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Abstract 

 

There is a need for new methods of energy production, from sources of any origin, that do not 

involve the production of carbon dioxide. Hydrogen is increasingly viewed as a promising fuel for 

transportation. Hydrogen has a high energy density and can replace a significant portion of our 

fossil fuel consumption. The overwhelming majority of hydrogen produced today (96%) is derived 

from fossil fuels. Methane has the highest hydrogen-to-carbon molecular ratio of all fossil fuels 

and is the best raw material for hydrogen production. Direct methane cracking is a reaction that 

produces hydrogen gas and solid carbon without the production of carbon dioxide.  

Magnetite nanoparticles were synthesized using a wet chemical co-precipitation approach with the 

application of surfactants at selected concentrations. These particles were deposited on various 

nanoplatelet supports such as boehmite, alumina and kaolinite. Transmission electron microscopy 

(TEM) and image software were used to characterize the iron oxide nanoparticle morphology and 

to determine the iron oxide nanoparticle diameters. In-situ Energy-Dispersive X-ray Spectroscopy 

(EDS) was used to detect the existence of aluminum, iron, silicon and oxygen elements in the 

sample. X-ray diffraction (XRD) spectroscopy was used to determine the composition of each iron 

oxide(s)-substrate complex.  

Sixty five percent of the unsupported magnetite nanoparticles produced measured less than 5 nm. 

The nanoparticles deposited on boehmite had 41% of their diameters less than 5 nm. Those co-

synthesised with magnetite-boehmite had 81% of their diameters less than 5 nm. When co-

synthesized, magnetite nanoparticles and boehmite were observed not to precipitate 

simultaneously due to the different pH of precipitation of their hydroxides. The nanoparticles 

deposited on kaolinite had rectangular and circular morphologies. It was found that magnetite 

nanoparticles deposited on boehmite tend to locate around the perimeter of the nanosheet. 

Calcination was shown to increase nanoparticle diameters due to nanoparticle coarsening.  

Kaolinite delamination was also studied. Kaolinite was ultrasonicated at 30, 40, 50 and 100% 

power near the solubility of the urea and surfactants. The kaolinite delaminated under the presence 

of a surfactant was found to have few fractured platelets compared to the results of exfoliation 

reported in the literature.  
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Heterogenous magnetite nanoparticles (both deposited and co-synthesized on the substrate) were 

used in the Fenton degradation reaction of methyl orange. A series of experiments demonstrated 

that individual stand-alone magnetite nanoparticles with hydrogen peroxide had the fastest 

degradation rate, while the calcined batches of catalyst-substrate complex have no or miniscule 

Fenton degradation reaction of methyl orange. Boehmite nanoplatelets were found to act as 

catalysts in the Fenton reaction. The results were in agreement with the observation that calcination 

lead to the formation of hematite and maghemite which are not Fenton catalysts. 

This work was successful in demonstrating that sub 5 nm iron nanoparticles, with the potential to 

lead to base growth CNTs, can be made and deposited on open nanoplatelet substrates. All metal 

oxides produced in this work; magnetite, hematite and maghemite can be used to synthesize CNTs. 

These catalysts have the proper characteristics to be useful in methane cracking where hydrogen 

and solid carbon can be produced without the release of carbon dioxide. 
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Résumé 

 

Il existe un grand besoin de nouvelles méthodes de production d'énergie qui n'impliquent pas la 

production de dioxyde de carbone. L'hydrogène est de plus en plus considéré comme un carburant 

prometteur pour le domaine des transports. L'hydrogène a une densité énergétique élevée et peut 

remplacer une part importante de notre consommation de combustibles fossiles. La majorité de 

l'hydrogène produit aujourd'hui (96%) provient de combustibles fossiles. Le méthane a le rapport 

moléculaire hydrogène / carbone le plus élevé de tous les combustibles fossiles et est la meilleure 

matière première pour la production d'hydrogène. Le craquage direct du méthane est une réaction 

qui produit de l'hydrogène gazeux et du carbone solide sans production de dioxyde de carbone.  

Des nanoparticules de magnétite ont été synthétisées en utilisant une approche de coprécipitation 

chimique par voie humide avec l'application de tensioactifs à des concentrations sélectionnées. 

Ces particules ont été déposées sur différents supports de nanoplaquettes tels que la boehmite, 

l'alumine et la kaolinite. La microscopie électronique en transmission (MET) et un logiciel d'image 

ont été utilisés pour caractériser la morphologie des nanoparticules d'oxyde de fer et pour 

déterminer les diamètres des nanoparticules d'oxyde de fer. La spectroscopie à rayons X à 

dispersion d'énergie in situ (EDS) a été utilisée pour détecter l'existence d'éléments d'aluminium, 

de fer, de silicium et d'oxygène dans l'échantillon. La spectroscopie par diffraction des rayons X 

(XRD) a été utilisée pour déterminer la composition de chaque complexe oxyde de fer-substrat. 

Soixante-cinq pour cent des nanoparticules de magnétite non supportées produites mesuraient 

moins de 5 nm. Les nanoparticules déposées sur boehmite et celles co-synthétisées avec magnétite-

boehmite avaient respectivement 41 et 81% de leurs diamètres inférieurs à 5 nm. Lorsqu'elles sont 

co-synthétisées, les nanoparticules de magnétite et la boehmite ne précipitent pas simultanément 

en raison du pH différent de précipitation de leurs hydroxydes. Les nanoparticules déposées sur la 

kaolinite avaient des morphologies rectangulaires et circulaires. Il a été constaté que les 

nanoparticules de magnétite déposées sur la boehmite ont tendance à se localiser autour du 

périmètre de la nanoparticule. Il a été démontré que la calcination augmentait les diamètres des 

nanoparticules en raison du grossissement des nanoparticules. 



v 
 

La délamination de la kaolinite a également été étudiée. La kaolinite a été ultrasoniquée à une 

puissance de 30, 40, 50 et 100% près de la solubilité de l'urée et des surfactants. La kaolinite 

délaminée en présence d’un tensioactif s'est avérée avoir peu de plaquettes fracturées par rapport 

aux résultats d'exfoliation rapportés dans la littérature. 

Des nanoparticules de magnétite hétérogènes (déposées et co-synthétisées sur le substrat) ont été 

utilisées dans la réaction de dégradation de Fenton du méthylorange. Une série d'expériences a 

démontré que les nanoparticules de magnétite autonomes individuelles avec du peroxyde 

d'hydrogène avaient le taux de dégradation le plus élevé, tandis que les lots calcinés de complexe 

catalyseur-substrat n'avaient pas ou peu de réaction de dégradation de Fenton du méthylorange. 

Les nanoplaquettes de boehmite agissent comme catalyseur dans la réaction de Fenton. Les 

résultats sont en accord avec l'observation selon laquelle la calcination conduit à la formation 

d'hématite et de maghémite qui ne sont pas des catalyseurs de Fenton.  

Ce travail a réussi à démontrer que des nanoparticules de fer inférieures à 5 nm, susceptibles de 

conduire à des NTC de croissance de base, peuvent être fabriquées et déposées sur des substrats 

ouverts de nanoplaquettes. Tous les oxydes métalliques produits dans ce travail; la magnétite, 

l'hématite et la maghémite peuvent être utilisées pour synthétiser des NTC. Ces catalyseurs ont les 

caractéristiques appropriées pour être utiles dans le craquage du méthane. Réaction par laquelle de 

l'hydrogène et du carbone solide peuvent être produits sans libération de dioxyde de carbone. 
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Chapter 1 Introduction 

 

The majority of society’s global energy requirements are supplied by fossil fuels [1], [2]. Common 

pollutants such as ��� , �7�8 , 9�7 , ��7  and organic vapour products resulting from the 

combustion of these fuels have caused the continuous deterioration of our environment leading to 

acid rain and climate change [3]–[5]. Global carbon dioxide emissions increased from 2 billion 

tonnes in 1900 to over 36 billion tonnes 115 years later [6]. These carbon dioxide emissions 

originate from the combustion of oil, natural gas and coal in proportions of 35, 20 and 40% 

respectively [6].  

The ever-increasing concentration of CO2 in the atmosphere and the resulting increase in global 

temperatures, have driven the interest for alternative energy sources. However, to date, renewable 

energy has only met 14% of our global energy needs. Biofuels, hydroelectricity, wind, solar and 

geothermal have contributed 45, 25, 21, 6 and 2% respectively to the renewable energy envelope. 

Their contributions are all dependant on geographical constraints, feedstock limitations, and food 

supply considerations. Such limitations on renewables pose serious challenges to the sustainability 

of our species.  

Carbon capture and storage (CCS) offers a partial solution to this problem. In this process CO2 is 

captured from point sources, transported to a storage site by pipeline and sequestered by storing it 

in an underground geological formation. In recent modeling, the management of the storage site 

is important in mitigating the release of CO2 to the atmosphere. In a well-regulated onshore storage 

facility, the leakage over 10000 years could range between 2 and 25%. In a poorly regulated 

storage facility, the leakage over the same period could range between 7 and 33 %. This indicates 

that CCS is not a permanent solution to the green house gas (GHG) problem [7]. 

There is a need for new methods of energy production from sources of any origin, that do not 

involve the production of ��� . Hydrogen is increasingly viewed as a promising fuel for 

transportation. Hydrogen has a high energy storage density and can replace a significant portion 

of our fossil fuel consumption [8]. The overwhelming majority of hydrogen produced today (96%) 

is derived from fossil fuels [9]. Methane has the highest hydrogen-to-carbon molecular ratio of all 

fossil fuels and is the best raw material for hydrogen production [10]–[12]. This hydrocarbon is 
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available in vast quantities. As of 2019, there were an estimated 7.177 quadrillion cubic feet of 

total world proved reserves of natural gas [13]. Its known supply is estimated to last over 50+ years 

[14]. It can be stored in reservoirs and is easy to ship and handle. Methane is abundant in the 

permafrost and has a 96 times higher global warming potential than CO2[15]. As the planet warms, 

it will be increasingly necessary to contain this methane [16] and use it to produce energy.  

Research on hydrogen production in the past 4 decades has been driven by its production for use 

in fuel cells. Many hydrogen production pathways utilizing methane reforming have been 

proposed and explored, each have advantages and disadvantages. The hydrogen produced in 

methane reforming must be purified in a complex separation process that requires high capital 

investment and operating expenditures. 

The carbon dioxide produced in methane reforming processes must be sequestered to reduce its 

environmental impact [17]–[24]. This involves the need for carbon capture systems. Issues related 

to storage and transportation of CO2 to storage sites challenge the viability of the production of 

hydrogen using methane steam reforming.  

Direct methane cracking is a specific chemical reaction that produces hydrogen gas and pure 

carbon without the production of CO2. This reaction offers the possibility of storing the reaction 

product as a solid rather than gases as is the case with present CCS approaches. It offers an 

everlasting solution to global warming as coal beds have remained stable over millions of years. 

The reaction could eventually lead to energy generation from fossil fuels that achieves zero carbon 

dioxide emissions.  

One of the most significant technical hurdles towards industrial-scale thermo-catalytic methane 

cracking for hydrogen production is catalyst deactivation due to coking on the catalyst surface [25]. 

Various catalyst regeneration methods have been proposed such as air [26]–[32], steam [26], [33]–

[35] and dry regeneration [29], [36]–[38], however, the original catalyst performance is not 

recovered due to the persistent accumulation of coke on the catalyst. It would be a great advantage 

if catalyst activity were maintained during this reaction. 

The fabrication of carbon nanotubes (CNTs) provides insight in sustaining catalyst activity. The 

carbon produced during the cracking reaction proceeds at the micron level [39], [40] whereas CNT 

synthesis happens at the nanometer level [41]. There are two types of growth modes in CNT 



3 
 

fabrication, i.e., tip and base growth. For tip growth, the reactive site on the catalyst is encapsulated 

by solid carbon and leaves the surface of the catalyst leading to catalyst deactivation [42][43]. In 

the base growth mode, carbon encapsulation of the catalyst nanoparticle does not occur and the 

nanoparticles remain on the surface of the catalyst. The catalyst’s surface remains exposed to the 

reactant gas and catalyst activity is maintained [44]. 

The growth of carbon nanotubes on surfaces can be achieved by synthesizing catalytic 

nanoparticles that have an appropriate diameter to avoid the tip growth mode of CNTs. The critical 

diameter for base growth (surface growth) is approximately 5 nm for iron nanoparticles deposited 

on common substrates. The 5 nm nanoparticle size delimits the boundary between base and tip 

growth. As previously mentioned, if particles grow by the tip mechanism, then the metal 

nanoparticle on the surface of the catalyst will be lost and a metal-carbon compound will be 

produced. This can lead to the loss of metallic sites on the catalyst and deactivation. Growing the 

nanotube on the surface of the catalyst and releasing the nanotube is the desirable outcome for this 

future process.  

In order to release carbon nanotubes, the catalyst support must be very open. Twinned alumina 

nanosheets have been synthesized in our laboratories [45], [46]. Delaminated kaolinite is another 

thin nanosheet candidate to support the metallic nanoparticles. Iron nanoparticles can be used as 

catalysts as they are non-toxic, widely available and inexpensive compared to other metals. 

The primary objective of nanoparticle fabrication is to synthesize non-aggregated nanoparticles 

that are close to the critical size for the base growth of CNTs in order to prevent catalyst 

deactivation. The aim of this work is to synthesize sub 5 nm iron nanoparticles and deposit them 

on several types of nanosheets. The reactivity of the catalysts produced is this work will be 

determined using a Fenton reaction to degrade methyl orange. 

 

Objectives and Thesis Structure 

 

The objective of this thesis is to fabricate catalysts having iron oxide nanoparticle have diameters 

less than 5 nm supported on boehmite, alumina and kaolinite nanoplatelets. This is to eventually 
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enable direct methane cracking and produce hydrogen without the formation of CO2 as a coproduct. 

The thesis is divided into six chapters as follows: 

Chapter 1 Introduction and Objectives 

Chapter 2 Background and Literature review.  

This chapter contains a comprehensive literature overview that presents the current status of 

reaction pathways and thermodynamics used for direct methane cracking for hydrogen production. 

It also covers the fabrication of iron-based nanoparticles and kaolinite exfoliation.  

Chapter 3 Kaolinite Exfoliation Using Low-Temperature Urea.  

This chapter describes the experimental results for the delamination/exfoliation of kaolinite in 

large sheets. In this chapter, a significantly modified procedure for kaolinite exfoliation was 

developed. The modified procedure includes using greater ultrasonicator power (intensity), urea 

concentration and the introduction of surfactants to enhance kaolinite exfoliation.  

Chapter 4 Magnetite Nanoparticle Synthesized on Aluminum-based Substrates. 

 This chapter describes the synthesis of magnetite nanoparticles using a wet chemical 

coprecipitation approach and their deposition on boehmite, alumina and kaolinite nanosheets. SEM 

and TEM with EDS along with statistical analysis via image processing software ImageJ were 

used to characterize the magnetite nanoparticle size, morphology, degree of aggregation and 

distribution. XRD spectroscopy revealed which materials were present during the nanoparticle 

fabrication procedure. The diameter, morphology and distribution relations of iron-based 

nanoparticles deposited on alumina-based substrates were statistically analyzed. 

Chapter 5 Magnetite catalyzed Fenton degradation reaction of Methyl Orange 

This chapter describes studies on the degradation of methyl orange using selected catalysts 

produced in this work.  

Chapter 6 Conclusions and Recommendations for future work.  
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Chapter 2 Background and Literature Review 

  

In the future, fossil fuels as a source of energy will most likely be required to be substituted by 

hydrogen [47]. If hydrogen were to become a mainstream fuel for transportation, its production 

would need to reach 100 and 13 845 tonnes per day [48] per day in order to achieve full scale 

hydrogen economy. Industrially, hydrogen is currently produced by catalytic steam reforming 

[49]–[54], a mature technology that produces 70 million tons of hydrogen annually. However, in 

this process 9 to 12 tons of ��� are produced for every ton of hydrogen synthesised [55]. This 

process has a considerable environmental impact and a substitute process must be found if 

hydrogen is to become a major source of energy for transportation.  

Carbon capture and storage (CCS) is currently under study to reduce this environmental burden. 

Here, carbon dioxide is stored in underground reservoirs preventing its release to the atmosphere 

[56]. Goto et al. calculated the energetic cost of using this technique and is approximately 

3.6 :� ;<=>⁄  spent to capture 99% of carbon dioxide emission stream at high purity [57]. The 

possibility of ���leaking from underground ��� reservoirs over 1000 years is a growing concern, 

as some carbon dioxide is already leaking from some reservoirs [58]. 

Catalytic methane cracking can be considered as a vital bridge technology from the current carbon 

emission-intensive energy systems to the widespread use of novel fuels [59]. Methane undergoes 

thermal decomposition at temperatures above 1300 °C, however, under the presence of a catalyst, 

the cracking reaction can proceed at the lower temperature of 650K (376.85°C) [60]. Direct 

methane cracking has three advantages over steam reforming; lower heat input, no carbon dioxide 

production and integrated final product separation. With integrated final product separation, a gas 

separation unit can be eliminated thus reducing the complexity and capital cost of the system. 

Typically, an inert gas is fed along with the methane in the reactor to control coking. 

Fluidized bed reactors are the most common type of reactors for methane cracking. A fluidized 

bed reactor is convenient for catalytic methane cracking reaction since it allows the continuous 

addition or removal of solid particles. The catalyst can be looped between the cracking reactor and 

the carbon extractor unit based on the deactivation rate of the catalyst. Compared to conventional 
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fix bed reactors, fluidized bed reactors allow greater temperature control, and greater heat and 

mass transfer due to more exposure to the catalyst [35], [36], [61].  

Recently novel reactors have been developed, such as solar and membrane reactors. Rodat et al. 

[60] tested a pilot scale solar furnace methane cracking reactor, and it was found that the solar 

reactor achieved high methane conversion (~95%) and hydrogen yield (~77%) when the reactor 

temperature approached 1700K. Total methane conversion (100%) and highest hydrogen yield 

(~80%) when the reactor temperature surpasses 1775K. However, despite having achieved high 

methane conversion, their highest thermochemical and thermal efficiencies were 13.5% and 15.2%, 

respectively. The thermochemical efficiency is less than the thermal efficiency is due to the fact 

there was an inert argon gas mixture with the methane feed and unreacted methane exited the 

reactor.  

Membrane reactors are particularly interesting in this regard since they can affect reaction and 

separation in one operation. The cracking reaction in membrane reactors proceeds at much lower 

temperatures compared to their non-membrane reactor counterpart. The significant advantage of 

using a catalytic membrane reactor for direct methane cracking is its ability to separate in-situ and 

exploit the Le Chatelier principle [62]. Applying the Le Chatelier principle can increase both 

hydrogen production and concentration with faster reaction kinetics and lower operating 

temperature requirements [20], [63]–[67]. For example, Ishihara et al. achieved near 100% 

methane conversion operating at 775K while packed bed reactors (PBR) only reach 45% methane 

conversion [68].  

Nickel and palladium are the most common metal catalysts studied in the methane cracking 

processes [60], [69]–[72]. Activated carbon was also studied in indirect methane cracking [73]–

[75]. Nickel and palladium had a higher performance than the activated carbon catalyst in terms 

of methane conversion and hydrogen yield. However, both nickel [76] and palladium [77] 

compounds are classified as human carcinogens [78], [79]. Both metal catalyst and activated 

carbon have been extensively studied in fluidized bed reactors configurations. Recently, rare-earth 

metal alloys used for catalysts were studied in a membrane reactor configuration with high 

methane conversion and hydrogen yield with very limited coking [70], [80], [81]. Despite the high 

performance of rare earth metal catalysts, the availability of rare earth metals is insufficient to meet 

the requirements for large scale hydrogen production. In order to scale methane cracking at the 
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industrial level, a catalyst made from an abundant material that does not comprise catalytic 

performance has to be selected. In this regard, iron is a promising catalyst material. It is available 

in vast quantities and far less toxic than other alternatives [82]. Iron has better performance when 

operating at temperatures greater than 700K compared to Ni catalysts [20], [66], [67], [83]–[85]. 

However, it exhibits lower catalytic activity than nickel when the operating temperature is lower 

than 700K [82]. Recently, Ibrahim et al. [86] and Fakeeha et al [87] conducted methane cracking 

reactions using iron as the catalyst. They observed considerable coking on the catalyst after only 

4 hours of operation.  

