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i 

 

ABSTRACT 

 

Radionuclide liquid wastes generated from nuclear facilities can affect humans and the 

environment, thus substantial attention for their safe management has been received worldwide. 

Treatment of radionuclide liquid wastes is an important step in its management. In the present 

work, new composite nanomaterials, graphene oxide base nanomaterial (GO) are developed for 

treatment purpose.  

Graphene oxide (GO), one of the most graphene derivatives, its unique properties, such as 

chemical stability, hydrophilicity, large surface area and functional groups, make them able to 

form strong chemical bonds with radionuclides. GO was successfully synthesized via Hummers 

method, characterized by Raman spectroscopy, X-Ray Diffraction (XRD), UV/Vis Spectroscopy, 

Fourier transform infrared spectroscopy (FTIR) and Scanning electron microscopy (SEM) and 

applied as an adsorbent in removal of the metallic long-lived radionuclide 68Ge from of aqueous 

solution  

The method used for evaluation of nanomaterials retention properties was sorption experiment, 

being based on contact of solid material with tracer solution under defined boundary conditions 

(solid/solution ratio, solution composition etc.). Two sorption experimental methods were used in 

this study. Firstly, an aqueous solution of 68Ge radionuclide solution mixed with GO solution, the 

solution was filtered using syringe filter membrane unit and the aliquot was quantified by gamma 

spectrometry. Secondly, the 68Ge radionuclide was mixed with GO solid powder, suspension 

rotated in a mechanical shaker, centrifuged, an aliquot of 1.0 ml sample taken for gamma 

spectroscopy and the supernatant was put in an oven to dry overnight for characterization analysis. 

The results obtained from experiments were the evaluated, using sorption percentage equation and 

showed that the GO had much low sorption capacity for the pre-concentration of radionuclides 

from aqueous solutions. The function of the pH, the ionic strength and the reduction of GO will be 

investigated for future studies for the improvement of the research results.  
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CHAPTER I – INTRODUCTION 

 

1.1 Background 

 

There are various uses of radioactive materials which improve or facilitate human activities or 

quality of life of people. These uses are found in different fields of technology, ranging from power 

generation to supply entire world, to medical and industrial uses and even the smoke detectors in 

buildings [1]. During the manufacturing process of nuclear medicine, radionuclides such 90Sr, 137 

Cs, 235U, 129I and many other transuranic elements and fission products are of high toxicity, long 

half-life and carcinogenicity and the exposure can damage biological functions of brain, kidney, 

liver and other systems [2,3]. The most important problem is that the trace level concentration of 

radionuclides can be accumulated in the food crop, and at last deposited in human body [3]. 

 

The manufacture of nuclear medicine requires radioactive target material to be dissolved in a 

highly acidic medium. This process creates liquid radioactive wastes (LRWs) that are highly acidic 

and arise in a wide range of concentrations of radioactive materials and in different physical and 

chemical forms, which require the use of a variety of processing methods for their treatment and 

conditioning [4]. It is also decided by the factors such as release of radioactive materials to the 

environment, solid radioactive waste generation, occupational radiation exposure, reliability and 

maintainability of the process system, and capital and operational costs [5]. 

 

Treatment of radionuclide liquid waste is an important stage for both work safety in nuclear 

industry and for human health. It is necessary to eliminate the trace level concentration of 

radionuclides, especially the long-lived radionuclides, from contaminated water before they are 

released into the environment. 

 

1.2 Problem statement 

 

Liquid radioactive wastes (LRWs) cannot be eliminated from the environment without treatment 

because it can contaminate ground water, causing serious consequences for humans and the 
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environment. Treatment of radionuclide liquid waste entails recovering the radionuclides and 

thereby reducing radioactivity levels of the waste. Many kinds of methods such as ion exchange, 

membrane filtration, reverse osmosis, (co) precipitation, sorption, solvent extraction, and 

bioremediation have been applied for radionuclide removal [6-10]. Among these methods, sorption 

technique using graphene oxide (GO) based nanomaterials has been widely used for the 

elimination of radionuclides from aqueous solutions due to its low-cost, easy operation and wide 

adaptability.  

 

1.3 Aim and objectives of the study 

 

This project is undertaken to provide a more effective way for the treatment of LRWs by means 

of advanced novel methodologies, such as graphene oxide - based nanomaterial approach as water 

is being recognized as a present and future threat to human activity and because of water treatment 

technologies are gaining major attention worldwide. At iThemba LABS, Germanium-68 (68Ge) 

radionuclide will be the key radioactive nuclide to be treated from the LRWs. Many kinds of 

materials such as oxides, minerals, carbon-based materials have been previously studied 

extensively for the pre-concentration and solidification of radionuclides from radionuclide 

contaminated water [11-13].  

 

The main highlights for the study and development of radioactive liquid waste treatment from 

radionuclides view point are: 

 Design 

 Synthesis of graphene oxide by Hummers method 

 Purify and functionalise the synthesised graphene oxide-based nanomaterial 

 Application of graphene-oxide as an adsorbent for effective treatment of radionuclide 

liquid wastes 

 

It is emphasized that during the treatment of LRWs using nanomaterials, the following conditions 

should be met [14]. 

 Environment security 

 Reuse of purification agents 
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 Low cost 

 High purification efficiency 

Advantages of using carbon-based nanomaterials are: 

 Increased effectiveness 

 Removal of new contaminants  

 Simplification.  

 

1.4 Dissertation outline 

 

Chapter I: Introduction This chapter gives a brief explanation about the main purpose of this 

thesis. Problem statement, aim and objectives of the research is discussed.  

 

Chapter II: Literature review This chapter deals with literature review that is based the research 

topic. It describes the background on radionuclide liquid waste, radionuclide 68Ge. The overview 

of carbon-based nanomaterials a brief description of the types of carbon-based nanomaterials such 

as Fullerene, Carbon nanotubes (CNTs), Diamond and Graphene (G).  

Graphene (G) and Graphene Oxide (GO) with their production techniques. Also focusing on the 

properties and applications in radionuclide treatment of aqueous solutions. 

 

Chapter III: Experimental Methods This chapter is based on the various techniques that have 

been employed in this research. The experimental procedure that has been used for synthesis 

graphene oxide and sorption experiments. 

 

Chapter IV: Results and Discussion This chapter deals with results obtained that are discussed 

in detail by interrogating the micrographs and acquired data. Evaluating the relationship between 

fundamental studies and experimental data. Lastly, evaluating the successes or shortfalls of the 

study in order to draw up a conclusive argument  

 

Chapter V: Conclusion and Recommendation Conclusion of the entire research and 

recommendation will be discussed. 
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CHAPTER II - LITERATURE REVIEW 

 

2.1 Background  

 

Since the late 1980’s, iThemba LABS, Radionuclide Production Department (South Africa) has 

been known for supplying both national and international markets with high quality accelerator - 

based radiopharmaceuticals / radionuclides [15]. The radioactive liquid waste generated by the 

manufacture of radiopharmaceuticals can be divided into two formats; large volume, low 

radioactivity waste from laundry and floor washing operations, and small-volume, high activity 

acidic waste from the manufacturing processes [16].  

 

 In 2006, first commercial PET radiopharmaceutical, 18F-FDG, and in 2008 first commercial 

68Ge/68Ga generator was produced. All iThemba LABS radiopharmaceuticals are mainly used for 

diagnostic purposes and/or therapeutic purposes in nuclear medicine. Since the late 1990’s, the 

supply of long-lived radionuclides focused mainly around the export of 22Na and 22Na positron 

sources and unprocessed radionuclides (irradiated targets) such as 73As, 68Ge and 82Sr to over 60 

clients worldwide [15].  

 

In 2011, at iThemba LABS the commissioning of the Reverse Osmosis water treatment system 

took place and these systems are commonly known as desalination plants which are used to extract 

concentrated salty brine from sea-water to produce clean drinking water. This is used to 

concentrate radioactive brine and release the clean water as effluent to the on-site dam. As with 

the solid waste, no progress had been made with the treatment of this liquid waste. The highly 

radioactive liquid waste is filled in two thick-walled concrete drums in a low-occupancy area for 

long-term storage [17]. 

 

Treatment of radioactive liquid wastes is receiving considerable attention worldwide due to the 

recognition of its importance for the protection of human health and the environment from the 

adverse effect of radiation associated with these wastes [18]. 
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2.2 Classification of radioactive waste 

 

Classification of radioactive waste is practical throughout management phases from generation 

through collection, segregation, treatment, conditioning, storage, transportation to final disposal. 

Classifications are usually derived from different perspectives, i.e., safety perspective, the 

physical/chemical characteristics of the waste, process engineering demands or regulatory issues 

[19,20]. The radioactivity level in the waste affects the selection of its different management 

options owing to its shielding requirements, so the current internationally accepted classification 

system is based on the activity level and half-life. This system classifies the radioactive wastes to 

exempt (EW), low- and intermediate-level wastes (LILW), which may be subdivided into short-

lived (LILW-SL) and long-lived (LILW-LL) wastes, and high-level wastes (HLW) Table 1. 

identifies the characteristics of these waste classes. [19] 

 

Activity Half-Live Sources Form  

 

Low level waste 

(LLW) 

 

Very short live 

˂ 100 days 

 

 

Sealed 

Sources 

 

Solid Compactable 

Non-compactable 

 

 

Intermediate level waste 

(ILW) 

 

Short live 

˂ 30 years 

 

Liquid Aqueous 

 

Open 

Sources 

Organic 

 

High level waste 

(HLW) 

Long live 

˃ 30 years 

Biological 

Table 1: Physical classification of radioactive waste [19] 

 

Aqueous liquid radioactive waste is generated during nuclear reactor operations, chemical 

separations of radionuclides from the target materials and during industrial institutional application 

of radioisotopes. The chemical composition and radioactivity levels of the generated wastes 

depend on the conducted operation. Table 2. lists the sources of aqueous radioactive waste and its 

characteristics [21].  
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Source 

 

Typical radioisotopes Characteristics 

Nuclear research centers Might include relatively 

long-lived, mixed with short 

lived radioisotopes 

Generally uniform batches with 

nearly neutral pH from 

regeneration of ion exchange 

resins 

Radioisotopes laboratory 

processing 

 

Wide variety depending 

upon production and purity 

of targets 

Small volumes of high specific 

activity and high chemical 

concentrations 

Radio-labeling and 

radiopharmaceuticals  

14C, 3H, 32P, 35S, 125I Larger volumes of low specific 

activity 

Small volume of predictable 

chemical composition 

Medical diagnosis and 

treatment 

99Tcm, 131I, 85Sr Larger volumes of urine from 

patients 

Small volumes from preparation 

and treatment 

Scientific research Variable, with short and 

long-lived radioisotopes 

Extremely variable 

Industrial and pilot plants Depends upon application Volumes could be large and 

chemical composition undefined 

Laundry and 

decontamination 

Wide variety likely Large volumes with low specific 

activity but containing 

complexing agents 

Table 2: Sources of aqueous liquid radioactive waste [21] 

 

Aqueous wastes containing short lived beta/gamma activity are kept in storage. After decay to 

exclusion limit, if these wastes met the regulatory requirements on chemical and biological hazards 

they can be safely discharged into the environment. [22] Aqueous wastes with higher radioactivity 

content and/or long- lived radionuclides may be treated using ion exchange/sorption, chemical 

precipitation, and/or evaporation, reverses osmosis, filtration and solvent extraction (see Table 3.) 

