XRD and Raman spectroscopy 
(Figure 6-5). Raman spectra of as- synthesised TNTs after washing and without any further 
treatment and sample which was hydrothermally treated at 150 C for 24 hours (TNT-HT) are 
shown in Figure 6-5. The results were compared with the Raman spectra of commercial P25 
powder as starting material for TNTs synthesis. As described previously (section 5.2.2), standard 
single crystalline anatase shows six Raman active vibrational modes, located at 144 (Eg), 197 
(Eg), 399 (B1g), 513+519 (A1g+B1g), and 639 (Eg) cm−⒈ For commercial P25 TiO2, six Raman 
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active modes appear at 140 cm−1 (Eg), 193 cm−1 (Eg), 393 cm−1 (B1g), 513 cm−1 (A1g+ B1g), and 
634 cm−1 (Eg).   
 

 
Figure 6-4: SEM images of hydrothermally synthesised TNTs at 150 C for 24 hrs  

As-synthesised TNTs sample shows features at 165, 265, 288, 450 and 664 cm-1 which 
are typically detected in hydrothermally synthesized titanium oxide nanotubes. The origin of 
these bands is not completely clear, but is usually associated with Ti-O-Ti crystal phonons in 
titanate structures 387,390,391. Comparing the vibration bands of as-synthesised TNT with P25 
shows the presence of three completely different peaks at 266, 289 and 450 cm-1 which is 
attributed to the vibration modes of titanate sheets. However peaks at 165 and 664 cm-1 can be 
assigned to anatase Eg vibration bands with 25 and 30 cm-1 blue shift respectively. This blue 
shift might be related to the small crystallite size, doping effect or oxygen deficiency of 
nanotubes. These two set of vibration modes can be as a result of having a mixture of crystalline 
anatase and titanate nanosheets. The presence of the anatase bands in as-synthesised TNTs 
could be related to very small and undissolved particles of P25 precursor or intrinsic vibration 
of anatase TNTs structures. After second hydrothermal treatment titanate bands disappear 
completely and the resulting spectrum corresponds to anatase TiO2 modes and matches with 
vibration bands of starting P25 powder. Although the intensity of anatase bands in 
hydrothermally treated titanium oxide nanotubes (TNT-HT in Figure 6-5B) is much lower 
than in crystalline anatase in P25 which is due to small crystallite size.  

XRD patterns of as synthesised TNTs (TNT) and post-treated samples (TNT-CA: 
calcined at 450 C for 2 hours and TNT-HT: post-hydrothermal treatment at 150 C for 24 
hours) with standard P25 TiO2 samples are displayed in Figure 6-5. For TNT sample without 
any post treatment two main peaks can be identified, one in 2θ at 16 which corresponds to 
(110) planes of titanate, the second one at 22 corresponds to (211) plane of titanate and third 
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one is very small peak at 48 related to (020) planes of titanate nanotubes. These features are 
commonly assigned to titanate structures formulating as H2TinOn+1 (n = 2, 3, 4) 392-394. There 
is also a small peak at 25 on the shoulder of titanate (211) which corresponds to (101) plane of 
anatase TiO2. This is in agreement with Raman data which shows the as-synthesised TNT is a 
mixture of anatase and titanate nanotubes. However the peaks are broad and have low intensity, 
corresponding to polycrystalline materials composed of very small size crystallites.  
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Figure 6-5: (A): XRD of as-synthesised TNTs compared with starting P25 powder, calcined TNTs at 450 C 
for 2 hrs (TNT-CA) and hydrothermally treated TNTs at 150 C for 20 hrs (TNT-HT). (B): Raman spectra of 
as-synthesised TNTs comparing P25 TiO2 powder and hydrothermally treated TNTs (TNT-HT) 

After second hydrothermal treatment titanate nanotubes transforms into pure anatase 
structure as shown in XRD pattern in accordance with Raman data. TiO2 powder after 
calcination at 450 C is crystalline mixture of anatase and rutile phases similar to P25 powder 
but with larger amount of rutile which can be identified from the intensity ratio of (110) peak 
of rutile 2=27.5 to the intensity of (101) peak of anatase at 2=24. Since anatase has the 
highest photocatalytic activity therefore we consider the second hydrothermal treatment the 
best method for transforming titanate into crystalline TiO2 nanotube.  
SEM images of TNTs (hydrothermal treatment at 150 C for 24 hrs) after second hydrothermal 
treatment (A and B) and after calcination at 450 C (C and D) are shown in Figure 6-6. They 
are both having similar morphology and nanotube size however the hydrothermally treated 
sample looks less compact and agglomerated which can be due to the presence of critical water 
during the process which prevent nanotubes from agglomeration.  
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Figure 6-6: SEM images of TNTs synthesised at 150 C for 24 hrs; (A,B) after second hydrothermal treatment 
at 150 C for 24 hrs (TNT-HT). (C, D) after calcination at 450 C for 2 hrs (TNT-CA) 