Laboratory scale experiments have demonstrated that one of the main technological hurdles 

preventing the development of methane cracking processes on the industrial-scale is carbon 

deposition on the catalyst leading to deactivation. The same material shrunken down to the 

nanometer scale has completely different physical and chemical properties due to surface and 

electronic effects [88]. Most works reporting methane cracking reaction under the presence of iron-

based catalysts are devoted to study the characteristics Multi Walled Carbon Nanotubes 

(MWCNTs) fabrication [66], [67], [82], [89]. 

Methane cracking has a low energy requirement and no side reactions as will be demonstrated in 

the next section which presents the reaction pathways and their thermodynamics. Iron nanoparticle 

synthesis, kaolinite exfoliation using low-temperature urea and magnetite nanoparticle synthesized 

on aluminum-based substrates are also presented. 

 

2.1 Reaction Pathways and Thermodynamics  

  

In general, there are four reaction pathways for industrial-scale hydrogen production: 1). Steam 

methane reforming; 2). Dry methane reforming; 3). Direct methane cracking, and 4). Water 

spitting. Currently, steam methane reforming is the dominant process for industrial hydrogen 

production. The reaction pathways will be described based on the reactants needed, products 

produced and operating conditions. The advantages and disadvantages of each reaction path are 

also presented in the following sections.  
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2.1.1 Steam Methane Reforming  

 

Approximately 80 to 85% of the world’s hydrogen is produced by methane-steam reforming [22], 

[90], [91] as shown in Eq. (2.1); 

 

  CH&�g� + 2H�O�g� → CO��g� + 4H��g�      ∆H°E>FG.HIJ = 164.7 kJ mol⁄  (2.1) 

 

The hydrogen produced is separated from the gas mixture by pressure swing adsorption [17], [92] 

or by a membrane separator [93]. 

 

Methane steam reforming is a multistage process. The first stage is an endothermic reaction shown 

in reaction 2.2 and requires a high temperature between 800 to 900°C in order to proceed. The end 

products are mixed CO and H�  gases. However, the separation of these two gas products is 

complicated. This reaction is highly endothermic; heat can be supplied by either the additional 

combustion of methane from the initial feed or combusting the hydrogen product after separation 

or supplying additional electrical heating. The reforming process has a mild energy efficiency (65-

75%) and high carbon dioxide emission due to hydrogen production and heat produced from 

reaction 2.3 [21], [90], [94]. This is counterproductive with regards to GHG reduction objectives. 

 

  CH&�g� + H�O�g� → ���g� + 3H��g�      ∆H°E>FG.HIJ = 206 kJ mol⁄  (2.2) 

  CO�g� + H�O�g� → CO��g� + H��g�      ∆H°E>FG.HIJ = −41.17 kJ mol⁄  (2.3) 

 

The second stage is the water shift reaction, shown in second reaction (Eq. 2.3) is an equilibrium 

reaction. This involves a 2-step reaction; 

1). The 1st step (reforming) is performed at a temperature range between 400 to 500°C in order 

to reduce CO concentration from 2 to 5% vol (Eq. 2.2). 
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2). The 2nd step (water shift) is performed at a temperature range between 177 and 257°C in 

order to reduce CO concentration to 1% vol. Yielding essentially a mixture of CO2 and H2 (Eq. 

2.3). 

If the hydrogen product is to be used in a fuel cell, the last stage of the process involves the 

separation of CO from the products as CO can poison PEM catalysts used in hydrogen fuel cells. 

A pressure swing absorption unit is used to separate CO and H� gases in the final stage [29], [95], 

[96]. 

 

2.1.2 Dry Methane Reforming 

 

Hydrogen can be produced while consuming CO2 by the dry methane reforming reaction as shown 

in reaction 2.4.  

 

  CH&�g� + CO��g� → 2H��g� + 2CO�g�    ∆H°E>FG.HIJ = 246.98 kJ mol⁄  (2.4)  

 

The most challenging technical hurdle in using this approach are the many side reactions occurring 

in the process. These side reactions will eventually consume the hydrogen product. The reactants 

and products from both initial and side reactions will have to be separated. The CO and H� gases 

produced in reaction (2.2) and (2.4) are challenging to separate. The following side reactions are 

involved during the dry methane reforming process Eq. (2.5) to (2.7); 

 

  CH&�g� + H�O�g� ⇌ CO�g� + 3H��g�      ∆H°E>FG.HIJ = 205.81 kJ mol⁄  (2.5) 

  CH&�g� + CO��g� ⇌ 2CO�g� + 2H��g�     ∆H°E>FG.HIJ = 246.98 kJ mol⁄  (2.6) 

  H��g� + CO��g� ⇌ CO�g� + H�O�g�    ∆H°E>FG.HIJ = 41.17 kJ mol⁄  (2.7) 
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As seen in Eq. 2.7, the reverse water-gas shift reaction consumes the newly produced hydrogen to 

form water [97]. This problem is not well acknowledged because the vast majority of dry reforming 

reactions are conducted at atmospheric pressure, where the water production is at a minimum as 

described below (Eq. 2.8);  

 

  CO�g� + H�O�g� ⇌ CO��g� + H��g�      ∆H°E>FG.HIJ = −41.66 kJ mol⁄  (2.8) 

 

Conventional steam reforming for hydrogen production does not have this problem because the 

water shift reaction is favoured, and therefore more hydrogen gas can be produced during the 

reaction process. Moreover, as long as the pressure P > 5atm, Eq. 2.7 dominates the dry reforming 

process, this is because CO� is favored towards Eq. 2.7 due to a higher reactivity of H� over CH& 

[97]. 

The use of a membrane reactor can shift the reaction towards the product side. If the produced 

hydrogen is purged before it can react with the carbon dioxide, then the reverse water-gas shift can 

be eliminated or minimized. However, the membrane must have the capability of withstanding the 

high pressure and temperature operating conditions during the dry methane reforming process [80]. 

 

2.1.3 Direct methane cracking 

 

Currently, there are no economic and mature technologies to capture and store CO�  during 

hydrogen production. A practical approach to reduce CO�  emissions is to avoid its generation 

altogether. Compared to methane-steam reforming, catalytic methane cracking is a more attractive 

route for hydrogen production because there is no CO� generation. Also, this process has the lowest 

energy requirement for industrial-scale hydrogen production [61]. The most distinguished feature 

of his reaction route is integrated in-situ carbon sequestration and hydrogen separation as 

expressed in Eq. (2.9);  
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  CH&�g� → C�s� + 2H��g�    ∆H°E>FG.HIJ = −74.6 kJ mol⁄  (2.9) 

 

The reaction can proceed at a reasonable rate when the operating temperature is greater than 600℃  

[61]. Various production methods were proposed in literature such as the solar radiation [98], [99], 

plasma [18], molten metal bath [19] and thermal reactors that do not use catalysts [100] and with 

metallic catalyst [20], [26], [63], [101] as well with active carbon catalyst [61], [73], [102], [103]. 

 

2.2 Iron Nanoparticle Synthesis 

 

Nanoparticles (NPs) have much different mechanical, thermal and magnetic properties compared 

to their bulk counterparts [104]. It was also found that the particle size and its size distribution of 

nanoparticles play a key role in governing their properties [105], [106]. Two fundamental 

properties that make nanoparticles unique are their high specific areas and electronic properties 

[88]. High specific areas provide a great opportunity for surface catalytic reactions [107]. The size 

of nanoparticles lies between 0.5 to 100 nm [108]. For the transition range between 2 to 10 nm, 

neither quantum mechanics nor classic physics can be used to explain their properties [109]. When 

a strong chemical bond(s) is present between the atoms of the nanoparticle, the delocalization of 

valence electrons can be extensive and can vary with size; this in turn can lead to different chemical 

and physical properties [109]. 

Magnetite nanoparticles possess catalytic activity with respect to methane cracking. Catalyst 

recovery is easier due to the magnetic properties of magnetite compared to non-magnetic 

nanoparticles. CNTs are typically grown on magnetite and not hematite �[ − ����#� . Magnetite 

possesses catalytic activity for CNT growth [110], [111]. Maghemite �\ − ����#� is the allotropic 

form of magnetite ���#�&�. These two iron oxides are crystallographically isomorphous and the 

main difference between the two is the presence of ferric ions only in \ − ����#, and both ferrous 

and ferric ions in ��#�&. The magnetic properties of ��#�& are superior than \ − ����#, however 

maghemite is far more stable as it cannot be farther oxidized. However the catalytic activity of 

maghemite is not well studied [112].  
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The synthesis of sub 5 nm metal nanoparticles [113] is the main limitation towards the industrial-

scale production of hydrogen via thermo-catalytic methane cracking. To date, extensive studies 

were performed, and the results are available in the literature covering various iron salts, their 

types, surfactant concentrations and solvents used in their synthesis.  

In order to achieve successful CNT base growth mode, the nanoparticle must be deposited on a 

substrate and it must not detach during the cracking reaction. The nanoparticle must also maintain 

its catalytic activity throughout the entire reaction [114]. 

Regarding the nanoparticle synthesis, for example of magnetite nanoparticles,  many synthesis 

routes have been explored, such as the wet chemical synthesis [115]–[117], gas-phase flame 

synthesis [118] and electrochemical synthesis [119]. In these synthesis approaches, the so-called 

wet chemical synthesis is widely used because of its simplicity, versatility and economic viability. 

In order to synthesize magnetite nanoparticles, an initial mixture of both Fe�] and Fe#]-based 

salts are prepared. To prevent  Fe�] based salts to prematurely oxidize to Fe#] salts, an acid is 

often added to the iron salt solution. It was reported [120] that adding a strong acid such as HCl 

into a solution can prevent Fe�] oxidation; but this addition of a strong acid can lead to a low pH 

of the solution and interfere with the NP synthesis. This interference can be minimized by utilizing 

a weak acid so that a low pH can be avoided. The synthesis of magnetite nanoparticles is expressed 

by the following chemical formula Eq. (2.10); 

 

  Fe�] + 2Fe#] + 8OH^ → Fe#O& + 4H�O (2.10) 

 

2.2.1 Monodispersed iron nanoparticles 

 

Monodisperse nanoparticles can be fabricated by wet chemical synthesis and deposited on a 

substrate. The wet chemical synthesis approach is versatile and can be industrially scaled. A dot-

matrix nanoparticle distribution layout can be obtained by much more complex methods such as 

physical vapor deposition (PVD), chemical vapor deposition (CVD) and atomic layer deposition 

(ALD) techniques [88]. 
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Monodisperse nanoparticles with a size variation of less than 5% normally show unique properties 

and higher performances as compared to polydisperse nanoparticles [121]. The advantages of 

having near equal separation between nanoparticles is that it reduces the possibility of 

nanoparticles aggregation. If the separation between each nanoparticle is sufficient, nanoparticles 

coarsening can be avoided during the calcination process [122], [123]. 

Park et al. [124] produced individual iron nanoparticles with diameter from 4 to 11 nm by refluxing 

a solution of 0.2 mL of 1.52 mmol of iron pentacarbonyliron �������_� mix with 10 mL dioctyl 

ether and 1.28 g oleic acid at 373 K. The mixture was refluxed at 100°C for 1 hour and then the 

solution was cooled down to room temperature. Anhydrous trimethylamine N-oxide ����#�#9� ∙
���� was added to the refluxed solution. The solution was then heated to 403 K in an argon 

atmosphere and maintained at this temperature for 2 hours and transitioned from brown to black. 

The function of the organic component of iron pentacarbonyliron is to prevent aggregation. 

Thermal decomposition removes the organic component of the iron pentacarbonyliron after 

synthesis.  

They used iron oleate solutions to prepare iron nanoparticles. Seven combinations of iron oleate 

solutions were prepared and the average iron nanoparticle’s diameter are listed in Table 2.1. The 

initial and the final diameter was measured just before and after refluxing with pentacarbonyliron 

and oleic acid in dioctyl ether at 403 K for 12 hours. 

TEM images were used to measure the nanoparticle diameters. The standard distribution of the 

particle sizes ranged from σ = 8.5% (standard deviation) for the 6 nm particles to σ ≤ 5% for all 

other particles. The iron nanoparticle’s diameter was also determined by the molar ratios of 

Fe�CO�_ and oleic acid. From Table 2.1, it was observed that increasing iron oleate concentration 

increases the iron nanoparticle’s diameter. 
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Table 2.1: Size of the final Fe nanoparticles synthesized from various combinations of initially 

monodisperse Fe nanoparticles and iron oleate solutions. 

Iron oleate solution �ccde� Initial iron nanoparticle 

diameter (nm) 

Final iron nanoparticles 

diameter (nm) 

1.5 4 6 

3 4 7 

1.5 8 9 

3 8 10 

1.5 11 12 

3 11 13 

4.5 11 15 

 

2.2.2 Anion effects of iron salts in the synthesis of iron nanoparticles 

 

A study by Yazdani et al. [125] examined the effect of anions on the magnetite nanoparticle 

diameter of two Fe�] anion salts and three Fe#] anion salts. The six combinations of these salts 

used in the study are list below, 

1) FeCl� ∙ 4H�O and FeCl# ∙ 6H�O; 

2) FeCl� ∙ 4H�O and Fe��SO&�#; 

3) FeCl� ∙ 4H�O and Fe�NO#�# ∙ 9H�O; 
4) FeSO& ∙ 7H�O and FeCl# ∙ 6H�O; 

5) FeSO& ∙ 7H�O and Fe��SO&�#; 

6) FeSO& ∙ 7H�O and Fe�NO#�# ∙ 9H�O. 

According to these combinations, an attempt was made to evaluate the effect of the anion 

combinations on the diameter of the nanoparticle. Stock solutions of 0.1 M Fe�] and 0.1 M Fe#] 

were combined to produce the Fe2O4 precipitate. An excess of 1M NaOH was used as the base. It 

was observed that anions of weaker ionic strength resulted in a decrease in the magnetite 
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nanoparticle diameter. It was suggested that larger anions usually lead to smaller diameter 

magnetite nanoparticles[125]. 

Extensive studies were conducted to identify the effect of organic anions on the formation of iron 

oxide (magnetite and maghemite) nanoparticle diameter distribution [126]–[128]. It was 

demonstrated that citrate ions could affect the growth and the diameter of iron oxides [128]–[130]. 

Furthermore, a correlation was established concerning the citric acid concentration and diameters 

of both spherical and polydisperse magnetite and maghemite nanoparticles [131].  

The typical maghemite nanoparticle diameter is around 8 nm without the presence of citrate ions, 

while upon the presence of citrate ions, the maghemite diameter can reach as small as 2 nm. 

Generally, the maghemite nanoparticle diameter was found to follow a decreasing trend with 

increasing the citric acid concentration.  

 

2.2.3 Iron Oxide Nanoparticles produced in Microreactors 

 

Simmons et al. [132] used the iron(II) chloride tetrahydrate, iron(III) chloride, NaOH and 35% 

HCl to fabricate the magnetite nanoparticles. A precursor iron salt solution was made first by 

mixing 0.01M of iron (II) chloride in 1.1 M HCl aqueous solution, and the solution was then purged 

of oxygen with nitrogen gas for an hour before usage. From Figure 2.1, the iron nanoparticles have 

an average diameter between 3 to 3.5 nm; however, the nanoparticles have a tendency to 

agglomerate as surfactants were not used in this study. 
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Figure 2.1: Size distribution of the nanoparticles produced at a total flow rate of 3000 �� ℎ⁄  of 

the microreactor sample [132]. 

 

2.2.4 Surfactant Effect on the synthesis of iron nanoparticles 

 

An effort was made to investigate the effect of a positively charged surfactants on the size, 

morphology and structure of magnetite nanoparticles fabricated by coprecipitation. Cetrimonium 

bromide (CTAB, h�CijH&��N�CH#�#kBr) is a cationic surfactant that interferes with the negatively 

charged external iron oxide nanoparticle’s crystal surface produced during coprecipitation within 

an alkaline pH. For example, it is reported that CTAB was widely used as a surfactant for the 

synthesis of Au nanorods where it was found that CTAB can affect the nanoparticle size and shape.  

Filippousi et al. [133] used Iron(II) sulphate heptahydrate (FeSO& ⋅ 7H�O), CTAB to fabricate iron 

nanoparticles, in which the resulting precipitates were continuously stirred for 20 minutes in a 

conical flask with a magnetic stirrer. The black precipitates were then collected by centrifugation 

and washed several times with distilled water and dried by freeze drying.  

The surfactant did not change the geometry and structure of the iron oxide nanoparticles produced. 

The batch without surfactants produced the smallest diameter magnetite nanoparticles, however it 

also resulted the highest degree of aggregation. The presence of surfactant did control the degree 

of aggregation of the produced nanoparticles due to hydrophobic interaction [134]. Selected area 

electron diffraction (SAED) was used to determine the particle size distribution of Fe#O& 
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nanoparticles. Figure 2.2 shows the size distributions of iron nanoparticle produced without 

surfactants and with PVP, sodium cholate (S.C.) and CTAB with average diameters of 7.5, 9, 9.7 

and 11.5 nm respectively. The presence of surfactant PVP and S. C. in the manufacturing process 

results in a larger particle diameter, while the CTAB leads to the largest nanoparticle diameter. 

From Figure 2.2, the surfactant has a strong influence on the iron oxide nanoparticle’s diameter 

due to the surfactant ability to control the iron nanoparticle aggregation.  

 

Figure 2.2: The particle size distribution of all the studied samples. [133] 

Although the lower crystallite size values may be attributed to the aggregation of the iron oxide 

nanoparticles (Figure 2.2), the crystallite sizes depends on the choice of surfactant. 

 

2.2.5 Deposition on substrate 

 

Iron deposition on alumina and silica by utilizing physical and chemical deposition methods are 

reported in literature [135]–[137]. Moody et al. have synthesized iron oxide nanoparticles on a 

silica membrane [136]. The iron oxide nanoparticles were calcined with a gas mixture of hydrogen 

and argon in order to prevent magnetite to oxidize into hematite or maghemite. The magnetite 

nanoparticle was well distributed (spacing between each nanoparticles) from each other and hence 

no large nanoparticle aggregates were spotted in their TEM images.  

Another example of depositing nanoparticles on a thin film of silica was conducted by Gohier et 

al. [135]. They deposited cobalt, iron and nickel nanoparticles of different mean diameters on a 
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thin film of silica by PVD method. These films were then annealed under vacuum at 700°C in 

order to form nano-scale islands. The nano-scale islands had distance greater than 10 nm between 

each nanoparticle deposited on the substrate. 

 

2.3 Substrates 

2.3.1 Kaolinite delamination  

 

Kaolinite �o������&�p��_�  is a widely used industrial clay mineral. It is used in many 

applications, including paper coating, plastic filler, adhesives, ink extender, enamels, and 

molecular sieves [138]. Kaolinite is a layered silicate mineral, with one tetrahedral sheet of silica 

��p�&�  linked through oxygen atoms to one octahedral sheet of alumina �o��q�  [139]. The 

adjacent layers of kaolinite are tightly held together by hydrogen bonds between the OH groups 

on the octahedral (aluminum) sheets and the tetrahedral (silicon) sheets [140]. 

Exfoliation is a process where large aggregates are broken into smaller platelets. This process is 

traditionally implemented by mechanical approaches such as by grinding or stirring. For instance, 

the traditional exfoliation process typically shatters kaolinite layers into smaller pieces. 

Delamination is another process that separates each individual aggregate layers into thin platelets. 

To date, several grinding techniques were applied to exfoliate kaolinite; however, these techniques 

are both energy and labour-intensive processes. 

Fast milling is a technique of kaolinite delamination; however, the fast milling of kaolinite result 

cracking along the basal planes, which leads to platelet cracking and an increase in the number 

particles [141], [142]. Frost et al. [143], [144] carried out a series of kaolinite delaminations and 

found that the specific surface area increases during the first two hours of milling. After 10 hours 

of milling, however, the specific surface area decreases due to the agglomeration of the platelets 

[145]. Mechanical grinding of kaolinite could result in a disturbance of its periodicity along 

specific direction due to reducing dimensions of crystallite below the critical size necessary to 

meet coherent x-rays scattering [142], [146]. Ultrasound has also been used to delaminate kaolinite. 