[22]. 
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Technology Features Limitations 

Precipitation Suitable for large volumes and 

high salt content waste 

Easy non-expensive operation 

Low DF 

Efficiency depends on solid-liquid 

separation step 

Ion –Exchange Good chemical, thermal and 

radiation stability  

Large choice of products ensuring 

high selectivity 

Affected by high salt content Blockage 

problems 

Regeneration and recycling often 

difficult employed 

Evaporation *DF > 104 to 106  

Well established technology  

High volume reduction factor  

Suitable for a variety of 

radionuclide 

Process limitations (scaling, foaming, 

corrosion, volatility of certain 

radionuclides)  

 High operation and capital costs 

Reverse osmoses Removes dissolved salts  

DF 102–103  

Economical and established for 

large scale operations 

High pressure system, limited by 

osmotic pressure  

Non-back washable, subject to fouling   

Ultrafiltration Separation of dissolved salts from 

particulate and colloidal materials 

Good chemical and radiation 

stability for inorganic membranes 

Fouling 

Organic membranes subject to 

radiation damage 

Microfiltration High recovery (99%) 

Low fouling when air backwash 

Sensitive to impurities in waste 

streams 

Solvent extraction Selectivity enables removal, 

recovery or recycle of actinides 

Generates aqueous and organic 

secondary waste 

* DF is the decontamination factor 

Table 3: Features and limitation of different aqueous liquid treatment options [22] 
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2.3 Germanium 

 

Germanium (Ge) is a semiconducting metalloid of the Group IVA elements with the oxidation 

state of +4 [23]. It is grayish-white, lustrous, brittle like glass and diamond–cubic in structure when 

crystalline. It was predicted and called eka-silicon by Mendeleef and discovered in 1886 by 

Clemens Winkler. Ge and many of its alloys expand on solidification [24]. Elemental Ge oxidizes 

slowly to GeO2 at 250oC [25]. It is insoluble in dilute acids and alkalis but dissolves slowly in hot 

concentrated H2SO4 and HNO3 but reacts violently with molten alkalis to produce ([GeO3]
-2).  

 

There are five stable isotopes of germanium: 70Ge (20.55%), 72Ge (27.37%), 73Ge (7.67%), 74Ge 

(36.74%) and 76Ge (7.67%). Among the nineteen known radioisotopes of Ge, seven are proton-

rich and decay with ß+ or electron capture (64Ge -71Ge with 70Ge being stable), and nine 

radioisotopes are neutron-rich and decay by ß- (75Ge – 84Ge with 76Ge being stable. There are only 

four very short-lived metastable isotope of Ge: 71mGe, 75mGe, 77mGe and 79mGe. Of the four, the 

last three are neutron-rich [26].68Ge and 69Ge are the only two radioisotopes of Ge with sufficiently 

long half-lives (270.8 d and 11.2 d respectively and suitable physical decay characteristics (such 

as gamma-ray emission for ease of detection) to be useful in a typical radiochemical study [27]. 

68Ge, as a parent of the positron-emitter 68Ga is of importance in this study. 

 

2.3.1 Applications 

 

 68Ge, with a half-life of 270.8±0.3 days, is the longest-lived radioisotopes of Ge and the only 

radioisotope of Ge with commercial applications. Diagnostic nuclear medicine and metallurgy 

constitutes two main applications. As a sealed source, it is used for attenuation correction in PET66-

70 and for the study of imperfections in metallic lattices [27-29]. As a predecessor to the short-lived 

daughter 68Ga (t1/2= 68 min), it is used for on-site generation of this isotope in a 68Ge/68Ga generator 

system. The potential of 68Ga radiopharmaceuticals as PET agents is therefore another commercial 

application of 68Ge [30]. Currently, interest is growing in the use of 68Ge as the parent radionuclide 

for the preparation of 68Ge/68Ga radionuclide generators. In these applications, the relevant 
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radiation source is 68Ga, which provides 89% positron branching accompanied by low photon 

emission (1077 keV, 322%) [31-34].  

 

2.3.2 Nuclear decay characteristics of 68Ge 

 

The parent radionuclide 68Ge with a half-life of (t1/2= 271 d) decays via electron capture to 68Ga. 

This daughter subsequently decays 68Ga (t1/2= 68 min) to stable 68Zn. 68Ga is a positron emitter 

with 89% positron branching accompanied by low-abundant photon emission (1077 keV, 3.22%) 

[33,34]. 68Ge itself does not emit significant photon radiation, Figure 1. 

 

 

2.3.3 68Ga/68Ge Radionuclide generator 

 

The positron emitter 68Ga was one of the first radionuclides introduced to non-invasive molecular 

imaging in its very early phase. In the 1950s and 1960s, it was investigated in comparison to the 

positron emitters 74As (t1/2 = 17.77 d, 34% β+) and 64Cu (t1/2 = 12.7 h, 18% β+), as well as in 

comparison 203Ag (t1/2 = 46.61 d, β-, 279.2 keV photon emission) for “radioisotope brain scanning 

[35, 36]. Compared to these radionuclides, 68Ga primarily appeared to be of interest because of the 

much easier preparation of the tracers needed and its adequate half-life (for brain imaging), low 

toxicity and superior patient radiation safety / dosimetry. One of the other reasons to include 68Ga-

Figure 1: Principal decay scheme of 68Ge [33, 34] 
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tracers was a much earlier report on the value of 72Ga as a possible therapeutic agent for bone 

tumors [37,38].   

 

Radiopharmaceuticals labelled with a positron emitting isotope have been used in PET. As the 

radio-isotope undergoes decay, it emits a positron that travels for a short distance and interacts 

with an electron. This encounter produces a pair of 511 keV gamma photons that move in almost 

the opposite direction (180 degrees) to each other. As soon as they arrive at the circular array of 

detectors the photons are registered by PET and it is possible to determine their source along 

straight-line coincidence. These coincidences are forwarded to the image processing unit to 

generate PET images via mathematical reconstruction procedures (Figure 2.) In PET, a single 

positron decay results in two 511 keV gamma photons emitted in opposite directions. Therefore, 

PET scans offer much better image resolution than SPECT scans [39]. 

 

 

Most of the medical radioisotopes are produced in a cyclotron or generator. Generator-produced 

radionuclides are generally considered ideal for biomedical applications because they can be used 

in places lacking cyclotron access and high-quality daughter radionuclide products can be obtained 

throughout the life of the generator. In generator system, radioactive equilibrium between the 

parent and the daughter nuclide is taken advantage of by eluting the short-lived daughter activity 

(99Tc, 68Ga, 82Rb, etc.) from the longer-lived parent activity (99Mo, 68Ge, 82Sr, etc.) using ion-

Figure 2: Basic principle of PET scan [39] 
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exchange column chromatography or simple solvent extraction technique. Generators are small 

and very convenient for transportation, which facilitates in-house radiopharmaceutical production 

without expensive cyclotrons on site [40-42] 

 

Today, the most common commercial available is based on a TiO2 solid phase [46]. The generators 

are provided with 68Ge activities of up to 3.7 GBq. The 68Ga3+ is eluted in 0.1M HCL solutions. 

The 68Ga yield is more than 60 % in 5ml of the eluate, and the 68Ge breakthrough usually does not 

exceed 5 X 10-3 %. The generator shelf life is about 1 to 2 years and elution can be completed two 

to three times per day. Another system is produced at iThemba, Republic South Africa (see               

Figure 3.), using a SnO2 based solid phase [43]. 

 

 

2.3.4 Chemical behavior of carrier-free 68Ge and Ga 

 

During the period from 1970 to 1980, the diagnostic utilization of the 68Ge/68Ga generator system 

in nuclear medicine stimulated research in this field. Carrier-free 68Ge in dilute HCl (<0.1 M), 

neutral, and dilute basic (<0.1 M) solutions is stable with respect to adsorption by Pyrex, quartz, 

Teflon and polyethylene, loss by evaporation and formation of radio colloids, over a period of 

three months [44]. 68Ge, free from choride ions, is also stable in HClO4 and 10-4 M NH4OH. In 

Figure 3: Picture of commercial 68Ge/68Ga generator currently produced at iThemba LABS 
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strong HCl solutions, carrier-free 68Ge is volatilized at room temperature; the rate of volatilization 

from 9 M HCl solution is about 10% per month. If a chloride solution of 68Ge is added to 

concentrated perchloric acid, a loss of activity occurs. Many researchers have limited their studies 

to search for suitable inorganic supports which irreversibly adsorb 68Ge but not the 68Ga daughter. 