After optimising synthesis procedure of TiO2 nanotubes, 10 wt% of graphene oxide was 
chosen in order to make reduced graphene oxide rGO/TNT composite via three different routes. 
In first route TNTs which was made at 150 C washed and then mixed with 10 wt% of GO 
(GO-TNT) and half of the bath was hydrothermally treated at 150 C for another 24 hrs in 
order to crystallise TiO2 and reduced GO to rGO at the same time (rGO-TNT-HT). The other 
half was calcined under N2 atmosphere at 450 C (rGO-TNT-CA). Through another one pot 
route, TiO2 P25 powder was mixed with 120 ml of 10 M NaOH and 10 wt% of GO and loaded 
into autoclave after 30 min of sonication which then treated hydrothermally at 150 C for 24 
hrs. The resulting powder washed with HCl and water and labelled as rGO-TNP-HT.  
In Figure 6-7 TEM images of rGO-TNT-HT (A,C) and rGO-TNP-HT (B, D) are shown. Both 
composite seem to have similar features, however nanotubes in rGO-TNP-HT sample shows 
thinner walls than nanotubes in rGO-TNT-HT composite. This can be due to the presence of 
GO sheets during hydrothermal treatment which prevents stacking of titanate sheets. It can be 
suggested that TiO2 nanoparticles after dissolution form titanate nanosheets on the surface of 
large graphene oxide sheets which has low surface energy rather than stacking on other titanate 
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sheets which creates multiwall titanate nanotubes. Therefore it could be predicted that in-situ 
synthesise of titanate nanosheets on the surface of GO will result in more uniform morphology 
and TiO2 nanotubes with thinner walls.  
  

 
Figure 6-7: (A, C): TEM images of 10 wt% rGO-TNT-HT composite and HRTEM image of nanotubes. 
(B,D): TEM and HRTEM image of one-pot synthesized 10 wt% rGO-TNP  

In Figure 6-8 the XRD patterns of rGO/TNT composites comparing with mixed GO-
TNT composite without any post-treatment are plotted. In GO-TNT sample a broad peak 
around 10 degree is related to (001) plane of graphene oxide which is disappeared after thermal 
and hydrothermal treatment confirming efficient reduction of GO to rGO. It was also observed 
that diffraction peaks related to anatase phase are becoming more pronounce upon thermal and 
hydrothermal treatment however in contrast with the XRD pattern of treated pure TNT shown 
in Figure 6-5, the diffraction peak at 2=16 which corresponds to titanate (110) plane became 
weaker but is still present in pattern, while in rGO-TNP-HT sample this peak is not detected. 
This is not clear why (110) peak is present in composite materials after post-treatment while it 
completely disappeared in pure TNT samples after thermal and hydrothermal post-treatment. 
However its absence in rGO-TNP sample in agreement with TEM data can confirm that via 
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one-pot synthesis method single layer titanate nanosheets were produced which efficiently 
turned into thin mostly single wall TiO2 nanotubes.   
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Figure 6-8: XRD of GO and rGO/TNT composite synthesise via different routes 

SEM images of the three 10 wt% rGO/TNT composite after thermal and hydrothermal 
post-treatments in three magnifications (1, 2, 3) are shown in Figure 6-9. Among the three 
samples rGO-TNT-CA looks less uniform since free graphene oxide sheets can be identified in 
the image (a2). The samples which reduced hydrothermally (rGO-TNT-HT) is more uniform 
with less free GO sheet. All three samples have globular morphology which is due to crumbling 
of GO covered with TiO2 nanotubes and agglomerated TNTs into spheres. In-situ synthesis of 
nanotubes on the surface of GO shows some difference in arrangement of nanotubes on the 
surface of GO. They seem to have more interaction with GO and have less TNT agglomeration 
which results in more efficient charge transfer from TNTs to the underlying reduced graphene 
oxide.   
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Figure 6-9: SEM images of 10 wt% rGO/TNT composites; rGO-TNT-CA (a1, 2, 3), rGO-TNT-HT (b1, 2, 3), 
rGO-TNP-HT (c1, 2, 3) 

Raman spectroscopy shown in Figure 6-10 also confirms that rGO-TNP-HT contains 
anatase phase (without any band vibrations of titanate) in combination to rGO. All vibration 
bands assigned to anatase and the other two peaks in at 1350 and 1600 cm-1 are assigned to D 
(disordered sp2 carbons) and G (stretching mode of graphite) band of graphene respectively. The 
higher intensity of G and to D band reveals efficient reduction of graphene oxide to graphene.       
In order to study the surface area which is very important parameter for catalytic activity, N2 
adsorption/desorption isotherm were collected after degassing samples overnight. Adsorption 
isotherms of pure TNTs after second hydrothermal treatment as well as three post-treated 10 
wt% rGO-TNT composites with their corresponding Barrett–Joiner–Halenda (BJH) pore-size 
distribution are shown in Figure 6-11. The Brunauer–Emmett–Teller (BET) surface area and 
total pore volume were estimated to be 339 m2 g−1 and 1.09 cm3 g−1, respectively. The isotherm 
could be classified as a type-IV isotherm, indicating the presence of mesopores. The average 
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pore size was calculated to be 6.68 nm using BJH method which is in accordance with average 
inner diameter of TiO2 nanotubes, as shown in the inset of Figure 6-11.  
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Figure 6-10: Raman spectra of 10 wt% rGO-TNP-HT composite  

Specific surface areas, pore volume and average pore width of titanium oxide nanotubes 
and three rGO-TNT 10 wt% GO were calculated from nitrogen adsorption data and are 
summarizes in Table 6-1. Specific surface areas for both rGO-TNP-HT and rGO-TNT-HT 
powders is 330 m2 g-1. It should be noted that the surface area of pure TNTs and all TNT 
composites are much larger than its starting P25 commercial powder (30 m2 g-1) due to the 
open mesoporous structure of titanium oxide nanotubes. Pore size distributions for all samples 
demonstrate the presence of mesopores of < 5 nm, in combination with large macropores 
corresponding to aggregate pores. Mesopores of <5 nm could be associated to the inner 
nanotube channels, while large pores could correspond to adsorption sites in the entangled 
nanotube network and big spaces between the nanotube aggregate or graphene oxide that was 
observed in SEM images as well (Figure 6-9). Surface areas of the thermally treated sample 
(rGO-TNT-CA) is around 310 m2 g-1, which is slightly lower than the hydrothermally treated 
samples. This is indicative of the collapse of the nanotube mesoporous structure or 
agglomeration during the heating.  
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Figure 6-11: N2 adsorption isotherms of TNTs and 10 wt% rGO-TNT composites prepared via different 
routes  