In this situation, the specific surface normally increases causing structural disorder because of 

translation defects between the 1:1 layer [147]. 
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Urea delamination [148], [149] and dry grinding in a ball mill [150] are two methods to delaminate 

kaolinite. Tsunematsu et al. [150] conducted a series of delamination of kaolinite by using a ball 

mill, mechanical mortar and a combination of both devices, with and without urea. Their 

conclusion indicated that ball milling of the urea-kaolinite solution is an ineffective approach for 

kaolinite intercalation. The mechanical grinding of kaolinite for a week at 45% humidity in the 

presence of a urea solution of 5, 10 and 30% wt. urea content was found to be more effective than 

grinding without urea. As a result of such a process, the specific areas of the processed kaolinite 

were then increased fro� 20.8 to 34.4 and 36.5 m2/g for grinding in 5, 10 and 30% wt. urea 

solutions respectively. Another kaolinite grinding test was conducted by Tsunematsu et al. [151] 

in 30% wt. urea for two days at 95°C. The kaolinite urea colloid solution was brought to a boil and 

washed five times in water. The specific area of the processed kaolinite was increased from 18 to 

116 m2/g. The processed kaolinite platelets were thinner compared to the unprocessed kaolinite 

platelets. 

 

2.3.2 Boehmite 

 

Due to its high specific surface area and negative surface charge, boehmite, known as “transition 

alumina” is often used as a catalyst support [152]–[154]. Atomic diffusion, sintering and grain 

growth occur, during phase transformation from γ to α alumina resulting in a decrease of specific 

surface area. Experiments were conducted to slow down such phase transformation to α-alumina 

either by use of additives, i.e. silica, phosphoric acid, barium hydroxide, cerium a oxides and 

lanthanum oxides [155], [156] or by controlling the morphology of boehmite precursors. A number 

of chemical synthesis approaches were tested to control morphology and porosity [157]–[160] of 

boehmite powders to hence maintain the high surface area and porosity.  

Hochepied et al. [159] studied the precipitation conditions (pH and temperature) that affect 

morphology and porosity of boehmite particles, and concluded that : 1) if the initial conditions 

lead to formation of an isolated amorphous hydroxide and subsequently transformed into boehmite, 

then porous particles are formed by the agglomeration of boehmite nanocrystals; 2) if the initial 
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conditions lead to the formation of a crystallized boehmite phase, then polycrystalline nanofibers 

are obtained.  

 

2.3.3 TAN 

 

Roebuck et al. [45] calcined boehmite into twinned alumina nanosheets (TAN) at 600°C for 4 

hours in muffle furnace. The original boehmite rhombic shape is still kept after calcination into 

TAN. Ab initio MD simulations showed that at higher temperatures of 800 and 1100 K, 

respectively, that this monolayer is still stable at 1100 K [161]. Since the monolayer is stable at 

1100 K, the thicker TAN counterpart is much more stable as it is closer to bulk [ − o���#. 

The surface charge distribution of TAN is different compared to their bulk [ − o���# counterpart 

[161]. The oxygen atom in alumina when it is monolayer state is less electronegative, however, it 

covers a larger area and thus reducing the positive charged area contributed by the aluminum atom. 

These properties along with high dispersion ratio provides more opportunities for a positively 

charged nanoparticle to be deposited on the surface of the alumina nanosheet and a negatively 

charged particle on the edge of the nanosheet.  

The band gap of bulk [ − o���# is 8.6 eV whereas a monolayer is calculated to be 5.99 eV, these 

observations suggests that TAN has band gap in between bulk and monolayer alumina with leaning 

towards monolayer alumina when the thickness of TAN is reduced.  
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Abstract 

Traditional kaolinite exfoliation/delamination techniques typically result in the fracturing of 

kaolinite nanoplatelets. In this work, a new procedure for kaolinite delamination was developed. 

The new procedure involves the periodic operation of an ultrasonicator at its maximum power 

consisting of 10 s on and 1 min off pulses and the use of urea (50% wt. solution) and surfactants 

near their solubility limit. The delaminated kaolinite was characterized by scanning electron 

microscopy (SEM). The circular equivalent diameter and the circularity of the particles produced 

as a result of delamination were calculated using the image analysis software ImageJ.  

The introduction of a surfactant significantly altered the morphology of the delaminated kaolinite. 

Adding CTAB into 50 % wt. urea solution produced single or multilayer kaolinite nanoplatelets 

with circular edges, 50% wt. urea solution is near the solubility limit of urea in water. Fine kaolinite 

nanoplatelets were not formed when the surfactant PVP K30 was used. The geometric morphology 

of the platelets was different compared to the CTAB batch, as the vertices of the particles were 

much sharper. The morphology of the platelets using PVP-10 was circular and had a “dish” like 

structure.  

It was concluded that the presence of surfactant has positive effects on kaolinite delamination 

process to form nanoplatelets. The kaolinite is delaminated to a greater extent when higher 

ultrasonication power and a high concentration of urea and surfactant are used. Kaolinite is most 

delaminated when the concentration of urea and surfactant is near its solubility limit and at the 

highest sonication power.  

 

Keywords: Kaolinite, exfoliation, delamination, ultrasonication, urea, surfactants, CTAB, PVP 

K30, PVP-10, sodium cholate 
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3.1 Introduction 

 

The separation of kaolinite particles into thin platelets is referred to as delamination. It is typically 

conducted by mechanical grinding or stirring. Exfoliation is a process of breaking large aggregates 

into smaller particles, whereas delamination is defined as the process of separation of individual 

layers from larger laminated particles. Exfoliation is the process that cuts parallel to the (001) 

crystal planes, fracturing the platelets, breaking the kaolinite structure and thus increasing its 

specific surface area [162], [163].  

It was suggested that the fast milling of kaolinite can cause fracturing along basal planes, 

increasing its specific surface area [141], [142]. Frost et al. [143], [144] conducted studies on 

kaolinite delamination and observed that the specific surface area increases during the first 2 hours 

of milling and then decreases after 10 hours of milling due to agglomeration [145]. The kaolinite 

layers are tightly held together by hydrogen bonds between OH groups on octahedral (aluminum) 

sheets and the tetrahedral (silicon) sheets [140]. Compared to the delamination process through 

mechanical grinding, ultrasonication normally increases the specific surface area, however, it 

causes structural disorder because of translation defects in the basal plane [147].  

The effect of both mechanical and chemical processes on the grinding of kaolinite, including the 

structure and thermal transformation behaviour [164], [165]. Using XRD spectroscopy they found 

that the A band shifted slightly downward in frequency while the D band increased in frequency. 

The mechanical grinding of kaolinite disturbs its periodicity along the basal plane because the 

dimensions of the crystallites drop below the critical size needed to have coherent x-ray scattering 

[142], [146]. These structural changes broaden the x-ray diffraction signal peaks and decrease the 

x-ray intensity.  

Chemical delamination of kaolinite induced by the chemical intercalation of urea, ammonium 

acetate, hydrazine and or potassium acetate combined with the mechanical process [145], [150], 

[166]–[168] cause the weakening of the hydrogen bond of the interlayer. This facilitates the 

displacement of kaolinite layers and their detachment form larger stacks. Weiss and Thielepape 

[148] conducted the first observation of kaolinite delamination by grinding kaolinite in aqueous 

urea in 1963. Folded thin particles were observed under a SEM after grinding kaolinite in an 
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ammonium acetate solution. The role of urea is to disrupt the hydrogen bonding between kaolinite 

interlayers [169], [170], where mechanical vibration only shatters the platelets.  

Urea delamination [148], [149] and dry grinding in a ball mill [150] are two methods to delaminate 

kaolinite. Tsunematsu et al. [150] conducted a series of delamination of kaolinite by using a ball 

mill, mechanical mortar and a combination of both devices, with and without urea. Their 

conclusion indicated that ball milling of the urea-kaolinite solution is an ineffective method for 

kaolinite intercalation. The mechanical grinding of kaolinite for a week at 45% humidity in the 

presence of a urea solution of 5, 10 and 30% wt. urea content was found to be more effective than 

grinding without urea. As a result of such a process, the specific areas of kaolinite were then 

increased fro� 20.8 to 34.4 and 36.5 m2/g for grinding in 5, 10 and 30% wt. urea solutions 

respectively Another kaolinite grinding test was conducted by Tsunematsu et al. [151] in 30% wt. 

urea for two days at 95°C. The kaolinite urea colloid solution was brought to a boil and washed 

five times in water. The specific area of the processed kaolinite was increased from 10 to 116 m2/g. 

The processed kaolinite platelets were thinner compared to the unprocessed kaolinite platelets. 

To date, many grinding techniques have been used to delaminate kaolinite; however, these 

techniques tend to destroy the kaolinite nanosheets. The objective of this work is to develop a 

method that delaminates kaolinite while maintaining high surface area nanosheets. 

 

3.2 Materials  

 

Fluka Analytical grade kaolinite powder was purchased from Sigma Aldrich. Certified ACS urea 

pellets were obtained from Fisher Scientific. Four surfactants were mixed with kaolinite urea 

colloid. 99% purity Cetyltrimethylammonium bromide (CTAB) and PVP-10 r,-./. =
10000 s ���⁄ t were also bought from Sigma Aldrich. Acros Organic. Polyvinylpyrrolidone (PVP) 

K30 r,-./. = 111.14 s ���⁄ t was bought from Fisher Scientific. Alfa Aesar 99% purity sodium 

cholate (SC) was also bought from Fisher Scientific. 
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3.3 Equipment  

 

An ultrasonicator from Fisher Scientific 550 Sonic Dismembrator was used to ultrasonicate the 

kaolinite urea colloid. Hermle Z400K Refrigerated Bench Top Centrifuge was used to separate the 

kaolinite from the urea solvent. SEM images were taken by Phenom Pro Desktop SEM 

(Nanoscience Instruments, Virginia) at accelerating voltages of 5 and 10 kV. XRD spectroscopy 

was done by Rigaku Ultima IV Diffractometer and scanning powder samples at 1° �pu⁄  using 

CuK radiation (λ= 1.5418 A). 

 

3.4 Procedure 

 

All sample batches were composed of 0.7 g kaolinite in 50% wt. urea solution (near the solubility 

limit of urea) and ultrasonicated at 100% power, unless otherwise indicated. The urea solution was 

prepared by mixing 20g of urea with 20 mL of distilled water. The solubility data of urea in water 

was taken from the literature [171], [172]. The raw kaolinite was first mixed with 50 wt. %. urea 

and then agitated by a vortex spinner before undergoing ultrasonication. The kaolinite urea colloid 

was ultrasonicated for 30 mins under the following program: 10 s pulse and 1 min cooldown 

between each pulse. The reason for pulse ultrasonication instead of continuous ultrasonication is 

to prevent overheating of the ultrasonicator and sample solution. A sheet of parafilm was placed 

over the beaker in order to prevent water from evaporating from the urea solution (hence increasing 

urea concentration).  

Post ultrasonication samples were completed and then decanted 5 times with 30 mL distilled water 

and isopropanol consecutively. The samples were mixed by a vortex mixer before centrifugation 

at 6000 rpm for 5 mins. After the decantation stage, the samples were poured into an alumina pan 

dish and left to dry for 24 hours in a fume hood.  

Approximately 5 mL of ultrasonicated kaolinite colloid soaked in isopropyl alcohol was poured 

into a plastic dish and left to dry for 24 hours in a fume hood. The ultrasonicated kaolinite colloid 

sample was stored in isopropyl alcohol. The dried powders were collected and then characterized 
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by SEM. Statistical analysis of the SEM images was conducted using the ImageJ software. Platelet 

area less than 0.2 ��� were ignored, as these points in the SEM image were in the range of the 

background noise area. Areas greater than 706 µ�� were considered to be agglomerates and not 

taken into account in the analysis. 

Four experimental batches were conducted without the presence of any surfactants. Four 

ultrasonication powers were selected to study the effect of the ultrasonication power on kaolinite 

delamination. The selected ultrasonication intensities are 30 (345W), 40 (460W), 50 (575) and 

100% (1150W) power respectively.  

Experiments using the four surfactants CTAB, PVP (K30), PVP-10 and sodium cholate were 

performed to study the effect of surfactants on kaolinite delamination. The quantities of surfactant 

used are as follows: 0.2 g and 2 g of CTAB, 0.2 g and 13.3 g of PVP (K30), 0.2 g of PVP-10 and 

8.6 g of sodium cholate. Selected surfactants were added near their water solubility limit (denoted 

as SL) to test kaolinite exfoliation near the solubility limit of urea and surfactant. 20, 13.3 and 8.6 

g of CTAB [173], PVP (K30) [174] and sodium cholate [175] respectively were added to 20 mL 

of distilled water. The levels of 0.7g of kaolinite, 50% wt. urea concentration and 100% 

ultrasoniction power were still kept for the experiments with surfactants.  

Runs were performed to determine if greater amounts of kaolinite can be delaminated using the 

same surfactant and urea concentrations. Three runs were performed using 5, 10 and 15 g of 

kaolinite. The three kaolinite batches were ultrasonicated in 50% wt. urea and 2 g of PVP-10 

solution set at 100% power.  

The content of kaolinite and surfactant as well as the ultrasonication power used in the tests are 

summarized in (Table 3.1) below: 
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Table 3.1: Batch conditions summary. 

Kaolinite added (g) Surfactant added (g)* Ultrasonication power (%) 

0.7 None 30 (345W) 

0.7 None 40 (460W) 

0.7 None 50 (575W) 

0.7 None 100 (1150W) 

0.7 2 g CTAB 100 (1150W) 

0.7 20 g CTAB 100 (1150W) 

0.7 2 g PVP (K30) 100 (1150W) 

0.7 13.3 g PVP (K30) 100 (1150W) 

0.7 2 g PVP-10 100 (1150W) 

0.7 8.61g sodium cholate 100 (1150W) 

5 2 g PVP-10 100 (1150W) 

10 2 g of PVP-10 100 (1150W) 

15 2 g of PVP-10 100 (1150W) 

*These quantities represent the amount of surfactant added to 20 grams of 50% wt. urea solution. 

3.5 Results and Discussion  

Two parameters were calculated in order to characterize the delaminated kaolinite; circular 

equivalent diameter (CED) and circularity. The CED based on area (Eq. 3.1) calculates the 

diameter xA of the particle, assuming the sample particle is a perfect circle. 

  5w = x&w
y  (3.1) 

The CED based on the perimeter is 5� = �
y . Where A represents the sample area and P the 

perimeter. 

The circularity is the degree to which a particle is similar to a circle. It is defined by (Eq. 3.2) 

according to ISO9276-6 on the descriptive and quantitative representation of particle shape and 

morphology. A circle has a circularity of 1 and a square a circularity of 0.886 indicating how the 
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observed samples are close to a perfect circle’s orientation. The CED value is 1for perfect a circle, 

0.605 for an equilateral triangle, 0.886 for a square, 0.907 for a hexagon.  

  � = x&yw
�>  (3.2) 
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3.5.1 Raw kaolinite  

 

Figure 3.1 shows the multiple layers of kaolinite powder assembled in a stack. An approximate 

spacing between each kaolinite layer is estimated to be between of 8.7 to 17.4 µm. Also, all of the 

kaolinite has a few small to submicron particle defects on the outer most layers (red circles in 

Figure 3.1). The role of the urea is to seep through the kaolinite interlayer spacing and disrupt the 

hydrogen bonding between the interlayers, and the kinetic energy to separate the layers is to be 

supplied by the ultrasonicator. The desired outcome is to sever the nanoplatelet stacks at their 

interlayers (yellow arrow in Figure 3.1) and obtain an isolated kaolinite nanosheet. 

 

Figure 3.1: Fresh kaolinite. Each kaolinite powder consists of tightly packed interlayers held by 

hydrogen bonding. The scale bar is 8 µm. 
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A second SEM image of raw kaolinite is shown in Figure 3.2. The platelets in Figure 3.2 are less 

aggregated and have increased separation distance between individual platelets layers. The 

statistical analysis and data calculation from Figure 3.2 listed in Table 3.2 will be identified as 

“untreated kaolinite” and will form a basis to compare future samples. 

 

Figure 3.2: The platelets are less aggregated and farther separated. The white scale bar is 20 µm. 

Table 3.2: Figure 3.2 statistical summary 

Criteria Area ����� Perimeter ���� 

Mean 4.53 14.7 

SD 14.22 22.8 

Min 0.20 2.0 

Max 152.0 203 
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3.5.2 The role of ultrasonication 

 

Ultrasonication and its intensity play a critical role in kaolinite delamination. Operating at higher 

intensities during the ultrasonication stage results in thinner layers of kaolinite and more 

fragmented flakes. Sufficient kinetic energy is needed to break the hydrogen bonds joining the 

kaolinite platelets.  

In Figure 3.3, Figure 3.4, Figure 3.5 and Figure 3.6 shows a collection of SEM images of 

ultrasonicated kaolinite in 50% wt. urea solution at 30, 40, 50 and 100% power, respectively. 

Multilayer kaolinite is observed in Figure 3.3, Figure 3.4, Figure 3.5 and no multilayer kaolinite 

is observed in Figure 3.6. Without the ultrasonication step, kaolinite has an average circularity of 

0.51. With sonication the average circularities are 0.63, 0.66, 0.7, 0.67 for 30, 40, 50 and 100 % 

ultrasonication power. This indicates that sonication reduced the elongation of the particles making 

them closer to squares. At a higher ultrasonication power the platelets were more fragmented as 

the distribution of the CED and circularity was broadened compared to non sonicated particles as 

seen in Figure 3.7, Figure 3.8 and Figure 3.9. In Table 3.3, the average perimeter decreases when 

operating at a higher ultrasonication intensity. Kaolinite is the least delaminated in Figure 3.3 

because a large stacked kaolinite layer is observed in the middle of the image in Figure 3.3. It is 

shown from Figure 3.7 that the ultrasonicated kaolinite has a higher share of CED distribution 

above 3 µm.  

The circularity is mostly distributed on the left side in Figure 3.9 for untreated kaolinite and the 

30% ultrasonication power batch. In direct contrast, kaolinite is more circular (shift right) when 

the ultrasonication power is operating at the maximum power (100%). This result is shown in 

Figure 3.8 since there is no multilayers kaolinite observed (Figure 3.6).  
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Figure 3.3: 0.7 g of kaolinite ultrasonication 

at 30% power in 50% wt. urea solution. 

Multiply large infoliated kaolinite layers are 

present. The scale bar is 50 µm. 

 

Figure 3.4: 0.7 g of kaolinite ultrasonication 

at 40% power in 50% wt. urea solution. Lots 

of large infoliated kaolinite are present. The 

smaller platelets are on top of the larger 

platelet. The scale bar is 50 µm. 
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Figure 3.5: 0.7 g of kaolinite ultrasonication 

at 50% power in 50% wt. urea solution. Two 

large delaminated kaolinite are spotted. The 

scale bar is 50 µm. 

 

Figure 3.6: 0.7 g of kaolinite ultrasonication 

at 100% power in 50% wt. urea solution. A 

shattered dish like platelet is spotted at the 

center and upper left corner. The scale bar is 

50 µm. 

Table 3.3: No surfactant statistical summary 

 30% power 40% power 50% power 100% power 

Criteria 
Area 

����� 

Perimeter 

���� 

Area 

����� 

Perimeter 

���� 

Area 

����� 

Perimeter 

���� 

Area 

����� 

Perimeter 

���� 

Mean 10.488 18.293 7.14 14.262 10.068 16.059 5.81 12.73 

SD 28.318 26.418 13.465 18.085 27.402 26.816 15.17 17.521 

Min 0.203 1.758 0.204 1.666 0.204 1.73 0.204 1.714 

Max 336.29 255.04 129.22 180.214 269.13 238.05 320.24 236.92 
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Figure 3.7: No surfactant circular equivalent diameter (CED) distribution based on area 
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Figure 3.8: No surfactant circular equivalent diameter (CED) distribution based on perimeter 
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Figure 3.9: No surfactant circularity distribution 
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3.5.3 The effect of surfactants 

 

The presence of a surfactant has positive effects on kaolinite delamination. Processing without the 

use of surfactants results in kaolinite particles having sharp edges resembling broken glass 

fragments. The role a surfactant is to prevent the delaminated kaolinite layers from recombining 

into large aggregates due to the strong hydrogen bonding between the kaolinite interlayers [176].  

Four surfactants were studied; CTAB, PVP (K30), PVP-10, and sodium cholate. Selected 

surfactants were added at their water solubility limit in water as shown in Table 3.1 above. 