In general, most hydrated metal oxides in neutral or acidic solutions show a tendency to adsorb Ge 

[45,46,47]. Typically, the magnitude the irreversibility of the adsorption increases when the metal 

oxides are prepared from acidic solutions. The results of some experiments studying the adsorption 

of 68Ge on various metal oxides (summarized in Table 4.) show that the carrier-free 68Ge is almost 

quantitatively adsorbed by 100 mg of Fe2O3, ZrO2 at pH 5.9 and 8.8 within an hour. Under similar 

experimental conditions, the adsorption on Al2O3 was about 94% and 96%, respectively, only 23% 

and 27% of 68Ge was adsorbed by SiO2 respectively [48]. The pH-dependence of the adsorption 

of carrier-free 68Ge and 68Ga on Al2O3, Al(OH)3 and Fe(OH)3 is shown in Figure 4. and shows that 

it is evident that the separation of carrier free 68Ga from Ge could be achieved on performed Al2O3 

in acidic solutions.  

Gallium is element number 31, group 13 in the periodic table of the elements which and has the 

electron configuration [Ar] 3d104s24p1. Apart from the low melting metallic form, ionic gallium 

can exist in two oxidation states, GaI and GaIII. Only the latter is stable under aqueous conditions 

and thus, only the GaIII is of relevance for in vivo applications [49, 50,51]. The Ga3+-ion displays 

a van der Waals radius of 62 pm, which is quite similar to Fe3+ (65 pm) and Mn3+ (64 pm) [46-51]. 

The standard potential for the oxidation of Ga0 to GaIII is -530 mV, clearly indicating that unlike 

MnIII and FeIII redox chemistry does not apply for GaIII in vivo [46,47], yet eliminating one 

potential source of radioactive metabolites. According to its small size and the high charge density 

of the threefold positive ion, it is characterized as a hard acid according to the Pearson concept. 

Due to its small size, the GaIII cation prefers five-membered chelate rings, e.g. in ethylene-1,2-

diamine or glycine-like chelators, Figure 5. As such, in first approximation it forms stable 

complexes with hard donors such as carboxy groups and amino functions. Its main coordination 

number is six corresponding to distorted octahedral geometry [51].  
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Oxide Set I: Initial pH =5.9 Set II: Initial pH = 8.8 

 Final pH           68Ge adsorbed, % Final pH          68Ge adsorbed, % 

Al2O3 8.1 94 8.8 96 

Fe2O3 6.1 99 6.5 100 

SnO2 5.8 12 6.4 15 

TiO2 6.1 71 6.5 73 

SiO2 4.2 23 4.6 27 

ZrO2 4.6 99 4.8 99 

Table 4: Adsorption of carrier-free 68Ge on 100mg of various hydrated metal oxides [48] 

 

 

 

Figure 5: Most abudant modes of GaIII complex formation in 5 to 6 membrane chelates [51] 

Figure 4: The pH-dependence of the absorption of carrier-free 68Ga and 68Ge on Al2O3, 

Al(OH)3 and Fe(OH)3 where օ-Al2O3, ■- Al(OH)3, □ Fe(OH)3 [48] 
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2.4 Overview of carbon – based nanomaterials (CBNs) 

 

Carbon, is one of the most abundant material found on earth which plays a major role in the 

chemistry of life [52] Carbon-based nanomaterials (CBNs) such as fullerenes, carbon nanotubes, 

nano-diamonds, and graphene have undergone an explosion of interest in recent years. Its 

derivatives have unique electronic, optical, thermal, and mechanical properties and have attracted 

considerable attention in recent years in many applications. such as material science [53], energy 

[54], environment [55,56], biology [57-60] and medicine [61,62].  

 

In 1952 Radushkevich and Lukyanovich introduced the hollow graphitic carbon fibers with 50 nm 

in diameter in the Soviet Journal of Physical Chemistry mentioned in [63]. In 1960, Bollmann and 

Spreadborough [64] showed the structure of multiwall carbon nanotubes (MWNTs) using an 

electron microscope. They investigated the friction properties of carbon due to rolling sheets of 

graphene in “Nature” [65]. In 1976, Oberlin and his co-workers showed the CVD growth of 

nanometer-scale carbon fibers [66]. In 1985, the revolutionary discovery in this area occurred, 

which was the discovery of fullerenes by Kroto and his co-workers [67]. The discovery of fullerene 

seems to be very important because it might be the first new allotrope of carbon to be discovered 

in the 20th century [68]. The nickname for fullerene comes from Richard Buckminster “Bucky” 

Fuller (July 12, 1895–July 1, 1983), an American architect, author, designer, inventor, and futurist 

who used geodesic spheres structures in his work. Other important well-known carbon 

nanomaterials are carbon nanotubes (CNTs) and graphene. 

 

Carbon is the only element in the periodic table that has isomers from zero-dimensions (0D) to 

three-dimensions (3D). The reason why carbon assumes many structural forms is that a carbon 

atom can form several distinct types of orbital hybridization (refer to Table 5 and Figure 6) [69-

73]. The hybrid materials based on CBNs are usually stabilized by noncovalent interactions with 

dominating van der Waals forces. The theoretical simulations of the CBNs provide useful insight 

into stability and nature of such interactions [74]. The spn hybridization is essential for determining 

the dimensionality of not only carbon - based molecules but also carbon - based solids.  
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All carbon – based nanomaterials are essentially derived from graphene, which is a single layer of 

carbon atoms arranged in a 2 – dimensional honey – comb lattice  

 

Figure 6: Different orbital hybridization of carbon-based nanomaterials [69-73] 

 

Dimension 0-D 1-D 2-D 3-D 

Isomer Fullerene Nanotubes Graphene Diamond 

Hybridization sp2 sp2 sp2 sp3 

Density 

[g/cm3] 

1.72 1.2 – 2.0 2.26 3.52 

Bond Length 

(Å) 

1.40 (C=C) 1.42 (C=C) 1.42 (C=C) 1.54 (C-C) 

Electronic 

properties 

Semi-conductor 

Eg = 1.9 eV 

Semi-conductor 

or metal 

Semi - metal Insulator 

Eg = 5.47 eV 

Table 5: Important carbon isomers [73] 
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2.4.1 Fullerene 

 

Buchminsterfullere (C60), also called as buckyball, is a spherical closed-cage structure (truncated 

icosahedron) made of sixty sp2 carbon (Figure 7). Fullerenes were discovered as a surprise during 

laser spectroscopy experiments in 1985, by researchers at Rice University as mentioned in the 

Nobel Prize records [75], the 1996 Nobel Prize in chemistry was awarded jointly to Robert F. Curl, 

Jr., Richard E. Smalley, and Sir Harold W. Kroto “for their discovery of fullerenes” [76,77]. The 

first method of production of fullerenes in 1985 used laser vaporization of carbon in an inert 

atmosphere in which microscopic amounts of fullerenes were produced [ 77]. However, for the 

first time in 1990, the physicists produced isolable quantities of C60 by using an arc to vaporize 

graphite [78]. It can be argued that the scientific pursuit of CBNs and the potential applications 

began with the discovery of C60 [79-81]. The popularity of C60 has somewhat diminished in recent 

years with the rise of more scalable and practical CBNs such as CNTs and graphene.  

 

Figure 7: View of stable C60 [77] 
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2.4.2 Carbon Nanotubes 

 

Carbon nanotubes (CNTs) are members of the fullerene structural family. Similar to spherical 

fullerenes, the sp2-hybridized carbon atoms must be bent to form cylindrical structures. Ever since 

their discovery by S. Ijima in 1991, carbon nanotubes (CNTs) have become the most widely used 

CBNs [73,88]. They have a cylindrical carbon structure and possess a wide range of electrical and 

optical properties stemming not only from their extended sp2-carbon, but also from their tunable 

physical properties (e.g., diameter, length, single-walled vs. multi-walled, surface 

functionalization, and chirality) (Figure 8) [73]. The nanotubes may consist of two different types 

of carbon nanotubes. The single- wall nanotubes (SWNTs) made of single layers of graphene 

cylinders with typical diameter of the order of 1.4 nm and the multiwall nanotubes (MWNTs) made 

of 4–24 concentric cylinders of graphene layers with adjacent shells separation of 0.34 nm and a 

diameter typically of the order 10–20 nm [89-91]. Nowadays, carbon nanotubes are still mainly 

synthesized by the arc-discharge, laser-ablation (vaporization), and chemical vapor decomposition 

(CVD) method. Due to the diverse array of their useful properties, CNTs have been explored for 

use in many industrial applications [92]. Thus, they have been utilized as reinforcing elements for 

composite materials such as plastics and metal alloys, which have already led to several 

commercialized products [92]. 

 

Zig – Zag        Armchair            Chiral 

Figure 8: Different types of CNTs [73] 



 

 

18 

 

2.3.4 Diamond 

 

Diamond is an allotrope of carbon and was discovered in India about 6000 years ago in the 

riverbeds of the region. The name diamond is derived from the ancient Greek "adamas" meaning 

unbreakable, untamed and unconquerable. In 1772, it was proved that diamond is composed of 

carbon [93]. It is the hardest naturally occurring mineral and ranks among the rarest materials 

known. Diamonds can also be produced synthetically by processes which simulates the conditions 

in the Earth mantle or by chemical vapor deposition (CVD) [94]. Despite its hardness, the chemical 

bonds that hold together the carbon atoms are weaker in diamond than in graphite. The difference 

is that in diamond the covalent bonding between the carbon atoms has sp3 hybridization and forms 

an inflexible and strong three-dimensional lattice. In graphite, the atoms are strongly bonded in 

sheets, but the sheets are weakly bonded and slide easily [95]. Two forms of diamond are known 

with cubic and hexagonal crystal structure. Frequently, diamond is found in the cubic form which 

is thermodynamically stable at pressures above 6 GPa at room temperature and metastable at 

atmospheric pressure. At low pressures cubic diamond converts rapidly to graphite at temperature 

above 1900 K in an inert atmosphere [96].  In the cubic form, each carbon atom is linked to four 

other carbon atoms in a tetrahedral array (Figure 9). The bond length between two carbon atoms 

is 0.154 nm [97].  

