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CHAPTER 1:  

 INTRODUCTION 

 

1.1 Background  

Radioactiver waste (RAW) is a type of waste which contains components that are 

unstable due to radioactive decay.1  This waste is generated from man-made 

processes such as industrial, domestic, agricultural and commercial activities.2 It 

also occurs naturally and is called naturally occurring radioactive material 

(NORM).1  It can exist as either a solid or liquid state.2  Exposure to RAW causes 

air and water pollution which can have a negative effect on the health of human 

beings.   This is because of its toxicity, physical and chemical properties.2  

Therefore this waste requires proper management to ensure protection of human 

beings and the environment.1  To guarantee safety for the living organisms the 

treatment, proper handling and storage of RNW is fundamental.  The type of 

radiation found in different types of RNW differs and it determines the handling, 

treatment, transportation and storage of the waste. 

1.2 Problem statement 

Treatment of RAW entails recovering the radionuclides thereby reducing the 

radioactivity levels of the waste.  Several techniques, such as precipitation, co-

precipitation and ion-exchange chromatography have been used in the treatment 

of RNW.3  The solvent extraction (SE) technique, which separates and reduces 

amount of radionuclides has been used in nuclear facilities and nuclear power 

stations.4  This is because the SE technique can be used for industrial large scale 

applications due to its simplicity3 and amenability to finite stage mass transfer unit 

operations.5  However, the SE technique generates volumes of secondary waste 

by the  radiolytic degradation of extractants.3,6,7  Most nuclear power stations make 

use of the deep geological disposal facilities for the disposal og generated 

radioactive waste8  This project aims at reducing  secondary waste by using the 



  Chapter 1: Introduction 

2 

phosphorylated multiwalled carbon nanotubes (p-MWCNTs) as an extractant in 

the SE technique.  .9  They have unique features which make them suitable 

candidates for the adsorption of radionuclides.  MWCNTs  have for instance a 

petite hollow size, a large surface area, high mechanical strength and electrical 

conductivity.10,11,12  Several experiments on adsorption using MWCNTs have been 

reported by researches.  For example, CNTs have been used as adsorbents for 

inorganic and organic pollutants such as Cd,13 Cu(II), Pd(II), Zn(II), Ni(II) and 

Co(II),14 atrazine and simazine (herbicides).15   

Justification 

Disposal of contaminated  p-MWCNTs as solid waste reduces the waste volume 

generated by the encapsulation of generated liquid waste during SE and by 

encapsulating nano-tubes into cement matrixes, the physical properties of the 

matrix is enhanced. Objectives of the study 

This project is undertaken to synthesise a polymer of p-MWCNTs  as an extractant 

for the SE technique.  Disposal of solid radioactive nano-tubes  is anticipated. 

The objectives of the study are as follows; 

 To synthesise multiwalled carbon nanotubes 

 To purify and functionalise the synthesised multiwalled carbon nanotubes 

 To synthesise phosphorylating reagents 

 To phosphorylate and polymerise MWCNTs using the phosphorylating 

reagents (tributyl phosphate and methylene dibutyl phosphate) 

 To apply the phosphorylated MWCNTs (p-MWCNTs) in the treatment of 

RNW 
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1.3 Dissertation outline 

The dissertation outline gives a summary of what is discussed in chapter 2 to 5. 

Chapter 2 (Literature review) 

In this chapter, RAW is discussed i.e. its definition, origin, types and treatment.  

Chapter 2 illustrates  the advantages and disadvantages of the treatment 

techniques.  The use of CNTs which are  capable candidates in solving the 

problems associated with the treatment of RAW are discussed.  Their synthesis, 

purification, functionalisation, application and characterisation techniques used for 

CNT are elaborated upon.   

Chapter 3 (Experimental procedures) 

This section gives an insight of the experimental procedures which were employed 

to attain the objectives of the study. 

Chapter 4 (Results and discussion) 

This chapter presents and discusses the results of the study.  Synthesis and 

functionalisation of MWCNTs and the application in the treatment of RNW is 

reported in this section. 

Chapter 5 (Conclusion and recommendations) 

Conclusions based on the interpretation of the results from chapter 4 are drawn.  

Recommendations for future work are brought forward. 
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CHAPTER 2:  

 LITERATURE REVIEW 

 

2.1 Introduction 

This chapter discusses matters pertaining to radionuclear waste; it explains what 

radionuclear waste is, its classification and the different techniques used in its 

treatment.  It also tackles the disadvantages of the treatment techniques and 

carbon nanotubes are introduced as the possible solution for the problem of 

disposal of volumes of liquid secondary waste.  Synthesis, purification and 

functionalisation of the carbon nanotubes are highlighted in this section.   
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2.2 Radioactive nuclear waste  

Radioactive nuclear waste (RNW) is produced as a result of both natural and 

human (nuclear processing, medicinal applications) activities.1  RNW requires 

proper management to ensure the safety of the environment..  The presence of 

strontium-90 and potassium-40 in waste renders it radioactive, for example.1  

Nuclear processing is of great importance today as about 16% of the world’s total 

electric power is generated from nuclear power stations.2  The electric power is 

generated by 438 Nuclear power stations which produce approximately 351 

gigawatts electric (GWe).
3  Since the world’s population and the standard of living 

is increasing everyday, and even rural settlements are now depending on 

electricity for various activities, nuclear power stations are bound to increase to 

meet the world’s demand of power. However, the nuclear power stations are faced 

with a challenge of managing the RNW.  Generally, there are three distinct 

strategies which can be used to manage RNW.4  These include:  

 Treatment for disposal – This strategy is used for high-hazard waste.    

The RAW is treated and then encapsulated for disposal. 4  

 Dilute and disperse – the RNW level of radioactivity is lowered to 

acceptable levels directly or by treatment.  It is then discharged to the 

environment.  This strategy is used for low-hazard waste.4  

 Delay to decay – the RAW is stored and allowed to decay to acceptable 

levels of radioactivity before being dispersed to the environment.4  

2.3 Classification of radionuclear waste 

Several criteria have been used to classify RNW.  These include level of 

radioactivity, type of radiation emitted (gamma, beta), half life, physical 

characteristics (solid, liquid and gaseous state).1  Out of the several criteria used, 

for this study the level of radioactivity will be used and it classifies waste as 

follows:  
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2.3.1 High level waste (HLW) 

This type of waste is made up of constituents with very high radioactive levels.  

HLW result straight from production of nuclear materials, re-processing of spent 

nuclear fuel (SNF) and waste produced directly in reprocessing.  This waste can 

be concentrated and contained before being isolated into an appropriate 

environment.5   

2.3.2 Intermediate level waste (ILW) 

The levels of radioactivity are lower compared to those of HLW.  However, they 

still need proper management.  Sludge from spent fuel cooling, storage areas and 

cleaning materials are examples of ILW.   ILW can be further divided to short-lived 

solid and long-lived waste.  The short-lived solid can be managed by the delay to 

decay technique whereas the concentrate and contain technique is preferred for 

the long live waste.  ILW constitutes about 4% of all radioactive waste.1  

2.3.3 Low level waste (LLW) 

The radioactivity level is lower as compared to the HLW and ILW and unlike the 

two, LLW does not require shielding during transportation and handling which 

proves that the level of radioactivity is lower.1  LLW is generated by the medical 

and research activities, uranium enrichment processes, reactor operation, isotope 

production.  LLW is found in materials incidental to and contaminated during the 

handling and transportation of RNW such as clothing, paper and glass.6 Tthe 

volume of the LLW can be reduced by incineration before disposal.  LLW 

constitutes about 90% of RNW but only about 1% is associated with radioactivity.1  

Nevertheless, traces of long live radionuclides can be found in the LLW and 

therefore disposal in near  surface site is commonly used..1   

2.4 Techniques for radionuclear waste treatment 

Several techniques have been used in the treatment of RAW.  RAW is treated to 

reduce the level of radioactivity and to recover some of the radioactive element 
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e.g. uranium, plutonium to be used again.7  Precipitation or co-precipitation which 

was initially  used for RAW for the removal of uranium and plutonium from the 

radioactive fission and activated products.1  However the co-precipitation of 

cesium and strontium bt this technique resulted in the  development of alternative  

methods.  

Solvent extraction (SE) processes, were developed for the treatment of RAW.  The 

SE technique is simple, affordable and has  large scale application as a result of 

its amenability to finite-stage mass transfer unit operations.7  The following SE 

processes are currently used in the nuclear industry;  

2.4.1  REDOX process 

The REDOX process was the first SE technique used and methylisobutyl ketone 

(MIBK) or hexone were used as the extractants.8  Uranium and plutonium were 

removed from the oxidising solution by the extracting solvent used.9  The REDOX 

process downfall was brought about by the degradation of hexone in the nitric acid 

solution.8  Scheme 2.1 gives the REDOX process equation. 