 

3.5.3.1 CTAB  

 

The results of ultrasonicating 2 g of CTAB mixed with 50% wt. urea solution for 30 min is shown 

in Figure 3.10. The kaolinite powder is converted into a bowl-shaped sheet with the kaolinite 

platelets exposed instead of being stacked on top of each other. Figure 3.10 reveals that there are 

many kaolinite “bowls” shaped micro-structures in its early stages. Some of the kaolinite layers 

are still not completely delaminated but rather semi-delaminated. Other kaolinite sheets were also 

present. These micron-sheets have semi-round edges, as this is in direct contrast with the 

unprocessed kaolinite powder (Figure 3.1), where all the kaolinite layers are stacked on top of each 

other. Using ImageJ, 259 particles were used to determine the average area and perimeter. These 

were 18.8 ���  and 27.0 ��  respectively. The minimum, the maximum areas and perimeters 

were 0.201 ��� , 381.4 ��� , 1.6 ��  and 390.1 ��  respectively. In Figure 3.16 below, this 

treatment follows the same trend as all the other surfactants with the overwhelming majority of 

CEDs measuring at 1 µm. According to Figure 3.16, the 2 g CTAB experiment has the broadest 

distribution range for the circularity. The higher standard deviation value for this treatment in 

Table 3.4 is that some of the delaminated kaolinite layers were overlapped in Figure 3.10, as 

overlapping layers give a false area and perimeter reading in separated individual delaminated 

kaolinite layers. 
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Figure 3.10: An SEM micrograph of delaminated kaolinite with 2 g of CTAB in 50% wt. urea 

solution ultrasonicated for 30 mins. The scale bar is 50 µm. 

Figure 3.11, is an SEM of kaolinite delaminated at the solubility limit of CTAB [177]–[180]. The 

kaolinite interlayers are separated, and each of the kaolinite layers aggregates to form a “bowl” 

shape micro-structure is shown in Figure 3.9. It shows that more single layers of kaolinite are 

produced compared to the multilayers produced at the 2 g CTAB level shown in Figure 3.10. Each 

individual delaminated layer is also further separated, a possible explanation is that a higher CTAB 

concentration prevents the aggregation of delaminated kaolinite nanoplatelets. Also, kaolinite 

delaminated at a higher CTAB concentration has a smoother surface and fewer smaller particles 

are generated compared to those obtained at lower 2g CTAB concentration. A total of 37 samples 

were used to carry out the statistical analysis. From Table 3.4, the average area and perimeter were 

35.4 μm� and 28.8 μm, respectively. The overlapping layers contribute to a moderate standard 

deviation. The minimum, the maximum areas and perimeters were measured to 0.34 μm� , 

198.0 μm�, 3.2 μm and 116.3 μm, respectively. From Figure 3.16, when CTAB is added at the 
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solubility limit (20 g of CTAB in 20 mL of distilled water), it is the only run that does not follow 

CED distribution trend of other surfactants. It has the smallest fraction of 1 µm CED and has local 

maxima at 7 and 11 µm. Figure 3.18 shows the circularity results of all the kaolinite ultrasonicated 

with a surfactant present. Out of all the surfactant runs, the 20 g CTAB batch has the narrowest 

circularity distribution as seen in Figure 3.18 below. The highest bar located at 0.7 indicates that 

most platelets have a square like orientation.  

 

Figure 3.11: SEM micrograph of delaminated kaolinite with 20 g of CTAB in 50% wt. urea 

solution ultrasonicated for 30 mins. Most of the kaolinite interlayers are entirely delaminated and 

separated. The white scale bar is 30 µm. 

Table 3.4: CTAB surfactant statistical summary 

 2 g CTAB 20 g CTAB 

Criteria Area ����� Perimeter ���� Area ����� Perimeter ���� 

Mean 18.82 27.03 35.383 28.798 

SD 45.925 45.503 48.966 29.132 

Min 0.201 1.657 0.344 3.191 

Max 381.44 390.10 198.05 116.34 
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3.6.3.2 PVP (K30)  

 

The results of delaminating kaolinite using 2 g of PVP K30 surfactant in a 50% urea solution is 

displayed in Figure 3.12. The kaolinite nanosheet edges are sharper compared to the CTAB batch. 

A large multilayer nanosheet with a miniature folded nanosheet is found at the center of this image. 

Utilizing PVP as a surfactant produces sharper vertices vs. CTAB. Another critical difference 

further demonstrates that if the same amount of surfactant were used, then ultrasonicating using 

PVP (K30) surfactant results in more single layers, and there are fewer fine particles that have 

remained on the delaminated layer. A particular aggregation of the delaminated kaolinite sheets 

can be observed in the center and at the upper left corner. From Table 3.5, the average area and 

perimeter were 24.0 ���  and 35.4 ��  respectively. The minimum, maximum areas and 

perimeters were 0.21 ��� , 461.8 ��� , 2.0 ��  and 355.3 ��  respectively. Some of the 

overlapping delaminated kaolinite contributes towards a higher standard deviation value.  

 

Figure 3.12: SEM micrograph of kaolinite ultrasonicated with 2 g of PVP (K30) in 50% wt. urea 

solution for 30 mins. The scale bar is 50 µm. 
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Kaolinite powder delaminated at the PVP (K30) solubility limit [174] (Figure 3.13) shows 

different results compared to Figure 3.12. In Figure 3.13, smaller sheets are deposited on the top 

of a larger kaolinite sheet. Sharp flake like shape platelets, are also observed as indicated by the 

green circles. Ultrasonicating at the solubility limit of PVP (K30) leads to different results 

compared to the original 2 g of PVP (K30). Figure 3.13 shows that the nanosheet edges are more 

jagged compared to Figure 3.12. The degree of aggregation also dropped, as this is expected when 

surfactant concentration is increased. The area and perimeter of 466 samples were studied using 

ImageJ and the results are listed in Table 3.5. The average area and perimeter are 28.2 ��� and 

35.9 µm, respectively. The minimum, the maximum areas and perimeters were 0.2 ��� , 

627.8 ���, 2.1 �� and 418.1 �� respectively. 

 

Figure 3.13: The raw kaolinite has been delaminated into single or few layers sheet using 13.3 g 

of PVP (K30) in 50% wt. urea solution for 30mins. The nanosheets have jagged but no 

sharpened edges. The green circles are “flint” like platelets. The white scale bar is 50 µm. 
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The CED distribution in Figure 3.16 for both 2 g and 13.3 g PVP (K30) have miniscule difference 

at the initial starting point. The higher PVP (K30) concentration has much higher frequency 

percentage for the 1 to 2 µm peaks. The circularity distribution for both 2 g and 13.3 g of PVP 

(K30) batch in Figure 3.18 is almost identical with the 13.3 g run being slightly narrower.  

Table 3.5: PVP (K30) surfactant statistical summary 

 2 g PVP K30 13.3 g PVP K30 

Criteria Area ����� Perimeter ���� Area ����� Perimeter ���� 

Mean 24.037 35.454 28.277 35.879 

SD 58.016 52.939 65.64 60.28 

Min 0.21 1.993 0.214 2.098 

Max 461.81 355.338 627.847 418.067 

 

3.6.3.3 PVP-10 

 

The results of delaminating 13.3 g of PVP-10 in 50% wt. urea solutions are shown in Figure 3.14. 

The edges and vertices of the delaminated kaolinite flakes in Figure 3.14 are smoother compared 

to those using the same amount of mass basis PVP (K30) shown in Figure 3.12. The resulting 

circularity distribution is similar to the 2 g CTAB batch in Figure 3.10. The delaminated kaolinite 

flakes observed in Figure 3.14 are scattered but not aggregated; however, the appearance of 

multilayer or semi delaminated kaolinite and the small white particles are more numerous 

compared to the same amount of PVP (K30) in Figure 3.12.  

The area and perimeter of 424 samples were chosen to perform statistical analysis and listed in 

Table 3.6. The average area and perimeter are 11.2 ��� and 15.5 µm respectively. The small 

particles on the top of the main platelets increase the standard deviation. The minimum, the 

maximum areas and perimeters were estimated as 0.2 ���, 465.5 ���, 1.6 �� and 199.5 �� 

respectively. Comparing Figure 3.13 to Figure 3.14 it can be see that the higher molecular weight 

PVP K30 did not penetrate between the kaolinite nanoplatelets and properly delaminate the 

kaolinite.  The PVP 10 platelets are not shattered like he PVP K30 platelets and have a thin disk 

like appearance. In Figure 3.16, 2 g PVP-10 batch has the highest ultrasonicated kaolinite 2 µm 
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peak out of the surfactant set. This 0.2 g PVP-10 batch has second narrowest circularity distribution 

after the 20 g CTAB batch, however, this PVP-10 batch has smoother and continuous distribution. 

 

Figure 3.14: Kaolinite ultrasonicated using 2 g of PVP-10 in 50% wt. urea solution for 30 mins. 

Multiple circular kaolinite platelets have multi-layers. The edges are less sharp compared to 

using PVP-10. The white scale bar is 50 µm. 

Table 3.6: PVP-10 surfactant statistical summary 

Criteria Area ����� Perimeter ���� 

Mean 11.19 15.46 

SD 30.292 19.552 

Min 0.201 1.616 

Max 465.484 199.649 
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3.6.3.4 Sodium cholate  

 

Sodium cholate is a positively charged surfactant. It was added near its solubility limit (0.02 M) 

[181] in 50% wt. urea solution. The delaminated kaolinite layers are clearly seen in Figure 3.15. 

They are similar to those in Figure 3.10 and Figure 3.14, as many platelets have smooth edges and 

circular geometric orientation. However, there are more miniature particles present on the 

delaminated kaolinite platelets. A sample size of 541 was selected to perform statistical analysis. 

From Table 3.7, the average area and perimeter were 23.0 ���  and 32.9 µm. The minimum, 

maximum areas and perimeters were 0.21 , 408.6 ��� , 1.8 ��  and 357.0 ��  respectively 

summarized in Figure 3.7. Overlapping of kaolinite layers and the small particles contributes 

towards standard deviation. The CED distribution presented in Figure 3.16 follows the same trend 

as other surfactant. The circularity distribution of 8.611 g SC in Figure 3.18 is very similar to the 

untreated kaolinite, thus proving that sodium cholate is not an effective surfactant for altering 

geometric orientation. 
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Figure 3.15: Kaolinite exfoliation using 8.611g sodium cholate in 50% wt. urea solution for 30 

mins. A few dish-like objects along with multiple kaolinite nanosheets. The nanosheets have 

round edges. The white scale bar is 50 µm. 

Table 3.7: Sodium cholate surfactant statistical summary 

Criteria Area ����� Perimeter ���� 

Mean 23.023 32.916 

SD 52.092 48.753 

Min 0.209 1.748 

Max 408.639 357.036 
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Figure 3.16: Surfactant CED distribution based on area. 
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Figure 3.17: Surfactant CED distribution based on perimeter 
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Figure 3.18: Surfactant circularity distribution 
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3.6.3.5 Increasing the amount of kaolinite in the sonication mixture  

 

The SEM image of 5 g of kaolinite added into 2 g PVP-10 in 50% wt. urea solution and 

ultrasonicated for 30 mins are shown in Figure 3.19. The statistical results are summarized in Table 

3.8. The dish-shaped orientation with circular vertices are the most common platelets found along 

with delaminated platelets indicated by the red circles in Figure 3.19, and a square-like “dish” 

platelet is also found as indicated by the green circle. The degree of aggregation of the delaminated 

kaolinite is slightly higher compared to the original fresh kaolinite (Figure 3.1). A sample size of 

360 was selected, and from Table 3.8, the average area and perimeter were 15.8 ��� and 19.6 µm 

respectively. The minimum, maximum areas and perimeters were 0.2 ���, 392.4 ���, 1.7 µm 

and 347.7 µm respectively.  

 

Figure 3.19: 5 g of kaolinite ultrasonicated in 5 g of PVP-10 in 50% wt. urea solution for 30 

mins. The green circle is a square-like “dish” platelet. The red circles are delaminated kaolinite. 

The white scale bar is 50 µm. 

The result of ultrasonicating 10 g of kaolinite for 30 mins with 2 g of PVP-10 in 50% wt. urea is 

shown in the Figure 3.20. The degree of aggregation is much higher in Figure 3.20 compared to 
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the 5 g kaolinite ultrasonication run (Figure 3.19) and raw kaolinite (Figure 3.1 and Figure 3.2). It 

is interesting to note that the there are more single layer kaolinite platelets present when adding 10 

g of kaolinite rather than 0.7 and 5 g of kaolinite ultrasonicated. A sample size of 408 chosen to 

perform analysis statically is listed in Table 3.8, the average area and perimeter were 11.085 ��� 

and 20.962 µm respectively. The minimum, maximum areas and perimeters were 0.203 ���, 

398.797 ���, 1.621 µm and 661.371 µm respectively.  

 

Figure 3.20: 10 g of kaolinite ultrasonicated with 2 g of PVP-10 in 50% wt. urea solution for 

30mins. A large cluster of the aggregated delaminated plate is observed. The white scale bar is 

50µm.  

The results for the sonication of 15 g of kaolinite for 30 mins with 2 g of PVP-10 in 50% wt. urea 

solution are shown in Figure 3.21. Large aggregates of platelet clusters with smaller kaolinite 

flakes on top are found in Figure 3.21. An exciting feature is that three of the aggregate cluster 

platelets have cracks on the large sheet as indicated by the green circles. Figure 3.14 and Figure 

3.21  where 2 g and 5 g of PVP-10 are used in the sonication batch gave delaminated nanoplatelets 
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whereas increasing the weight to 10 g and 15 g produced particulates with sharper edges having 

an aspect ratio closer to a square. The sample size was 316 in order to perform statistical analysis 

listed in Table 3.8, and the average area and perimeter were 10.1 ��� and 15.5 µm. The minimum, 

maximum areas and perimeters were 0.2 ���, 372.7 ���, 1.7 µm and 304.9 µm respectively.  

 

Figure 3.21: 15 g of kaolinite ultrasonicated with 2 g of PVP-10 in 50% wt. urea solution for 30 

mins. The green circles are example of shatter disk like platelets. The white scale bar is 50 µm. 
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Table 3.8: Increased kaolinite statistical analysis summary 

 5 g kaolinite 10 g kaolinite 15 g kaolinite 

Criteria 
Area 

����� 

Perimeter 

���� 

Area 

����� 

Perimeter 

���� 

Area 

����� 

Perimeter 

���� 

Mean 15.852 19.641 11.085 20.962 10.129 15.549 

SD 40.674 33.126 30.391 48.4 28.238 27.433 

Min 0.203 1.697 0.203 1.621 0.204 1.711 

Max 392.431 347.728 398.797 661.371 372.764 304.939 

 

The distributions for the CEDs and circularity are shown Figure 3.21, Figure 3.22 and Figure 3.24 

for 5, 10 and 15 g of kaolinite. The CED distribution of 5 g kaolinite slightly shifted right with 

lower than 2 µm CED being the dominating particle. The circularity is shifted to the right compared 

to the untreated kaolinite. 

The CED distribution of the 10 g kaolinite follows the same trend as the previous batch (5 g 

kaolinite) increased kaolinite batch with a slight difference in sub 2 µm distribution as shown in 

Figure 3.21 and Figure 3.22. In Figure 3.24, the 10 g kaolinite batch shape distribution is broader 

compared to raw kaolinite and 5 g kaolinite batch. The aggregation and overlapping of miniature 

platelets along with background noise contributes towards standard deviation. 

The CED and circularity distribution for 15 g are show in Figure 3.21, Figure 3.22 and Figure 3.24 

respectively. From Figure 3.21 and Figure 3.22, this batch (15 g kaolinite) has the highest 2 µm 

peak for the CED distribution. The average circularity of the 15 g batch was 0.7 with many of the 

particles having the circularity of a square (0.886). The increased amount of kaolinite in the 

sonicating mixture lead to the breakup of the nanoplatelets. This indicates that there is an upper 

limit to the load of kaolinite that can be present in the sonication batch for a successful 

delamination. 
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Figure 3.22: Increased kaolinite CED distribution based on area 
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Figure 3.23: Increased kaolinite CED distribution based on perimeter 
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Figure 3.24: Kaolinite circularity distribution 
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3.6 Discussion summary  

 

Increasing sonication power in the absence of surfactants creates a greater number of particles 

between 3 and 6 µm due to the fracture of larger particles. From the CED based on perimeter the 

number of 1 µm particles increases with sonication power. The circularity of the particles changes 

from thin rectangles to squares as the sonication power increases.  

When CTAB is used at its solubility limit with urea, the kaolinite interlayers are separated to form 

nanosheets in the shape of a “bowl”. More single layers of kaolinite are produced at the solubility 

limit of CTAB compared to the multilayers produced at the 2 g CTAB level. Each individual 

delaminated layer is also further separated; a possible explanation is that a higher CTAB 

concentration prevents the aggregation of delaminated kaolinite nanoplatelets.  

The higher molecular weight PVP K30 did not penetrate between the kaolinite nanoplatelets and 

properly delaminate the kaolinite. The PVP 10 platelets are not shattered like he PVP K30 platelets 

and have a thin disk like appearance. The delaminated kaolinite layers with sodium cholate as a 

surfactant gave many platelets having smooth edges and circular geometric orientation. However, 

there were more very small particles present on the delaminated kaolinite platelets. 

Lower amounts of kaolinite treated in a batch produced delaminated nanoplatelets whereas 

increasing the weight to 10g and 15 g produced particulates with sharper edges having an aspect 

ratio closer to a square. This was verified by the increased circularity close to that of a square. The 

average circularity of the 15 g batch was 0.7 with many of the particles having the circularity of a 

square (0.886). The increased amount of kaolinite in the sonicating mixture lead to the breakup of 

the nanoplatelets. This indicates that there is an upper limit to the load of kaolinite that can be 

present in the sonication batch for a successful delamination. 

CTAB at its solubility limit and PVP 10 were the surfactants that produced the most successful 

delamination of kaolinite nanoplatelets. 
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The average CED and the circularity data for each batch are summarized in Table 3.9. All of the 

batches were delaminated at 50% wt. urea solution. The 20 g of CTAB, 2g of PVP-10 and 15 g of 

kaolinite are the most circular. These batches also produced the most delaminated platelets. 

Table 3.9: Summary of CED and circularity 

Batch 
Average CED from 

area �|}� 

Average CED from 

perimeter �|}� 
Average Circularity 

30% power 3.6 5.8 0.628 

40% power 3.0 4.5 0.664 

50% power 3.6 5.1 0.700 

100% power 2.7 4.0 0.671 

2 g of CTAB 4.9 8.6 0.569 

20 g of CTAB 6.7 9.2 0.732 

2 g of PVP (K30) 5.5 11.3 0.49 

13.3 g of PVP (K30) 6.0 11.4 0.525 

2 g of PVP-10 3.8 4.9 0.767 

8.611 g of sodium 

cholate 
5.4 10.5 0.517 

5 g of kaolinite 2.95 6.3 0.625 

10 g of kaolinite 2.5 6.7 0.607 

15 g of kaolinite 2.54 5.0 0.694 
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Table 3.10 is the summary of the minimum, maximum area and perimeter for delaminated batches. 

13.3 g of PVP (K30) batch has the largest platelet area and 10 g of kaolinite batch has the longest 

perimeter. 

Table 3.10: Summary of minimum, maximum area and perimeter. 

Batch 
Minimum area 

�|}~� 

Maximum area 

�|}~� 

Minimum 

perimeter �|}� 

Maximum 

perimeter �|}� 

30% power 0.20 336 1.76 255 

40% power 0.20 129 1.67 180 

50% power 0.20 269 1.73 238 

100% power 0.20 320 1.71 237 

2 g of CTAB 0.20 381 1.66 390 

20 g of CTAB 0.34 198 3.19 116 

2 g of PVP 

(K30) 
0.21 462 1.99 355 

13.3 g of PVP 

(K30) 
0.21 628 2.10 418 

2 g of PVP-10 0.20 465 1.62 200 

8.611 g of 

sodium cholate 
0.20 465 1.62 200 

5 g of kaolinite 0.20 392 1.70 348 

10 g of 

kaolinite 
0.20 399 1.62 661 

15 g of 

kaolinite 
0.20 373 1.71 305 
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3.7 Conclusions  

 

The ultrasonication of kaolinite was studied as a function of sonication power, concentration of 

kaolinite and the presence of both urea and selected surfactants in the sonication mixture. 

Increasing ultrasonication power in a 50 % wt. urea solution without the presence of surfactants 

shatters kaolinite nanoplatelets into smaller particles. The introduction of a surfactant significantly 

altered the morphology of the delaminated kaolinite.  