Table 6-1: BET surface area and pore characterisation of TNT and rGO-TNT composites 

Sample BET surface 
area (m2/g) 

Total pore 
volume (cc/g) 

Average pore 
size (nm) 

TNT-HT 339 1.09 6.68 
rGO-TNP-10 wt% 330 0.71 8.6 
rGO-TNT-10-HT  330 1.83 8.5 
rGO-TNT-10-CA 310 1.18 6.75 

 

 UV and Visible light Photocatalytic Properties  

Famotidine was chosen as the model pharmaceutical compound to evaluate the 
photocatalytic activity of the prepared TiO2 nanotubes/graphene composites under UV and 
visible light irradiation (λ > 400 nm) in comparison with TiO2 nanoparticle/graphene 
composites. As we described in Chapter 5, normally photocatalytic degradation follows pseudo-
first order kinetics:  
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The photocatalytic activities of rGO/TiO2 nanotube composites (TNT-HT, rGO-TNP-10, 
rGO-TNT-10-HT, rGO-TNT-10-CA) in comparison with rGO/TiO2 nanoparticle composites 
(rGO-PS-10-HT and rGO-P25-10-HT) towards degradation of 35 mg ml-1 of famotidine are 
shown in Figure 6-12 and the extracted data is summarized in Table 6-2. The degradation rate 
constant of famotidine without addition of any catalyst (UV and visible photolysis) is 0.0022 
and 0.0004 min-1 for UV and visible photolysis respectively. Addition of 0.2 mg. L-1 of TNT-
HT catalyst increases the rate constant about 3 times however slightly decreases visible catalytic 
activity which is due to the decrease in initial concentration adsorbed by the catalyst. However 
adding same amount of rGO-TNP-HT containing 10 wt% of rGO increases the UV and visible 
rate constants 17 and 27 times respectively. This composite is the only one among others which 
removed 100% of the pollutant during the time of experiment with high rate constant (0.013 
min-1).  The visible rate constant for other composites varies between 0.0003 and 0.003 min-1. 
This massive enhancement in visible light activity of rGO-TNP composite can be due to 
dissolution of defected graphene in highly alkaline solution and doping TiO2 nanotube under 
critical condition of hydrothermal treatment under heat and pressure. Comparing rate constant 
and removal efficiencies listed in Table 6-2 shows that nanotube composites degrade famotidine 
with higher rate than TiO2 nanoparticle composites. As described in previous section this can 
be due to larger interface contact between TNTs and underlying graphene which facilitate charge 
transfer from TiO2 to graphene and inhibit electron-hole recombination.  
Since the size of the UV and visible immersion well reactors were different therefore the volume 
and catalyst doing were slightly different in both experiment. Also the difference in adsorption 
capacity of each composite during adsorption to reach equilibrium (as shown in light-off part 
of Figure 6-12 A and B) which results in different initial concentration for catalysis experiment 
may interfere with interpreting data correctly. Therefore the rate constants were multiplied by 
the amount of famotidine which was degraded only by photocatalysis experiment and was used 
as a scale to compare photocatalytic of each composite correctly without involving adsorption 
stage. This factor represents how effectively a catalyst can degrade in definite time and involves 
catalyst dosage and degradation rate together with unit of mg.g-1.min-1 which corresponds to 
the amount of famotidine (g) which can be degraded by one gram of catalyst in one minute 
irradiation time. The result is listed as Kapp.q 10-3 in Table 6-2. Among all of the composites 
rGO-TNP shows the highest UV and visible Kapp.q of 2.6 and 0.77 mg g-1 min-1 respectively. 
Considering this parameter as a scale, UV photocatalytic activity of all composites listed in Table 
6-2 can be ranked as: rGO-TNP-10 >> rGO-TNT-10-HT > rGO-TNT-10-CA > rGO-PS-10-
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HT> TNT-HT > rGO-P25-10-HT. The visible activity order of composites is: rGO-TNP-10 
>> rGO-TNT-10-HT > rGO-TNT-10-CA and rGO-TiO2 nanoparticle composites and pure 
TNT show almost no visible photocatalytic activity. The enhancement in photocatalytic 
properties of rGO-TNP composites over pure TNTs and other graphene/TiO2 composites can 
be described by two different mechanisms. First, visible light can be absorbed by the carbon 
doped TNT, with electrons transferred from the valence band to the conduction band of TiO2. 
The excited electrons can then be transferred to graphene with holes remaining on the surface 
of TiO2 taking part in the photocatalysis reactions. This mechanism was first proposed by 
Hoffmann to describe the photocatalytic enhancement of TiO2/carbon nanotube composites 395.  
Another explanation is that graphene can absorb visible light and its excited electrons are then 
transferred to the conduction band of doped TiO2. Then, the positively charged graphene makes 
a hole in TiO2 valence band by removing an electron from it. Positively charged doped TiO2 can 
then react with water, producing hydroxyl radicals which would then degrade the organic 
molecules 396. Therefore graphene can act as both photo- sensitizer and also charge trapper 
resulting in enhancement in photocatalytic activity of synthesized catalysts.  
 