PuO2+
2  (aq)       +     2NO-

3  (aq)       +   2S (org)    =  PuO2(NO3)2S2  (org)

S = Hexone  

Scheme 2.1: The reaction pathway for the REDOX process.9 

2.4.2  Plutonium Uranium Redox Extraction (PUREX) 

The PUREX process replaced the REDOX process.  Since its discovery, the 

PUREX process is still used internationally by most nuclear power stations even to 

date.  The extracting solvent used in PUREX is tributyl phosphate (TBP) which is 

dissolved in kerosene.  This technique separates UO2+
2 and Pu4+ from fission 

products.1 
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This process  generates HLW which contains minor actinides (MA) and small 

amount of unrecovered uranium and plutonium.  Several methods can be used to 

store the HLW but the most acceptable one is vitrification.  In vitrification the RNW 

is incorporated into a crystalline or glass matrix.  The matrix is then deposited in 

deep geological repositories.9  Additional methods like ion exchange processes 

can be used to aid the PUREX to make sure there is sufficient separation of 

certain fission products from the waste.  A good example is the removal of 137Cs 

from waste streams using ion exchange chromatography.1  Figure 2.1 shows how 

the PUREX process operates.  

Although the PUREX process has been used in the re-processing of nuclear fuel  

the use of TBP as an extracting reagent.  has drawbacks associated with the 

radiolytical degradation of TBP.2 
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Figure 2.1: The PUREX process.1 
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2.4.3  DIAMEX process 

The DIAMEX process was developed by Commissariat Energie Atomic (CEA) 

from France.2 A research group programme by the European Union, modified it to 

increase the removal of actinide elements from fission products.2  A diamide such 

as N,N`-dimethyldiocytyhexyloxethylmalonamide is used as the extracting 

solvent.3  In this process, the disposal of secondary waste is reduced because the 

extracting reagent used is completely incinerable.2  However, large quantities of 

the extracting reagent have to be used for the extraction to be efficient.  This is 

because they are not organophosphorus compounds.3  Using p-MWCNTs as 

extracting reagents as opposed to the diamide will avoid use of large amount of 

extracting reagent because the MWCNTs will be linked to an organophosphorus 

compound.  

2.4.4  Trans Uranium Extraction (TRUEX) 

The TRUEX process was developed in the USA, Argonne National laboratory.2  

The main aim of the TRUEX process is to separate the transuranic elements from 

the acid HLW solution from the PUREX process.1  Octyl(phenyl)-N,N-

dibutylcarbamoly-methylphosphine oxide (CMPO) which is dissolved in an alkaline 

solvent is used as the extracting solvent.  The TRUEX process is used to treat the 

HLW from the PUREX process.1  During this process plutonium and uranium are 

recovered but the tri- and tetra actinides are not separated from the lanthanides 

fission products.8  Figure 2.2 show the TRUEX process. 
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Figure 2.2: The TRUEX process.1 

2.4.5 TRAMEX 

The TRAMEX process separates the tri- and tetra-actinides from the lanthanides 

fission products.  The liquid cation exchangers such as trialkyamines and 

tetraalkyammonium salts are used as extractant.1  These extractants are dissolved 

in organic solvents to enhance the selectivity in the separation of the tri and tetra-

actinides from lanthanides fission products.  The aqueous nitrate solution from the 

PUREX process is treated to change it into a chloride feed solution.  This 

treatment is then followed by the separation of the tri- and tetra-actinides which is 

accomplished by the use of a solution with high chloride concentration.9  However 

there is a concern brought about by the use of concentrated chloride which is 

corrosive therefore requiring special processing units.10  Figure 2.3 elaborates on 

how the process works.  
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Figure 2.3: The TRAMEX process.9  

2.4.6 Separation by Phosphorus Extractants and aqueous complexes 

(TALSPEAK) Process 

This process uses di(2-ethylhexyl) phosphoric acid (HDEHP) as an extracting 

solvent, this is shown in the first part of Figure 2.3.  This process is made up of 

two versions which are the normal and the reverse version.  In the normal version 

trivalent lanthanides are extracted using HDEHP from aqueous solution of both 

lactic and diethylenetriamine pentaacetic acid (DTPA) at pH 2.5 to 3.0.  The 

reverse version, HDEHP extracts both actinides and lanthanides with subsequent 

stripping of the actinides into an aqueous phase containing lactic acid and DTPA.11  

2.4.7 Uranium Extraction (UREX) 

The UREX process is the variation of the PUREX process and just like the latter it 

also uses TBP as an extracting solvent.  However, it differs from the PUREX in the 

sense that uranium is extracted at a high separation factor in one extraction cycle.8  

During the treatment process, the complexant acetohydroxamic acid (AHA), is 

added to the dissolver solution.  This suppresses plutonium extraction and retains 
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certain fission products thus avoiding contamination of the organic phase.9  Figure 

2.4 explains how the UREX process operates.  
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Figure 2.4: The UREX process.1 

Although the SE technique is the driving force for the nuclear stations, it also has a 

crucial problem as it deposits liquid secondary waste which has high, long lasting 

radioactivity.12  This waste can result in contamination of the environment.  For 

example, in Russia contamination of the Yenisey River has been reported.13 

2.5 Carbon nanotubes (CNTs) 

CNTs are large molecules of pure carbon which are made up of rolled graphene 

sheets thus forming a cylindrical shape.  Their diameter goes up to 100 nm and 

their length is in the size of micrometer.14  CNTs can be classified as either single 

or multiwalled depending on the number of rolled graphene sheets they have.  The 

single walled (SWCNTs) consist of only one sheet of graphite whereas the 
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multiwalled carbon nanotubes (MWCNTs) are made up of more than one layer of 

graphene sheets.15  Figure 2.5 shows the SWCNT and MWCNT.  CNTs have 

gained more interest from researchers because of their unique mechanical, 

chemical, thermal and optical properties.16   

 

Figure 2.5: Showing the SWCNT and MWCNT.17 

2.5.1 Applications of CNTs 

CNTs have gained popularity since their discovery and they possess the ability to 

be applied in numerous scientific fields.  These carbon materials have and are 

bringing improvement to our environment.  They are either used as modifiers or in 

production of new compounds such as antimicrobial agents, environmental 

sensors, composite fibres and metal preconcentration.18  

MWCNTs have been used in water treatment for various purposes. They have 

been used in the removal of inorganic pollutants such as Ni (II), Am (III) and Cr 

(VI).19 Heavy metals such as Zn (ll), Cd (ll) and Pb (ll) have been monitored by the 

use of these carbon allotropes.20  Xiao et al (2007) used the MWCNTs as solid 

phase adsorbent for cadmium.21  Oxidized CNTs have been used for removal of 

Sr(II) and Eu(III) where they showed greater adsorbent potential than other carbon 

materials they were compared with including: granular activated carbon, power 
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activated carbon and fly ash.22  The CNTs have also proven to have a greater 

adsorption capacity than activated carbon when they were used to adsorb H2 and 

other gases.23  However, no work has been reported on the application of 

phosphorylated MWCNTs in the treatment of RAW. 

2.5.2 Synthesis of CNTs 

Several techniques are used for the synthesis of CNTs and these include; arc 

discharge, laser ablation,chemical vapour deposition (CVD) and nebulised spray 

pyrolysis.  

2.5.2.1 Arc Discharge 

In 1991 iijima intending to synthesise fullerenes using arc discharge discovered 

CNTs in the carbon soot of the graphite electrodes which were used for the 

synthesis.24  In 1992 the first macroscopic CNTs were synthesized using iijima 

technique by the researchers from NEC`s fundamental Research Laboratory.25  

The arc discharge is used to date since its discovery and it used in the syntheses 

of both single and multi walled CNTs. 

2.5.2.2 Laser ablation 

The synthesis of CNTs by this technique was discovered coincidentaly by Richard 

Smalley and co-workers at the Rice University.  While they were producing metal 

molecules by blasting metals using laser, they heard of iijima`s discovery, and they 

substituted the metal by graphite to synthesise CNTs.26  To synthesise SWCNTs 

they used a composite of graphite and metal catalyst particles.27  This technique 

as compared to arc discharge produces better quality, high yield and also allows 

control of growth conditions.28 
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2.5.2.3 Chemical vapour deposition (CVD) 

This technique was used in 1993 although it was discovered back in 1959.29,30  In 

2007 researchers from the University of Cincinnati synthesised 18 mm long and 

aligned CNTs using the first-nano ET3000 carbon nanotubes growth system.31 

 A substrate is prepared using a metal catalyst which could be nickel, cobalt, iron 

or a combination of the metals. The size of the metal used influences the diameter 

of the CNTs.32,33 Therefore if CNTs of bigger diameter is to be produced a metal of 

bigger size should be used to make the substrate and vice versa.32  The set up for 

CVD is made up of a tubular furnace where a quartz tube is inserted.  The 

substrate which is in a feedstock is introduced to the quartz tube by a flow of an 

inert gas which can be argon.  Gas flow is switched to the feedstock for the 

specific growth period after which it is switched back to the inert gas while reactor 

is cooled down.34  CVD is a promising technique for industrial scale production and 

therefore it has gained massive popularity.  CVD allows the growth of CNTs in a 

desired substrate which makes it distinct from the other techniques and so far it is 

the only method producing vertically aligned CNTs.31  More research is still 

ongoing to improve the CVD technique, in 2007 researchers from Meijo university 

developed CVD method for the synthesis of CNTs from camphor.35  To show the 

CVD reliability it is currently used by several companies to synthesise large 

amount of CNTs, the companies include; Nanolab, Bayer, Arkema, Nanocyl, 

Nanothinx, hyperion catalysis, Mitsui and Showa Denko.31  

2.5.2.4 Nebulised Spray Pyrolysis (NSP)  

Spray pyrolysis is a modified version of CVD.  It is a promising technique in the 

production of industrial scale, graphitised and well aligned MWCNTs at a lower 

cost.36  This technique provides a continuous deposition of the CNTs through-out 

the synthesis cycle.  In summary a solution of the reactants is put into an 

atomization chamber which is connected to an oscillator.  The power source is   

switched on and the solution is atomized by the spray and carried by the carrier 
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gas as vapour to a furnace which is heated to a certain temperature.  The furnace 

is endowed with a quartz tube where the deposition of the CNTs takes place.37 

2.5.2.5 Natural, Incidental and controlled flame environment 

Burning of methane,38 benzene39, ethylene which can happen naturally can result 

in the production of CNTs.40   CNTs can also be found from indoor to outdoor soot 

resulting from natural and propane gas.41 However, these natural incidences are 

not reliable because they are not controllable and they produce CNTs which are 

not uniform therefore researchers find it hard to use them for research.  

