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ABSTRACT 

Keywords: Titanium dioxide, titanate, layered hydrazinium titanate, ammonium titanate, 

nitrogen derived titanate, sodium titanate, caesium titanate, sol-gel, hydrothermal, synthesis.  

 

The synthesis and use of layered hydrazinium and ammonium titanate as an adsorbent for 

uranium in a nitric acid solution was investigated. Several different titanate synthesis methods 

were identified from literature. Three of these methods, namely solid state, hydrothermal and 

sol-gel synthesis were further explored for the production of the titanate adsorbents. The 

chosen sol-gel method delivered the highest ordered crystalline, single phase titanates, and 

was subsequently used for the synthesis of all titanates investigated. 

The adsorption of uranium in the form of the uranyl specie was shown to be successful with 

both hydrazinium and ammonium titanate. These adsorptions were shown to be highly pH 

dependent, thereby allowing for possible selective extraction by manipulating the pH of the 

reactant solution.  

High resolution transmission electron microscopy showed the primary sites of adsorption to be 

the outer surface for hydrazinium and ammonium titanates. Using the Langmuir adsorption 

isotherm, the adsorption was confirmed to be a monolayer adsorption of equivalent energetic 

sites. Raman analysis showed no visible vibrations that could be associated with bonds 

between the uranyl species and the hydrazinium and ammonium titanates. Further Raman 

analysis revealed the conversion of hydrazine into ammonium during the adsorption reaction. 

The discovery of an alternate synthesis route for caesium titanate by making use of the Pechini 

sol-gel method led to the production of highly ordered titanates. Additionally, the adsorption of 

uranium in the form of uranyl species was characterized for both hydrazinium and ammonium 

titanates. The use of an ammonium titanate as an adsorbent for uranium species was pioneered 

by this study. Furthermore, the discovery of the role that hydrazine plays in the adsorption of 

uranium elucidated the mechanisms involved with the adsorption of cationic species by layered 

hydrazinium and ammonium titanate in nitric acid media. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Radiopharmaceuticals containing radioactive isotopes are widely used as imaging agents to 

diagnose a variety of diseases. According to the World Nuclear Association the manufacturing 

of these radioisotopes falls to five approved facilities globally. NTP Radioisotopes SOC Ltd., a 

subsidiary of Necsa (South African Nuclear Energy Corporation), currently supplies between a 

third and a quarter of the world’s demand for the medical isotope molybdenum-99 (99Mo). 

Molybdenum-99 is widely used in nuclear medicine due to its daughter nuclide product 

technetium-99m (99mTc). Molybdenum-99 has a half-life of 66.02 h and decays according to the 
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scheme shown in Figure 1. The 99mTc daughter product has a short half-life of 6.02 h making it 

ideal for medical use.  

 

Figure 1 Decay sequence for molybdenum-99 after Basmanov et al. (1998)1 

According to Basmanov et al. (1998)1, Necsa formerly known as the Atomic Energy Corporation 

(AEC) produced 99Mo from highly enriched uranium-aluminium alloy target plates cladded with 

aluminium. These plates were irradiated in the SAFARI 1 reactor with a maximum reactor output 

of 20 MW for a period of 50-200 h. 

Subsequently, the irradiated target plates were dissolved in concentrated sodium hydroxide to 

dissolve the Al cladding, ensuring the molybdenum was in solution while at the same time 

leaving the non-fissioned uranium as a solid residue. Historically these residues were stored for 

later final disposal. The flow chart of the historic process used for the production of 99Mo by the 

AEC is shown in Figure 2. 

                                                

1 Basmanov, V., Baehr, W., Efremenkov, V. M., Holub, J., Lucx, P., Maton, F., Tsarenko, A. F., Vera ruiz, H., Van 

Kleef, R., Van Zyl de Villers, W. & Wong, P. 1998. Management of radioactive waste from Mo production. In: IAEA 

(ed.). 
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Figure 2  Flow chart showing the historic process used for the removal and 

purification of 99Mo from the uranium containing target plates, after. 

Basmanov et al. (1998)1 

Purification of the molybdenum was carried out by two anion exchange adsorbents and one 

chelating resin. All adsorbents were commercially available. The final quantification and 

packaging of the molybdenum-99 took place in five adjoining lead shielded hot cells next to the 

production area. 