Adding CTAB into 50 % wt. urea solution produced single or multilayer kaolinite nanoplatelets 

with circular edges. There were fewer fine particles deposited on the delaminated kaolinite layers 

compared to the non-surfactant runs. Fine kaolinite nanoplatelets were not formed when PVP K30 

was used. The geometric morphology of the platelets was different compared to the CTAB batch, 

as the vertices of the particles were much sharper.  

The morphology of the platelets using PVP-10 was circular and had a “dish” like structure. The 

distance between each platelet was moderately close with fine kaolinite particles on the larger 

platelets. The delaminated kaolinite layers using sodium cholate as a surfactant gave many 

platelets having smooth edges and circular geometric orientation. However, there were more very 

small particles present on the delaminated kaolinite platelets. 

The final experiment set was performed to determine if a larger quantity of kaolinite can be 

delaminated at the same surfactant concentration. The results indicate that kaolinite was degraded 

to a greater extent with increasing amount of kaolinite in the sonication mixture. The increased 

amount of kaolinite in the sonicating mixture lead to the breakup of the nanoplatelets. This 

indicates that there is an upper limit to the load of kaolinite that can be present in the sonication 

batch for a successful delamination. 

It can be concluded that the presence of surfactant has positive effects on kaolinite delamination 

process to form nanoplatelets. The kaolinite is delaminated to a greater extent when higher 

ultrasonication power and a high concentration of urea and surfactant are used. Kaolinite is most 

delaminated when the concentration of urea and surfactant is near its solubility limit and at the 

highest sonication power. CTAB at its solubility limit and PVP 10 were the surfactants that 

produced the most successful delamination of kaolinite nanoplatelets. 
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Chapter 4 Magnetite Nanoparticle Synthesized on Aluminum-based 

Substrates 

 

The manuscript for submission, Xinlong Chen, A. Y. Tremblay 

 

Abstract 

 

Magnetite nanoparticles were synthesized using a wet chemical co-precipitation approach with the 

application of surfactants at selected concentrations. These particles were deposited on various 

nanoplatelet supports such as boehmite, alumina and kaolinite. Transmission electron microscopy 

(TEM) and image software were used to characterize the iron oxide(s) nanoparticle morphology 

and to determine the iron oxide nanoparticle diameters. In-situ Energy-Dispersive X-ray 

Spectroscopy (EDS) was used to detect the existence of aluminum, iron, silicon and oxygen 

elements in the sample. X-ray diffraction (XRD) spectroscopy was used to determine the 

composition of each iron oxide(s)-substrate complex.  

Statistical analysis reveals that 65% of the unsupported magnetite nanoparticles produced 

measured less than 5 nm. The nanoparticles deposited on boehmite and those co-synthesised with 

magnetite-boehmite had 41 and 81% of their diameters less than 5 nm respectively. When co-

synthesized, magnetite nanoparticles and boehmite were observed not to precipitate 

simultaneously due to the different pH of precipitation of their hydroxides. The nanoparticles 

deposited on kaolinite had rectangular and circular morphologies. It was found that magnetite 

nanoparticles deposited on boehmite tend to locate around the perimeter of the nanosheet. 

Calcination was shown to increase nanoparticle diameters due to nanoparticle coarsening.  

 

Keywords: magnetite nanoparticle, kaolinite, boehmite, twinned alumina nanosheet, wet chemical 

synthesis, co-precipitation 
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4.1 Introduction 

 

Nanoparticles (NPs), made from either inorganic or organic materials, possess many novel 

properties compared to their bulk counterparts [104]. Nanoparticles are widely used in the 

fabrication of biosensors [182], MRI contrasting agents [183], arrays in magnetic data storage 

devices [184] and catalyst [185][186]. They are also used in drug delivery [187] and heavy metal 

ion separations [188], [189].  

A potentially new application of nanoparticles is in the production of hydrogen from methane by 

direct methane cracking. In this process, methane is reacted over iron nanoparticles to grow carbon 

nanotubes [190]. Iron based catalysts were reported in the literature to be efficient for catalytic 

methane cracking [191]–[194]. Methane decomposition rates upon application of metal catalysts 

is in the order of (Co, Ru, Ni, Rh) > (Pt, Re, Ir) > (Pd, Cu, W, Fe, Mo) [44], [195], [196].  

The calcination of iron precursors leads to the formation of a variety of iron oxides. Depending on 

the calcination temperature, magnetite ���#�&�, maghemite �\ − ����#�, wustite (FeO), hematite 

�[ − ��#�#� and/or spinel structures �o���&� are formed between the iron based oxides and 

support oxides [87]. The octahedral or tetrahedral crystal orientation is kept in cationic solution 

form (���]or ��#]) when oxygen is present. The hydrogen produced during the cracking reaction 

allows in-situ iron oxide reduction if the iron-based nanoparticles were to oxidize [197]. 

One of the primary concerns in nanoparticle synthesis is particle size control and its distribution 

as this directly governs nanoparticle properties [105]. In order to continuously synthesize carbon 

nanotubes (CNTs), they must synthesize by a base growth mode. This is required to maintain 

catalyst activity. Base growth mode occurs when the nanoparticle is less than 5 nm [113].  

A thermodynamic analysis of the carbon nucleation at a metal surface was conducted by Kuznetsov 

et al [198], [135]. Their thermodynamic model established the relationship between nanocatalyst 

size with consideration of its immediate neighbor (substrate) and the mechanisms of different 

carbon allotropes formation. By modifying Kuznetsov’s model, Dijion et al. [137] conducted a 

series of experimental test and applied the modified model to verify the correlation between the 

energy variation of system and nanoparticle size. To date, extensive studies were performed, and 
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the results are available in the literature covering various iron salts solutions, surfactants, solvents 

and their respective concentrations used in synthesizing CNTs. 

In order to achieve successful CNTs by the base growth mode for methane cracking, the 

nanoparticle must be deposited on a substrate and must not be detached from the substrate during 

the cracking reaction. The nanoparticle must also maintain its catalytic activity throughout the 

entire reaction process [114]. The deposition of iron on alumina and silica substrates utilizing 

physical and chemical deposition methods was reported in literature [135]–[137]. For example, 

Moody et al. grew iron oxide nanoparticles on a silica membrane [136]. The iron oxide 

nanoparticles were then calcined with a gas mixture consisting of both hydrogen and argon in order 

to prevent magnetite from oxidizing into hematite and/or maghemite. The magnetite nanoparticles 

were well distributed (spacing between each nanoparticle) from each other and hence no large 

nanoparticle aggregates were seen in their TEM images.  

Another example of depositing nanoparticles on a thin film of silica was conducted by Gohier et 

al. [135]. They deposited cobalt, iron and nickel nanoparticles of different average diameters on a 

thin film of silica by physical vapour deposition (PVD). These films were annealed under vacuum 

at 700°C in order to form nano-scale islands of catalyst.  

Many magnetite synthesis routes have been developed, such as the wet chemical synthesis [115]–

[117], gas-phase flame synthesis [118], electrochemical synthesis [119], microwave [199] and 

ultrasound [200], hydrothermal [201], inverted coprecipitation [202] and thermal decomposition 

[203]. Among these synthesis routes, wet chemical synthesis has been widely used due to its 

simplicity, versatility and economic viability. A mixture of Fe�] and Fe#] based salts are used to 

synthesize magnetite nanoparticles. The reduction of Fe�] and Fe#] is expressed in Eq. (4.1);  

 

  Fe�] + Fe#] + 8OH^ → Fe#O& + 4H�O (4.1) 

 

In order to prevent  Fe�]  ions in the reaction mixture from oxidizing to Fe#]  ions before the 

reduction reaction occurs, an acid is usually added to the solution to prevent the oxidation of  Fe�] 

ions [120]. The balance between ���]and ��#] ions are controlled by the kinetics of oxidation 
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and reduction. Thermodynamic and kinetic parameters indicate that the reduced iron will be 

rapidly oxidized to the insoluble form, leaving a very low concentration of the soluble ���] ions 

due to the presence of oxygen [204]. Oxidation kinetics are dependent on the state of the ions. 

���] ions in aqueous form are readily oxidized to ��#] due to the octahedral structure of both 

ionic states where only a single electron is transferred during the oxidation reaction and thus the 

activation energy is low, therefore reaching equilibrium within seconds to minutes [205]. A base 

is then added to the iron salt solution to affect the precipitation of the nanoparticles as in reaction 

4.1.  

There are extensive studies in the literature regarding the effect of organic anions on the formation 

of iron oxides and the size distribution of maghemite (Fe2O3, γ-Fe2O3) nanoparticle [126]–[128]. 

For example, citrate ions have been shown to influence the growth of iron oxides [128]–[130]. Bee 

et al. [131] studied the relationship between the citric acid concentration and the diameters of 

polydisperse spherical magnetite nanoparticles. In the absence of citrate ions, the typical 

maghemite nanoparticle diameter is approximately 8 nm, whereas when citrate ions are present, 

the maghemite diameter can be as small as 2 nm.  

The relationship between the nanoparticle diameter and R, The citric acid concentration 

hCqH�O�k over the summation of iron ion concentration �hFe�]k + hFe#]k� (Eq. (4.2)) is shown in  

in Figure 4.1. The total concentration of iron salts in solution is 0.13M and the molar ratio ���] 

to ��#] ion is 0.5 in Figure 4.1.  

 

  R = h���G��k
h��>�k]h����k (4.2) 

 

In general, the maghemite nanoparticle’s diameter decreases with increasing citric acid 

concentration. Where in Figure 4.1, D is the nanoparticle’s diameter. It can be concluded that an 

average maghemite nanoparticle diameter of 2.2 nm can be synthesized at a value of R=3. 
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Figure 4.1: Relationship between nanoparticle diameter D and the R (citrate anion to total iron 

ions molar ratio [131]). 

Yazdani et al. [125] studied the effect of the anions present in the iron salts used in the synthesis 

of the nanoparticles. Two reactant salts FeCl� and FeSO& were used as Fe�] reagent ions, while 

three salts FeCl#, Fe��SO&�# and Fe�NO#�# were used as Fe#] reagents. Combinations of these 

salts were used to study the effect of anions on the resulting nanoparticle diameter. The 

combination of salts used and the resulting nanoparticle diameter are listed in Table 4.1. The 

concentrations were 0.1 M for both Fe�] and Fe#] cation salt solutions and an excess 1 M NaOH 

was used as the base. 

Table 4.1: Combination of salts used and the resulting nanoparticle diameter 

Set # ��~] reagent ���] reagent Nanoparticle diameter (nm) 

1 FeCl� ∙ 4H�O FeCl# ∙ 6H�O 10.03 

2 FeCl� ∙ 4H�O Fe��SO&�# 6.6 

3 FeCl� ∙ 4H�O Fe�NO#�# ∙ 9H�O 8.86 

4 FeSO& ∙ 7H�O FeCl# ∙ 6H�O 8.7 

5 FeSO& ∙ 7H�O Fe��SO&�# 5.1 

6 FeSO& ∙ 7H�O Fe�NO#�# ∙ 9H�O 8.23 
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Figure 4.2 shows the trend of ionic strength versus the magnetite nanoparticle diameter. The ionic 

strength of the solution is calculated as a half of the sum of the molar concentration of ions 

multiplied by the square of the ion charge [125]. It is evident that the weaker ionic strength results 

in an increase of the magnetite nanoparticle diameter by the order of S1 > S3 > S4 > S6 > S2 > S5. 

The magnetite nanoparticle diameters were also calculated using the Scherrer equation, and shown 

in Figure 4.2. It was also observed that larger size anions normally result in smaller diameters of 

magnetite nanoparticles due to an increase of diffusion distance that surrounds the nuclei.  

Jolivet et al. [206] showed that the growth of nanoparticle oxides in aqueous solution can be 

controlled by the ionic strength of the reaction medium. The relationship between the ionic strength 

and the nanoparticle size is plotted in Figure 4.3. It can be concluded that higher ionic strength 

results in smaller nanoparticle diameters. From this conclusion, both Fe�] and Fe#] cations should 

have strong anion counterpart (SO&�^ anion) to produce nanoparticles having the smallest size. 

 

 

Figure 4.2: Iron salt reagent ionic size and strength effect on the final magnetite nanoparticle 

diameter [125]. 

����& · 7���
��� ��& #

I=2.9

��&�^, ��&�^

����� · 4���
��� ��& #

I=2.8

��^, ��&�^

����& · 7���
�� 9�# #· 9���

I=2

��&�^, 9�# ^

����& · 7���
����# · 6���

I=2

��&�^, ��^

����� · 4���
�� 9�# #· 9���

I=1.9

��^, 9�# ^

����� · 4���
����# · 6���

I=1.9
��^, ��^

Nanoparticle diameter 

Decreasing Ionic 



62 
 

1.8 2.0 2.2 2.4 2.6 2.8 3.0

5

6

7

8

9

10

 XRD

D
 (

nm
)

I (unitless)
 

Figure 4.3: Relationship between ionic strength and nanoparticle diameter calculated from 

Scherrer’s equation using XRD  [125]. 

Apart from the correlation between the ion strength and the nanoparticle size, surfactants were 

reported to affect the morphology, structure and size of iron nanoparticles [125]. Cetrimonium 

bromide (CTAB) is a cationic surfactant that interferes with the negatively charged external iron 

oxide nanoparticle’s crystal surface produced during a reduction reaction with sodium hydroxide.  

Filippousi et al. [133] used iron(II) sulphate heptahydrate (FeSO& ⋅ 7H�O), iron(III) chloride 

hexahydrate �����# ∙ 6����  and cetrimonium bromide (CTAB) surfactant to synthesize 

magnetite nanoparticles. CTAB is a cationic surfactant that interferes with the negatively charged 

external iron oxide nanoparticle’s crystal surface produced during the reduction reaction with 

sodium hydroxide. The surfactant itself does not change the geometry and structure of the 

magnetite nanoparticles; it also does not affect the magnetite nanoparticle morphology. However, 

the surfactant does control the degree of aggregation of the nanoparticles due to hydrophobic 

interactions [132].  

Iron deposition on alumina and silica substrates by physical or chemical deposition approaches are 

reported in the literature [135]–[137]. Moody et al. have synthesized iron oxide nanoparticles on 

top of a silica membrane by thermal decomposition of iron carboxylate complexes. [136]. The iron 

oxide nanoparticles were then calcined with a hydrogen and argon gas mixture to prevent 
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magnetite nanoparticles from oxidizing further into hematite and/or maghemite nanoparticles. The 

individual magnetite nanoparticle were well spaced from each other and almost achieved 

monodispersed distribution on the silica membrane substrate.  

Another study on the deposition of nanoparticles on a thin film of silica was conducted by Gohier 

et al. [135]. They sputtered cobalt, iron and nickel nanoparticles on a thin film of silica by PVD 

and obtained different diameter nanoparticles deposited on a film of silica. These films were then 

annealed under vacuum at 700°C in order to form nano-scale metal islands. The nano-scale islands 

had distance greater than 10 nm between each nanoparticle deposited on the substrate. 

Motivated by the above analysis, the present study aims at investigating the size and morphology 

of magnetite nanoparticles produced by wet chemical synthesis methods [105], [134] and 

deposited on alumina based substrates. The magnetite nanoparticles were synthesized using 

cetrimonium bromide (CTAB) and iron salts. CTAB is a widely used surfactant for the synthesis 

of gold nanorods, and it was shown that it can control nanoparticle size. The resulting samples in 

this work were then characterized using a scanning electron microscope (SEM), transmission 

electron microscope (TEM) and with energy-dispersive x-ray spectroscopy (EDS) techniques to 

probe magnetite nanoparticle properties. The size and morphology of the nanoparticles were 

determined using an image analysis software (ImageJ).  

In this study; kaolinite, boehmite and twined alumina sheets (TAN) were used as substrates for the 

deposition of magnetite nanoparticles as the thickness of their nanoplates is typically less than 100 

nm. They can also be used as catalyst supports for CNT growth because they have smooth flat 

surfaces that could eventually lead to the release of the CNTs. The sub 100 nm thickness of the 

nanosheets also permits the study of magnetite nanoparticles on their surface by TEM. 

 

4.2 Materials and Preparation 

 

Aluminum chloride hexahydrate (99%, nitrogen flushed), iron chloride hexahydrate, iron sulphate 

heptahydrate, cetyltrimethylammonium bromide (CTAB), sodium hydroxide pellets and 

anhydrous ethanol were purchased from Fisher Scientific; Fluka Analytical grade kaolinite powder 

and PVP-10 rM���. = 10000 g mol⁄ t were purchased from Sigma–Aldrich (Switzerland).  
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A Fisher Scientific 550 Sonic Dismembrator ultrasonicator was used to ultrasonicate the 

surfactant-kaolinite colloid. Samples were washed by a Corning LSE vortex mixer and Hermle 

Z400K refrigerated bench top centrifuge was used during the decantation process. Magnetite 

nanoparticles and substrates were mixed in a 250 mL conical flask and spun by a magnetic stirrer. 

Magnetite nanoparticles deposited on boehmite underwent hydrothermal reaction in Teflon tubes 

within a pressurized stainless-steel autoclave (Parr Instrument Company, Illinois). SEM 

micrographs were taken with JSM-7500F FESEM (JEOL) operated at 3 keV with EDS. TEM 

micrographs were taken with JEM-2100F FETEM (JEOL) operated at 200 keV. XRD 

spectroscopy was done by Rigaku Ultima IV Diffractometer and scanning powder samples at 

0.5°/min using CuK radiation (λ= 1.5418 Å). 

 

4.2.1 Magnetite nanoparticle 

 

Initially, 0.656 g of CTAB and 0.5406 g (2mmol) of FeCl# · 6H�O were dissolved in 30 mL of 

deionized (DI) water in a 50 mL centrifuge tube and then 0.27802 g (1mmol) of FeSO& ∙ 7H�O 

was added to the same solution. The original recipe by Filippousi et al. [133] was modified by 

adding 1:1 molar ratio of citric acid to Fe�]. The introduction of citric acid into the iron salt 

solution is to prevent Fe�] ions oxidizing to Fe#] ions and precipitating out before reacting with 

base (NaOH).  

The solution was then agitated in a vortex mixer for 5 min to ensure all of the iron salts in solution 

and the CTAB surfactant were well mixed. Five (5) mL of 5 M of NaOH solution was then added 

to the iron salt solution, and a black precipitate was immediately formed. This thin magnetite 

nanoparticle mixture colloid was then spun for 5 min in using a vortex mixer in order to ensure 

that the sodium hydroxide had completely reacted with the iron salt.  
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4.2.2 Boehmite and twined alumina nanosheet (TAN) preparation 

 

Approximately 4.35g of o���# ∙ 6��� was added into 60 g of DI water in an Erlenmeyer flask. 

0.849 g of CTAB was added into 45 g of ethanol in a 100 mL beaker. The CTAB solution was 

then mixed with magnetic stirrer for 20 mins to ensure that the CTAB was completely dissolved 

and well mixed. 

The pH was raised to 14 by adding 2.89 g of finely ground fresh sodium hydroxide powder into 

30 g of DI water in 100 mL. The result was a fine dispersion of NaOH in DI water. This was 

immediately added into an aluminum chloride hexahydrate-CTAB solution. Clusters of small 

white flakes immediately formed upon adding the sodium hydroxide to the aluminum chloride 

hexahydrate-CTAB surfactant solution. This aluminum chloride hexahydrate-CTAB surfactant 

solution was poured in three 10 mL Teflon tubes and placed in a sealed pressurized stainless-steel 

reaction vessels (autoclaves) before loading into a 165 °C oven. 