 

Figure 9: The cubic form of diamond [97] 
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2.5 Graphene  

 

For a long time, graphene was only considered as theoretical concept. Until 2004, a physicists 

group led by Andre Geim and Kostya Novoselov from Manchester University, UK used 

mechanical exfoliation approach to obtain graphene [98]. Graphene (G), which can be used as 

nanosorbent, is a new 2-dimensional carbon allotrope with one or several atomic layers. It has been 

extensively studied in multidisciplinary fields owing to its excellent mechanical and thermal 

properties [99,100]. It is a single atom-thick sheet of hexagonally arranged sp2-bonded carbon 

atoms which is freely suspended or adhered on a foreign substrate. Its lateral dimensions may vary 

from several nanometers to microscale. Monolayer (single-layer) is the purest form known and is 

useful for high-frequency electronics. Bi-layer and tri-layer graphene, two and three layers 

respectively, exhibit different properties with the increase in the number of layers. Structurally, 

graphene can be thought of as a basic building block for other derivative nanomaterials (Figure 

10) [101-105]. Several typical production methods have been developed and reviewed. 

 

 

Figure 10: Structure of graphene (G) wrapped up into 0D buckyballs, rolled into 1D nanotubes 

or stacked into 3D graphite [101-105] 
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2.5.1 Production Techniques 

 

2.5.1.1 Mechanical Exfoliation 

 

Graphene flakes were first produced by R. Ruoff and group by continuously cleaving a bulk 

graphite crystal with a common adhesive tape and then transferred the thinned down graphite onto 

a cleaned oxidized silicon wafer substrate with visible color [106]. The technique started with 

three-dimensional graphite and extracted a single sheet (a monolayer of atoms) called mechanical 

exfoliation or micromechanical cleavage. Until now, mechanical exfoliation of graphite is still the 

best method to provide a small number of high-quality samples for the study of a variety of 

graphene properties. Furthermore, the venerable technique has been used easily to obtain large size 

(up to 100 μm), high-quality, two-dimensional graphene crystallites, which immediately brought 

enormous experimental researches [107-108]. Meanwhile, modified techniques are needed to 

provide a high yield of graphene for industrial production. 

 

2.5.1.2 Epitaxial Growth 

 

Recently, graphene was obtained by the epitaxial growth of graphene layers on metal carbides 

using thermal desorption of metal atoms from the carbides surface, or directly on metal surfaces 

by chemical vapor deposition (CVD). The typical carbide is SiC; silicon carbide heated to very 

high temperatures leads to evaporation of Si and the reformation of graphite; the control of 

sublimation results in a very thin graphene coating over the entire surface of SiC wafers, which 

initially showed more performances than devices made from exfoliated graphene [109]. So far, all 

of known synthesis approaches, however, are required in specialized laboratories for graphene 

sheets whose electronic properties are often altered by interactions with substrate materials. The 

development of graphene required an economical fabrication method compatible with mass 

production. The latest modified method was demonstrated by Aristov et al. [110]. Based on their 

work, for the first time, graphene was synthesized commercially on available cubic β-SiC/Si 

substrates, which was a simple and cheap procedure to obtain industrial mass production graphene, 

which meets the need of technological application. Moreover, many other types of carbide have 

been exploited to produce supported graphene, such as TiC (111), TiC (410), and TaC (111). It is 

well proved that metal surfaces can efficiently catalyze decomposition of hydrocarbons into 
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graphitic materials to support growth of graphene on metallic surfaces by CVD. The advantage of 

epitaxial growth is large-scale area, but it is difficult to control morphology, adsorption energy, 

and high-temperature process. 

 

2.5.1.3 Chemical Exfoliation 

 

The theory of chemical exfoliation is to insert reactants in the interlayer space for weakening the 

van der Waals cohesion. At first, the graphite flakes are forced upon oxidative intercalation of 

potassium chlorate in concentrated sulphuric and nitric acid, received carbon sheets with hydroxyl 

and carboxyl moieties (Figure 11). The suspension is known as graphite oxide (GO). The GO is 

highly dispersible in water, and it can be easily deposited onto SiO substrates. The precipitate of 

GO is sonicated to form separated graphene oxide sheet, then another reduction, and finally 

graphene sheet is formed. When KClO is used, it generates a lot of chlorine dioxide gas and emits 

a great deal of heat, so the mixture is highly hazardous [111]. Brodie first demonstrated the 

synthesis of GO in 1859 by adding a portion of potassium chlorate to a slurry of graphite in fuming 

nitric acid [112]. In 1898, Staudenmaier improved on this protocol by using a mixture of 

concentrated sulfuric acid and fuming nitric acid followed by gradual addition of chlorate to the 

reaction mixture. This small change in the procedure provided a simple and revised protocol for 

the production of highly oxidized GO [113] In 1958, Hummers and Offeman [111,114] reported a 

modified method which was much faster and safer. Based on the technique introduced by them, 

graphite is dispersed into a mixture of concentrated H2SO4, NaNO3, and KMnO4 in contrast to 

KClO [115]. Meanwhile, it must use H2O to eliminate the MnO generated from KMnO time after 

time.  

 

This process faced a similar situation when it used m-CPBA [116] as an oxidant. It was also 

reported a novel synthetic route using oxidation acidified dichromate, to get high quality and stable 

aqueous dispersed graphene sheets [117]. After GOs were deposited, chemical reduction of GO 

was accompanied by the elimination of epoxy and carboxyl groups using different reductants such 

as hydrazine [118], dimethylhydrazine [119], hydroquinone [120], and NaBH [121], under alkaline 

conditions [122] or with thermal methods [123]. Because the reductants are usually hazardous, 

there are lots of interests on green routes to speed deoxygenation of graphene oxide. A new 
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approach was introduced to synthesize graphene from GO using urea as expansion reducing agent 

heated in an inert gas environment (N) for a very short time to a moderate temperature (600°C) 

[124]. It was successfully achieved by thermal reduction of graphene oxide (GO) to graphene with 

the assistance of microwaves in a mixed solution of N, N-dimethylacetamide, and water (DMAc/H 

O) [125]. The reduction of GO can be accomplished rapidly and mildly. This method is rapid, not 

requiring any solvents or stabilizers, inexpensive, and easy to scale up. 

 

 

 

Figure 11: Molecular models depicting the conversion process from graphite to chemically 

derived graphene [111,114] 

2.5.2 Properties 

 

2.5.2.1 Optical properties 

 

Owing to its 2D structure and zero band-gap, single layer graphene is nearly transparent 

(transmittance T ≈ 97.7%). The transparency decreases with increasing number of layers [126]. 

Every more layer results transmittance dropping 2.3% [127]. In addition, fast-moving carriers 

provide a rapid photo- response without applying high electrical field [128]. Because of these good 

optical features, graphene is likely to be applied in optoelectronic devices, such as sensors and 

transparent electrodes [129,130]. 
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2.5.2.2 Mechanical properties 

 

The mechanical properties of graphene are also extremely astonishing attributed to its ultra-strong 

covalent bonds and compacted structure. It has been manifested that graphene is the 

unprecedentedly strongest material in the world with Young's modulus as high as 1 TPa (nearly 

five times higher than that of steel 0.2 TPa) [131]. The intrinsic strength of monolayer graphene 

was reported to be 130 GPa, which is currently the highest among all materials [131]. Nonetheless, 

the fracture toughness of graphene was found to be ordinary which indicated by its critical stress 

intensity factor (~4 MPa mp) [132]. Thanks to its strong properties and light density, investigations 

on graphene-based filler and composites are gearing up [128]. 

 

2.5.2.3 Electronic properties 

 

The unique electronic structure of graphene enhances in electronic respects. The tunable band gap 

offers its distinct features between semi-conductor and metal. The effect of ambipolar electric field 

allows charge carriers to possess extremely high concentration (~1013cm-2) and extraordinarily 

rapid mobility (>15,000 cm2V-1s-1) [126,133]. Importantly, the mobility is nearly independent of 

temperature and can be further boosted to 100,000 cm2V-1s-1[126,134]. And the quantum Hall 

effect (QHE) presences even at ambient temperature [135,136]. Hence, graphene is emerged as an 

ideal choice for application of nano-sized transistors and electronics which need ballistic transport, 

massive current sustainability (>108A/cm2), linear current voltage features and giant in-plane 

electrical conductivity [133]. 

 

2.5.2.4 Thermal properties  

 

Furthermore, graphene shows great thermal properties because of its robust covalent bonds. The 

thermal stability of graphene is prominent even under elevated temperature [126]. Its thermal 

conductivity is varied and determined by phonon transport, including diffusive conduction at 

elevated temperature and ballistic conduction at reduced temperature [128]. Thermal conductivity 

decreases with temperature rising once temperature is over 100 K [128]. It is well-known that 

copper shows excellent thermal conductivity (400 W m/K), but the thermal conductivity of 

graphene (prepared by mechanically exfoliation) was reported to be as high as 600 W m/K 

[128,137]. Graphene with tunable thermal conductivity can be either used in heat sinking 
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applications where good thermal conductivity is required or applied in thermoelectric applications 

where poor thermal conductivity is preferred [128,137]. 

 

2.5.2.5 Physical and Chemical properties 

 

Graphene with significantly high surface area (~2630 m2g-1), good inertness and pronounced 

impermeability, is destined to become one of the most imaginable candidates for energy storage 

(support electron/hole transfer), coating (enhance corrosion resistance), catalysis and biomedicine 

(e.g. encapsulate catalysts or drug) [128,130].  

 

2.5.3 Applications  

 

Several potential applications for graphene are under development, and many more have been 

proposed. These include lightweight, thin, flexible, yet durable display screens, electric circuits, 

and solar cells, as well as various medical, chemical, and industrial processes enhanced or enabled 

using new graphene materials [136]. The different applications of graphene are described below. 

 

2.5.3.1 Integrated Circuits  

 

Graphene due to its high mobility find its use in allowing it to be used as the channel in a field-

effect transistor [137].  

 

2.5.3.2 Transparent conducting electrodes  

 

Graphene's high electrical conductivity and high optical transparency make it a candidate for 

transparent conducting electrodes, required for such applications as touchscreens, liquid crystal 

displays, organic photovoltaic cells, and organic light-emitting diodes [138]   

 

2.5.3.3 Distillation and Desalination of Water  

 

It is observed that graphene is impermeable to all other liquids and gases except water. The quality 

which finds immense advantage in purification of water making it available to masses. It is 
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believed that it can be used to desalinate sea water at a lower cost than the reverse osmosis 

techniques currently in use [139]. 