Due to the relative short irradiation times, the uranium containing waste generated in the 

process of separating the molybdenum, contained traces of highly radioactive waste and only 

low concentrations of trans-uranium elements. The solid waste generated during the dissolution 

of the target plates contained the majority of the fission products including, Sr, Y, Nb, Ru, Sn, 

Sb, Te, the lanthanides and small quantities of Pu. 

The process as described in Figure 2 is the historic process and currently Necsa uses low 

enriched uranium (LEU) target plates for irradiation. However the waste generated historically 

and currently share the same initial dissolution processing step and the historic waste still 

contains the unfissioned uranium, which is now of importance for future 99Mo production.  
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1.2 Problem statement 

Necsa aims to recover the uranium from the waste stream to potentially reuse this uranium for 

new LEU target plate production. On the other hand, worldwide, safe handling, separation and 

storage of radioactive waste remains a key issue for the nuclear industry. To potentially solve or 

help mitigate these issues, an adsorbent that is capable of selectively adsorbing uranium from 

fission products is required. However, due to large concentration of uranium to be recovered 

from the solid residue, the adsorption of small amounts of fission products would be preferable 

to prolong the adsorption capacity of the adsorbent. 

To recover uranium from the generated liquid waste stream, different inorganic ion-exchange 

adsorbents that also could be used as waste forms, are being researched. Within inorganic ion-

exchangers, the titanates are good candidate adsorbents and monosodium titanate is by far the 

most explored titanate for the adsorption of uranium from aqueous media.  

The group nitrogen derived titanates is another potential adsorbent for uranium. The use of 

nitrogen derived titanates as an adsorbent for a wide variety of nuclides makes it an ideal 

candidate adsorbent. However, procuring these nitrogen derived titanates proved difficult.  

1.3  Aim 

The aim of this study was  

(1) to investigate and characterize the adsorption of uranium by selected titanates and to.  

(2) investigate and synthesize selected nitrogen derived titanates in order to ensure consistency 

of supply. 
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CHAPTER 2 CRYSTAL CHEMISTRY OF TITANIUM OXIDES 

2.1 Introduction 

Titanium dioxide or titania is a naturally occurring oxide of titanium with the chemical formula 

TiO2. The most readily known phases of titania include anatase, rutile and brookite. Titanates 

are also another form of titanium dioxides and includes the perovskites and the layered titanate 

groups. This chapter elucidates some of the ways in which titanium dioxide may form crystal 

structures and culminates with the description of the crystal chemistry of layered titanates. 
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2.2 Titania 

Rutile is the most common oxide of titanium in which the titanium is octahedrally coordinated 

with oxygen atoms. Rutile, anatase and brookite are considered MX2-type compounds with M, 

Ti4+ and X, O2-. Additionally, it is assumed that rutile is the most stable titanium dioxide 

conformation due to its natural abundance. However, according to Cotton and Wilkinson (1972), 

thermochemical data suggests anatase is between 8–12 kJ/mol more stable than rutile. A more 

recent study by Lazzeri et al. (2001) showed that anatase is actually 5 kJ/mol less stable than 

rutile. 

2.2.1 Rutile 

Rutile occurs as a tetragonal crystal with a space group P42/mmm, and lattice parameters 

a = 4.584 Å and c = 2.952 Å. The titanium atoms are present at the corners and centre of the 

unit cell in a body centred arrangement. Within this arrangement the centred titanium atom is 

coordinated by six oxygen atoms in a distorted octahedral conformation. The further structural 

build-up of rutile consists of edge sharing chains octahedra along the c-axis. These chains are 

connected to neighbouring chains via corner sharing of the octahedra. According to Hanaor et 

al. (2012) rutile exhibits preferential growth in the c-axis direction due to the lower energy of 

planes exposed in this growth habit. This preferential c-axis growth is most noticeable in 

morphologies such as nanotubes and nano-rods. Figure 3 shows an illustration of the unit cell of 

rutile, with the green spheres representing the titanium atoms and the red spheres representing 

the oxygen atoms. X-ray diffraction data (d-spacings and relative intensities of indexed 

reflections) for rutile is given in Appendix C. 