Nevertheless, Nano-C, Inc of Westwood, Massachusetts is synthesising flame 

SWCNTs.31  

2.5.3 Purification of CNTs 

Purification as defined by the Oxford advanced English Learner’s dictionary is to 

remove a pure form of a substance from other substances which contains it.  

During the synthesis of CNTs as described above a lot of chemicals are used 

either as carbon source or catalyst and these chemicals are not used up 

completely.  Therefore they remain with the synthesised CNTs as impurities.  For 

the synthesized CNTs to be used for various applications they have to be purified.  

The imputities which are removed by purification could be the following: graphitic 

nano-particles, amorphous carbon, fullerenes, poly-aromatic hydrocarbons and 

catalyst materials such as metal catalyst.42 The removal of the impurities is 

depended on two aspects which are: firstly, the characteristic of the impurities for 

instance their reactivity; and secondly, the stability of the nano-particles.42  For 

example in a case where SWCNTs will have to be heated to a temperature above 

1500 ºC to remove a metal catalyst, the tubes can collapse due to the high 

temperature.43  Removal of the impurities could be achieved either by using 

chemical, physical methods or a combination of the two.42   

Table 2.1: Impurities and their possible purification techniques  
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Impurities Purification Techniques 

Graphitic nano-particles Oxidation (dehydrogenation) – 
chemical.42  

Amorphous carbon Burning in air – physical.44 

Oxidation and hydrogenation – 
chemical.45 

Use of suitable chemical (H2O2, HClO4, 

KMnO4) – chemical.45  

Fullerenes Soxhlet extraction – chemical.44  

Catalyst metal  Acid treatment – chemical.46 

Ultrasonic bath – physical.43  

Catalyst support Sonication, sedimentation and 
decantation – physical.47 

 

2.5.4  Functionalisation of CNTs 

Application of CNTs in various fields is hindered by their insolubility in most 

common solvents.48  Functionalisation enhances the solubility of the CNTs and 

their application in the different fields is accessible.48  The functionalisation of 

CNTs has opened a whole new and promising era in their applications and 

development, for example, they can be bonded to a compound forming a polymer 

which possesses both CNTs good properties and those of the compound.49   

Functionalisation of CNTs can be achieved by either indirect or direct attachment 

of the functional groups to the surface of the tubes.50  The latter has the following 

examples; hydrogenation,51 fluorination,52 1,3-dipolar cycloaddition53 and 

interaction of CNTs with aniline,54 nitrenes,50 carbenes50 and radicals50.  The 

different methods used to modify CNTs are discussed in the following section. 
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2.5.4.1 Oxidation by acid treatment 

To functionalise CNTs with carboxylic functions, several types of acids which are 

either a mixture of H2SO4/HNO3 (3:1),55 HNO3 and HCl,56 mixture of H2SO4 and 

H2O2
57

 and other acids can be used.  Acid treatment does not only generate 

carboxylic functions, it also purifies the CNTs.58  However, acid treatment also 

opens the ends and shortens the CNTs.15  

2.5.4.2 Mechano-chemical modification 

For this modification a high speed vibration mill (HSVM) is used to produce 

pressure resulting in a chemical reaction.  Functional groups such as carbonyl, 

chlorine, thiol and amine can be attached to the CNTs.59  Mechano-chemical 

modification can be performed under either be wet or dry conditions  depending on 

whether a solvent is can be used or not.  The solid phase reaction is suitable for 

SWCNTs where KOH isreacted with the CNTs to form hydroxyl functions  on to 

the surface of the CNTs at room temperature.  For MWCNTs manufacturing , the 

solid phase is not functional and therefore, the wet phase is used.50,51  

2.5.4.3 1,3-dipolar cycloaddition of Azomethine ylides 

Prato et al (2002) developed a covalent functionalisation technique based on  

1,3-dipolar cycloaddition of azomethine ylides.  The azomethine ylides are 

generated or derived from the condensation of alpha-amine acid and an aldehyde.  

Mioskowski et al (2006)53 presented a different approach still based on the 1,3-

dipolar cycloaddition of azomethine ylides.  Their approach entailed the generation 

of the 1,3-dipolar by double deprotonation of the corresponding trialkyl-N-oxide.60 

2.5.4.4 Electrochemical Modification (ECM) 

ECM utilises electrolysis where a thin foil bucky paper of MWCNTs is used as an 

electrode within an electrolytic cell.  The current is passed through the electrolyte 

discharging the anions on the positive charged bucky-paper surface.  As a result, 
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reactants such as oxygen or halogen atom are generated to react with the CNTs.61  

Figure 2.6 summarizes the procedure.  

 

 

Figure 2.6: electrolytic cell used for ECM.61  

The ECM is unique from the other modification techniques because a desirable 

type of CNTs can be synthesised.62 

2.5.4.5 Fluorination 

Fluorination of CNTs or the covalent bonding of fluorine to the sidewalls of CNTs 

can be achieved by the use of different chemicals at different temperatures.  It can 

be done at room temperature where a volatile fluoride, bromo trifluoride or a 

mixture of F2, HF and IF5 can be used.63,64 Hawmi et al (1997) on the other hand, 

fluorinated CNTs using pure F2 in a furnace.63  However, if high temperatures are 

used for the fluorination, the CNT walls may be damaged yet they are also purified 

from amorphous carbon at these high temperatures.63,64  

2.5.4.6 Arylation and Alkylation of CNTs 

Alkylation or arylation of CNTs is also a tool used to modify CNTs.  There are 

three approaches which can be used to achieve this.  Firstly several alkylithium 
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reagents can be used to bond covalently alkyl or aryl functions to fluorinated CNTs 

through a displacement reaction.65  The second approach involves the use of 

diazonium chemistry to attach the functions to sidewalls of CNTs.66 And lastly, 

Billups reaction, which is reductive alkylation and arylation.  It is utilised where 

lithium or sodium in liquid ammonia is used.67 

2.5.4.7 Azide Photochemistry  

Biomodification of CNTs uses azide photochemistry where an azide is added by 

thermolysis/photolysis to functionalized sidewalls of CNTs.  This enables further 

biomedical application.68     

2.6 Tributyl phosphate (TBP) 

2.6.1 Background 

TBP (Figure 2.8) is an organophosphorus compound which was first employed as 

an extractant in the analysis of organic acids.69  TBP is used an extractant 

because of its excellent stability and less flammability.11  The TBP has the ability to 

extract lanthanides and actinides such as uranium,69 plutonium,69 zinc,70 

cadmium,70 chromium,70 titanium,71 copper72 and thorium.73    
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Figure 2.8: Tributyl phosphate 

2.6.2 TBP complexation mechanism 

UO2
2+

(aq) + 2NO3
-
(aq) + 2TBP(org)                     [UO2(NO3)2] (TBP)2 (org)

 

Scheme 2.2: Extraction of Uranyl nitrate by TBP.74 

During the extraction process a Nitric acid-TBP complex forms that is capable of 

interacting with Uranium to form a complex  

UO2(NO)3 (TBP)2 when the anion replaces water in the co-ordination sphere of the 

cation.69 By increasing the nitrate salt concentration in a solution the equilibrium 

shifts to the right to thereby increasing the possibility of uranium extraction. By 

decreasing the nitric acid concentration in a solution the equilibrium shifts to the 

left thereby releasing the uranium from the UO2(NO)3 (TBP)2. Thise extraction 

process is summarised by Scheme 2.2 

2.6.3 Characterisation Techniques for the Carbon nanotubes and 

phosphates 

2.6.3.1 Scanning Electron Microscope (SEM) 

The SEM is used to produce images of nano materials, where the naked eye and 

light microscope cannot magnify the materials because of their size.  The SEM is 

made up of three major components namely: electron-optical column, vacuum 

system and electron and display system.76  The SEM utilises a beam of electrons 

to illuminate the image.  The electrons are generated by an electron gun 

accelerated at high voltage.  The generated electrons are passed through an 

electron-optical column which is held under high vacuum.  A series of deflection 
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coils move the electron beam across the surface of the specimen and signals are 

produced.  To give an image the signals are collected and interpreted by a 

detector.77 

2.6.3.2 Transmission Electron Microscope (TEM) 

The TEM operates like a slide projector.  However it differs from the latter in that it 

produces electrons which are focused on single, pinpoint spot on the sample.  