Table 6-2: UV and Visible-light photocatalytic activities of various rGO/TNT composites in comparison with 

rGO/TiO2 nanoparticle composites for degradation of famotidine  

  Sample UV-Photocatalysis Solar-Photocatalysis 
 Removal 

% 
Kapp10-3 
(min-1) 

R2 Kaap.q  
10-3 

Removal 
% 

Kapp10-3 
(min-1) 

R2 Kaap.q  
10-3 

Photolysis 32 2.2 0.91 NA 10.5 0.48 0.97 NA 
TNT-HT 76.5 7.3 0.90 396.025 8.2 0.37 0.90 4.3845 
rGO-TNP-10 100 37.5 0.99 2606.25 100 13.2 0.90 777.48 
rGO-TNT-10-HT 100 39.6 0.96 2227.5 43 3.22 0.99 73.1584 
rGO-TNT-10-CA 96.8 22.4 0.96 1835.68 37 2.26 0.96 122.492 
rGO-PS-10-HT 91 13.7 0.97 905.433 6.6 0.40 0.95 1.98 
rGO-P25-10-HT 57.3 4.6 0.96 136.804 7.7 0.48 0.94 2.76 
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Figure 6-12: UV and visible light photocatalytic activity of Photolysis of TNT-HT, rGO-TNP-10, rGO-TNT-
10-HT, rGO-TNT-10-CA in comparison with rGO/TiO2 nanoparticle composites rGO-PS-10-HT and rGO-
P25-10-HT towards degradation of 35 mg ml-1 of famotidine. All HT composites were treated hydrothermally 
at 150 C for 24 hrs, CA samples were annealed at N2 atmosphere at 450 C for 2 hrs. In each label 10 
represent the wt% of graphene in composite.  
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 TiO2 nanofiber  

By treating TiO2 powder in 10 M sodium hydroxide in 200 C we obtained TiO2 solid 
nanofibers (without any channel or porosity) with large aspect ratio which could be interesting 
for photocatalysis. Figure 6-13 show SEM images of as-synthesised TiO2 nanofibers after 
washing with 0.1 M HCl. In the image very long nanofibers (4-5 m) with diameter ranging 
from 30 to 100 nm which are agglomerated into bundles can be seen. According to the phase 
diagram of TiO2 morphology depending on the alkalinity of the dispersion and the temperature 
of the hydrothermal treatment it also can be confirmed that fibrous morphology is the most 
stable form of TiO2 at 200 C and 10 M NaOH solution.  
 

 
Figure 6-13: SEM images of TiO2 nanofibers synthesised by hydrothermal treatment of P25 in 10 M NaOH at 
200 C for 24 hours 

The closed structure of TiO2 nanofibers results in small surface area (BET surface area 
of 64 m2 g-1) which is not in favour of photocatalysis due to decreased contact between organic 
pollutants and catalyst surface. This bulky morphology of TiO2 nanofibers was clearly observed 
in TEM images shown in Figure 6-15. The as-synthesised nanofibers have a mixture of 
amorphous and crystalline structure which implies a post annealing treatment in order to 
increase crystallinity of the nanofibers. 
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Figure 6-14: Dependence of morphological phase diagrams on hydrothermal conditions 99 

 

 
Figure 6-15: TEM images of as-synthesised TiO2 nanofibers 

In order to study photocatalytic activity of TiO2 nanofibers, half of the as produced bath 
of nanofibers was calcined at 450 C for 2 hrs as control sample and the other half was mixed 
with 10 wt% of graphene oxide and was annealed in N2 atmosphere under similar conditions. 
This annealing temperature has been previously confirmed a suitable temperature to crystallise 
TiO2 and reduce graphene oxide into graphene at the same time. Raman spectra of calcined 
nanofibers in comparison with the starting P25 powder are shown in  

Figure 6-16. This is in agreement with Raman spectra of annealed TiO2 nanotubes and 
nanoparticles and shows the resulting powder contains mainly anatase phase and little amount 
of rutile phase.   
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Figure 6-16: Raman spectra of annealed TiO2 nanofibers comparing with P25 TiO2 source  

SEM images of the annealed TiO2 nanofibers (A and B) and 10 wt% rGO/TiO2 
nanofibers are shown in Figure 6-17. Comparing Figure 6-13 with Figure 6-17 shows that after 
calcination the diameter of the nanofiber increase which might be due to agglomeration of 
nanofibers in each bundle. However the morphology stays similar. TiO2 nanofiber/graphene 
composite which was made by mixing 10 wt% of graphene oxide with as-synthesised fibres and 
annealing at 450 C for 2 hrs is shown in Figure 6-17. One interesting feature of TiO2 
nanofiber/graphene composite comparing nanotube composite is that after post thermal or 
hydrothermal treatment the morphology of fibres did not change. For nanotubes they deflected, 
tangled and curled into globular morphology however because of large diameter of nanofibers 
and probably larger young modulus they are not prone to deflection. Therefore we see layered 
structure of nanofibers and graphene sheets in between. As shown in cross-section SEM in 
Figure 6-17C, TiO2 nanofibers create a sandwich like structure with graphene sheets and as it 
can be seen clearly in image D, nanofibers covered with a thin and transparent reduced graphene 
oxide sheet. This morphology could be ideal for photocatalysis application which efficient charge 
separation can take place because of uniform distribution of graphene between layers of TiO2 
nanofibers. 