 

Figure 3 Illustration of the atomic arrangement within the unit cell of rutile. The 

green spheres represent titanium atoms and the red spheres oxygen 

atoms. The blue octahedron indicates the TiO6 coordination state of a 

titanium atom. Image produced using Diamond 3, Brandenburg and Putz 

(2006). 
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2.2.2 Anatase 

The second polymorph of titanium dioxide is anatase. The crystal system in which anatase 

crystalizes is tetragonal with space group I41/amd and lattice parameters a = 2.378 Å and c = 

9.514 Å.  Anatase shares the same distorted octahedral coordination mode as observed in 

rutile, with four equatorial and two apical coordinated oxygens with bond lengths of 1.979 and 

1.932 Å respectively, at 15 K (Lazzeri et al., 2001). Most anatase crystals, according to Yang et 

al. (2008), are dominated by the thermodynamically stable {101} form. Anatase is also less 

dense than rutile and contains four TiO2 units compared to the two TiO2 units of rutile. Figure 4 

illustrates the crystal structure of a single unit cell of anatase, with the green spheres 

representing titanium atoms and the red spheres representing the oxygen atoms. The distorted 

blue octahedron indicates the coordination around a titanium atom with respect to its six 

neighbouring oxygens atoms. X-ray diffraction data (d-spacing, relative intensities of indexed 

reflections) for anatase is given in Appendix C. 

 

Figure 4  Illustration of the atomic arrangement within the tetragonal unit cell of 

anatase, with the green spheres representing titanium and the red 

spheres representing oxygen. The blue distorted octahedron represents 

the coordination of the titanium atom with its six coordinated oxygen 

atoms. Image produced using Diamond 3, Brandenburg and Putz (2006). 
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2.2.3 Brookite 

In contrast to rutile and anatase which crystallise in the tetragonal crystal system, brookite 

crystallizes in the orthorhombic crystal system. This polymorph of titanium dioxide crystallizes in 

the Pbca space group, with the unit cell dimensions of brookite being a = 5.455, b = 9.181 and 

c = 5.142 Å. The structure of brookite is built up of dimensionally distorted octahedra of oxygen 

with titanium in the centre. Each octahedron shares three edges with adjoining octahedra. 

Furthermore, the brookite unit cell consists of eight TiO2 units in contrast to the four and two 

units of anatase and rutile respectively. Additional X-ray diffraction data (d-spacing and relative 

intensities of indexed reflection) for brookite is given in Appendix C. 

2.3 Titanates 

2.3.1 Perovskite 

The perovskite crystal structure can be described as an ABX3-type compound with A, a divalent 

cation (Ca2+, Sr2+, Ba2+), B consists of a tetravalent cation such as Ti4+ and X being a divalent 

anion, such as oxygen (O2-). Another designation for structures such as perovskite and ilmenite 

(MTiO3
2-, M a divalent cation) is a metatitanate. Perovskite type structures consists of face 

centred cubic, closest packed oxygen ions, with the divalent cation M in place of one-quarter of 

the face centred oxygens. Titanium occupies another one-quarter of the octahedral interstices, 

perpendicular to the faces containing the divalent cations. This structure leads to the divalent 

cation being coordinated to twelve oxygens and the titanium is coordinated to six oxygens three 

of which belong the adjacent cells. Figure 5 shows an illustration containing a unit cell of the 

perovskite CaTiO3. The light blue sphere represent calcium, the red spheres oxygen and the 

green spheres titanium atoms. The blue octahedron indicates the six fold coordination of the 

titanium atoms. 



9 
 

 

Figure 5  Illustration of the atomic arrangement of atoms in the perovskite unit cell 

for CaTiO3. The illustration also highlights a TiO6 octahedron, with the 

light blue spheres indicating calcium, the red spheres are associated 

with oxygen and the green spheres indicate titanium atoms. Image 

produced using Diamond 3 Brandenburg and Putz (2006). 

2.3.2 Layered titanates 

Although layered titanates encompass a large variety of titanium dioxide matrices. Broadly, a 

layered titanate can be described as a collection of corner and edge sharing octahedra of TiO6 

in a layered structure with mono- or divalent cations occupying the space between the layers of 

the titanate.  

Specifically, Feist et al. (1988) stated that layered alkali metal titanates may be denoted with the 

theoretical formula A2TinO2n+1 ( 3 < n < 5), with A the alkali metal ions. These titanates crystallize 

in a monoclinic crystal structure with the alkali metal ions occupying the interlayer spacing. Well-

known alkali metal titanates, includes sodium trititanate Na2Ti3O7 shown in Figure 6 (A), and 

sodium hexatitanate Na2Ti6O13 shown in Figure 6 (B). 
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Figure 6 Illustration of the atomic arrangement with the crystal structure of (A) 

sodium trititanate and of (B) sodium hexatitanate when viewed along the 

b-axis. The orange spheres represent sodium, the red spheres oxygen 

and the green spheres within the octahedrons represent titanium. Image 

produced using Diamond 3 Brandenburg and Putz (2006). 