 

2.5.3.4 Single-molecule gas detectors  

 

In detectors, thin polymer layer acts like a concentrator that absorbs gaseous molecules. The 

molecule absorption introduces a local change in electrical resistance of graphene sensors. While 

this effect occurs in other materials, graphene is superior due to its high electrical conductivity 

(even when few carriers are present) and low noise, which makes this change in resistance 

detectable up to a single atom [140]. 

 

2.5.3.5 Ultra-capacitors  

 

Due to the extremely high surface area to mass ratio of graphene, one potential application is in 

the conductive plates of ultra-capacitors. To turn graphene into a capacitor you take two graphene 

sheets and place a polymer electrolyte between them, then cover it with plastic insulator as you 

would a wire. The result is thin, flexible, has more than 17 times the conductivity of other 

materials, and it won't degrade even after cycling through 10,000 charges. It is believed that 

graphene could be used to produce ultra-capacitors with a greater energy storage density than is 

currently available. It was also seen that its recharge rate is extremely fast while draining at a 

normal rate. Due to this property one day it can replace batteries [141]. 

 

2.5.3.6 Bionic Devices  

 

Due to its flexibility and transparency it can be used as an electrode for receiving signals from and 

to brain and biodegradable possessing no harm to tissues. Graphene is resistant to the salty ionic 

solutions inside living tissue, so bionic devices made of graphene could have long shelf lives, 

perhaps lasting a lifetime. This contrasts with metallic parts that can corrode after a few years, 

possibly releasing toxic metals into the body [142].  
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2.5.3.7 Transistors  

 

A graphene hall bar with gold contacts on Si substrate, its conducting state can be affected by 

applying an electric field to Si. The transistors made of graphene can be very thin and can run at 

higher frequency and more efficiently than silicon transistors [143]. 

 

2.5.3.8 Protective Coating  

 

Graphene is resistant to powerful attacks from acid’s, alkali’s therefore a thin layer of graphene on 

the surface could give a boost in its surface properties. Car paints, Steel structure could become 

corrode free [144].  

 

2.5.3.7 Flexible solar panels  

 

Graphene has sparked the interest of engineers who are trying to make new, lightweight, and 

flexible solar panels that could be used to cover the outside surface of a building, in addition to the 

roof which is already being used. When a photovoltaic cell is sandwiched between two sheets of 

graphene, light crosses the sheets of graphene and hits the photovoltaic cell. As a result, the 

photovoltaic cell generates electricity, which is carried by the sheets of graphene. These 

lightweight and flexible solar panels could be molded to fit an automobile body or be wrapped 

around furniture or clothing [145].  

 

2.5.3.8 Foldable Mobile Phone  

 

Touch screens made with graphene as their conductive element could be printed on thin plastic 

instead of glass, so they would be light and flexible, which could make cell phones as thin as a 

piece of paper and foldable enough to slip into a pocket. Also, because of graphene’s incredible 

strength, these cell phones would be nearly unbreakable. Scientists expect that this type of touch 

screen will be the first graphene product to appear in the marketplace [138]. 
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2.5.3.9 Photo Detectors  

 

Photodetectors are computer chips that convert photons from light into electrical signals. Every 

digital camera has one and they are made of silicon. Frank Koppens and his colleagues at the 

Institute of Photonic Sciences in Barcelona dotted a layer of graphene with lead sulfide and created 

an ultra-sensitive and flexible photo detector that could lead to thinner cameras and more 

lightweight night vision goggles [146]. 

  

2.5.3.10 Artificial Muscle  

 

Sheets of graphene can crumple up like paper, but they are difficult to flatten out. At Duke 

University scientists recently attached graphene to a pre-stretched rubber sheet and found that 

when the sheet was relaxed, the graphene still adhered to the rubber even though it was crumpled 

up. That led them to layer the graphene with polymer, which expanded and contracted when a 

current was run through it a key component in building artificial muscle [147].  

 

2.5.3.11 Absorbing radioactive waste  

 

Researchers at Rice University and Lomonosov Moscow State University found that microscopic 

bits of graphene oxide bind to radioactive contaminants, turning them into clumps that can be 

easily collected [148]. 

 

2.6 Graphene Oxide 

 

The graphene oxides (GOs), the oxidized derivative of graphene that have high surface area 

(theoretical value of 2620 m2/g) and high amount of oxygen-containing functional groups at the 

basal planes and the edges of nanosheets, which ensure their much higher sorption ability than 

other kinds of nanomaterials [149,150]. The GOs have been regarded as the most suitable materials 

for the sequestration of radionuclides and heavy metal ions due to their excellent sorption capacity 

[151-154]. Although the exact structure of GO is difficult to determine, it is clear that for GO the 

previously contagious aromatic lattice of grapheme is interrupted by epoxides, alcohols, ketones, 

and carboxylic groups. The interruption of the lattice is reflected by an increase in interlayer 
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spacing from 0.335 nm for graphite to more than 0.625 nm for GO [155-157]. GO has a similar 

layered structure as that of graphite, but the plane of carbon atoms in GO is heavily decorated by 

oxygen-containing groups, which not only expand the interlayer distance but also make the atomic-

thick layers hydrophilic. As a result, these oxidized layers can be exfoliated under moderate 

ultrasonication. If exfoliated sheets contain only one or few layers of carbon atoms like graphene, 

these sheets are named graphene oxide (GO). These graphene oxides have important applications 

in areas related to transparent conductive film, composite materials, solar energy and biomedical 

applications. Hygroscopicity and dispersibility are the main properties of GO. Figure 12(a) shows 

the structure of a single layer graphene and Figure 12(b) shows the structure of graphene oxide. 

GO sheet can be considered as the combined structure of oxygen-containing functional groups, 

such as C-O, C=O and -OH that has been supported on the surface of a single layer graphene. As 

a result of the addition of oxygen-containing functional groups both the structure and the properties 

of GO changes. The oxidation process produces structural defects which shift the physical 

properties of GO away from that of pure graphene. However, the presence of the oxygen-

containing functional groups also makes GO strongly hydrophilic as a result of which GO can be 

dispersed in several solvents like water [158-164]. 

 

Figure 12: Schematic structure of graphene (a), and graphene oxide (b) [158-164] 
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The few-layered Graphene Oxide (GO) nanosheets have been synthesized through the modified 

Hummers method [111]. It has been studied that these graphene sheets can be used as sorbents for 

the removal of Cd2+ and Co2+ ions from aqueous solution [153-157]. The unique properties of GO 

make them suitable for efficient elimination of inorganic and organic chemical pollutants from 

solutions. It was reported, firstly synthesized sulfonated GOs and applied the sulfonated GOs as 

adsorbents to remove organic pollutants U(VI), Cd (II), and Co(II) in environmental pollution 

clean-up and found that the prepared GOs had the highest adsorption capacities of 97.5 mg/g for 

U(VI) at pH 5.0, 106.3 mg/g for Cd (II) at pH 6.0 and 68.2 mg/g for Co(II) at pH 6.0 in the pre-

concentration of persistent aromatic pollutants among today’s nanomaterials, which was also 

evidenced from the DFT calculations [158]. 

 

2.6.1 Application of GO  

 

Different kinds of techniques such as sorption, (co)precipitation, ion-exchange, solidification, and 

membrane separation, have been applied to reduce radionuclides from wastewater [159,160]. 

Among these methods, sorption technique has widely been applied in large scale and in real 

environmental pollution management because of its simple operation, low cost and application in 

large scale [161-163]. The removal of radionuclides from aqueous solutions has been extensively 

studied using types of adsorbents such as clay minerals [164,165], metal oxides [166,167] and 

biomaterials [168,169]. Nevertheless, these materials have some disadvantages, such as poor 

sorption capacities and low efficiencies and it was found that GO-based materials are potential 

excellent candidates for the enrichment of radionuclides from radioactive wastewater because of 

their unique properties, such as chemical stability, hydrophilicity and large surface area, which 

make them able to form strong chemical bonds with radionuclides.  

 

There are a wide range of available analytical techniques for understanding the speciation of 

radionuclides on surfaces and the reaction mechanism of sorption, such as kinetic analysis, 

thermodynamic analysis, surface complexation models, spectroscopic techniques and theoretical 

calculations. [170] 

 

From the batch sorption results, the interaction mechanism can be postulated from the results, such 

as outer-sphere surface complexation or ion-exchange is mainly ionic strength – dependent and 
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pH – independent whereas inner space-sphere surface complexation is mainly pH – dependent and 

ionic strength – independent. From the surface complexation modeling simulation, the formation 

of the surface complexes of radionuclides on solid surfaces can be provided and the interaction 

mechanism may be postulated from the assumption of the species, such as inner-sphere surface 

complexes, outer -sphere complexes, surface (co)precipitation, etc [171,172]. From the 

spectroscopy measurements, the species and the microstructures of radionuclides on solid particles 

at molecular level and the functional groups which form surface complexes with radionuclides can 

be achieved directly from the spectrum analysis, which are crucial and useful to evaluate the 

interaction mechanism of radionuclides at solid-liquid interfaces [173,174]. From the binding 

energies of radionuclides interaction with different functional groups, one can understand the 

interaction mechanism of radionuclides and to identify the sorption properties such as physical 

sorption or chemical sorption, which are helpful to interpret the experimental results. The sorption 

properties of several crucial radionuclides on GO based materials are listed in Table 6 [175-178] 

 

The interaction of Eu(III) with GOs by X-ray absorption fine structure (XAFS) spectroscopy was 

also studied and it was reported that the sorption of Eu(III) was mainly attributed to inner-sphere 

surface complexation and the sorption capacity was 175.4 mg/g at pH 6.0 [179]. Further studies 

on the sorption of Pb(II), Ni(II) and Sr(II) on GOs by using batch technique and DFT calculations 

were performed and the results showed that the sorption affinities were in the sequences of 

Pb(II)>Ni(II)>Sr(II) because Pb(II) can easily subtract the OH group from GO surface to form 

much more stable Pb(OH)-GO complexes [180]. Although the sorption of radionuclides on GOs 

have been studied under different experimental conditions, the competitive sorption of 

radionuclides at low concentration is still not available, which is crucial for the elimination of trace 

level concentration of radionuclides from aqueous solutions in possible real applications. 