Photocatalysis degradation of 35 mg/L of famotidine with 0.3 g/L of catalyst under both 
UV and visible light were performed and samples were analysed within equal time intervals using 
HPLC after separation the catalyst with filtration. All the experiments were carried out after 1 
hour of dark adsorption to reach equilibrium concentration on the surface of catalyst. In  
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Figure 6-18 concentration of the supernatant solution versus irradiation (and 
adsorption) time and their pseudo-first order kinetics plot as well as photocatalytic degradation 
efficiencies are plotted versus time. The rate constant parameter (Kapp), extracted from slope of 
linear fitting of kinetic plots as well as fitting goodness (R2), final removal efficiency and amount 
of famotidine degradation by 1 g of catalyst per minute (Kappq) are summarized in Table 6-3.  
By adding calcined nanofibers (NF-CA) to the solution rate constant was increased 4 times for 
UV photocatalysis while slightly decreased for visible light experiment. This reduction in rate 
constant is due to initial adsorption of some famotidine on nanofibers also scattering of light by 
nanofibers which reduced the interaction of solar light with famotidine. By adding graphene to 
nanofibers the rate constant increase 50 % and the UV removal efficiency increased from 77 % 
to 100%. Also the visible activity increase 10 times comparing pure TiO2 nanofibers.   
 

 
Figure 6-17: SEM images of TiO2 nanofibers calcined at 450 C for 2 hrs (A, B) and images of rGO-TiO2 
nanofiber containing 10 wt% of graphene after thermal reduction 
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Figure 6-18: UV and photocatalytic activity of TiO2 nanofibers and rGO/TiO2 nanofibers  

The enhancement in visible catalytic performance of the composite comparing pure 
TiO2 nanofibers can be described by the photo-sensitization effect of graphene in composite 
which absorbs more light rather than scattering by nanofibers. This improves quantum 
efficiency of the composite. Electron-hole separation by graphene also is another mechanism 
which effectively enhances performance of the composite catalyst under both UV and visible 
light irradiation. Comparing Kapp.q (mg.g-1.min-1) can give us better insight to the 
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photocatalytic activity of the catalyst. For pure TiO2 nanofibers this value is around 10 for visible 
and 500 for UV light catalysis (50 times higher under UV than visible) while it is around 100 
and 800 for visible and UV respectively (8 times higher for UV). So it can be seen that by adding 
graphene to the system, the catalyst can be engineered effectively for solar light degradation of 
pollutant which is more environmentally viable without the need for any external source of 
energy. Although TiO2 nanofiber/graphene composites can be classified as an efficient 
photocatalyst (comparing TiO2 nanoparticles and their composites with graphene) however by 
comparing Kapp.q value for rGO/nanotubes which is around 2500 averagely, one can be 
concluded that even though rGO/TiO2 nanofiber composites are more efficient than TiO2 
nanoparticles and their graphene composites however still rGO/TiO2 nanotubes are far better 
than any other catalyst studied so far under both UV and visible light irradiation.  
 

Table 6-3: UV and Visible-light photocatalytic activities of pure TiO2 nanofiber and with 10 wt% rGO 
composite comparing photolysis for degradation of 35 mg/L famotidine with catalyst dosage of 0.3 g/L 

Sample UV-Photocatalysis Solar-Photocatalysis 
 Removal 

% 
Kapp10-3 
(min-1) 

R2 Kaap.q 
10-3 

Removal 
% 

Kapp10-3 
(min-1) 

R2 Kaap.q  
 

Photolysis 34 2.66 0.99 NA 10 0.52 0.99 NA 
NF-CA 77 8.03 0.99 500.5 30 0.37 0.99 9.1 
rGO-TNF-CA 100 11.37 0.99 830 42 3.3 0.99 101.2 

 

6.3. Conclusion 

In this chapter it has been shown that TiO2 nanotube/graphene composite are an effective 
photocatalyst for degradation of organic pollutants from water. This can be due to high active 
surface area, porous structure of TiO2 nanotubes, and large interface contact between nanotubes 
and underlying conductive graphene which acts as photo-sensitizer and charge trapper. The rate 
of photocatalytic degradation of famotidine by rGO/TNT composites under both UV and visible 
light irradiation are considerably higher than rGO/TiO2 nanoparticle and nanofiber composites. 
One main advantages of rGO/TNT composite beside its highest UV and visible photocatalytic 
activity is the ease of post separation. One of the most challenging steps which prevents 
semiconductor photocatalysis from being commercially viable technology in large scale is very 
difficult post separation of catalyst from clean water after illumination due to the nanosize of 
the catalyst. TiO2 accumulation in environment can be detrimental for aquatic living organism 
and humans therefore post separation of TiO2 is necessary beside the need for recovery and reuse 
of the catalyst. This process typically can be done by high speed centrifugation which is not 
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feasible in large scale or using ultrafiltration and nanofiltration which increases the cost of 
process due to high energy consumption. In contrast TiO2 nanotube/graphene composites can 
be quickly settle at the bottom of sedimentation tanks within a minute (as shown in Figure 
6-19) without need to centrifuge or filtration without scarifying the photocatalytic activity 
which may result in by increasing the size of semi-conductor catalyst.  
 