The structure of sodium trititanate consists of three TiO6 octahedrons with linked edges. These 

sets of octahedra form a stepped layered structure (Figure 6 (A)) with sodium cations in the 

interlayer spacing (Chen and Peng, 2007). Sodium hexatitanate consists of octahedra that are 

linked at corners with adjacent layers (Figure 6 (B)) by sharing oxygen atoms to form channels 

in which the sodium cations are accommodated. 

A different titanate with an analogous crystal structure (iso-structural) to that of lepidocrocite (γ-

FeO(OH)) may also be synthesized with the theoretical formula CsxTi2-x/4□x/4O4 (x ≈ 0.7, □ 

representing vacancies). A diagrammatic representation of a lepidocrocite (γ-FeO(OH)) type 

titanate is shown in Figure 7, with the yellow spheres representing nitrogen, the red spheres 

representing oxygen and the green spheres within the octahedrons represent titanium atoms. 

Sun and Li (2003) explained that within the lepidocrocite type titanate, the TiO6 octahedra are 

combined via edge sharing to form two dimensional sheets without the corrugated step 

associated with tri and hexatitanates.  
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Figure 7  Polyhedral representation of hydrazinium titanate that is iso-structural 

to lepidocrocite (γ-FeO(OH)). The view (A) is orientated along the c-axis 

with the octahedral apexes are orientated along the a-axis and the view 

(B) is orientated along the a-axis. Image produced using Diamond 3 

Brandenburg and Putz (2006). 

The different crystal structures of the layered titanates may also lead to various morphologies 

including nanosheets (Figure 8 A), nano-tubes (Figure 8 B) or nano-fibres (Figure 8 C).  

 

Figure 8 TEM images of different titanate morphologies with (A) representing 

nano-sheets, (B) nano-tubes and (C) nanofibers, after Bavykin et al. 

(2008) 

These morphological differences gives rise to differences in physical characteristics such as 

increased surface area. Nanosheets have the largest surface area and are therefore ideally 

suited towards being an adsorbent (Britvin et al., 2011). Nano-tubes and nano-fibres generally 

have better structural stability and are therefore are more readily utilized in the electronics 

industry. 

(A) (B) 
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CHAPTER 3 URANIUM CHEMISTRY AND URANIUM ADSORPTION 

3.1 Introduction 

This chapter reviews the adsorption of uranium by different adsorbents in an effort to elucidate 

the possible binding modes with which the uranium species interacts with the host adsorbent. 

Adsorbents, according to Vellingiri et al. (2018) are generally considered favourable due to their 

chemical and mechanical stability in both alkaline and acidic environments. Moreover, 

adsorbents maintain good buffer properties while also having high chemical stability and distinct 

pore structure. 
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Due to the sheer scope of available adsorbents, a methodology first set out by Vellingiri et al. 

(2018) was followed to categorize adsorbents into three groups according to their ability to 

accommodate molecules into their structure.  

The first category is that of a maintained structure after adsorption or desorption has taken 

place. The second category represents those adsorbents with permanent porosity which 

undergo irreversible partial transformation with the adsorption of guest species. The third 

category represents adsorbents with a flexible structure that is capable of deformation during 

the uptake of species. 

In order to understand the adsorption of uranium species by various adsorbents as described in 

Section 3.2, 3.3 and 3.4, an understanding of the fundamental interaction of uranium within 

aqueous systems is necessary. However, a full explanation of the chemistry of uranium is 

complex and fascinating with more exceptions than rules according to Cordfunke (1969), and 

therefore falls beyond the scope of this work. Therefore only a brief introduction to uranium 

chemistry is provided here to help the reader interpret the subsequent uranium work presented.  

The element uranium has six valence electrons in the electron configuration of [Rn] 5f3 6d1 7s2. 

This electron configuration leads to four oxidation states with the 6+ state being the most 

common. In aqueous media U3+ has a rose-purple colour, U4+ has a deep green colour and the 

U6+ has a bright yellow colour, while U5+ is unstable and disproportionates to U4+ and U6+. 