 

Thermodynamic parameters are the result of the sorption process which gives important 

information on chemical engineering technologies and ultimate uptake of adsorbate onto 

adsorbents. In order to make a better understanding of the mechanism, the sorption isotherms are 

simulated by Langmuir and Freundlich models [181]. 
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Table 6: The sorption of radionuclides on GO based materials [175-178] 

 

The Langmuir isotherm model is used to describe the monolayer sorption on the homogeneous 

surface and sorption process. 

 

𝐶𝑠= 
𝑏𝐶𝑠.𝑚𝑎𝑥𝐶𝑒

1+𝑏𝐶𝑒
         (1) 

 

Where Cs (mol/g) is the amount of radionuclide adsorbed on GOs, Cs.max (mol/L) is the maximum 

amount of radionuclide adsorbed per unit weight of GOs, b (L/mol) is the Langmuir sorption 

coefficient representing the sorption enthalphy. 

 

Freundlich isotherm model is an empirical equation based upon the sorption on heterogeneous 

surfaces. It is expressed as: 

 

𝐶𝑠= 𝐾𝐹
log 𝐶𝑒

𝑛         (2) 

Adsorbates Adsorbent 

dosage  
(gL-1) 

Initial 

concentration 

(mgL-1) 

pH Maximum  
sorption capacity 

(mg/g-1 

Type of sorption Ref 

U(VI) 0.06 98.056 5.0 97.5 Inner-sphere surface 
complexation 

190 

U(VI) 0.4 119 4.0 299 Inner-sphere surface 
complexation 

191 

Th(IV) 0.36 120 2.6 214.6 Inner-sphere surface 
complexation 

192 

Sr(II) 0.038 1.09 X 10
-2 6.5 23.83 Coagulation 193 

Am(III) 0.038 9.58 X 10
-5 3.4 8.51  193 

Eu(III) 0.038 5.21 X 10
-7 5.0 115.49  193 
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where KF ((mol1-n Ln)/g) is the Freundlich sorption coefficient related to the sorption capacity and 

n is an indicator of isotherm nonlinearity corresponding to the sorption intensity. 

 

The Langmuir and Freundlich model simulation were also shown in Figure 13, and relative 

parameters were tabulated in Table 7. From the correlation coefficients, one can see that the 

Langmuir isotherm model fits the experimental data much better than the Freundlich isotherm 

model, which means that the sorption of the radionuclides on GOs are monolayer coverage. The 

sorption isotherm of U(VI) on GOs is much linear simulation (R2=0.998) than the Langmuir and 

Freundlich models, which suggests that the sorption of U(VI) on GOs is far from sorption 

saturation at low concentrations [182]. 

 

Generally, from the results of batch experiments, advanced spectroscopic analysis and theoretical 

calculation, one can clearly understand the interaction mechanism of radionuclides at solid-water 

interfaces clearly. 

 

Correlation parameters U(VI) Eu(III) Sr(II) Cs(I_ 

Langmuir Cs.max (mol/L) 

                 b (L/mol) 

                 R2 

3.35 x 10-4 

9.22 x 105 

0.975 

2,49 x 10-3 

3.47 x 104 

0.994 

1.567 x 10-3 

8.81 x 103 

0.990 

1.46 x 10-3 

8.67 x 103 

0.992 

Freundlich KF ((mol1-n Ln)/g) 

                  n 

                  R2 

71.1 

0.920 

0.971 

15.8 

0.883 

0.985 

3.01 

0.885 

0.981 

2.29 

0.869 

0.979 

Table 7: Parameters for Langmuir and Freundlich model simulation of U(IV), Eu(III), Sr(II) and 

Cs(I) sorption on graphene oxides at pH 5.2 and in 0.01 mol/L NaClO4 [182] 
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Figure 13: Sorption isotherms of U(VI), 152+154Eu(III), 85+89Sr(II) and 134Cs(I) on GOs. The solid 

lines are Langmuir model simulation; the dash lines are Freundlich model simulation. [182] 

 

2.6.2 Spectroscopy techniques 

 

2.6.1.1 Raman Spectroscopy 

 
Raman spectroscopy is used to investigate the elementary excitation in GO samples. In this 

technique, a monochromatic laser is shone onto the sample surface as shown in Figure 14 [183]. 

The monochromatic laser with frequency v0 excites the molecules within the specimen from the 

ground state to a virtual energy state. When the excited molecules revert, they emit light and return 

to a different rotational or vibrational state. The change in energy between the original state and 

resulting state leads to three different frequencies when: 
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1. A molecule is excited by absorbing a photon with frequency v0 and then returned to the 

same basic vibrational state. This elastic scattering of the photon is called Rayleigh 

scattering. 

2. If the vibrational energy of the molecule is increased after absorbing a photon with 

frequency v0, the energy of the scattered photons is decreased as part of the photon’s energy 

is transferred to the Raman-active mode with a down-shifted frequency (longer 

wavelength). This inelastic scattering is called Stokes scattering. 

3. If the vibrational energy of the molecule is decreased after absorbing a photon with 

frequency v0, the energy of the scattered photons is increased as excessive energy of the 

excited Raman-active mode is released with an up-shifted frequency (shorter wavelength). 

This inelastic scattering is called anti-Stokes scattering and only happens when the 

molecule is an excited vibrational state before absorbing a photon. 

 

Figure 14: Mechanism of Raman scattering [183] 
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2.6.1.2 X-Ray Diffraction (XRD) 

 

XRD is a non-destructive method used for revealing information about the atomic and molecular 

structure of a crystal. In this method, crystalline atoms cause a beam of X-rays to diffract in many 

specific directions which can produce a three-dimensional picture of the density of electrons within 

the crystal. From this map of electron density, the physical properties, chemical composition and 

crystal structure of materials can be determined [184, 185]. Figure 15, shows the principle of XRD 

based on the Bragg model of diffraction [184]  

 

 

 

Figure 15: Basic feautures of typical XRD [185] 

In this model, Bragg's Law refers to the simple equation (3): 

 

𝑛𝜆 = 2𝑑 sin Ɵ         (3) 

 

where the variable d is the distance between atomic layers in a crystal, and the variable λ is the 

wavelength of the incident X-ray beam while n is an integer, and θ is the incident Bragg angle. 
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The XRD was operated at 40 K and 25mA using Cu Kα radiation with a wavelength of 1.5406 Å. 

Data was collected with step intervals of 0.05 ̊ over 2θ in the range 10 - 90 ̊ for each GO sample 

with an acquisition time of 2s. Before XRD analysis, the samples were placed onto the sample 

holder followed by loading onto the sample plate in the XRD chamber. The crystal size of GO 

samples can be calculated by the Scherrer equation using the full width at half maximum (FWHM) 

of XRD peaks.  

 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
         (4) 

 

where τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to 

the grain size, K is a dimensionless shape factor λ is the X-ray wavelength, β is the FWHM in 

radians, and θ is the Bragg angle. 

 

2.6.1.3 Ultra-Violet Visible Spectroscopy (UV-VIS) 

 

UV-Vis, an absorption or reflectance spectroscopy in the ultraviolet -visible spectral region, is 

used to analyze the quantity of different analytes, such as transition metal ions, highly conjugated 

organic compounds, and biological macromolecules. The analysis of the absorption and/or 

transmission uses light in the visible and adjacent (near-UV and near-infrared) ranges the changes 

of the light intensity causing a variety of polarization of the reflected or transmitted beams. A 

typical UV-Vis spectroscopic analysis consists of measuring the wavelength dependence of the 

light transmitted through the sample (Figure 16) [186, 187]. When the light passes through or is 

reflected from the sample, the amount of light absorbed is the difference between the incident and 

the transmitted radiation. 
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Figure 16: Schematic diagram of UV-Vis spectroscopy [186, 187] 

 

A classical semiconductor exhibits minimal optical absorption or high absorption for photons 

when energies are smaller or greater than the bandgap. As a result, there is a sharp increase in 

absorption at energies close to the bandgap resulting in an absorption edge /reflection threshold in 

the UV-Vis absorbance spectrum.  

 

For direct bandgap semiconductors (5): 

 

𝛼(ℎ𝑣) ∝
√ℎ𝑣− 𝐸𝑔

ℎ𝑣
         (5) 

 

where α is the absorption coefficient, hν is the energy of incident photons and Eg is the electronic 

bandgap of the semiconductor. Eg is the intercept of the straight line obtained by plotting (αhν)2 

vs. hν. 

 

 

For in direct bandgap semiconductors (6): 
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𝛼(ℎ𝑣) ∝
(ℎ𝑣− 𝐸𝑔)

2

ℎ𝑣
         (6) 

 

Eg is the intercept of the straight line obtained by plotting the square root of (αhν)1/2 vs. hν. 

 

The optical transmittance and absorbance of GO sample were measured by a UV-Vis spectrometer 

(Agilent UV-VIS-NIR Spectroscopy Cary 5000 model). This equipment incorporates on-board 

application software which enables the production of wavelength scans, substrate concentrations, 

and standard curves. The transmittance and absorbance scanning wavelength ranged from 200 nm 

to 900 nm. The results were directly transferred to Excel for calculating the band gap using the 

absorption coefficient from the transmittance data. 

 

2.6.1.4 Fourier Transform Infrared (FTIR) spectroscopy 

 

FTIR is a technique used to detect the vibration characteristics of chemical functional groups in 

the materials by obtaining an infrared spectrum of absorption, emission, photoconductivity or 

Raman scattering of samples. An FTIR spectrometer simultaneously collects spectral data in a 

wide spectral range which can be categorized as far infrared (4 ~ 400cm-1), mid infrared (400 ~ 

4,000cm-1) and near infrared (4,000 ~ 14,000cm-1). When an infrared light interacts with the 

sample, chemical bonds will stretch, contract and bend. As a result, a molecular fingerprint of the 

sample can be produced as the chemical functional group tends to absorb infrared radiation in a 

specific wavenumber range regardless of the structure of the rest of the molecule, which makes 

infrared spectroscopy useful for several types of analysis. 