The �4o] − o���^  ion pairs were initially formed in the solution by electrostatic interaction 

between the CTAB surfactant and 9�o���. An ordered nanoplatelet structure of boehmite was 

produced by self-assembly of �4o] − o���^ ion pairs via the hydrothermal reaction expressed 

below in Eq. (4.3);  

 

  o���^ + ��� → �\ − o����� + ��^ (4.3) 

 

The hydrothermal reaction shown in Eq. (4.3) was carried out in a pressurized autoclave at 165 °C 

for 16 hours. After reaction, the autoclaves were taken out of the oven and cooled down to room 

temperature for 2 hours. The solids formed were decanted and of washed five times with distilled 

water and then 5 times with isopropanol. They were centrifuged after each washing step at 6000 

rpm at 20°C for 20 mins. The resulting boehmite was decanted, and left to dry in a fume hood for 

24 hours. Approximately 0.55 g of boehmite was obtained from each Teflon tube. Half of the 

boehmite was calcined for 4 hours at 600°C. The calcination process transformed boehmite 

�\ − o����� into gamma alumina (\ − o���#� according to the reaction shown in Eq. (4.4); 



66 
 

 

  2�\ − o����� → �\ − o���#� + ��� (4.4) 

 

4.2.3 Kaolinite  

 

A 50% wt. urea solution was prepared by adding 20 g of urea pellets into 20 mL distilled water 

and mixing in a vortex mixer to ensure the urea pellets dissolved completely. 2 g of PVP-10 

surfactant and 20 g of kaolinite powder were added into the urea solution and mixed by a vortex 

mixer for 5 min to produce a well-mixed kaolinite-surfactant mixture. The kaolinite-surfactant 

mixture was then poured into a 140 mL beaker and ultrasonicated for 3 hours consisting of 10 s 

on at full power (100% intensity) and 1 min off. After the ultrasonication stage, the kaolinite 

underwent a decantation process consisting of washing five times with distilled water and then 5 

times with isopropanol. The particles were recovered by centrifugation at 6000 rpm at 20°C for 20 

mins. The processed kaolinite was stored in isopropanol and left to dry overnight in a plastic dish. 

They were used as substrates for nanoparticle deposition and studied under TEM. 

 

4.2.4 Supported nanoparticle preparation 

 

Six combinations of magnetite nanoparticles on boehmite, alumina and kaolinite were studied in 

this work. They are summarized in Table 4.2 characterized with or without calcination. The 

preparation of these supported catalysts is described in the following sections. The abbreviation 

refers to how the iron oxide nanoparticles that were prepared, deposited substrates and 

characterized with or without calcination. The preparation of these supported catalysts is described 

in the following sections. 
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Table 4.2: The six combinations of magnetite nanoparticle deposited on alumina-based substrates 

and kaolinite. 

Combination 

number 
Name Abbreviations 

Characterized in 

Section 

1 Individual nanoparticles MNP 4.3.1 

2 Boehmite nanosheets BN 4.3.2 

3 Kaolinite platelets Kao 4.3.3 

4 
5% wt. ��#�& deposited 

on boehmite MNP-BN 4.3.4 

5 
5% wt. ��#�& deposited 

on alumina co-calcined MNP-BN-calcined 4.3.5 

6 
5% wt. ��#�& and 

boehmite co-precipitation COSYN-MNP 4.3.6 

7 

5% wt. ��#�&, alumina 

co-precipitation and co-

calcined 
COSYN-MNP-TAN 4.3.7 

8 
5% wt. ��#�& deposited 

on kaolinite MNP-Kao 4.3.8 

9 
5% wt. ��#�& deposited 

on kaolinite calcined MNP-Kao-calcined 4.3.9 
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4.2.4.1 Direct deposition of MNP on BN and TAN 

A schematic layout of depositing magnetic nanoparticle on boehmite nanosheets and TAN is 

presented in Figure 4.4. The calcination of the catalyst-substrate requires additional steps shown 

in below and also in Figure 4.4. A selected amount of magnetite nanoparticle prepared as shown 

in Figure 4.4 Step 1 a) was mixed with the boehmite colloid prepared as shown in Figure 4.4 Step 

1b). The amount of magnetite nanoparticle was 5% wt. of the final MNP-BN catalyst.  

1. 4.338 mL of 6.673 × 10^# s ��⁄  ��#�& nanoparticle solution was pipetted into a Teflon 

tube with an aluminum chloride hexahydrate-CTAB surfactant solution before undergoing 

hydrothermal reaction. 

2. The Teflon tube was then sealed in a pressurized stainless-steel vessel and then loading 

into an autoclave and heated for 16 hours at 165°C under autogenous pressure.  

a. The precipitates formed during the crystallization stage accumulated at the bottom 

of the Teflon-lined tube in the form of a semi-ridged disc (step 1 in Figure 4.4) were 

collected. 

b. The precipitated underwent the decantation procedure in order to purify the catalyst 

and substrate complex. 

3. Approximately half of the magnetite-boehmite complex by weight continued to step 3. The 

iron oxides and TAN were placed in an oven and calcined at 600°C for 4 hours (step 3 in 

Figure 4.4). Again, the sample underwent the decantation procedure before 

characterization. 
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Step 1 Step 2 Step 3

 

Figure 4.4: Direct deposition method of magnetite nanoparticle on boehmite and twinned 

alumina nanosheets. Boehmite was dehydrated into alumina after the calcination process. 

4.3.4.2 Co-precipitation and co-calcination of MNP-BN and TAN 

The co-precipitation and co-calcination procedure are summarized in Figure 4.5. Co-precipitation 

is the process of synthesizing both magnetite and boehmite simultaneously, and co-calcination is 

the process of calcinating magnetite and heating boehmite into TAN. The operating steps are 

presented as follows,  

1. 3.18 mL of 1 mM of ����& ∙ 7��� and 2 mM of ����# ∙ 6��� solution was pipetted into a 

single Erlenmeyer flask containing aluminum chloride hexahydrate-CTAB solution.  

(a) The aluminum chloride hexahydrate-CATB solution turned from a transparent to a 

yellow transparent solution after mixing with ���] and ��#] salt solutions.  

(b) A base solution containing 2.89 g of sodium hydroxide in 30 mL of DI water was added 

into the trinary metal salt solution. An opaque black colloid formed immediately.  

(c) The black opaque solution was stirred for 24 hours in a temperature-controlled bath set 

to 20°C. After 24 hours of stirring, the opaque black colloid turned into a brown colloid. 

(d) The opaque brown colloid was then transferred into the Teflon-lined tubes and then 

sealed in a pressurized stainless-steel capsule. The stainless-steel capsule was heated in 

an autoclave for 16 hours at 165°C under autogenous pressure. 

a) 

b) 
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(e) The stainless-steel vessel was then left to cool to room temperature. The precipitates 

formed during the crystallization stage accumulated at the bottom of the Teflon-lined 

tube in the form of a disk (step 1 in Figure 4.5) were collected and decanted. The co-

precipitated catalyst-substrate complex was left to dry in a fume hood for 24 hours. 

2. The co-calcination of the co-precipitation magnetite-boehmite complex requires an additional 

step. The same calcination procedure from the direct deposition was utilized. Magnetite-

boehmite complex was calcined at 600°C for 4 hours (step 2 in Figure 4.5). 

(a) The co-calcined samples were decanted by washing five times with DI water and five times 

with isopropanol consecutively. The co-calcinated iron oxides-TAN complex were placed on 

a plastic dish in a fume hood and allowed to dry for 24 hours prior to characterization.  

 

The direct deposition of magnetite on pre-synthesised TAN and the calcination treatment after 

deposition was not conducted. 

AlCl3· 6H2O,
CTAB

FeCl3· 6H2O, 
FeSO4·7H2O

Fe3O4 and boehmite 
co-precipitation

Fe2O3 deposited on 
alumina co-calcined

Binary Fe salts solution

Calcined at 600°C for 4 hoursAl salt solution

NaOH
pH=14

Fe2+(aq)+Fe3+(aq)+8OH-(aq)→Fe3O4(s)+H2O(l)

AlO2-(aq)+H2O(l)→ (γ-AlOOH)(s)+OH-(aq)

2(γ-AlOOH)(s)→γ-Al2O3+H2O(l)

4Fe3O4(s)+O2(g)→ 6Fe2O3(s)

Step 1 Step 2
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Figure 4.5: Magnetite nanoparticle and boehmite nanosheet co-precipitation in step 1. Both 

magnetite and boehmite are co-calcined in step 2. Boehmite was dehydrated into alumina after 

the calcination process. 

4.3.4.3 Deposition of MNP on kaolinite 

The procedure to deposit magnetite nanoparticles on kaolinite is almost identical compared to the 

direct deposition procedure discussed in section 4.3.4.2. A selected amount of magnetite 

nanoparticle prepared as shown in Figure 4.6 Step 1 a) was mixed with the boehmite colloid Figure 

4.6 Step 1b). The amount of iron oxide nanoparticle was 5% wt. of the final MNP-Kao catalyst. 

The calcination of the magnetite-kaolinite complex requires an additional step. 

1. 7.493 mL of 6.673 × 10^# s ��⁄  magnetite nanoparticle colloid (prepared in step 1a) Figure 

4.6) was pipetted into 0.95 g of ultrasonicated kaolinite (prepared in step 1b) in Figure 4.6) 

soaked in 30 mL of DI water.  

a. The ultrasonicated kaolinite-magnetite slurry was then stirred with a magnetic stirrer 

for 48 hours in ambient conditions.  

b. The colour of the kaolinite slurry before mixing, was white; after the addition of the 

magnetite nanoparticle colloid, the kaolinite slurry turned grey. 

2. The magnetite-kaolinite complex underwent the decantation process and was left in a plastic 

dish placed in a fume hood for 24 hours to dry (step 2 in Figure 4.6) before characterization. 

3. Approximately half of the magnetite-kaolinite complex was calcined in a muffled oven for 4 

hours at 600°C (step 2 in Figure 4.6).  

a. The iron oxides-kaolinite complex was decantated and left to dry in a fume hood for 

24 hours before characterization. 
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Figure 4.6: The deposition of magnetite nanoparticles on kaolinite nanosheets. 

 

4.3 Results and Discussion  

 

The magnetite nanoparticles listed in Table 4.2 above were characterized by SEM and TEM with 

in-situ EDS. Magnetite nanoparticles under the presence of CTAB surfactant were first synthesized 

using the recipe proposed by Filippousi et al. [133], this was done to verify if magnetite 

nanoparticles of sub 5 nm diameter could be fabricated. EDS analysis was conducted in order to 

confirm the presence of the iron, iron in magnetite, aluminum, and silicon in substrates. XRD 

spectroscopy was also done to verify the composition of iron oxide nanoparticles and substrates. 

All of the samples were stored in ethanol and ultrasonicated before placing them on a TEM grid. 

Each sample was left to dry in air for 5 minutes. The dry catalyst-substrate powder was placed 

directly on the XRD holder for scanning in the TEM. 

Statistical analysis was conducted on the TEM micrographs by using the imaging software ImageJ. 

The nanoparticle’s diameter was measured manually not automatically due to excessive 

background noise in each TEM micrograph. The limitation of ImageJ software is that it treats the 

static background noise as nanoparticles, another limitation is that slight changes in contrast ratio 

could result in large variance in the nanoparticle’s area. Each nanoparticle’s diameter was 

calculated from the nanoparticle’s perimeter under the assumption that each nanoparticle was a 

perfect circle. The average, standard deviation, minimum and maximum diameters of the 

a) 

b) 
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nanoparticles were then calculated. The results were plotted using a data analysis software Origin 

Pro. 

 

4.3.1 TEM and EDS observations of individual magnetite nanoparticles 

 

Figure 4.7 shows a TEM of unsupported magnetite nanoparticles synthesized in the presence of 

CTAB using the recipe described in Filippousi et al. [133]. Both circular and rectangular 

orientation magnetite nanoparticle are observed. Aggregates of the nanoparticles are seen in the 

lower left and right corners in Figure 4.7 whereas the nanoparticles in the central region are more 

dispersed. It is interesting to see that several magnetite nanoparticle diameters are less than or 

approximately equal to 3.7 nm (inside the blue circle). Another factor to consider is that these 

nanoparticles are magnetic and are attracted to each other, thus promoting particle aggregation. 

The smaller magnetite nanoparticles are commonly located on the less densely packed area of the 

aggregate. A possible explanation for this phenomenon is that smaller magnetite nanoparticles 

have a much weaker magnetic field compared to larger counterparts and thus, the larger magnetite 

nanoparticles form larger aggregates.  
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Figure 4.7: A cluster of magnetite nanoparticles. The red scale bar is 5 nm. The blue circle 

indicates that magnetite nanoparticles’ diameter is less than or approximately 3.7 nm.  

A sample size of 55 particles was selected for statistical analysis in Figure 4.9. The average, 

standard deviation, minimum and maximum diameter of magnetite nanoparticles in Figure 4.7 are 

4.3, 1.75, 1.76 and 11.8 nm respectively. The diameter distribution of the magnetite nanoparticle 

of Figure 4.7 is plotted in Figure 4.8. From Figure 4.8, the vast majority (~65.42 %) diameter of 

the magnetite nanoparticles are less than 5nm, an interesting note is that there is an outlier peak 

for nanoparticles greater than 10 nm in diameter. A likely explanation is that clusters of miniature 

nanoparticles were counted as a larger single nanoparticle. 
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Figure 4.8: Diameter distribution for Figure 4.7 

Figure 4.9 shows another TEM image of an isolated cluster of magnetite nanoparticles synthesized 

from this individual magnetite nanoparticle batch. Similar to the previous TEM micrograph 

(Figure 4.7), it was found that the smaller nanoparticles in Figure 4.9 were once again located at 

the clustered nanoparticles boundary. The packing of nanoparticles is least dense when the 

presence of neighboring nanoparticles is reduced. A noticeable difference between this image 

(Figure 4.9) and the previous micrograph (Figure 4.7) is that several rectangular oriented 

nanoparticles were detected. The vertices of each nanoparticles in this image are much shaper, 

whereas the edges are more curved as observed in the previous image.  
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Figure 4.9: A cluster of magnetite nanoparticles. The red circle indicates the area where EDS 

analysis was conducted. The red scale bar is 10 nm. 

A sample size of 39 was selected to conduct statistical analysis and the average, standard deviation, 

minimum and maximum diameter of the magnetite nanoparticles were 4.77, 1.7, 2.14 and 9.62 nm 

respectively. Once again, the size distribution obtained in this sample is comparable to those 

obtained by Filippousi et al. [133]. In Figure 4.10, approximately 41.6 % of the nanoparticles are 

less than 5 nm with a small peak at the 10 to 10.5 nm diameter range. The small black dots in the 

red circle in Figure 4.9 were not counted as nanoparticles due to the fact that these dots cannot be 

differentiated from the background noise or exposed part of a larger nanoparticle.  
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Figure 4.10: Diameter distribution for Figure 4.9 

Figure 4.11 represents the EDS analysis of the TEM for the area marked by the circle in Figure 

4.9. The presence of iron and oxygen elements were confirmed from the signal peaks, indicating 

that iron oxide compounds were formed during the synthesis. The corresponding EDS also shows 

a high presence of carbon, indicating that CTAB and trisodium citrate are present. Copper is 

present due to the background copper matrix used for the TEM image examination. Iron presence 

is well indicated. The presence of silicon indicates that there is possible silicon contamination 

perhaps due to sodium hydroxide etching on the glass containment vessel during magnetite 

synthesis. 
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Figure 4.11: The EDS analysis of the red circle in Figure 4.9. 

4.3.2 TEM and EDS observations of BN and TAN 

 

Boehmite nanosheets were produced by adding sodium hydroxide into an aluminum chloride 

hexahydrate solution, while the TAN nanosheet were produced by calcinating the newly produced 

boehmite nanosheet. Both boehmite and TAN have a similar thickness, which confirms that the 

calcination process does not produce nanosheet coarsening. The structural orientation of boehmite 

is kept after the calcination reaction to TAN with straight edges and sharp vertices.  

The thickness of the boehmite nanosheet ranges from 41.6 to 71.5 nm, as shown in Figure 4.12. 

Upon closer inspection in Figure 4.13, the boehmite’s surface is much smoother at the nanometer 

scale compared to the micron level, where micron sized craters, grooves, ridges and valleys can 

be spotted on the left side of Figure 4.12. Upon higher magnification, it is revealed that boehmite 

is composed of multiple polycrystals separated by grain boundaries as shown in the backdrop of 

Figure 4.13. The length and width of the boehmite nanosheet are in the micron size range whereas 

in contrast the thickness of the nanosheet is in the sub 100 nm level. The edges of the nanosheets 

are straight, and the vertices are sharp with obtuse angles. 
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Figure 4.12: A TEM micrograph of two 

vertical standing boehmite nanosheets. The 

red circle is where the EDS scan was 

conducted. The red scale bar is 0.2 µm. 

 

Figure 4.13: A segment of the right side of 

Figure 4.12. The red scale bar is 50nm. 

 

Figure 4.14 is the EDS analysis of the red circle in the TEM micrograph (Figure 4.12). Both 

aluminum and oxygen have the highest peak in Figure 4.14, meanwhile chlorine has the weakest 

signal. The less intense chlorine peak confirms that almost all of the aluminum chloride 

hexahydrate reactant was consumed when sodium hydroxide base was added. The presence of 

sodium and chloride elements indicated by the peaks are most likely sodium chloride produced 

during the reduction reaction. While the CTAB surfactant residue left trapped within the 

overlapping boehmite nanosheets is responsible for the carbon peak signal. Another interesting 

fact is that this carbon peak signal is of lower intensity compared to that of Figure 4.11. The copper 

signal is from the background TEM gird matrix. The cobalt and iron peaks are either from 

contamination during the boehmite nanosheet synthesis stage or the background EDS equipment 

background noise.  
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Figure 4.14: EDS analysis of the red circle in Figure 4.12. 

The TAN nanoplatelets maintained the same thickness range as boehmite ranging from 14.9 to 

87.6 nm thick as shown in Figure 4.15. The thickness measurements were taken on the right side 

of the darker TAN, which is oriented perpendicular to the plane of the micrograph, instead of the 

center area. The TAN in the center could be slanted on an angle and does not provide an accurate 

representation of its thickness. The length and width of TAN are in the micron scale, as shown in 

Figure 4.16, the edges are straight and jagged, and the vertices are sharp with obtuse angles. A 

segment of Figure 4.15 shows that the surface of TAN is different from the boehmite nanosheet; 

the TAN’s surface is smooth at the nano level as there were no polycrystals or grain boundaries 

observed in the TEM image. 
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Figure 4.15: A TEM micrograph of multiple 

vertical standing TAN. The red circle is where 

the EDS scan was conducted. The red scale bar 

is 0.2 µm. 

 

 

Figure 4.16: A segment of Figure 4.15. The red 

scale bar is 100 nm. 

Figure 4.17 represents the EDS analysis of the area indicated by the red circle in TEM micrograph 

in Figure 4.15. The intense peak signals of aluminum and oxygen in Figure 4.17 confirm that 

aluminum oxide is present in the nanosheet. The sodium and chlorine peak signals are from sodium 

chloride products produced during the reduction reaction of aluminum chloride hexahydrate. The 

carbon peak signal is from the CTAB surfactant, as CTAB is the only compound that contains 

carbon elements. Cobalt and iron signal peaks are either contamination from the raw aluminum 

salt or background noise of the EDS detector. The copper peak signal is from the background TEM 

matrix grid slide. 
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Figure 4.17: EDS analysis of the red circle in Figure 4.15. 

 

4.4.3 TEM and EDS observations of kaolinite nanosheets 

 

An overview of a multiple stacked kaolinite sheet is shown in Figure 4.18. The thickness of the 

kaolinite nanosheet is measured in Figure 4.19. The thickness of the kaolinite nanosheet ranges 

from 28.5 to 38.5 nm. The black lines observed in Figure 4.18 are possible interfaces between 

kaolinite interlayers held by hydrogen bonding. In direct contrast to boehmite and TAN, kaolinite 

nanosheets edges and vertices of perimeter are curved at the nanometer level as observed in Figure 

4.19, whereas in boehmite and TAN the perimeter are straight featuring sharp edges (Figure 4.13 

and Figure 4.16). The surface of kaolinite features craters and plateaus, where in direct contrast 

the surface of boehmite nanosheet and TAN are smoother. The kaolinite nanosheet observed at the 

micron level in Figure 4.18 are hexagonal, whereas the geometric orientation of boehmite 

nanosheet and TAN are rhombic shaped. 
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Figure 4.18: A TEM image of a kaolinite 

flake. A single vertical standing is observed. 

The red scale bar is 0.2 µm. 

Figure 4.19: A zoomed in view of Figure 4.18 

where the EDS analysis is conducted. The 

thick of the kaolinite nanosheet varies 

throughout the nanosheet. The red scale bar is 

10 nm. 

Figure 4.20 represents the EDS of the TEM for the area marked by the circle in Figure 4.19. The 

silicon peak in Figure 4.20 confirms the presence of silicon along with aluminum and oxygen as 

kaolinite ( Al2O3 2SiO2·2H2O) has silicon atoms in its structure. An almost equal intensity of 

aluminum and silicon were measured in Figure 4.20, this is expected from the formula of kaolinite. 