TEM differs from SEM because it uses a very thin specimen and a high 

acceleration voltage.  The beam of electrons interacts with the specimen and 

travels through.  The electrons that are able to travel though the specimen are 

projected onto the screen to produce an image.  Nevertheless, some electrons fail 

to pass through the specimen and get absorbed forming darker parts of the 

image.78 

2.6.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 

This is an absorption spectroscopy that utilizes the infrared portion of the 

electromagnetic spectrum to examine samples79  The two beams are, one at a 

fixed length (mirror A) and the other at a variable length (mirror B).80  The varying 

distances between the two pathlengths results in destructive and constructive 

interferences.  Thus there is variation in intensities of the interferogram.80  The 

interferograms are converted by the Fourier transformation into one spectral point 

on the more familiar form of the frequency domain.80  The Fourier transform 

manages to give rise to a complete IR spectrum from the variation of the length 

between mirror A (fixed length) and mirror B (variable length).80  An analysis can 

be  performed by  placing a sample in the generated beam and then determine 

what frequencies the sample adsorps. This can be used for identification 

purposes.   

2.6.3.4 Thermogravimetric Analysis (TGA) 

TGA is used to determine the thermal stability and volatility of a compound as it is 

heated or held isothermally at a specific temperature.  The TGA is operated at a 
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temperature ranging from room temperature to 1000 ºC.81  The samples are 

loaded into an analyzer and an inert gas is used to purge the samples to avoid 

decomposition.  A computer is connected to the instrument to plot weight loss 

against temperature.  This data can be analyzed to get the points of inflection.81  

2.6.3.5 Nuclear Magnetic Resonance (NMR) 

NMR identifies organic compounds and determines the structure.  This technique 

utilises atomic nuclei and they are used because of their magnetism.  The atomic 

nuclei are able to give information about the structure, motion and chemical 

reaction of the analysed sample without altering its properties.82  The NMR tube 

containing the sample and a reference are introduced to the spectroscopy.  The 

sample is bathed in radiation by means of the coil placed near the sample in a 

vertical plane.83  The magnetic field which is set at 2.5 T is raised smoothly by 

means of a current produced by a generator found in the auxiliary coils around the 

magnet poles.  Each nucleus absorbs energy from the oscillator as it is brought to 

resonance.   Energy is emitted when the nucleus reverts to the ground state.  This 

energy is collected by the detector coil around the sample, amplified and passed 

to the recorder to produce NMR spectrum.83      

2.6.3.6 RAMAN 

Raman just like FTIR spectroscopy identifies molecules by molecule vibrations.  

However, Raman unlike FTIR uses Raman scattering whereas FTIR uses 

adsorption phenomenon.81  CNTs Raman scattering gives three prominent modes 

namely; G-band (graphite), D-band (disorder) and G`-band (second order Raman 

scattering from D-band vibrations).  CNTs also have Radial Breathing Mode 

(RBM) which results from a unique, prominent photon caused by isotropic radial 

expansion of the tubes.84  RBM is inversely proportional to the diameter of the 

tubes.  The ratio ID/IG is used to get information about the hybridisation of the 

carbons of the CNTs. If the value is less than one it means that the carbons are 

maintaining the sp2 hybridisation whereas if it’s more than one its means they are 

sp3 hybridised.84    
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2.6.3.7 Energy-dispersive X-ray Spectroscopy (EDX) 

The EDX is coupled with the SEM.  When the electrons are bombarding the 

specimen x-rays are emmited.76  Analysing the energy distribution (wavelength) 

and intensity of the radiation gives information of the chemical composition of the 

specimen layer near the surface.  The spectrum is plotted by x-ray intensity versus 

energy.77  

2.6.3.8 Brunauer Emmet Teller 

This technique is based on the adsorption of gaseous molecules from the particle 

surface.  With this technique the surface area, pore volume and pore diameter of 

the particle are measured by an equation called Brunauer Emmet Teller.85 

2.6.4 Conclusion 

Radioactivity resulting from naturally occurring radionulides as well as from the 

generation of radioactive waste as a result of human activities, is an essential part 

of our lives.  Nuclear processing, medicinal applications (using isotopes) and 

electric power production by nuclear  are few examples of human activities which 

are vital yet they result in production of Radioactive waste RAW.  Although the 

nuclear power stations are in our world, they have a challenge of storing their 

waste in such a manner that the present and future generations are protected 

 .  The study outlined in the introduction is described in the next couple of chapters 

where chapter 3 describes the experimental methodology used to attain the 

objectives of the study. 
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CHAPTER 3:  

 EXPERIMENTAL METHODOLOGY 

 

3.1 Introduction 

In this chapter the experimental procedures used to attain the objectives of the 

project are outlined.  The procedures include the following aspects; synthesis and 

functionalisation of the MWCNTs, synthesis of phosphorylating reagent, 

phosphorylation of the MWCNTs and their application in the treatment of RNW.   

The results are discussed in the following chapter. 

3.2 Chemicals and Reagents 

The chemicals used in this project were analytical grade and they were purchased 

from either Merck or Aldrich.  The reagents and solvents used were purified by 

known laboratory procedures. 

3.3 Characterisation of Samples 

3.3.1 Instrumentation 

Jeol jsm-5600 Scanning Electron Microscope (SEM), Tecnai G2 spirit 

Transmission Electron Microscope (TEM), Midac (model 4000) Fourier Transform 

Infrared (FTIR) spectroscopy, Energy-dispersive X-ray Spectroscopy (EDX), 

Raman, Thermo gravimetric analysis (TGA) Brunauer Emmet Teller (BET),  

UV-visible Spectrophotometer and Scanning X-ray photoelectron Spectroscopy 

were used for characterisation.  
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3.3.2 Preparation of samples for characterisation 

3.3.2.1  Fourier Transform Infrared 

About 2.00 mg of MWCNT samples and excess KBr were mixed thoroughly using 

a pestle and mortar.  The mixture was fed into a mechanical press to form a pellet.  

After 5 minutes the pellet was removed from the press machine and put into a 

pellet holder.  The sample or pellet holder with the sample was then introduced to 

the MIDAC FTIR (model 4000) spectrometer.  The number of scans used was 16 

at a resolution of 4 cm-1. (When was a background taken –how was instrument 

calibrated before use to confirm correctness?) 

3.3.2.2 Scanning Electron Microscope  

A carbon tape was fixed on a slide.  A sample was mounted on to the carbon tape.  

The sample was gold coated.  The coated sample was then put into a Jeol  

Jsm-5600 SEM.  Proper focusing was done resulting in the formation of an image.  

3.3.2.3 Energy-dispersive X-ray Spectroscopy 

The sample was prepared just like for SEM, the difference is that the samples 

were carbon coated.  The sample was placed into the SEM and proper 

configurations and focusing were done.  Software for the easy EDX was then used 

to produce the EDX results. 

3.3.2.4 Transmission Electron Microscope 

Samples were sonicated in methanol for 10 minutes.  A pipette was used to 

introduce sample to a grid.  The grid was then put inside a tip of the sample 

holder.  The tip was introduced into the TEM.  Correct adjustment and focusing 

were done to enable production of an image.   
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3.3.2.5 Raman 

Jobin-Yvon T64000 Raman Spectrometer was used to run the MWCNTs samples.  

The instrument was operated at a single spectrograph mode with 600 lines per 

millimetre grating.  An excitation source of a 514.5 nanometre line from an argon 

ion laser was used.  To focus laser onto the sample an objective lens of 20X 

magnification of an olympus microscope was used.  To prevent local heating a  

1.2 mV laser power was kept with the sample.  Scattered light was collected in a 

backscattering configuration.  A nitrogen cooled CCD detected the scattered light.  

3.3.2.6 Thermo Gravimetric Analysis 

A Perkin Elmer Pyris 1 Thermal Gravimetric analyzer was utilised to determine the 

stability of the MWCNTs samples.  Before the start of the analysis N2 gas was run 

through the instrument.  About 0.010 g of the MWCNTs samples were introduced 

to the TGA.  The samples were ramped from ambient temperature to 900 °C at a 

heating rate of 10 degrees per minute under oxygen.  The oxygen flow rate used 

was 20 degrees per minute.  Weight loss with increase in temperature was 

automatically recorded. 

3.3.2.7 NMR 

Sample preparation for NMR is dependent on the type of analysis to be done.  For 

example between 20-50 mg for 13C and 5-25 mg for 1H.  The sample is dissolved 

in a deuterated solvent and the height of the mixture should be 5 cm in the NMR 

tube.  The NMR tube is introduced to the NMR where appropriate configurations 

are done and the resulting spectrum is printed for analysis. 

3.3.2.8 Brunauer Emmet Teller  

At least about 0.2 g of samples were degassed in N2 at 120 °C for 4 hours prior to 

analysis using a micromeritics Flow Prep 060, sample degas system. The surface 

areas and pore size distributions were then obtained at -196 °C. The pore size 

distribution with specific surface areas of the samples, were determined via N2 
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adsorption/desorption according to the BET method using a Micromeritics Tristar, 

surface area and porosity analyzer. In order to confirm the accuracy of the results, 

the analysis was repeated at least twice for all samples and the measurements 

were in good agreement. 