 
Figure 6-19: photo of rGO and GO/TiO2 nanotubes one minute after shaking  
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CHAPTER 7: TiO2 Beads/graphene composite Synthesis and 
Photocatalytic properties  

 
 

7.1. Introduction 

Mesoporous titania-based materials with a crystalline framework have received significant 
research attention especially for energy storage and conversion and solar cells. For these purposes 
synthesis of morphologies with high degree of crystallinity and porosity is very important. 
Various forms of mesoporous TiO2 structures such as films, beads, monoliths and 3D networks, 
and tubes have been prepared via different synthesis routes so far 96,261,397-402. We particularly 
are interested in monodisperse TiO2 beads with a micrometer-sized diameter for photocatalysis 
purification of water, because of easy post recovery of the particles after treatment without the 
need for centrifuge and filtration. Having mesoporous structure will prevent the reduction in 
photocatalysis due to low surface area or increase band gap because these beads still are composed 
of small crystal and particles of TiO2 which are bind together into a large micro-bead while 
maintain a porous structure in their body. However one effect which may interfere with 
photocatalysis in large amount of light scattering by the particles especially under visible light. 
Therefore making graphene/TiO2 bead composite might help to sensitize micro-beads and 
absorb more light.  Herein we synthesised crystalline mesoporous TiO2 beads composite with 
reduced graphene oxide with surface areas up to 310 m2/g and pore diameter from 10 to 150 
nm through modified sol-gel and solvothermal method. As synthesised mesoporous beads have 
a narrow size distribution with average diameter of 500 nm and are composed of anatase TiO2 
nanocrystals. 

7.2. Results and Discussion  

The method to produce rGO/TiO2 mesoporous beads is a 4 step process in this order 1) sol-
gel, 2) solvothermal pore development, and 3) beads calcination in air, 4) hydrothermal 
reduction of Go to rGO in composite. Solvothermal treatment in ethanol is necessary in order 
to develop mesoporous structure through dissolution of organic compounds in TiO2 beads body. 
After calcination of powder performed in air to burn large amount of HAD and TTIP residues 
within TiO2 beads so that the final product is mainly microspheres with very narrow size 
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distribution as shown in SEM images a1 to a3 in Figure 7-1. The final material contained 
monodisperse beads with a diameter of 500 nm which in some parts are agglomerated together 
during calcination and formed larger microbeads. In higher magnification image (a3) the rough 
surface of a broken beads reveals small TiO2 particles which are connected together into a 3D 
mesoporous structure as also confirmed by TEM images individual beads shown in Figure 7-2. 
The corresponding XRD pattern presented in Figure 7-3 indicates well-resolved diffraction 
peaks corresponding to the reflections of anatase TiO2. The crystal size estimated from the full 
width at half maximum of the (101) peak of anatase at 2=25 using the Scherrer equation 
(described in materials and method chapter) indicated that each TiO2 beads contains 
nanocrystals with average crystallite size of 10 nm which is in a good agreement with that 
measured crystals from TEM images. SEM images of b1 to b3 shows the morphology of the 
rGO-TBs composite after hydrothermal reduction. Graphene is mainly covered surface of TiO2 
beads efficiently, however in the image free graphene sheets are also visible. 
 

 
Figure 7-1: SEM images of hydrothermally treated and calcined TiO2 beads TBs (a1,2 ,3) and TiO2 beads with 
10 wt% reduced graphene oxide rGO-TBs after hydrothermal treatment (b1, 2, 3)  

 
In Figure 7-2 TEM image of rGO-TBs composite with 10 wt% of rGO after 

hydrothermal treatment at 170 C for 10 hrs indicate that each TiO2 bead composed of smaller 
TiO2 crystallites with average diameter of 10  2 nm with small pores in between which shows 
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the mesoporous structure of the beads as also confirmed by N2 adsorption isotherm shown in 
Figure 7-4.  

 
Figure 7-2: TEM images of rGO-TBs showing the poly-crystallinity and mesoporous structure of TiO2 beads 

XRD patterns of pure TiO2 beads and rGO-TBs are shown in Figure 7-3 which indicates anatase 
structure of TiO2 beads in pure and composite form.  
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Figure 7-3: XRD patterns of TiO2 beads and TiO2 beads with 10 wt% graphene composite 

In order to examine the surface area of the composite, N2 adsorption isotherm 
experiment was carried out after degassing the sample for 5 hours in vacuum. The results 
indicate that TiO2 beads have mesoporous morphology with BET surface area of 310 m2/g, pore 
volume of 0.71 and pore diameter of 9 nm which is in agreement with TEM images.  
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Figure 7-4: N2 adsorption isotherms of 10 wt% rGO-TBs composite with BJH pore distribution (inset)  

Therefore considering all the data from TEM, XRD and BET surface area we estimate that 
TiO2 bead structure could be reasonably good catalyst for UV and visible light degradation of 
organic pollutants especially after combining with graphene which will enhance pollutant 
adsorption of the surface of composite along with photosensitization effect for visible light 
activity and charge carrier separation due to electrical conductivity of graphene. To confirm that 
we performed UV and solar light photocatalysis experiments for degradation of famotidine in 
next section.  

7.3. UV and Visible light Photocatalytic activity  

For photocatalysis experiments same dosage of both catalyst were used to degrade 35 mg/L 
of famotidine after 1 hour of dark adsorption. The results are shown in Figure 7-5 and the 
extracted data are listed in Table 7-1. The results shows that pure TiO2 beads also have reasonably 
good UV photocatalysis performance but poor visible light activity therefore adding graphene 
improves visible light activity dramatically (7 fold increase in rate constant) while enhances UV 
activity by 70% (increasing the rate constant from 10 to 70). The high UV photocatalytic activity 
of TiO2 beads can be related to its high surface area. However the poor visible light activity of 
TiO2 beads can be described by taking into account that the size of TiO2 beads are similar to 
the wavelength of visible light ( 450 nm) which will increase light scattering dramatically. 
Scattering of light prevent effective light adsorption by TiO2 beads so that the material will not 
perfume well under visible light irradiation.  
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Figure 7-5: UV and Visible-light photocatalytic activities of pure TiO2 beads (TBs) calcined at 450 C and 
TiO2 beads with 10 wt% rGO composite (rGO-TBs) hydrothermally reduced at 170 C for 10 hrs comparing 
photolysis degradation towards degradation of 35 mg/L famotidine with catalyst dosage of 0.3 g/L 

Adding graphene on the surface of TiO2 beads will act as a sensitizer which will absorb more 
light and initiates TiO2 excitation to producer electron-hole pairs.  
 