The copper peak is from the TEM matrix grid. The PVP-10 surfactant residues used during the 

delamination of kaolinite contribute towards the carbon peak. The cobalt and the iron peaks are 

either contaminants or the background signal from the EDS detector. 
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Figure 4.20: EDS analysis of Figure 4.19. 

 

4.3.4 TEM and EDS observations for MNP-BN 

 

The deposition of magnetite nanoparticles on boehmite nanosheet is shown in Figure 4.21. The 

magnetite particles are negatively charged [207] and the boehmite’s surface is also negatively 

charged due to the hydroxide groups on its surface [208]; however the boehmite’s edges are 

positively charged [208]. Thus, the magnetite nanoparticles are all aggregated on the boehmite 

nanosheet edges and vertices. A combination of circular, rectangular and irregular shaped 

magnetite nanoparticles can be seen in Figure 4.21. The circular shaped nanoparticles are located 

at the outer rim of the nanoparticle cluster, whereas rectangular shaped nanoparticles are typically 

found inside the cluster. Figure 4.22 is the EDS of the red circle in Figure 4.21. The iron, aluminum 

and oxygen peaks confirm the presence of magnetite and aluminium hydroxide oxide. The carbon 

atom in the CTAB molecule contributes to the carbon peak signal. The copper peak signal is from 

the TEM support grid. 
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Figure 4.21: Magnetite nanoparticles deposited on boehmite nanosheet. The red circle is where 

the EDS spectroscopy analysis was conducted. The red bar is 20 nm. 
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Figure 4.22: EDS analysis of the red circle in Figure 4.21. 
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A sample size of 78 was selected to conduct particulate statistical analysis and to plot the 

distribution function of particles in red circle in Figure 4.21. The average, standard deviation, 

minimum and maximum diameter of the nanoparticles are 5, 1.6, 1.8 and 8.3 nm respectively. 

From Figure 4.23, nearly 40% of the nanoparticle’s diameters are less than 5 nm. The high degree 

of aggregation and the assumption of that the nanoparticles are a perfect circle contributes towards 

the standard deviation.  
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Figure 4.23: Diameter distribution of the particles in the red circle in Figure 4.21 

 

4.3.5 TEM and EDS observations for MNP-BN-calcined  

 

Figure 4.24 shows an overview of MNP-BN-calcined after calcination. A larger cluster of 

aggregated magnetite nanoparticles was located at the lower-left corner of the TAN nanosheet. 

Nanoparticle coarsening is the process of small nanoparticles merging into a larger nanoparticle. 

In an aggregation process, the nanoparticle cluster area is held by intermolecular forces, whereas 

in nanoparticle coarsening, the nanoparticles are held by intramolecular bonds. Nanoparticle 

coarsening is enhanced when the concentration increases due to a decrease in the separation 

between the nanoparticles. The coarsening can be reduced by introducing a new material within 
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the immediate proximity of the nanoparticle. The larger cluster of aggregated nanoparticles were 

once again located along the substrate’s perimeter, which was consistent with the previous TEM 

image analysis in Figure 4.21.  

 

Figure 4.24: An overview view of MNP-BN-

calcined after calcination. The red circle is 

where and EDS analysis is conducted. The 

red scale bar is 60 nm. 

 

Figure 4.25: A segment of Figure 4.24. The 

red scale bar is 10 nm. 

 

Nanoparticle coarsening was found at both the top left and right corners of the substrate, where 

the nanoparticle clusters have the largest aggregation of iron nanoparticles Figure 4.25. Figure 

4.26 shows the EDS data for the area marked by the red circle in Figure 4.24. The EDS detected 

the presence of sodium in the sample, confirming that sodium citrate was produced during the 

reduction of citric acid with sodium hydroxide. The carbon signal has the highest intensity out of 

all elements, which demonstrates the presence of citrate ion and the CTAB surfactant. The 

combination of aluminum, iron and oxygen confirms the presence of iron oxides and aluminium 

oxide. 
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Figure 4.26: An EDS analysis of the red circle in Figure 4.24. 

A sample size of 69 nanoparticles was selected to conduct the statistical analysis for diameter 

distribution shown in Figure 4.27. The measured average, minimum and maximum nanoparticle 

diameters are 9.1, 4.45, 3.6 and 23.56 nm respectively. This statistical result show that the post 

calcination of the nanoparticles increases the average diameter and leads to nanoparticle 

coarsening. 

The majority (~94.2%) of nanoparticles have a diameter greater than 5 nm as presented in Figure 

4.27. Some of nanoparticles in Figure 4.25 have joined together to form large nanoparticles, which 

is shown in Figure 4.27, where there are two peaks that have an average diameter greater than 20 

nm. 
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Figure 4.27: Diameter distribution for Figure 4.25 

 

4.3.6 TEM and EDS observations for COSYN-MNP 

 

Figure 4.28 depicts an image of COSYN-MNP, which shows that the thickness of the boehmite 

nanosheet is approximately 4.9 to 11.1 nm on a slanted angle. However, the contrast between the 

nanoparticle and nanosheet drops as the magnification increases. It was more difficult to identify 

the smaller magnetite nanoparticles if they are deposited in low concentrations or embedded within 

the substrate during the nucleation stage of the nanoparticle growth. 

Figure 4.29 shows a higher magnification segment of Figure 4.28. The nanosheet on the top of the 

image is slightly slanted with another nanosheet underneath. Upon further inspection, multiple 

layers of boehmite can be observed. The magnetite nanoparticles are moderately dispersed on the 

boehmite surface. The majority of the nanoparticles are located within the substrate’s inner surface, 

and a small number of nanoparticles are located near the perimeter. In contrast, the exact opposite 

nanoparticle distribution was observed in the direct deposition batch (MNP-BN) on the same 

substrate experiment earlier. Aggregated nanoparticles are observed in the top left region, whereas 

nanoparticle is relatively dispersed in the lower right region.  
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Figure 4.28: An overview of COSYN-MNP 

co-precipitation. The red circle is where an 

EDS analysis was conducted. The red scale 

bar is 50 nm. 

 

Figure 4.29: A segment of Figure 4.28. The 

contrast gradient decreases as magnification 

increases. The red scale bar is 10 nm. 

Figure 4.30 is an EDS analysis indicated by the red circle in Figure 4.28. Elemental aluminum, 

iron and oxygen were detected; this confirms the presence of magnetite and aluminium hydroxide 

oxide. It is speculated that some of the CTAB surfactant is trapped in the magnetite nanoparticle 

when the boehmite precipitated later. This hypothesis may explain the weaker carbon signal in 

Figure 4.30. 

A sample size of 69 particles were selected to conduct a statistical analysis of the particles in the 

red circle in Figure 4.31 The average, standard deviation, minimum and maximum diameter of the 

nanoparticles are 3.45, 1.1, 2.2 and 6.6 nm respectively. This experimental set gave the smallest 

average and minimum nanoparticle diameter. A possible explanation for this result is that 

nanoparticles are embedded in the nanosheet during the synthesizing stage; their growth is 

impeded due to the presence of the crystallising boehmite nanosheet. 
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Figure 4.30: The EDS analysis for Figure 4.28. 
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Figure 4.31: Diameter distribution of Figure 4.29. 
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In order to understand the dynamics of the co-precipitation process, a series of pH measurements 

were conducted in order to study the effect of slowly adding sodium hydroxide on the trinary salt 

solution (aluminum and iron salt solutions), Figure 4.32. The pH of the initial aluminum chloride 

hexahydrate-CTAB solution was 2.203 and the pH of the initial iron chloride hexahydrate and iron 

sulphate heptahydrates salt solution was 1.533. Mixing these two metal salt solutions resulted in 

pH of 2.233. The pH of the sodium hydroxide solution was approximately 12. Approximately 

30mL of 0.121 M sodium hydroxide solution was injected at a constant flow rate into the trinary 

metal salt solution by a syringe pump for 3 hours.  
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Figure 4.32: The pH of the binary metal salt solution by slowly adding 30mL of 0.1213 M of 

NaOH (pH=12) throughout 3 hours. 

The derivative of pH with respect to the volume of base added to the trinary metal salt solution is 

shown in Figure 4.33. The initial colour of the binary metal salt solution was light yellow, then the 

addition of base turned the binary metal salt solution into dark yellow, followed by orange and 

eventually, a brown colloid is produced. The first minima are reached after the addition of 

approximately 10 mL of base. The second stage starts after a brown solution is produced, while 

the change of pH with respect to the base injected increases. Fine black magnetite particles were 

precipitated out first and then later (pH>4.2) the boehmite nanosheets form later as a white colloid. 

The colour of binary metal co-precipitation before and after the autoclave process was brown and 
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pinkish hue, respectively. These peaks in Figure 4.33 show that magnetite completely precipitated 

out first (pH<4.2) and boehmite precipitates when pH>4.2. 
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Figure 4.33: The change of pH with respect to base addition. 

Compared to the direct deposition of magnetite nanoparticles on both boehmite and TAN 

nanosheets (Figure 4.21 and Figure 4.25 respectively), it was more challenging to find magnetite 

nanoparticles using TEM for binary metal salts co-precipitation on both boehmite and TAN 

nanosheets. The EDS analysis from Figure 4.30 shows that the iron peak intensity is much lower 

than that of the direct deposition counterpart shown in Figure 4.22. Since the magnetite 

nanoparticles were first precipitated, the boehmite nanosheet formation encapsulated the magnetite 

nanoparticles. 
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4.3.7 TEM and EDS observations for COSYN-MNP-TAN 

 

Figure 4.34 shows a broad view of co-precipitated and co-calcined iron oxide-TAN complex. 

However, higher magnification image illustrates that very few magnetite nanoparticles were 

observed in Figure 4.35. The iron oxide nanoparticles in Figure 4.35 are hard to identify between 

static background noise. Since the iron oxides nanoparticles are not distinguishable, the statistical 

analysis was not conducted. 

The aluminum and oxygen signal peaks in Figure 4.36 confirm that aluminum oxide is present in 

the sampling area. Also the weak iron signal indicates that the amount of iron oxide is extremely 

low in this segment of Figure 4.34, which is in agreement with the observation made in Figure 

4.35. The darker sections of Figure 4.34 were not examined. It is possible that iron aggregated in 

these areas. 
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Figure 4.34: A TEM image of COSYN-MNP-

TAN. The red circle is where the EDS scan 

was conducted. The red scale bar is 0.1 µm. 

Figure 4.35: A zoomed-in view of the red 

circle in Figure 4.34. The red scale bar is 20 

nm. 
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Figure 4.36: The EDS analysis of Figure 4.35. 

  



96 
 

4.3.8 TEM and EDS observations of 5% wt. ��#�& deposited on kaolinite (MNP-Kao) 

 

The distribution of magnetite nanoparticle clusters deposited on kaolinite nanosheets presented in 

Figure 4.37 is much less aggregated compared to the boehmite nanosheet and TAN batches in 

Figure 4.21 and Figure 4.29 respectively. The higher magnification image in Figure 4.38 reveals 

that the orientation of these magnetite nanoparticles is different from those deposited on boehmite 

nanosheet and TAN (Figure 4.21, Figure 4.25 and Figure 4.29). For example, oval shaped particles 

were observed, also square and rectangular nanoparticles are found in Figure 4.38. 

 A stark difference is that a cluster of nanoparticles is located inside the kaolinite nanosheet surface. 

This is different from the boehmite nanosheets and TAN where they accumulated on the edges or 

vertices of the nanosheets. Kaolinite surfaces have different charge distributions compared to 

boehmite nanosheets and TAN since kaolinite has two silicon atoms between the four hydroxyl 

groups in its structure[209]. 

 

Figure 4.37: Clusters of MNP on kaolinite 

nanosheet as indicated by the blue circles. The 

red circle is where the EDS analysis 

conducted. The red scale bar is 0.1 μm. 

 

Figure 4.38: A segment view of Figure 4.37. 

The orientation of the magnetite nanoparticle 

is different on kaolinite compared to boehmite 

nanosheet and TAN as some of the particles 

are rectangular and not circular. The red scale 

bar is 10 nm. 
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The EDS analysis in Figure 4.39 shows that iron was present. The silicon peak confirms that the 

substrate is kaolinite rather than boehmite or TAN. The oxygen peak along with aluminum, silicon 

and iron peaks proves that some type of aluminum, silicon and iron oxide are present in the area 

of study. Both CTAB and PVP-10 surfactants have a polymer carbon chain that was present in the 

magnetite nanoparticle and kaolinite colloid, respectively, during the deposition process. The 

copper peak is from the TEM matrix grid slide. 
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Figure 4.39: EDS analysis of Figure 4.38. The copper peak in the TEM slide grid. 

A sample size of 84 particles were selected to perform a statistical analysis of the particles in the 

selected area marked by the red circle in Figure 4.37. The average, standard deviation, minimum 

and maximum diameter of the nanoparticles are 5.9, 2.2, 2.1 and 13.9 nm respectively. From Figure 

4.40, the vast majority of nanoparticles have diameter greater than 5 nm with a noticeable minority 

of nanoparticles greater than 10 nm. 
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Figure 4.40: Length and diameter distribution for Figure 4.38. 

4.3.9 TEM and EDS observations of 5% wt. ��#�& deposited on kaolinite calcined (MNP-

Kao-calcined) 

 

Figure 4.41 shows the image of magnetite nanoparticles deposited on kaolinite nanosheet and 

calcinated. The nanoparticles were found to distribute inside the nanosheet surface rather than on 

the substrate perimeter typically found in boehmite (Figure 4.21). This observation follows the 

same trend before the calcination step shown in Figure 4.38. The darker shade in Figure 4.41 shows 

that multiple layers of kaolinite are stacked beneath the top deposition layer. A noticeable 

difference before and after the calcination of the substrate is the disappearance of surface structures 

(craters, grooves, ridges and valleys), which removes obstacles for nanoparticle translation motion. 

The kinetic energy for translation motion of the nanoparticles is supplied by thermal energy during 

the calcination process [210]. The consequence of these features results in smaller dispersed 

clusters of nanoparticles rather than a fewer cluster of large aggregated nanoparticles. 

Upon further inspection of Figure 4.42, it was found that nanoparticles were either aggregated or 

coarsened together. The morphologies of the nanoparticles in this batch are of more irregular and 

asymmetrical shape upon post calcination (Figure 4.42). Whereas the morphologies from the 
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previous batch set are more geometrically ordered with nanoparticles composing of either circular 

or rectangular shapes before calcination (Figure 4.38).  

 

Figure 4.41: MNP-Kaolinite-calcined. The 

sample is calcined. The red circle is where the 

EDS analysis was conducted. The red scale 

bar is 50 nm. 

Figure 4.42: A segment view of Figure 4.41. 

The red scale bar is 20 nm. 

 

 

Figure 4.43 depicts the EDS analysis of Figure 4.42. The combination of aluminum, silicon and 

oxygen peaks indicates the presence of kaolinite. The silicon peak is the unique signal that 

distinguishes kaolinite from boehmite and TAN, since boehmite and TAN do not have silicon in 

their composition. The signal peak of iron and oxygen pair confirms the presence of iron oxides. 

The carbon peak suggests coking residue from the thermal decomposition of PVP-10 surfactant 

during the calcination process. 
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Figure 4.43: The EDS analysis of Figure 4.42. 

The statistical analysis that was used on the non-calcined version of kaolinite was utilized for the 

calcined version. The sample size was 40 to conduct statistical analysis, and the results of average, 

standard deviation, minimum and maximum diameter of the nanoparticles are 9.7, 5.8, 4.2 and 

28.7 nm respectively. Approximately 12 % of the sampled nanoparticles have diameters greater 

than 20 nm are shown in Figure 4.44. These larger nanoparticles are formed when multiple smaller 

nanoparticles coarsen together during the calcination process. The statistical analysis in Figure 

4.43 demonstrates that nanoparticle coarsening phenomena definitely appear.  
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Figure 4.44: Length and diameter distribution for Figure 4.42. 
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4.3.10 XRD measurements 

 

The XRD spectrum of the magnetite nanoparticles presented in Figure 4.45 from the present 

experiment closely resemble those in literature [133], [134]. Three types of iron oxides (magnetite, 

hematite and maghemite) were all detected in all the sample batches that were calcined (TAN 

batches) [211], where only magnetite peak is present without calcination process. Hematite and 

maghemite peaks were detected at approximately 32.973°, 35.675°, 50°, 54.054° [212]–[216] and 

35°, 62.91° peak sets [217] respectively. This shows that magnetite has reacted with the oxygen 

component in the air into hematite and maghemite [218], [219] expressed in the reaction below 

Eq. (4.5); 

 

  4��#�& + �� → 6����# (4.5) 

 

The unique characteristic peaks of the substrates were also detected. The boehmite characteristic 

peaks correspond to 13.68°, 31.579°, 38.095°, 49.473° [220], while the TAN characteristic peaks 

correspond to 31.7°, 45.56°, 67.04° [221] shown in Figure 4.46. The kaolinite signal was present 

for batches where kaolinite was the substrate for magnetite nanoparticle deposition, and the peak 

signals were 12.24° and 24.92° , in which the result was also reported in the literature [138]. Also, 

both leftover reactant and surfactant residuals were detected, and this observation matches the EDS 

analysis results.  
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Figure 4.45: XRD spectrum of isolated individual magnetite nanoparticles and iron oxides 

deposited on six substrates. 
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Figure 4.46: XRD spectrum of boehmite (γ-AlOOH) and twined alumina nanosheets (TAN). 
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4.4 Discussion Summary 

 

The thickness of all three nanosheet substrates was less than 100 nm, and the length and width 

were in the micron range. Both circular and rectangular nanoparticle morphologies were detected 

for all cases. There was a higher occurrence of rectangular nanoparticles on kaolinite before 

calcination. 

The average diameter of the nanoparticles is between 3.45 and 5.9 nm before calcination and the 

majority of the nanoparticles were less than 9.3 to 9.5 nm in diameter after calcination. The fraction 

nanoparticles having diameters less than 5 nm for MNP, MNP-BN and COSYN-MNP are 65, 41 

and 81% of respectively. The sub 5 nm in diameter nanoparticles will affect the base growth mode 

of carbon nanotubes. The particles larger than 5 nm will have tip growth carbon nanotubes and 

detach from the surface of the catalysts. This would open up more space on the surface of the 

catalyst for CNT growth. MNP-BN, MNP-BN-calcined, COSYN-MNP and MNP-Kao batches are 

potential candidates for the continuous formation of CNTs from methane cracking on these 

supports.  

When combined in the same synthesis vessel, iron nanoparticle and boehmite synthesis do not take 

place simultaneously, since iron and aluminum precipitate at different pHs. Magnetite 

nanoparticles precipitate first followed by boehmite and thus encapsulating the initial nanoparticle. 

EDS analysis shows that iron oxide compounds were embedded in the nanosheet.  

XRD spectroscopy indicates that post calcination of magnetite nanoparticle at 600°C under 

ambient conditions oxidizes magnetite into hematite and maghemite. CNTs can be grown on 

magnetite, hematite or maghemite [222].  

Iron nanoparticles remained on all substrates after ultrasonication prior to analysis indicating that 

they are physically bound to the substrates. It is suggested calcined substrates be tested as methane 

cracking catalysts to determine the extent of tip growth for the coarsened nanoparticles on these 

substrates. It is possible that the larger coarsened nanoparticles be released form the catalyst due 

to tip growth exposing the smaller sub 5 nm iron particles. This would permit tip growth on the 

substrate. The non calcined particles should also be tested as catalysts to determine if they are 

suitable for the base growth of CNTs and if coarsening occurs as the cracking reaction proceeds.  
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4.5 Conclusions 

 

Magnetite nanoparticles were synthesized and deposited onto nanoplatelet supports made from 

aluminium oxides-based substrates (boehmite, TAN and kaolinite). The surfactant CTAB was 

added during the nanoparticle synthesis stage to prevent the nanoparticles from aggregating. SEM 

and TEM with in-situ EDS were used to characterize the nanoparticle size, morphology, degree of 

aggregation and elemental composition. XRD spectroscopy was used to verify and determine the 

catalyst-substrate material composition. Statistical analysis of the TEM images was conducted by 

using the ImageJ analysis software. The area and perimeter of each nanoparticle was measured 

manually due to excessive static background noise. 