3.3.2.9 UV-visible Spectrophotometer 

A cary 100 instrument, version 6.01 was used.  The wavelength used for the 

analysis was 450.0 nm and an SBW of 1.5 nm.  An average time of 0.100 seconds 

was used.  The beam mode was double auto select and bema interchange was 

normal.  Three replicates were made. (Better experimental description nessasary) 

3.3.2.10 Scanning X-ray photoelectron Spectroscopy (SXPS) 

A small amount of MWCNT samples were analysed with a physical electron 

Quantum2000 SXPS to determine their surface composition.  The X-rays used 

were Al K∞ (1486 eV) with X-ray power of 20 W.  The beam diameter used was  

100 μm.  The wide and narrow pass energy used were 117.4 and 29.35 eV 

respectively. 
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3.4 Experimental Procedure 

 

Scheme 3.1: The summary of the methodology. 

3.4.1 MWCNTs synthesis 

MWCNTs were synthesised using the nebulised spray pyrolysis (NSP) technique.  

As per the procedure reported by Vivekchad et al (2004), 2 g ferrocene (catalyst) 

and 50 mL toluene (carbon source) were mixed to make a substrate.  A syringe 

was used to feed the substrate to an atomization chamber which was then 

connected to the rest of the set up as shown in Figure 3.1.  Electrical power was 

applied and the nebulizer produced a spray which was carried by argon flowing at 

a rate of 500 sccm (standard cubic centimetres per minute) to a quartz tube 

housed by a furnace which was heated at 900 °C.  After 45 minutes the furnace 

was turned off and the gas flow rate was decreased to 80 sccm.  This was left 
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overnight to allow the furnace to cool down after which the gas flow was stopped 

and quartz tube taken out of the furnace.  The MWCNTs were deposited at 75 % 

of the tube and were scrapped out of the tube by means of a wooden stick.1   

The yield obtained was 0.835 g. 

+

3-way junction

Argon gas

Furnace

Quartz Tube

Nebulizar

Atomization chamber

H2O

 

Figure 3.1: The experimental set up for MWCNTs synthesis by NSP 

3.4.2 Purification of the MWCNTs 

The synthesized MWCNTs were burnt in an oven at 350 °C for 30 minutes to 

remove amorphous carbon. To remove the fullerenes, a soxhlet extractor was 

utilized to reflux the MWCNTs for 24 hours.  The MWCNTs were fed into an 

extraction thimble which was introduced into the extractor as illustrated in  

Figure 3.2.  The CNTs were then dried in a vacuum oven at 50 °C for 24 hours.   
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Figure 3.2: The soxhlet extractor 

3.4.3 Functionalisation of the MWCNTs 

3.4.3.1  Oxidation of MWCNTs 

COOH

COOH

COOH

H2SO4/HNO3

1 hr   60-100 oC

CNTs 1

 

Scheme 3.2: Reaction pathway for oxidation of MWCNTs. 
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Pristine MWCNTs (2.0 g), 98 % H2SO4 (60 mL) and 55 % HNO3 (30 mL) were 

added to a one-necked round bottom flask equipped with a condenser.  The 

mixture was stirred between 60-100 °C under reflux for an hour.  Scheme 3.2 

illustrates the reaction pathway for the oxidation of the MWCNTs.  After cooling to 

room temperature, the mixture was diluted with 50 mL of distilled water and filtered 

through a 0.45 µm PTFE membrane as outlined by Chao et al. (2005).2  The 

oxidised MWCNTs were dried in a vacuum oven at 50 °C for 24 hours.   

Yield: 1.88 g. 94 % yield (mass: mass). . 

3.4.3.2 Acylation and amidation of MWCNTs 

COOH

COOH

COOH

ClCOCOCl 

 excess

COCl

COCl
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[CH3(CH2)9]2NH
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96 hrs
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O

N

(CH2)9CH3

(CH2)9CH3
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1 2
3

 

Scheme 3.3: The reaction pathway for acylation and amidation of MWCNTs 

Oxidised MWCNTs (0.52 g) were sonicated in 100 mL of dimethyl formaldehyde 

(DMF) at room temperature for 30 minutes.  The mixture was fed into a 3-necked 

round bottom flask.  To the mixture, oxalyl chloride (15 mL, 0.174 mol)) was added 

dropwise at 0 °C and the mixture was stirred under reflux for 2 hours.  The 

temperature was raised to room temperature and stirring continued for another 2 

hours.  The temperature was further raised to 70 °C and mixture was stirred for 18 

hours to remove excess oxalyl chloride according to Wang et al (2005). 3  The first 

part of Scheme 3.3 summarises the acylation reaction. 

Didecylamine (1.2 g, 0.00403 mol) was sonicated in DMF (100 mL). It was added 

to the mixture of acyl-chlorinated MWCNTs and the temperature was raised to  

110 °C, stirring continued for five days.  After this reaction was cooled to room 

temperature and filtered using a 0.45 µm PTFE membrane. DMF and ethanol were 

used for washing as per procedure reported by Wang et al (2005).3 The product 
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was dried in a vacuum oven at 50 °C for 48 hours.  The amidation reaction is 

shown in last step of Scheme 3.3. 

3.4.3.3 Reduction of Amidated MWCNTs 

C

O

N

(CH2)9CH3

(CH2)9CH3

CH2OHLiAlH4

3 4

 

Scheme 3.4:  The reduction of Amidated MWCNTs. 

Amidated MWCNTs were sonicated in 40 mL tetrahydrofuran (THF) for  

15 minutes.  The mixture was fed into a 3-necked round bottom flask.  Lithium 

aluminium hydride (10 mL, 0.235 mol) dissolved in anhydrous THF (20 mL) was 

added dropwise to the flask.  The reaction mixture was stirred under reflux in an 

inert atmosphere for 48 hours.  It was cooled to room temperature and 2 M HCl 

(40 mL) was added to the reaction mixture to separate phases.  The phases were 

allowed to separate and the clear liquid was decanted.  The black solid was 

washed with distilled water and dried in a vacuum oven as per the procedure by 

Luqu et al (2003).4  Scheme 3.4 summarises the reaction.  Yield: 0.445 g, 86 % 

yield (mass: mass).  . 
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3.4.4 Synthesis of phosphorylating reagents and Phosphorylation of 

MWCNTs 

3.4.4.1 Synthesis of Dibutyl chlorophosphate 

PCl3 + 3CH3(CH2)3OH
3EtN3

P

OCH2CH2CH2CH3

OCH2CH2CH2CH3

CH3CH2CH2CH2O

SO2Cl2

PCl

O

OCH2CH2CH2CH3

OCH2CH2CH2CH3

Toluene

 

Scheme 3.5: Reaction pathway for dibutyl chlorophosphate synthesis. 

The synthesis was done according to Scheme 3.5.  Into a 500 mL 3-necked round 

bottom flask, triethylamine (12 mL, 0.394 mol), phosphorus trichloride  

(12 mL, 0.131 mol) dissolved in toluene (48 mL) were added.  Into the flask 

butanol (12 mL, 0.394 mol) dissolved in toluene (48 mL) was added dropwise.  

The reaction mixture was stirred under reflux at 0 °C for 20 minutes.  Temperature 

was raised to room temperature and reaction was left over night.  Sulfuryl chloride 

(12 mL, 0.131 mol) dissolved in toluene (24 mL) was introduced to the flask 

dropwise with continuous stirring at 0 °C for 35 minutes.  Figure 3.3 shows the 

set-up which was used for this reaction.  Distillation at reduce pressure was 

utilized for purification purposes.5  A colourless liquid was obtained (16.34 g, 54 % 

yield, 24-25 °C at 1.05 torr).   
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Figure 3.3: The set up used for synthesis of Dibutyl chlorophosphate 

3.4.4.2 Synthesis of multiwalled carbon nanotube methylene 

Dibutylphosphate (MWCNTs-MDBP) 

P

O

Cl

OCH2(CH2)2CH3

OCH2(CH2)2CH3

CH2OH

+
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OCH2(CH2)2CH3

OCH2(CH2)2CH3
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4

 

Scheme 3.6: Reaction pathway for MWCNTs-MDBP synthesis. 

MWCNT-CH2OH (0.040 g) and triethylamine (7 mL, 0.050 mol) were introduced 

into a 3-necked round bottom flask.  Dibutyl chlorophosphate (7 mL, 0.0450 mol) 

was added dropwise to the flask.  The reaction was stirred under reflux at room 

temperature for 24 hours.  Scheme 3.6 summarises the reaction.  The product 
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was filtered through a 0.45 µm pore size of PTFE membrane.  The multiwalled 

carbon nanotubes-methylene dibutyl phosphate (MWCNT-MDBP) was dried in a 

vacuum oven at 50 °C for 24 hours.  Yield: 0.326 g.  . 

3.4.4.3 Chlorotributyl phosphate (Cl-TBP) synthesis 

P

O

(OCH2(CH2)2CH3)2Cl

P

O

OCH2(CH2)2CH3

OCH2(CH2)2CH3

ClCH2ClCH2 (CH2)2 CH2OH

1. NaH /THF

2.

CH2(CH2)2 CH2O

 

Scheme 3.7: Reaction pathway for Cl-TBP 

In a 3-necked round bottom flask, sodium hydride (0.70 g, 0.050 mol) was 

suspended in THF (33 mL).  Into this mixture chlorobutanol (5.43 g, 0.050 mol) 

was introduced dropwise with continuous stirring under reflux at 55 °C.   