 

FTIR spectrometry was developed in order to overcome the limitations encountered with early - 

stage IR instruments, which use a prism or a grating monochromator and which results in a slow 

scanning process. FTIR spectrometer employs a very simple optical device called an 

interferometer to collect an interferogram of a sample signal, which has all of the infrared 

frequencies “encoded” into it. In order to make an identification, the measured interferogram signal 

should be interpreted by decoding the individual frequencies. This can be accomplished via a well 
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- known mathematical technique called Fourier transformation [188]. Figure 17, shows the 

principle of FTIR [189] 

 

 

Figure 17: Schematic diagram of FTIR [189] 

 

In this study, FTIR spectra of GO samples were measured with an absorption spectrometer 

Shimadzu 8000 – 400S Spectrometer. The scanning wavelength ranged from 540cm-1 to 4000cm-

1 using a single reflection horizontal attenuated total reflection accessory which enables samples 

to be examined directly in the solid or liquid state without further preparation [190]. 

 

2.6.1.5 Scanning Electron Microscopy (SEM) 

 

SEM is a microscope that uses electrons instead of light to form an image. In comparison to 

traditional microscopes, SEM has many advantages such as large depth of field, higher resolution 

and more control in the degree of magnification [191], which allows it to be used in fracture 

characterization, microstructure studies, thin film evaluation, surface contamination examination 

and failure analysis of materials.  
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Generally, a high-energy electron beam is produced from the electron gun in an evacuated column 

above the sample surface. When the electron beam focuses onto the target surface, the low-angle 

backscattered electrons interact with the surface atoms and generate a variety of electronic signals. 

Figure 18 shows a schematic diagram of SEM. The types of signals generated secondary electrons 

(SE), back-scattered electrons (BSE), characteristic X-rays, light cathodoluminescence (CL), 

specimen current and transmitted electrons as are shown in Figure 18 [192].  

 

For conventional imaging in the SEM, the specimens’ surface must be electrically conductive. 

However, environmental SEM (ESEM) can be used to image uncoated nonconducting specimens 

by placing the sample in a high-pressure chamber where the working distance between the electron 

gun and the specimens is short [193]. The SEM samples were fabricated by attaching GO samples 

to an aluminum stub using a sticky carbon tab. 
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Figure 18: Schematic diagram of SEM [193] 

 

In this study, a secondary electron detector was used. The prepared samples were placed in the 

vacuum chamber of the microscope. The SEM was operated with a working energy of 7 keV, a 

beam size at a value of 3 and a working distance of 10 mm. Images at a variety of magnifications 

were collected. 
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CHAPTER III – METHODOLOGY 

 

3.1 Materials 

 

All reagents were obtained from Sigma Aldrich, analytical grade and used without further 

purification. Graphite powder (Cas. No. 7782-42-5, Cat. No. 332461), 95-97% H2SO4, KMnO4 

(Puriss p.a ACS reagent 99% 100g), H2O2, 30% HCl. Deionized water with electrical conductivity 

lower than 10 µS cm-1 at 25 oC (Millipore). Radionuclide 68Ge in the form of 68GeCl was supplied 

by the Radionuclide Department, iThemba LABS/NRF (South Africa). Syringe driven unit filters 

from Millipore. 

 

3.2 Synthesis and purification of GO 

 

GO was prepared by the oxidation of natural graphite powder according to Hummer’s method with 

a modification of removing NaNO3 from the reaction formula [111]. As illustrated in Figure 19, 

graphite powder (1.0g) was added to concentrated H2SO4 (25 ml) under stirring in an ice bath. 

Under vigorous agitation, KMNO4 (3.0g) was added slowly to keep the temperature of the 

suspension lower that 20 oC. The reaction system was then removed after 20 minutes from the ice 

bath and continued stirring for about 4 hours. Then, 50 ml of deoinised water was added dropwise 

and the solution was stirred for 15 minutes keeping the temperature below 50 oC. Additional 100 

ml water was added and followed by a slow addition of 5 ml 30% H2O2, turning the color of the 

solution from brown to yellow. Then the solution was kept overnight to get a clear supernatant. 

The solution was then centrifuged at about 3000 rpm for 30 minutes. Ultra-sonication was carried 

out to get monolayer of GO. The mixture was then filtered and washed with 1:10 HCl aqueous 

solution (125 ml) to remove metal ions. Then the product was dried overnight under vacuum oven 

at 75 oC and grinded to obtain graphene oxide in powder form for characterization analysis. In 

Figure 19, the process of synthesis of graphene oxide using modified Hummers method is 

displayed and explained from (a)-(j) respectfully. 
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Figure 19: Schematic diagram of the process of synthesis of graphene oxide (GO) using the 

modified Hummers processing 
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Figure 20: Schematic mechanism of Graphene oxide sheets produced by Hummers method [194] 

 

3.3 Characterisation instruments 

 

 Raman Spectroscopy -Ocean Optics 315 Green Light Raman Spectroscopy 

 X-ray Diffraction (XRD) – D8 Beuker Diffractometer  

 UV/VIS Spectroscopy -Agilent UV-VIS-NIR Spectroscopy Cary 5000 model 

 Fourier Transform Infrared (FTIR) spectroscopy – Absorption spectrometer Shimadzu 

8000 – 400S Spectrometer 

 High Resolution Scanning Electron Microscope (HRSEM) - Ziess-Euriga Field emission 

scanning electron microscope 
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3.4 Radioactivity measurement 

 

Radionuclide activity of 68Ge solution was measured by Radioisotope Dose Calibrator (CRC – 

15R) Capintec, Inc. (CM Nuclear Systems cc). Gamma–spectrometry was carried out using 

calibrated intrinsic 3 inch well type NaI(Tl) scintillation Ge detector (crystal active volume 100 

cm3) connected to a Silena MCA running EMCA2000 and PC-based Multichannel Analyzer 

(MCA, Canberra). The other metal contaminants including Zn, Fe, Cu, Ni and Ga were also 

analysed using an ICP-mass spectrometer. Samples were measured after a day of phase separation 

when the secular equilibrium of 68Ge with its decay of 68Ga (t1/2= 68 min) was achieved and the 

511 keV gamma peak was used. 

 

3.5 Adsorption Experiments 

  

3.5.1 Sorption of GO material using different sizes of filters 

 

High specific activity of radionuclide of 68Ge (68Ge in 1.0 ml of 0.1 M HCl solution, radionuclide 

purity >99.9%, Activity = 0.631 mCi = 23.247 MBq). 

 

The kinetics of 68Ge adsorption on GO material were studied by mixing 0.5 ml of 68GeCl2 

radioactive solution with 0.5 ml GO solution in different plastic test tubes. The solution containing 

80 µl of 50 –times diluted 68Ge which is 0.0185Mbq in concentration. The solution was then 

filtered using syringe driven unit (Millipore) filters ranging in different pore sizes (0.22 µm GV, 

0.22 µm GS, 0.45 µm Nylon and 0.45 µm PVDF). An aliquot of the supernatant was measured on 

the gamma spectrometer using Na(Tl) detector at a death time of 60sec. The volume of the 

measured aliquot was 0.5 ml. 

 

3.5.2 Sorption using GO powder 

 

High specific activity of radionuclide of 68Ge (68Ge in 2.0 ml of 0.1 M HCl solution, radionuclide 

purity >99.9%, Activity = 0.89 mCi = 32.93 MBq). 
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The sorption experiments were performed on GO in order to evaluate the sorption properties of 

the synthesized material. The sorption kinetic was tested by reaction of 1.5 ml of 68GeCl2 

radioactive containing solution with 15 mg of sorbent at different dilution factors. The solutions 

containing 14 µl of 50 times dilution and 28 µl of 100 times dilution respectively. The suspension 

was then rotated using Stuart Bibbly flask shaker at 1000rpm at room temperature for 12 hours. 

After the shaking, the adsorbent was separated from the solution by centrifuging (Heraeus Christ 

Digifuge) at 3800 rpm for 30 minutes. An aliquot of 0.5 ml of the supernatant was taken for the 

radioactivity measurement. Then the remaining supernatant was put in a vacuum oven at 80oC to 

obtain a dry sample for characterization analysis. A schematic diagram (Figure 21) explains the 

experimental process (a) to (d) respectively.  

 

Figure 21: Schematic diagram illustrating the sorption experiments of 68Ge and GO 
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3.5.3 Measurements of sorption samples 

 

The percentage of 68Ge adsorbed onto GO in the sorption experiment was determined by 

Equation (7) with the corresponding distribution co-efficient, Kd, determined by Equation (8).  

 

%𝑅 = 100 −
100∗𝐶𝐹

𝐶𝑖
         (7) 

 

where CF is the final concentration, Ci is the initial concentration of standard.  

 

𝐾𝑑 =
(𝐴𝑖−𝐴𝑒𝑞)

𝐴𝑒𝑞

𝑉

𝑚
         (8) 

 

where Ai and Aeq denotes the radioactivity of the initial solution and at the equilibrium, 

respectively, V is the volume (ml) of the solution, m(g) is the mass of the GO [195] 
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CHAPTER IV RESULTS AND DISCUSSIONS 

 

4.7.1 Morpholgical Characterization of Graphene oxide (GO) 

 

4.7.1.1 Raman analysis 

 

Raman spectra is a non-destructive tool to characterize the structure of mono- and few layer GO 

such as thickness, defects and the degree of orderliness. Raman spectrum of GO (Figure 22), 

exhibit two main characteristics peaks: D peak arising from doubly resonant disorder-induced 

mode (~945 cm-1) due to the stretching of C-C bond; the G peak, a doubly degenerate phonon 

mode due to the first order scattering of E2g phonon of sp2 C atoms [210] at the Brillouin zone 

centre (~ 1056 cm-1). The relative intensity ratio of both peaks (ID/IG) is a measure of disorder 

degree and is inversely proportional to the average size of the sp2 cluster. Our results show a value 

of 0.83 for (ID/IG). The D-band in the spectra is strong, confirming the lattice distortions of 

graphene basal planes. Raman spectra is the resultant signal of several stacked GO sheets, each 

one consisting of a few layers [196]. 