 
 

Table 7-1: UV and visible light photocatalysis data for TBs and rGO/TBs 

Sample UV-Photocatalysis Solar-Photocatalysis 
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 Removal % Kapp10-3 (min-1) R2 Removal % Kapp10-3 (min-1) R2 
Photolysis 34 2.66 0.99 10 0.52 0.99 
TBs 90.13 10.7 0.98 17.27 1.1 0.99 
rGO-TBs 100 17 0.98 42 7.1 0.99 

 

7.4. Conclusion  

In summary, we synthesized highly catalytically active graphene/TiO2 beads composite 
through combining sol-gel/thermal/solvothermal/hydrothermal reaction path which pores were 
developed inside beads and graphene oxide was reduced to graphene effectively.  Graphene-TiO2 
beads exhibited very good UV and visible light activity with a rate constant of 0.017 and 0.007 
min−1 respectively which is much higher than that of standard P25 powder. The excellent 
catalytic activity of graphene/TiO2 beads is attributed to a thin two-dimensional of graphene 
covered on the surface of TiO2, large surface area of beads, and large adsorption capacity of the 
composite. Graphene as electron sink absorbs photo-generated electrons from the conduction 
band of TiO2 and prevents recombination. One advantages of this composite is very post-
separation and recovery only by gravity force in short time which make it attractive for large 
scale solar light water treatment plant  
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CHAPTER 8: Conclusion  
 
 

This research aims to study a new hybrid graphene based nano-material for water 
treatment process based on adsorption with graphene and graphene oxide and photocatalytic 
oxidation using TiO2. Both processes having several drawbacks in application scale and it 
appeared interesting to study the performance of the adsorption process and photocatalysis 
separately and combination of adsorption and photocatalytic oxidation in a complementary 
process. Therefore, the contribution of this work is included two principal parts: a preliminary 
one which was described in current report is to describe the adsorption properties of different 
type of organic pollutants on graphene oxide integrated adsorbents. Secondly, the investigation 
of the photocatalytic degradation of these pollutants using integrated TiO2 with different 
morphologies and via different approaches.  
 
The main conclusions derived from current investigation are summarized as follows: 

 The first part of this study consisted of fully characterization of graphene oxide sponge 
and graphene produced via different method such as oxidation-reduction and exfoliation 
and comparing them with commercially provided graphene nano-sheets. The physical 
and chemical properties of the resulting graphene oxide and reduced graphene oxide 
such as morphology, surface chemical functionality, crystallinity, sheet size, specific 
surface area, pore volume and pore size were evaluated and compared with a commercial 
graphene reference. The results indicated that the produced graphene is mainly consisted 
of single layer graphene sheet with high crystallinity and large sheet size as the 
commercial ones was mainly composed of defected graphite and not graphene. The 
various type of functional groups as well as wrinkles and defects on the graphene basal 
plane proved to be promising for this project future applications.   

 Conventional N2 adsorption technique did not provide an accurate data on actual surface 
area of graphene based material since they were reduced during degassing process and 
their physical and chemical functionality was totally changed. MB adsorption technique 
was introduced in this report for the first time as an efficient method in order to examine 
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the actual surface area of graphene and graphene based martial. The surface area of 
graphene oxide was obtained is about 2605 m2/g which is the closest reported number 
to is theoretical surface area around 2630 m2/g. 

  Graphene oxide sponge indicated huge adsorption capacity towards MB and different 
pharmaceuticals. It was found that pH does not affect the adsorption capacity 
significantly. This can highlight graphene based adsorbent as an ideal adsorbent to 
remove different types of pollutant from industrial effluent with wide range of pH from 
highly acidic to basic.  

 Graphene oxide sponge comparing to activated carbon offers higher adsorption capacity, 
quicker adsorption and more versatility towards adsorption of different types of 
pollutants. Therefore as a new and unique 2D carbon nanomaterial, graphene has been 
proved to construct different and promising adsorbents in the field of environmental 
remediation. 

 The second part of current report focused on immobilization of graphene oxide on the 
surface of cheap substrates in order to create a multicomponent adsorbent as well as 
prevent graphene oxide from leaching into the water. Among all the substrates, 
dolomite/graphene oxide composite showed great ability for adsorption of MB, dolomite 
is an abundant mineral which has application as an adsorbent bed for industrial 
wastewater specially to remove dyes from effluent. Despite the rather low surface area 
dolomite/graphene oxide showed superior adsorption capacity towards MB comparing 
to bare dolomite that validates the use of this composite as a replacement for dolomitic 
adsorbent for industrial wastewater treatment material.  