Dibutyl chlorophosphate (7 mL, 0.05 mol) was added dropwise to the mixture and 

the reaction was left under reflux for five days.  The solvent was removed using a 

rotary evaporator.  The reaction mixture was partitioned between water  

(30 mL) and ethyl acetate (60 mL).  The organic phase was dried with anhydrous 

magnesium sulphate, filtered then concentrated in a rotary evaporator.  Column 

chromatography was used to purify the product.  This methodology was taken and 

modified from McDougal et al (1986) `s procedure6 and is summarised in  

Scheme 3.7.   

 

 

3.4.4.4  Synthesis of azido-tributyl phosphate (azido-TBP) 

P
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Scheme 3.8: Reaction pathway for azido-TBP. 
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Azido-TBP was synthesized as in Scheme 3.8.  Cl-TBP (4 mL, 0.0152 mol) was 

added to an aqueous solution of sodium azide (4.5 g, 0.0692 mol) and 

tetrabutylammonium bromide (0.18 g, 0.0558 mol).  The mixture was stirred under 

reflux at 80 °C for 24 hours then at room temperature for 15 hours.  The reaction 

mixture was extracted with diethyl ether (3x30 mL).  The organic phase was dried 

with anhydrous magnesium sulphate, filtered and concentrated in a rotary 

evaporator as per procedure outlined by J. Zhu et al (2007).7  1H NMR (CDCl3):  

δ 4.040 (t, 2H,CH2-N3, 
3JH-H = 6 Hz), δ 3.639 (t, 2H, CH2-CH2 

3JH-H = 6.3 Hz),  

δ 3.293 (t, 2H, CH2-CH2  
3JH-H = 6.3 Hz), δ 1.727 (m, 2H, CH2-CH2,  = 2.7 Hz),  

δ 1.206 (t, 2H, CH2-CH3, 
3JH-H = 7.2 Hz.  31P NMR (CDCl3): 

 δ 0.833 ppm.  FTIR: P=O (1212.457 cm-1), CH3 (2940.360 cm-1),  

CH2 (2863.394 cm-1), N3 (2100.733 cm-1). 

3.4.4.5 Synthesis of multiwalled carbon nanotubes-tributyl phosphate 

(MWCNTs-TBP) 

P

O

OCH2(CH2)2CH3

OCH2(CH2)2CH3

N3H2CH2CH2CH2CO

CH2OH

+

CH2OH

N(CH2)4OP[O(CH2)3CH3]2

O

160 °C

 24 hrs

65

 

Scheme 3.9: Reaction pathway for synthesis of MWCNTs-TBP. 

Into a 50 mL 2-necked round bottom flask under argon, MWCNTs-CH2OH  

(0.531 g) and azido-TBP (5 mL, 0.0140 mol) were refluxed at 160 °C for 24 hours.  

Diethyl ether was used to wash the product.  A vacuum oven at 30 °C was 

employed to dry the MWCNTs-TBP and they were dried for 24 hours.  The 

reaction was done according to Scheme 3.9.  Yield: 0.9424 g.  . 
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3.4.4.6 Synthesis of MWCNTs-TBP polymer 
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Scheme 3.10: Reaction pathway for polymerisation of MWCNTs-TBP.  

MWCNTs-TBP (0.900 g) were suspended in DMF (19 mL) for 15 minutes.  The 

mixture was fed into a 50 mL 2-necked round bottom flask under an inert 

atmosphere.  Toluylene-2,4-diisocyanate (TDI), (19mL) was introduced dropwise 

to the mixture.  The reaction was stirred under reflux at 70 °C for  

24 hours.  Acetone was used to wash the polymer as outlined by K.L. Salipira et al 

(2008).8  Scheme 3.10 shows the reaction pathway for the reaction.  The polymer 

was dried in a vacuum oven at 30 °C for 24 hours.  Yield: 21 g.  . 

3.4.5 Extraction of Uranium using pristine and functionalised MWCNTs 

3.4.5.1 Procedure for determination of distribution co-efficient (Kd) values 

The following method was utilised for the extraction of Uranium using pristine 

MWCNTs, MWCNTs-COOH, MWCNTs-MDBP and MWCNTs-TBP polymer.  

MWCNTs (0.04 g) and 5 mL of the pH adjusted tracer solution were introduced 

into a centrifuge tubes.  The centrifuge tubes were immediately capped, shaken 

and placed in a jacket and rotated end over end at 40 r/min for 24 hours.  After 24 

hours the rotation was stopped and the contents of the tubes were centrifuged and 

the solid and liquid phase separated using a 0.45 micron syringe filter.9  

The ratio of tracer distribution between the liquid phase and solid phase was 

determined by UV spectroscopy.  The values of the distribution ratio (Kd) were 

calculated from the following relationship:9 

Kd = (V/M) ((Co – Ci)/Ci) 
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V: volume of the solution (mL)    Co: Initial concentration 

M: mass of MWCNTs (g)     Ci: concentration at time i 

3.4.5.2 Determination of the ratio of tracer distribution between the liquid 

phase and different MWCNTs samples by UV spectroscopy. 

The separated liquid phases (1 mL) of each of the following samples were added 

into 25 mL volumetric flasks; pristine-MWCNTs, MWCNTs-COOH,  

MWCNTs-MDBP, MWCNTs-TBP polymer, Na2CO3 stock solution and HNO3 stock 

solution.  To each flask 3 mL of 2 M Na2CO3 and 30 % 1 mL of H2O2 were added.  

Water was added to the mark for each flask and the contents were mixed.  A 

reagent blank was prepared by diluting 3 mL of 2 M Na2CO3 and one mL 30 % 

H2O2 to 25 mL with water.  A Carey spectrophotometer was used to measure the 

absorbance for the standards.  The spectrophotometer was switched on an hour 

before measurements were done to allow sufficient warm up time.  The 

wavelength was changed to 450 nm.  The 21 cm cuvettes were filled with blank 

solution and placed in each of the reference.  Cover was closed.  Absorbance 

value was changed to zero.  The cuvette placed in sample beam was emptied and 

filled with one of the standard solutions.  The absorbance value was recorded and 

procedure was repeated for all the samples.  The MWCNTs samples were 

analysed both in acidic and basic medium.10,11 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 Introduction 

This chapter discusses the results attained from the synthesis and 

functionalisation of the MWCNTs and their application in treatment of radionuclear 

waste. 

4.2 Scanning Electron Microscope 

Figure 4.1 show the images of MWCNTs in different stages of their 

functionalisation.  Changes in the morphology of the MWCNTs are depicted by  

Fig. 4.1 (a-f).  The pristine MWCNTs illustrated in Fig. 4.1 (a), are long, aligned 

and tubular in shape.  Dispersed on top the MWCNTs are whitish lumps which can 

be attributed to traces of remains of amorphous carbon.  Oxidation of the 

MWCNTs introduces carboxylic function and further removes the amorphous 

carbon.  The oxidation process caused loss of alignment of the MWCNTs which is 

proven by Fig. 4.1 (b) which depicts MWCNTs resembling a blanket.  Datsyuk  

et al (2008) agrees that acid treatment causes etching of the graphitic surface 

causing disorder and loss of alignment.1  Fig. 4.1 (c), MWCNTs-CH2OH shows 

size reduction and the MWCNTs appear as a pile of stacks.  Wang et al (2005) 

observed that MWCNTs-CH2OH image appear partial blur due to reduction of 

contrast and resolution.  This is because the CH2OH reduces the electrical 

conductivity of the MWCNTs.2  The tubes are shorter and appear in distinct strips 

because of the attachment of the hydroxyl functions at the ends of the tubes.  Tan 

et al (2008) agrees that CNTs are prone to attachment by the functional groups at 

the cape and defective sides.3  The MWCNTs-MDBP illustrated by Fig. 4.1 (d) 

show formation of clusters from the surface of the tubes.  The clusters could be 

ascribed to the attachment of the phosphorylating compound.  Fig. 4.1 (e) which 

illustrates MWCNTs-TBP corresponds with Fig. 4.1 (d), in the sense that it 
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appears as clusters.  These clusters can be attributed to attachment of the tributyl 

phosphate.  The MWCNTs-TBP polymer depicted in Fig. 4.1 (f) shows CNTs 

adhered to each other which resulted because of polymerisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: SEM images a) Pristine MWCNTs b) MWCNTs-COOH  

  c) MWCNTs-CH2OH d) MWCNTs-MDBP e) MWCNTs-TBP and  

  f) MWCNTs-TBP polymer. 
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4.3 Transmission Electron Microscope 

Figure 4.2 illustrate TEM images for pristine MWCNTs, MWCNTs-COOH, 

MWCNTs-CH2OH and MWCNTs-MDBP, respectively.  The pristine MWCNTs are 

long, curved and entangled as also observed by Peng et al (2009).5  Oxidation of 

the MWCNTs shortens and opens the ends of the tubes.  Some studies have 

proven that open ended CNTs have greater absorption potential than closed ends 

CNTs.4   The etching of the walls observed by Tan et al (2008) is confirmed by the 

surface of MWCNTs-COOH which appears rough.3  More damage is introduced to 

the MWCNTs during the acylation, amidation and reduction process to introduce 

the hydroxyl functions as shown by Fig. 4.2 (c).  Fig. 4.2 (d) which shows 

MWCNTs-MDBP corresponds with Fig. 4.1 (d).  Clusters are shown on the 

surface of the tubes which are attributed to the phosphorylating compound MDBP.  