 

Figure 22: Raman spectra of GO 



 

 

49 

 

4.7.1.2 X-Ray Diffraction (XRD) 

XRD Figure 23, results show the XRD pattern of graphene oxide GO. After oxidation of graphite 

there is a strong sharp peak at 2Ɵ of 11.230 corresponding to an interlayer (d- spacing) distance of 

approximately 7.87 Å in a typical layer-like structure. The presence of oxygen based functional 

groups at the carbon basal plane interacting into interlayer of GO which facilitates hydration and 

exfoliation of GO sheets in aqueous media [197]. The numbers of perpendicularly stacked GO 

sheets in the paper material were calculated by using the classical Debye−Scherrer equations: 

𝜏 =
𝐾𝜆

𝛽 cos 𝜃
          (8) 

 

𝑛 =
𝜏

𝑑
            (9) 

 

where K is the shape factor, λ is the x-ray wavelength, β is the full width at half maximum 

(FWHM), θ is the Bragg angle, τ is the thickness, and d is the interlayer 182 spacing. The thickness 

was found to be 6.8 Å which corresponds to 2 stacked graphene oxide sheets 

 

 

Figure 23:X-ray diffraction patterns of the prepared samples with GO 
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4.7.1.3 UV-Vis Spectroscopy 

 

Figure 24., shows the UV-Visible-NIR absorption spectrum of GO in water. The spectra are plotted 

in the wavelength range from 200 to 1800 nm for water. The absorbance peak was observed at 

around 250nm of excitation, with absorbance intensity of briefly 2.29. This result is near that of 

graphite oxide as reported in [198]. The strong absorption band is due to the 𝜋 → 𝜋∗transitions of 

aromatic C=C bonds. The plot below 200nm can be ignored, due to fluctuations in baseline 

measurements, which is deionized water. A small ‘shoulder’ is observed at ~ 300 nm, possibly 

contributed by the 𝑛 → 𝜋∗transition of C=O bonds. 

 

Figure 24: UV-VIS spectra of aqueous dispersions of GO 
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4.7.1.4 FTIR 

 

The characteristic FTIR spectrum of the GO is represented in Figure 25. The spectrum shows a 

broad band with a maximum at about 3847 cm-1 characteristic of the stretching O-H vibration of 

compounds in which the hydroxyl functional groups is bound to a carbon atom. This shows that 

the as-prepared GO here has strong hydrophilicity. The broadening of this band indicates 

intermolecular hydrogen bonding that could be associated with the presence of adsorbed water at 

1616 cm-1 (C=C).The IR spectrum of GO also indicated the presence of the oxygen-containing 

functional groups; bands at 1050 (C-O-C), 1232 (C-O) and 1385 cm-1 correspond to C-O vibration 

of alkoxide, epoxy and hydroxyl group; and a band at 1720 cm-1 to the C=O stretching vibration 

in –COOH group. These hydrophilic oxygen – containing functional groups provide GO sheets 

with a good dispersibility in water [199]. 

 

Figure 25: FTIR spectrum of GO 
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4.7.1.5 HRSEM 

 

The SEM micrographs of GO synthesized by a modified Hummers processing. Figures 26 (a)-(h), 

clearly shows that the GO has a two dimensional sheet-like structure. From the SEM images, it is 

evident that GO has a multiple lamellar layer structure and it is possible to distinguish the edges 

of individual sheets from SEM images. The films are one above the other and also shows wrinkled 

areas. Lamellar structures having a length of up to 1.29 mm and width of 239 µm could be seen in 

the SEM images. The individual GO sheets were found to have a thickness of 1 – 2 µm and are 

found to be much larger than the thickness of single layer graphene. The increase on the thickness 

is due to the introduction of the oxygen-containing functional groups. It can also be noted that the 

GO sheets were thicker at the edges. This is because of the oxygen-containing functional groups 

were mainly combined at the edges of GO. From the SEM images, it is evident that the GO sheets 

were firmly suspended and did not bend [200] 

 

Figure 26: SEM micrographs of GO 
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4.7.2 Adsorption properties of synthesized GO 

 

The results obtained from the sorption experiments using the sorption % equation are summarized 

in Table 8. and clearly shown that the sorption capacity is very low in comparison with results 

from literature reviews [175-178].  

 

Filter (µm) Adsorbent dosage 

(gL-1) 

Initial concentration 

(mgL/g-1) 

Sorption  

% 

0.22 GV 0.6 

 

1.85 x 10 -2 22 

0.22 SV 0.6 

 

1.85 x 10 -2 24 

0.45 Nylon 0.6 

 

1.85 x 10 -2 20 

0.45 PVDF 0.6 

 

1.85 x 10 -2 3.23 

 

Table 8: The sorption of radionuclides using different sizes of filters and GO as an adsorbent 

 

From the spectroscopic analysis of Raman spectroscopy (Figure 27), one can also understand the 

interaction mechanism of radionuclides at solid-water interfaces clearly. The results obtained from 

the Raman spectra analysis, show that the G peak changes with the number of layers. The G peak 

of a single layer of graphene is a sharp symmetrical peak below 2700cm-1. For bilayer graphene 

this peak is shifted to a slightly higher wave numbers and becomes broader with a shoulder toward 

lower wavenumbers. As the number of the layers increases the peak shifts to higher wavenumbers. 

Raman spectra without D band are rarely observed for large pristine single graphene sheets 

prepared by micromechanical cleaving without defects. The height of the D band directly depends 

on the number of sp3 carbon atoms of graphene surface and thus, on the number of defects of the 

graphene sheets. Here the D band is the common characteristic of the Raman spectra since the 

existence of sp3 carbon atoms in the graphitic surface goes along with the formation of oxygen 

groups.  
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Figure 27: Raman spectra of pure GO, 50 X dilution GeGO and 100 X dilution GeGO 

 

Raman spectroscopy was used as it can identify the molecular structure of radionuclides from the 

peak position and fundamental vibrations to determine the binding state of the sorption species. 

The energy of the excitation light can be scanned to obtain Raman maps that can infer information 

about the adsorption species onto carbon nanoadsorbents or its potential for it. According to the  

type of charge transfers between a given molecule and the GO (electron acceptor induced 

mechanism), there would be a shift on G or D band frequencies between before and after contact 

with the specific molecule. When electron donor species are adsorbed a shift of Raman G band 

position to lower frequency is observed, while once electron acceptors are adsorbed, it shifts to 

high frequency position [183]. The occurrence of charge transfer give rise to mid-gap molecules 

with turning of band gap region near Dirac point. Organic molecules containing aromatic rings can 

also modify the electronic structure of graphene through 𝜋 − 𝜋 interactions. 

 

Environmental conditions such as pH and ionic strength can also affect the electronic states and 

thus interactions between given molecule or ion and the carbon nanospecie. At high pH (pH > 

pKa) the negative surface charge provides electrostatic interaction favorable for adsorbing cations, 

while the decrease of pH leads to neutralization of surface charge [201]. The textural properties of 
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graphene are also important, many authors emphasize the high surface area (by BET method) as 

that obtained experimentally, which may vary from approximately 295.6 – 1205.8 m2g-1 (see Table 

5) [73]. It is significant that the surface area is much smaller than the theoretical value of a single 

layer off graphene, of 2630 m2g-1[128,130]. This difference can be attributed to incomplete 

exfoliation of graphene during synthesis, agglomerations of layers during the reduction process, 

and to overlapping of nanolayers due van der Walls interactions between graphene sheets [124]. 

 

From the literature review of Ge, it is a semiconducting metalloid of the Goup IV elements with 

the oxidation state of = +4 [23]. The element of Ge oxides slowly to GeO2 at 250oC [25].68Ge 

radionuclide does not emit significant photon irradiation, refer to Figure 1, it decays via electron 

capture to 68Ga [33,34]. Ga is the element number 31, group 13 in the periodic table of the element 

which and has the electron [Ar] 3d104s2p1. It exists in two oxidation states, GaI and GaIII only the 

latter is stable under aqueous conditions and only GaIII is of relevance for in vivo applications 

[49,50,51]. Ga3+ ion displays van der Waals radius 62 pm, which is quite similar to Fe3+(65pm) 

and Mn3+ (64pm) [46-51].  

 

The chemical properties described above of Ge and Ga are both similar to those of GO based 

nanomaterial, which creates poor sorption capabilities of GO as an adsorbent for the sorption 

efficiency of 68Ge radionuclide from aqueous solutions.  

 

 

 

 

 

 

 

 

 

 



 

 

56 

 

CHAPTER V – CONCLUSION AND RECOMMENDATIONS 

 

4.1 Conclusion 

 

The aim of this master dissertation has been to make a comprehensive literature survey on 

treatment of 68Ge radionuclide liquid waste by using GO as an adsorbent. The objective was to 

investigate the chemical behavior of 68Ge radionuclide, synthesis of GO using Hummers method, 

morphology of the synthesized GO, sorption experiments of 68Ge using GO and the application of 

GO for the treatment of radionuclides in aqueous solution. GO was successfully synthesized via 

modified Hummers method and morphological characterization results were obtained. In our 

study, it showed that GO was not efficient for removal 68Ge radionuclide from aqueous solutions. 

Due to textural properties, electronic and optical properties of graphene which affects the 

adsorption process, we can conclude that carbon nanoadsorbents capability are greatly influenced 

by their potential to form 𝜋 − 𝜋 interactions and other charge transfer induced mechanisms. In its 

turn, the 𝜋 − 𝜋 interactions and other charge transfer- induced mechanisms are affected by 

environmental conditions (pH and ionic strength), oxygen content or doping of carbon 

nanostructure, as well as the adsorbate specie nature (charge, presence of aromatic rings, etc.)  

  

4.2 Recommendations 

 

It is recommended for future studies, GO based nanomaterial can be further reduced by the 

elimination of epoxy and carboxyl groups using different reductants such as hydrazine [118], 

dimethylhyradazine [119], hydroquione [120], and NaBH [121] under alkaline conditions [122] or 

with thermal methoids [123]. Because the reductants are usually hazardous, there lots of interests 

on green routes to speed deoxygenation of GO. The rGO has a wide surface area and also high 

amount of micro and mesopores ± 500 m2g-1 depending on the synthesis method. These 

characteristics make the reduced graphene oxide (rGO) a promising adsorbent for the treatment of 

effluents containing radionuclides. Analytical techniques for understanding the speciation of 

radionuclides on surfaces and the reaction mechanism of sorption, such as thermodynamic 

analysis, surface complexation models, and theoretical calculations will also be taken under 

consideration [184]. 
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