The average diameter of these nanoparticles was less than 5 nm for MNP, MNP-BN and COSYN-

MNP respectively. The co-synthesis (COSYN-MNP) batch of the magnetite nanoparticles without 

calcination had the smallest magnetite nanoparticle diameters where 40% were less than 5 nm in 

diameter. The sub 5 nm in diameter is a critical criterion met for base growth mode of CNTs. 

Nanoparticle coarsening occurred when it has calcined at 600°C for 4 hours. XRD spectroscopy 

revealed that magnetite had oxidized into hematite and maghemite after calcination. However, 

CNTs can be grown on magnetite, hematite or maghemite. The magnetite nanoparticles deposited 

on boehmite are located on the perimeter of the boehmite nanosheet due to the charge distribution 

of boehmite nanosheet. 

Iron nanoparticles were found to remain on all substrates after ultrasonication. It is suggested that 

both non calcined and calcined catalysts be tested in methane cracking to determine the effect of 

iron nanoparticle distribution on the tip growth of CNTs at the surface of the nanoplatelet supports. 
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Chapter 5  Fenton degradation of methyl orange using iron nanoparticles 

on nanoplatelet supported catalysts. 

 

Abstract 

Heterogenous iron oxide(s) nanoparticle catalyst deposited on alumina oxide-based substrates 

were used in the Fenton degradation reaction of methyl orange aiming at evaluating catalyst 

performance. The duration of each test run was set to be 2 hours with an approximate 15 minutes 

interval between each sampling. The catalyst is the iron oxide(s) nanoparticles and the substrates 

are boehmite, TAN and kaolinite. The test results demonstrated that the stand-alone magnetite 

nanoparticles with hydrogen peroxide had the best performance in terms of the degradation rate. 

In contrast, the calcined batches of iron oxide(s) catalyst-substrate complex had a low degradation 

rate. Boehmite nanosheet, TAN and kaolinite platelet substrates were tested to verify if the 

substrates possess catalytic activity and only boehmite nanosheets were found to react with methyl 

orange. Magnetite nanoparticles deposited on kaolinite could be recycled to catalyze the 

degradation of methyl orange. The results show that magnetite nanoparticles were produced 

without calcination and that other forms of iron oxides such as hematite and maghemite were 

produced with calcination.  
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5.1 Introduction 

 

The Fenton reaction was demonstrated to be an effective reaction for the cleanup of textile dyes. 

The Fenton degradation reaction of dyes catalyzed by magnetite nanoparticles is also used as 

method to benchmark catalyst performance. The kinetics of degradation of dyes can be measured 

and compared with other catalysts [223].  

The advantages of using heterogeneous rather than homogenous catalysts for the Fenton reaction 

is that no sludge is produced, the reaction is operated at near-neutral pH and catalysts can be 

recovered. These reactions are based on the formation of hydroxyl radicals, which are capable of 

oxidizing large organic molecules into smaller molecules, as well as mineralizing and converting 

organic compounds into water and carbon dioxide [224]. Traditional Fenton reagent (���]���� in 

����) is reactive when the pH<4; this relatively low pH is too acidic for many applications. Iron-

based catalyst mixed with hydrogen peroxide, however, can effectively oxidize organic 

compounds at near-neutral pH. 

The most advantageous features of using an iron-based material as a heterogeneous catalyst 

deposited on a substrate is that iron is magnetic, which makes catalyst recovery much easier 

compared to non-magnetic materials. There are many studies of iron catalyst deposited on zeolite 

supports for the degradation of organic compounds [225]–[227]. 

In this chapter, the iron oxide and supported catalysts synthesized in Chapter 4 were tested to 

evaluate their catalytic performance by degrading methyl orange using the Fenton reagent 

comparing their degradation rate.  

 

 5.2 Equipment  

 

The fabrication of both substrate and magnetite nanoparticle catalysts to be used for the Fenton 

degradation reaction of methyl orange as described in Chapters 3 and 4, respectively.  

The absorption tests were monitored using by spectrometer from UV to infrared spectrum. The 

spectrophotometer is a model 4201/120 from Nahita (Spain). The wavelength of the spectrometer 
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is set to the maximum absorption wavelength of methyl orange at 464 nm [228]. Both large 

particles and substrates were filtered out by sterile 33 mm in diameter and 0.22 μm of pore size 

PVDF membrane syringe filter before undergoing absorption test in the spectrophotometer. 

 

5.3 Materials 

 

Methyl orange powder (Fisher Chemical) and Millex-GV Filter, 0.22 µm, PVDF, 13 mm, ethylene 

oxide sterilized (Darmstadt, Germany) were purchased from Fisher Scientific. The concentration 

of methyl orange to be degraded was selected from the literature [225]. A 250 mL of 1 mM methyl 

orange stock solution was first prepared and then diluted to obtain the required sample 

concentration. A small cylindrical container was used to mix the reaction tubes. This provided 

mixing without the use of a magnetic stirrer that would promote iron catalyst aggregation. 

 

5.4 Procedure 

 

The methyl orange reactant concentration was selected based on the work of Lin et al. [225]. All 

of the iron oxide nanoparticle batches were tested to benchmark their catalyst performance. The 

individual substrate (boehmite, TAN and kaolinite) were also tested to check if the substrate itself 

was a catalyst. A blank run just with hydrogen peroxide was also performed. The concentration of 

methyl orange and hydrogen peroxide, and the amount of catalyst were kept constant. All of 

degradation reactions were carried out at neutral pH of 6.9. The Fenton degradation reaction of 

methyl orange was conducted through these following steps:  

1) 45 mL of DI water, 1.35 mL of 10% v/v ���� and 100 μL of 1 mM of methyl orange was 

added into a 50 mL centrifuge tube; 

2) The newly diluted methyl orange solution was then agitated in a vortex mixer to ensure it 

was well mixed in the centrifuge tube; 
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3) Approximately 0.01 g of magnetite nanoparticles were added into 45mL of DI water, 1.35 

mL of 10% v/v ���� and 100 μL of 1 mM methyl orange dye.  

a. To have 0.01 g of iron oxide(s) nanoparticles present in the reaction vessel; 0.2 g 

of 5% wt. iron oxide(s) nanoparticle-substrate complex were added into the 

centrifuge tube.  

4) The centrifuge tube was placed radially in a cylindrical metal container, and the container 

rotated along its axis; 

5) A 1 mL sample of the reaction mixture and filtered by a syringe filter before placing the 

sample in the plastic cuvettes and analyzed. 

6) After the degradation reaction, the magnetite nano-catalyst was recovered by centrifugation 

and then underwent the decantation process. 

Vertical mixing of the reaction tube by tumbling was required to ensure that magnetite 

nanoparticles were well mixed in the solution. Vertical mixing prevents the catalyst-substrate 

complex from sinking to the bottom of the centrifuge tube during the mixing stage between 

each time interval.  

The catalysts where the reaction proceeded were recycled to test their reusability. The used 

catalysts were decanted five times with 50 mL of DI water through the centrifuge process and 

were refilled with fresh DI water between each decantation step.  

5.5 Results and Discussion 

5.5.1 Degradation rate and mechanism of methyl orange 

 

The degradation D (%) of methyl orange is expressed below in Eq. (5.1); 

 

  ��%� = w���
w�  (5.1) 
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Where o2 and A(t) are the absorbance of methyl orange solution at the initial and, at a specific 

time elapsed in the run. o� is the absorbance of a blank sample containing ����. 

The absorption of hydrogen peroxide ������ on an active site of Fe (III) is expressed in Eq. 5.2). 

The catalytic activity of magnetite nanoparticles is related to the catalyst surface to convert ���� 

into free radicals �∙ ��� [229]. Under acidic conditions, the mechanism of ���� decomposition 

on the surface of magnetite nanoparticle may involve adsorption on the active sites of ���] and 

��#]. The adsorption and formation of a complex between surface Fe (III) site and ���� (Eq. (5.3) 

can occur, allowing the production of ��� that can thereafter react to produce oxygen gas (Eq. 

5.4). However, the rates of radical formation on Fe(III) are slower compared to their Fe(II) 

counterpart [230] shown in Eq (5.5). 

 

  ����� + ���� → ��������� (5.2) 

   ��������� → ���� +∙ ��� + �] (5.3) 

  ����� +∙ ��� → ���� + �� + �] (5.4) 

  ���� + ���� → ����� +∙ �� + ��^ (5.5) 

 

5.5.2 Fenton degradation reaction of methyl orange 

 

Figure 5.1, Figure 5.2, Figure 5.3 and Figure 5.4 shows the degradation rate of the Fenton 

degradation reaction of methyl orange through the span of 3 hours with the incident beam 

wavelength of 464 nm. It was observed that the degradation D is fastest in the first 25 minutes 

followed by a gradually slowing down. The degradation rate is clearly a reflection of reaction rate 

as it has the fastest concentration change with respect to time. Factors that contribute to fluctuation 

are due to catalyst removal during the absorption sampling test period. 

The individual iron nanoparticles batch has the highest degradation performance (Figure 5.1), 

MNP without hydrogen peroxide had the second fastest reaction and whereas in all of the calcined 

batches have no reaction as indicated in Figure 5.4. The non-calcined batch had a moderate 
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degradation performance and boehmite is the only substrate that reacted as illustrated in Figure 

5.3. Where in contrast, the post calcination process batch (MNP-TAN, COSYN-MNP-TAN and 

MNP-Kao-calcined) and individual substrates almost have no reaction at all as shown in Figure 

5.2. Based on the XRD spectroscopy analysis in Chapter 4, the post calcination of magnetite 

nanoparticle deposited on any of the three listed substrates and co-precipitation batches shows the 

majority of magnetite nanoparticles oxidizes into Fe (III) oxide allotropes (hematite and 

maghemite). Both hematite and maghemite cannot catalyze the Fenton reaction shown in Figure 

5.2 and Figure 5.3. 

An interesting observation is the stark difference in degradation rate between MNP-BN in Figure 

5.4 and COSYN+MNP revealed in Figure 5.3. From Chapter 4, it was shown that the magnetite 

nanoparticle precipitates first followed by the boehmite nanosheet. The accessibility to the 

nanoparticle is greatly reduced due to the presence of the co-synthesized boehmite nanosheet. As 

a consequence, the opportunity for the redox reaction to proceed is reduced and this effect is 

illustrated in Figure 5.2. 

The three types of substrates were individually tested with the same amount of hydrogen peroxide. 

There was no reaction for TAN and the ultrasonicated kaolinite. Adding hydrogen peroxide into 

the methyl orange solution results in the performance of the Fenton reaction shown between the 

MNP-Kao and the MNP-BN. It is interesting to note that boehmite with hydrogen peroxide (Figure 

5.3) indicates almost the same performance in Fenton reaction as the MNP without hydrogen 

peroxide. A possible explanation is that there were residual CTAB and sodium hydroxide 

contaminates leftover in the boehmite nanosheets.  



112 
 

25 75 1250 50 100

0.3

0.8

1.3

0.0

0.5

1.0

D
 (

un
itl

es
s)

t (min)

 MNP
 MNP+H2O2

 H2O2

Figure 5.1: Degradation rate of Fenton 

reaction of methyl orange using isolated 

magnetite nanoparticle batch through the 

span of 3 hours. The incident beam 

wavelength is 464 nm. 
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Figure 5.2: Degradation rate of Fenton 

reaction of methyl orange using calcined 

magnetite nanoparticle on substrate batch 

through the span of 3 hours. The incident 

beam wavelength is 464 nm. 
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Figure 5.3: Degradation rate of Fenton 

reaction of methyl orange using isolated 

substrate batch through the span of 3 hours. 

The incident beam wavelength is 464nm. 
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Figure 5.4: Degradation rate of Fenton 

reaction of methyl orange using non-calcined 

magnetite nanoparticle on substrate through 

the span of 3 hours. The incident beam 

wavelength is 464nm. 
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5.5.3 Recycling 

 

Reactive catalysts were selected to undergo decantation for performance retest. The same 

conditions were rerun again using the same catalysts. The performance of the catalyst dropped 

drastically after the first run. A possible reason for such a result is that the surface of the catalyst 

is oxidized and needs to be reduced before rerunning the Fenton degradation reaction of methyl 

orange.  

The concentration change of 2nd and 3rd Fenton degradation reactions of methyl orange catalyzed 

by magnetite nanoparticles deposited on the substrate dropped significantly, as demonstrated in 

Figure 5.5 and Figure 5.6. However, MNP-Kao has the best performance after the first run. Figure 

5.5 and Figure 5.6 indicate that almost all of the catalysts lose their degradation capability after 

the first run. A good example is associated with the catalysis performance of the MNP-Kao, 

wherein the degradation rate nearly remains constant. All of the recycled catalysts illustrate that 

the degradation rate fluctuates throughout the three-hour span.  

Recovery of the catalyst activity also depends on the treatment of catalyst particles after the 

reaction run. For instance, Istratie et al. [231] using iron oxide powder was able to degrade methyl 

orange in 4 consecutive runs with a slight drop in adsorption capacity after each run. The reason 

for this result may be that their desorption technique consists of washing the spent magnetite and 

maghemite nano-catalyst with aqueous solution of ethanol (anhydrous ethanol: water = 2:1), 

consequently their desorption efficiency gradually decreased from 91% to 60% after 4 cycles. For 

another example, Xiao et al. [232] in their study on Fenton oxidation of methyl orange on magnetic 

carbon materials concluded that adsorption capacity can be increased with increasing 

microporosity in carbon supports while the regeneration efficiency increased with increasing 

mesoporosity. The absorption capacity of ����#  drops from 97 mg/g to 65 mg/g after 6 

regeneration cycles.  
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Figure 5.5: 2nd regeneration of Fenton 

reaction run of methyl orange of individual 

magnetite nanoparticles and non-calcined 

batch through the span 3 hours comparison. 

The incident beam wavelength is 464nm. 
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Figure 5.6: 3rd regeneration of Fenton reaction 

run of methyl orange of individual magnetite 

nanoparticles and non-calcined batch through 

the span 3 hours comparison. The incident 

beam wavelength is 464nm. 

 

5.6 Conclusions 

 

It was found that the unsupported magnetite nanoparticles with hydrogen peroxide had the best 

catalyst performance in terms of degradation rate. The catalyst with the highest potential for 

recycling was MNP-Kao. 

All of the calcined batches did not show reaction except for the MNP-Kao-calcined batch. The 

process of calcination results in oxidizing magnetite into hematite and maghemite, as detected by 

XRD spectroscopy in Chapter 4. Based on Chapter 4, it was demonstrated that the magnetite 

nanoparticles precipitate first followed by boehmite precipitation, and therefore reducing access 

to the newly formed magnetite nanoparticles. 

The three types of substrates, along with hydrogen peroxide, were individually tested with the 

dilute methyl orange sample to check if the substrate was a catalyst. All of the substrates did not 

react with the dilute methyl orange except for boehmite nanosheets.  
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Chapter 6: Conclusions and recommendations 

6.1 Conclusions 

 

Magnetite nanoparticles were synthesized and deposited onto nanoplatelet supports made from 

aluminium oxides-based substrates (boehmite, TAN and kaolinite). The surfactant CTAB was 

added during the nanoparticle synthesis stage to prevent the nanoparticles from aggregating. SEM 

and TEM with in-situ EDS were used to characterize the nanoparticle size, morphology, degree of 

aggregation and elemental composition. XRD spectroscopy was used to verify and determine the 

catalyst-substrate material composition. Statistical analysis of the TEM images was conducted by 

using the ImageJ analysis software. The area and perimeter of each nanoparticle was measured 

manually due to excessive static background noise. 

The average diameter of these nanoparticles was found between 3.45 and 5.9 nm before calcination 

and the majority of the nanoparticles were less than 9.3 to 9.5 nm in diameter for post calcination. 

65, 41 and 81% of the nanoparticles have diameter less than 5 nm for MNP, MNP-BN and 

COSYN-MNP respectively. The co-synthesis (COSYN-MNP) batch of the magnetite 

nanoparticles without calcination had the smallest magnetite nanoparticle diameters where 40% 

were less than 5 nm in diameter. The sub 5 nm in diameter is a critical criterion met for base growth 

mode of CNTs. Another advantage of co-synthesising nanoparticle and substrate is that the growth 

of the substrate also controls the growth of nanoparticles as well. Nanoparticle coarsening occurred 

when it has calcined at 600°C for 4 hours. XRD spectroscopy revealed that magnetite had oxidized 

into hematite and maghemite after calcination. However, CNTs can be grown on magnetite, 

hematite or maghemite nanoparticles. The magnetite nanoparticles deposited on boehmite are 

located on the perimeter of the boehmite nanosheet due to the charge distribution of boehmite 

nanosheet. Iron nanoparticles were found to remain on all substrates after ultrasonication. It is 

suggested that both non calcined and calcined catalysts be tested in methane cracking to determine 

the effect of iron nanoparticle distribution on the tip growth of CNTs at the surface of the 

nanoplatelet supports. 

Work was also performed to produce nanoplatelets from kaolinite by delamination. The results 

indicate that increasing ultrasonication power without the presence of surfactants breaks-up large 
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kaolinite particles into smaller ones. The introduction of a surfactant significantly alters the 

orientation and the distribution of the delaminated kaolinite. Adding CTAB into 50 % wt. urea 

solution produces single or multilayer kaolinite with circular vertices. There are much fewer fine 

particles deposited on the delaminated kaolinite layer compared to their non-surfactant 

counterparts. The distance between each individual platelet increases considerably when the 

solubility limit of CTAB is reached. Fine kaolinite particles are almost nonexistent with the 

moderate separation distance between each platelet when PVP K30 is used. The geometric 

morphology of the platelets is different compared to the CTAB batch, as the vertices are much 

sharper. The PVP of different molar mass had a different outcome; the geometric orientation of 

the platelets was circular and had a “dish” like structure. The distance between each platelet is 

moderately close with fine kaolinite particles on the top of the large platelet. A charged surfactant 

was also tested; the utilization of sodium cholate has resulted between CTAB and PVP K30. 

Utilizing equal mass amounts of surfactant in the same urea concentration assemble elongated 

“bowl” and “dish” like structures with numerous fragmented fine particles scattered on top of 

larger platelets. 

The final experimental set was to determine if more substantial amounts of kaolinite can be 

delaminated at the same surfactant concentration when more kaolinite was added into the same 

urea-surfactant solution; higher delaminated kaolinite occurrence, a higher degree of aggregation, 

much more fine particle fragments and the decreasing separation distance between each platelet. 

It can be concluded that the presence of surfactant has positive effects on kaolinite delamination. 

The kaolinite is delaminated to a greater extent when higher ultrasonication power and 

concentration of urea and surfactant are used. Kaolinite is most delaminated when the 

concentration of urea and surfactant is near it is solubility limit and at the highest sonication power.  

The performance of the catalysts produced in this work was determined by the degradation of 

methyl orange via the Fenton reaction. It was found that the unsupported magnetite nanoparticles 

with hydrogen peroxide had the best catalyst performance in terms of degradation rate. The best 

reusable set was identified as MNP-Kao batch, which also had a minor activity on the degradation 

rate after recycling.  

All of the calcined batches did not show reaction except for the MNP-Kao-calcined batch. The 

process of calcination results in oxidizing magnetite into hematite and maghemite, as detected by 
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XRD spectroscopy. These tests show that hematite and maghemite do not have catalysis capability 

for the Fenton reaction.  

This work was successful in demonstrating that sub 5 nm iron nanoparticles, with the potential to 

lead to base growth CNTs, can be made and deposited on open nanoplatelet substrates. All metal 

oxides produced in this work; magnetite, hematite and maghemite can be used to synthesize CNTs. 

These catalysts have the proper characteristics to be useful in methane cracking where hydrogen 

and solid carbon can be produced without the release of carbon dioxide. 

 

6.2 Recommendations 

 

1) The MNP, MNP-BN, MNP-Kao and COSYN-MNP catalysts should be tested for direct 

methane cracking reaction to verify if the base growth mode of carbon nanotubes (CNTs) can be 

achieved.  

2) A direct deposition of magnetite nanoparticle on pre-calcinated TAN should to be carried out.  

3) Study the effect of the elongation of CNTs during methane cracking, its shear strength and the 

work of adhesion strength between nanoparticle and substrate on variation of CNT growth modes. 

4) Study CNT nucleation and growth mechanisms including base and tip growth on specific 

catalyst surfaces in terms of thermodynamics, kinetics combined with density functional theory 

(DFT) calculations.  
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