Fig. 4.2 (e) and (f) shows CNTs which are entangled to each other.  There is a 

substance situated between the entangled MWCNTs-TBP which can be attributed 

to TBP.  Fig. 4.2 (f) shows a foreign black substance on the surface of the tube 

which can also be ascribed to the TBP. 
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Figure 4.2: TEM images a) Pristine MWCNTs b) MWCNTs-COOH  

c) MWCNTs- CH2OH d) MWCNTs-MDBP  
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4.4 Fourier Transform Infrared Spectroscopy 

The illustrations in Figure 4.3 show FTIR spectra for MWCNTs at the different 

stages of their functionalisation.  The spectrum for pristine MWCNTs Fig. 4.3 (a) 

shows MWCNTs characteristic peak at 1635.051 cm-1, which is attributed to the 

C=C stretch.  However after the oxidation process additional peaks are observed 

as proven by Fig. 4.3 (b).  A C=O stretch at 1726.011 cm-1 and O-H at  

3433.913 cm-1 prove the incorporation of the carboxylic functions to the MWCNTs.   

Peng et al (2009) observed the C=O and O-H peaks at 1710 and 3500 cm-1 

respectively for oxidised MWCNTs5, which is almost the same as currently 

observed.  Fig. 4.3 (c) shows additional peaks which confirms the removal of the 

C=O and inclusion of the C-H and OH at 2922.257 and  1060.862 cm-1 

respectively.  The MWCNTs-MDBP Fig. 4.3 (d) proves successful inclusion of the 

MDBP to the MWCNTs.  A P=O peak is shown at 1144.491 cm-1.  Both the 

MWCNTs-TBP Fig. 4.3 (e) and the MWCNTs-TBP polymer spectra Fig. 4.3 (f) 

prove presence of the phosphate.  However, the polymer has an additional 

cyanate peak at 1661.484 cm-1 as a result of polymerisation using TDI.   
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Figure 4.3: The FTIR spectra a) Pristine MWCNTs b) MWCNTs-COOH  

c) MWCNTs-CH2OH d) MWCNTs-MDBP e) MWCNTs-TBP and  

f) MWCNTs-TBP polymer. (X-axis of fig d wrong- 0 instead of 

900) 

4.5 Raman 

Figure 4.4 shows the effect of functionalisation in the structures of the MWCNTs 

by Raman spectroscopy.  Raman scattering result in the formation of two 

significant peaks which are called; the disorder peak (D-band) and the graphite 
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peak (G-band).6  The ratio ID/IG gives the graphitisation degree of the carbons of 

the MWCNTs.6  The spectra demonstrate the D-bands at around 1350 cm-1 and 

the G-bands at around 1580 cm-1.  Table 4.1 listing the ID/IG ratios of the different 

samples of MWCNTs proves the retainment of the graphitic arrangements of the 

MWCNTs because the values are less than one. 

 

 Figure 4.4: Raman a) pristine MWCNTs b) MWCNTs-COOH  

c) MWCNTs-CH2OH d) MWCNTs-MDBP e) MWCNTs-TBP and 

MWCNTs-TBP polymer. (Axes must be the same !!) 
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Table 4.1: Index for the graphitisation degree of the MWCNTs 

Sample ID/IG 

Pristine MWCNTs 0.5 

MWCNTs-COOH 0.8 

MWCNTs-CH2OH 0.8 

MWCNTs-MDBP 0.8 

MWCNTs-TBP 0.7 

MWCNTs-TBP polymer 0.8 

 

4.6 Thermo Gravimetric Analysis (THE RESULTS SPECIFIED IN THIS 

SECTION ARE SPECIFIED AS BROAD RANGES a derivative plot to 

obtain more accurate values would have been preferred.)  

Figure 4.5 gives the comparison of TGA spectra for pristine MWCNTs,  

MWCNTs-COOH, MWCNTs-CH2O, MWCNTs-MDBP, MWCNTS-TBP and 

MWCNTs-TBP polymer.   

Degradation of the pristine MWCNTs is within the range 549 and 721 °C.  A total 

of 89 % of the pristine MWCNTs were consumed.  A maximum of 92 % MWCNTs-

COOH were decomposed.  The first 13 % weight loss at the range 216-350 °C is 

attributed to amorphous carbon degradation.  Within the range 366-728 °C, 79 % 

weight loss, COOH functional groups were decomposed.   

The MWCNTs-CH2OH plot show 3 stages of degradation.  The first one between 

216-294 °C showing a 49 % weight loss can be attributed to the degradation of 

amorphous carbon.  Datsyuk et al (2008) confirms that amorphous carbon tends to 
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be oxidised at temperatures below 500 °C.1  The second section between 293 and 

590 °C with 20 % weight loss is due to elimination of the hydroxyl groups.  Datsyuk 

et al (2008) suggests that hydroxyl functions degrade between 350 and 500 °C.1  

The weight loss of 26 % within 590-683 °C is attributed to the decomposition of 

MWCNTs` skeleton.  About 97 % of the MWCNTs-CH2OH were decomposed 

within the temperature ranges discussed.   

The MWCNTs-MDBP`s amorphous carbon was decomposed within 164 and  

245 °C and 65 % weight was lost.  The methylene dibutyl phosphate (MDBP) 

decomposed between 245 and 773 °C at 14 % weight loss.  In a study by 

Ndzimandze (2007)7 which was carried out in our laboratory, the degradation of a 

phosphorylating compound was observed at 628 °C which is in line with our 

degradation range of the MDBP.  A total of 96 % MWCNTs-MDBP were 

consumed.   

The MWCNTs-TBP decomposed in the range 180 and 638 °C.  The first 

degradation within the range of 180-256 °C can be ascribed to removal of 

amorphous carbon.  This range has 8 % weight loss.  The range (274-542 °C) is 

decomposition of hydroxyl functions with a % weight of 11.  The tributyl phosphate 

burnt within 581 and 638 °C.  The percentage weight of its degradation was 25 %.  

Approximately 47 % MWCNTs-TBP decomposed.  

About 97 % of MWCNTs-TBP polymer was burnt.  Moisture was burnt between 45 

and 192 °C and had a % weight of 6.  The range (205-248 °C) with 7% weight can 

be attributed to amorphous carbon degradation.  Hydroxyl and cyanate functions 

36 % weight was burnt between 288 and 556 °C.  Finally the TBP 37 % weight 

was decomposed lastly between 613 and 756 °C.  Table 4.2 summarises the 

degradation temperature ranges of the six samples of MWCNTs. 
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Figure 4.5: TGA for Pristine MWCNTs, MWCNTs-COOH, MWCNTs-CH2OH 

MWCNTs-MDBP, MWCNTs-TBP and MWCNTs-TBP polymer. 

Table 4.2: Thermal stability of the pristine MWCNTs, MWCNTs-COOH, 

MWCNTs-CH2OH, MWCNTs-MDBP, MWCNTs-TBP and 

MWCNTs-TBP polymer. 

Sample Initial degradation Temp 

(°C) 

Final degradation Temp 

(ºC) 

Pristine MWCNTs 549 721 

MWCNTs-COOH 216 728 

MWCNTs-CH2OH 216 683 

MWCNTs-MDBP 164 791 

MWCNTs-TBP 180 638 

MWCNTs-TBP Polymer 45 756 
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4.7 Energy dispersive X-ray Spectroscopy 

The EDX for pristine-MWCNTs and functionalised MWCNTs is illustrated in  

Fig. 4.6 and 4.7.  Carbon is prominent in all the spectra and this is because CNTs 

are made up of carbon.  Fig. 4.6 (a) has traces of iron which are remains from the 

catalyst used in the synthesis of the MWCNTs.  After oxidation Fig. 4.6 (b) shows 

inclusion of oxygen proving the attachment of the carboxylic functions to the tubes.  

MWCNTs-MDBP (Fig. 4.7 (a)), MWCNTs-TBP (Fig. 4.7 (b)) and MWCNTs-TBP 

polymer (Fig. 4.7 (c)) have a phosphorus peak which confirms the incorporation of 

the phosphates to the MWCNTs.  The silicon resulted from the vacuum silicon 

grease which was used to grease the apparatus.(This was not observed in Fig 4.6 

(a) although the same equipment was used?)   Chlorine was introduced during the 

acylation process to introduce COCl functions.  During the amidation stage some 

of the chlorines were not displaced.  The aluminium peak can be attributed to the 

background or stage of the instrument. .(The Al was this not observed inFig 4.6 (a) 

although the same equipment was used?. Does the presence of Cl indicate that 

the conversion was not successful? How will the presence of Cl influence the  

results? No uranium extraction was observed in section 4.10. Can the presence of 

Cl contributed to this? 
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Figure 4.6: EDX a) Pristine MWCNTs b) MWCNTs-COOH c) 

 

 

b 
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Figure 4.7: EDX MWCNTs-MDBP b) MWCNTs-TBP c) MWCNTs-TBP polymer  
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4.8 Scanning X-ray photoelectron Spectroscopy 

The SXPS shown in Figure 4.7 have a high carbon atomic concentration of  

93.5 % which is as a result of the C-C and C-O bonds.  The C-C bond is expected 

as the constituent for the MWCNTs and the C-O is from the methylene dibutyl 

phosphate.  Silicon (0.5 % atomic concentration) is from the silicon vacuum 

grease.  The 0.2 % atomic concentration of P is due to the P=O bond from the 

methylene dibutylphosphate. (Does this very low value of P  confirm the possibility 

of TBP on the surface of nano tubes? As the silica from the vacuum grease is 

higher in value couls it be that this is impurities (PO4) absorbedonto the surface 

and not TBP structures-this could explain the results in section 4.10) 

 

Figure 4.8:  SXPS for MWCNTs-MDBP. 