 Third part of the thesis focused on synthesis of graphene/TiO2 nanoparticle with the 
highest photocatalytic activity. It was found that mixing pre-synthesized and 
commercially available TiO2 did not improved photocatalytic activity of the composite 
comparing with the pure TiO2 powder effectively. This can be due to first, weak 
interaction of TiO2 with graphene which make it difficult to transfer photo- generated 
electron to the surface of GO especially that this composite should work in aqueous 
environment under vigorous agitation. Secondly since TiO2 did not interact with 
graphene effectively, adding graphene to the system only makes the light penetration to 
water more challenging. However synthesizing TiO2 via sol-gel in situ on the surface of 
graphene oxide and then reducing it via thermal or hydrothermal treatment provides 
more efficient catalyst for UV photocatalysis. One important observation in this section 
was UV photocatalysis reduction of graphene oxide into partially reduced graphene 
during the light irradiation which will improve the activity of the composite via cycling.  
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 In forth section of our study TiO2 nanotubes and nanofibers were used in order to 
produce an effective catalyst for water treatment. We chose three different route in order 
to make the most efficient composites. The results showed that TiO2 nanotubes 
synthesized in one pot in-situ on the surface of 10 wt% of graphene have extraordinary 
photocatalytic activity especially under visible light comparing other composites of this 
current research. This can be attributed to double doping effect which is doping of 
dissolved carbon into TiO2 crystal structure under high temperature and pressure of the 
hydrothermal process and doping effect of photosensitization by graphene nanosheets. 
The very unique morphology of TiO2 nanotubes including large surface area, large 
channels within tubes, large aspect ratio in combination with high adsorption capacity 
of graphene, light absorption, electron sink ability, transparency and electron 
conductivity of graphene makes the most efficient composite suitable for effective UV 
and solar light water treatment.  

 In last part of study, mesoporous TiO2 beads/graphene composites were made by sol-
gel/solvothermal/ hydrothermal process in order to have high surface area of mesoporous 
TiO2 along with light absorption and conductivity of graphene. The results showed that 
adding graphene improves the visible light activity of the composite dramatically which 
may be attributed to light absorption by graphene which reduced large scattering of solar 
light by TiO2 particles  

 Our final conclusion is that combining two dimensional graphene sheets with high 
electron mobility with one dimensional TiO2 nanotubes is the best match to make 
graphene/TiO2 composite which can be due to large interface of nanotubes with 
graphene as a result of high aspect ratio of nanotubes. Considering the unique properties 
of graphene such as transparency, high surface area, high electrical conductivity and 2D 
structure, graphene can offer its unique properties and possibly induce new performance, 
such as high adsorption capacity, extended light adsorption range, and excellent charge 
separation-transportation capability it can improves photocatalytic activity of TiO2 
composite when added in optimum amount. This composite are very interesting for 
future water treatment plants in more environmentally friendly manner.  
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CHAPTER 9: Future Work  
 

 

As mentioned before the main purpose of current research is to design an efficient 
integrated photocatalyst material which is able to adsorb high amount of pollutants on the 
surface in contact with TiO2 photocatalyst in order to increase the low efficiency of 
photocatalysis especially for trace pollutants. However there are still huge amount of work needs 
to be conducted to combine this material with a designed reactor to be able to work with real 
type of wastewater and light illumination. Future works for the rest of current research can be 
proposed as follow:  

 Studying the physics and chemistry of graphene interaction with TiO2 using 
electrochemical impedance spectroscopy (EIS) method in electrochemical cell to 
investigate the effect of graphene in charge transfer kinetics of TiO2  

 Determining the band gap of all TiO2 forms such as nanoparticles, nanotubes and 
nanofibers without graphene and with various amount of graphene oxide and reduced 
graphene by means of diffuse reflectance spectroscopy 

 Study the photoconductivity and photoluminescence properties of graphene/TiO2 
composite under irradiation of various wavelength of laser lights 

 Investigating the performance of TiO2 nanotube/graphene composite for photocatalytic 
water splitting and hydrogen reduction in order to produce hydrogen fuel  

 Studying the simultaneous and alternative removal of multi-component and specific 
pollutants in complex system such as real wastewater. 

 Investigating the interaction of different pollutant with different chemical structure with 
and without benzene ring while adsorbed on the surface of graphene oxide and 
graphene/TiO2 composite. 

 Comparing graphene/TiO2 composite with activated carbon/TiO2 or carbon nanotube 
composite to find out whether the photocatalytic activity of graphene/TiO2 composites 
in degradation of pollutant is truly different from other TiO2/carbon composite 
materials. 

 Studying the degradation mechanism of a selected pollutant in order to identify 
intermediates and degradation pathways using mass spectroscopy technique.  
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 Immobilizing the composite on the surface of a planar substrate such as glass or 
polymeric substrates in order to eliminate the post recovery process of the composite 
and increase the light absorption efficiency.  

 Investigating the performance of the composite in continuous conditions using a fixed 
bed type photocatalytic reactor (Figure 9-1).  

 

 

Figure 9-1: Proposed pilot scale reactor in order to study performance of graphene/TiO2 composite in a 
continuous flow of real wastewater under solar light irradiation  

 
As we found, the amount of defects on graphene basal plane and conductivity of 

graphene which are related adversely, have very important effect on adsorption of pollutants and 
improvement of TiO2 photocatalytic activity within the composite. If the debate is to be moved 
forward, a better understanding of defects on graphene properties needs to be developed and 
the maximum defects without sacrificing the electronic conductivity of graphene, must be 
determined. Since attaching TiO2 on defect free graphene is very challenging, I suggest that a 
new method should be developed to anchor TiO2 via an external driving force such as 
sonochemical method or chemical functionalisation of graphene. This study will provide 
valuable information which would help to establish a greater degree of accuracy on the effect of 
graphene properties on photocatalysis improvement of graphene/TiO2 composites.  

Another fruitful area for further research is studying two dimensional materials other than 
graphene such as layered transitional metal dichalcogenides (MX2: M=Mo, W and X=S, Se, Te), 
transition metal oxides, or layered double hydroxides and combining spectacular electronic, 
optical and catalytic properties of these materials with photocatalytic properties of TiO2 to 
obtain the most efficient solar light composite catalyst for water remediation and clean energy 
by solar water splitting.  
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