4.9 Brunauer Emmet-Teller 

The surface area of the MWCNTs samples was influenced by the functionalisation 

thereby  influencing the average pore volume and pore diameter of the MWCNTs 

samples (Table 4.3).  The pristine-MWCNTs have a surface area of 39.1 m2/g and 
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a rapid increase of the surface area is observed after the introduction of the 

carboxylic and hydroxyl functions. The pore volume of pristine–MWCNTs 

increased from 0.15 to 0.30 cm3/g after oxidation. However the surface area is 

comparable with pristine-MWCNTs when the MWCNTs were phosphorylated with 

the MDBP and TBP as seen in Table 4.3.  The small drop in surface area of the 

phosphorylated MWCNTs when compared to pristine-MWCNTs  can be attributed 

to clustering as  shown  by the SEM images from Fig. 4.1 (d-f).  .  The 

phosphorylated MWCNTs have on average the same  average pore volume as 

pristine-MWCNTs as no huge differences in surface aera was observed.. The 

average pore diameter slightly decreased.   

The BET results indicated no differences between pristine-MWCNTs and 

phosphorylated MWCNTs and the SXPS shows little atomic P present –Diificult to 

be sure that a TBP complex formed onto the nano tube surface. In the conclusion 

it is also metioned that after inclusion of the phosphates the tubes clustered 

together? BET results do not confirm this  

  

 

 

Table 4.3: BET results for the different MWCNTs samples 

 

Sample 

Surface area 
(m2/g) 

 

Average pore  

volume (cm3/g) 

Average pore  

diameter (nm) 

Pristine MWCNTs 39.1 0.15 15.1 

MWCNTs-COOH 73.7 0.30 16.1 

MWCNTs-CH2OH 80.1 0.28 13.9 
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MWCNTs-MDBP 32.57 0.16 13.1 

MWCNTs-TBP 33.45 0.16 13.3 

MWCNTs-TBP 
polymer 

35.56 0.18 13.4 

 

 

 

4.10 Application of the MWCNTs samples in radionuclear waste 

treatment(Consider re-writing this section and repeat experiments as 

results indicated in this report is not valid) 

The distribution coefficient (Kd) value is used as a guide to determine the 

possibility of using  MWCNTs  for the adsorption of  radioactive elements from 

liquid waste streams.  .  Uranium extraction from radioactive liquid wastes using 

the MWCNTs can be summarized  in Table 4.4.  –Need information regarding  pH 

, U specie  and the redox conditions as this have a detrimental effect on 

adsorption  The Kd values determined  indicated that the current MWCNTs cannot  

adsorb for uranium.  Pristine-MWCNTs in the basic media gave a Kd value of 6.30 

mL/g and -17.58 mL/g (cannot be negative)in acidic media.   Repeat of 

experiments can result in other results and discussion. 

 

As the BET results indicated no differences between pristine-MWCNTs and 

phosphorylated MWCNTs and the SXPS shows little atomic P present and Kd  -

values are poor. a TBP complex onto the nano tube surface is questionable ?  
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Table 4.4: The Kd values of uranium extraction by MWCNTs samples 

MWCNTs samples Kd values  (mL/g) 

 Basic medium (1M 
Na2CO3) 

Acidic medium (1 M 
HNO3)  

Pristine-MWCNTs 6.30 -17.58 

MWCNTs-COOH Not clear -14.77 

MWCNTs-MDBP 1.5 8.5 

MWCNTs-TBP polymer 14.36 -11.04 

 Not possible to get negative values as the distribution coefficient (Kd) is based on 

a ratio determination.   

In order to determine if  MWCNTs can be used to extract radionuclides fro 

radioactive solutions, in the possible extraction of  iodine-131 was determined 

using  pristine-MWCNTs MWCNTs-COOH, MWCNTs-MDBP and  SWCNTs .  The 

same uranium extraction methodology was used for iodone-131 extraction and 

results are shown in  

Table 4.5.  The SWCNTs gave the highest Kd values of 81694.86, 509.51 and 

2829.59 mL/g in pH 3, 7 and 10 respectively.  .  

The DWCNTs at pH 3 has  a Kd value of 2405.23 mL/g  also proved to be good 

adsorbent for the iodine-131.  The MWCNTs samples did not extract iodine-131 as 

indicated by the low observed  Kd values. . This result therefore indicate that an  

increase in the number of graphite walls found in  CNTs a  decrease of the Kd 

values was observed.    .  . When comparing the absorption characteristics of the 

SWCNTs with those of graphite powder (Table 4.5), the result clearly indicated the 

advantageous of using nano –tubes with a high surface aria than powder for the 

extraction of Iodine. The possibility therefore exists that nano-technology can be 

used for the removal of radionuclides from radioactive waste streams .   
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Table 4.5: The Kd values for iodine extraction by the Carbon materials 

Samples  Kd values (mL/g)  

 pH 3 pH 7 pH 10 

Graphite 7.10 1.35 1.10 

Pristine-SWCNTs 81694.86 509.51 2829.59 

Pristine-DWCNTs 2405.23 30.15 55.67 

Pristine-MWCNTs 52.17 38.42 22.40 

MWCNTs-COOH 5.68 27.73 13.91 

MWCNTs-MDBP 126.52 101.33 105.29 

 

4.11 Conclusion 

The phosphorylation of the MWCNTs was successfully as proven by the FTIR, 

EDX and SXPS spectra which show presence of phosphorus. BET, absorption 

results indicated the opposite –statement needed in this regard The morphology of 

the different MWCNTs was studied by the SEM and TEM.  These techniques show 

changes in morphology of the CNTs, it’s notable that after inclusion of the 

phosphates the tubes clustered together .  The adhering of the tubes to one 

another hindered the exposure of the phosphates and also lowered the surface 

area of the MWCNTs as proven by the BET analysis. The pristine and 

phosphorylated nano tubes has the same values 

The adsorption of uranium by the MWCNTs-TBP polymer gave a Kd value of  

14.36 mL/g which proved that: 

tbp   Pristine SWCNTs showed greater adsorption potential when they were able  

to adsorb iodine from radioactive waste streams.  . 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 The synthesis, purification and functionalisation of the multiwalled carbon 

nanotubes was successful and proven by the characterisation techniques 

used. 

 The synthesis of the phosphorylated compounds; methylene dibutyl 

phosphate and tributyl phosphate was attained as proven by the NMR 

analysis in chapter 4.  

 The synthesis of the MWCNTS-MDBP and MWCNTS-TBP polymer was 

successfully achieved as verified by the FTIR, SXPS and EDX which 

showed presence of phosphorus in the MWCNTs. (Overall results do not 

confirm this point) 

 The extraction of uranium by the current MWCNTS samples was not 

sucessfullNot true as the results regarding surface area were the same for 

pristine and MWCNTs--TBP  

 When the MWCNTs were compared with SWCNTs and DWCNTs in  

iodine-131 extraction they extracted the least amount of iodine. The 

SWCNTs extracted the most iodine-131..  

 The main aim of the study which was demonstrate the use of nano 

technology for the removal of radionuclides from waste streams. The results 

indicated that this is possible. 
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5.2 Recommendations 

 Uses of phosphorylated SWCNTs (p-SWCNTs) for Uranium extraction as 

the pristine-SWCNTs have such great potential.  Incorporating the 

phosphate to the SWCNTs can help to achieve our objective which was to 

solidify the radionuclear waste because the SWCNTs have proven from the 

iodine testing to have large surface area exposed for absorption. 

 

 The MWCNTs-TPB polymer can be uncluttered to expose all the layers to 

the uranium (they can be sonicated in a solvent before the analysis for 

dispersal).  With the clustering there is a possibility that only few of the 

phosphate groups were exposed resulting in a lower Kd value was obtained.  

When they are dispersed all the phosphates can be exposed to the RNW. 
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APPENDIX 
NMR AND FTIR SPECTRA 

 

 

 
A 1: The 

1
H NMR spectrum for dibutyl chlorophosphate  

 

 
A 2: The 

31
P NMR spectrum for dibutyl chlorophosphate 
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A 3: The 

1
H NMR spectrum for chlorotributyl phosphate 

 

 
A 4: The 

31
P NMR spectrum for chlorotributyl phosphate 
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A 5: The FTIR spectrum for chlorotributylphosphate 

 

 
A 6: The 

1
H NMR spectrum for azido-tributyl phosphate 
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Figure 7: The 

31
P NMR spectrum for azido-tributyl phosphate 
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Figure 7: The FTIR spectrum for azido-tributylphosphate 

 