Uranyl ions (UO2
2+) can form amphoteric complexes such as carbonates, oxalates, acetates and 

nitrates with a general coordination number of six. Although the six coordinated state of uranium 

is the most common, seven and eight coordination are also found. The uranyl ion is a linear 

molecule with the two oxygens being closer to the uranium than the other coordinated ligands 

making them chemically inert, in some cases steric hindrance may prevent six coordination 

such as in nitrates and chlorides. These NO3
- and Cl- complexes generally form weak 

complexes with uranyl as shown by their stability constants (Table 1) (Cordfunke, 1969). 
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Table 1  Stability constants for selected uranyl complexes. 

Species Stability constant  

UO2F+ 26 

UO2Cl+ 0.88 

UO2NO3
+ 0.24 

UO2SO4 76 

UO2(SO4)2
2- 710 

In contrast to nitrates and chlorides, sulphates form strong complexes with uranyl ions (Table 1). 

Cordfunke (1969) states in oxygen containing ligands such as water, ketones and alcohols, the 

strength of the complex formed with uranyl nitrate is dependent on the polarity of the 

coordinated oxygen with the uranyl nitrate molecule. One such example is the polar group P=O 

involved with the formation of the UO2(NO3)2.TBP (Tributyl Phosphate) complex.  

U+4 readily forms complexes analogous to those of thorium. The relative small diameter of the 

U+4 atom and the high charge allows the atom to undergo hydrolysis. The hydrolysis of uranium 

salts in aqueous solutions may be described as an acid reaction as shown below 

U4+ + H2O ⇌ U(OH)3+ + H+          (1) 

The susceptibility of uranium species to hydrolyse is determined by the charge and size of the 

ion therefore the general order of susceptibility is given below. 

U4+ > UO2
2+ > U3+      (2) 

According to Sutton as cited by Cordfunke (1969), hydrolysis of uranyl leads to the formation of 

polymeric ions such as U2O5
2+, U3O8

2+ and U3O8(OH)+. Furthermore, in dilute systems Krestou 

and Panias (2004) showed the presence of the cationic uranyl species UO2(OH)+ and 

(UO2)2(OH)2
+. Figure 9 shows the expected species of uranium in a dilute binary system 

containing water and uranium. This graph was produced by Krestou and Panias (2004) through 

theoretical modelling of the binary system UO2
2+/ H2O.  
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.  

Figure 9 Uranium (VI) speciation diagrams for the binary system UO2
2+/H2O at 

different ionic strengths, (a) 10-5 M, (b) 10-4 M, (c) 10-3 M of [U], showing 

the predominant uranium specie to be UO2
2+ in highly acidic media, after 

Krestou and Panias (2004). 

Uranium nitrate complexes have been extensively studied through thermodynamics, 

spectroscopy and theoretical models as an important step in the reprocessing of spent nuclear 

materials. Ikeda-Ohno et al. (2009) states that uranium (IV) exists as the transdioxo cation 

UO2
2+ surrounded by water molecules to from the pure hydrate complex [(UO2)3(OH)5]+ near 

neutral pH (Figure 9c). They (op cit) further state the water molecules are displaced by NO3
- 

with increasing HNO3 concentration to form a 5-fold bidentate coordinate mono-nitrato complex 

[UO2(H2O)3(η2-NO3)]+ and with further increase in HNO3 concentration a 6-fold bidentate 

coordinate dinitrato complex [UO2(H2O)2(η2-NO3)2]0 forms. A thermodynamic series by Grenthe 

et al. (2004) states uranium-dioxo nitrate complexes are exceedingly weak as shown by a 

stability constants (Table 1) of 0.24. It is therefore difficult to determine the exact complex 

formed due to changes in the activity factor of the solutes often caused by large variations in the 

solute concentration.  
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With an understanding of the uranium species, coordination and complex formation, it is now 

possible to look at uranium adsorption by a diverse set of adsorbents. 

 

3.2 Category 1: Sustained Structure Uranium Adsorbents (SSUA) 

The discussion of uranium adsorption by Sustained Structure Uranium Adsorbents (SSUA’s) will 

only cover the solid phase extraction (SPE) route. This type of adsorbent has the advantage of 

being totally insoluble in the aqueous phase, has a low rate of degradation of the adsorbent, 

high capacity for metal ions and good pH range in working conditions (Kadous et al., 2011). 

Raju and Subramanian (2005) tested a diverse set of phosphonomidic resins and found 

Merrifield2 resin (MCM) grafted with dimethylamino-phosphonomethyl (DAPPA), which is a 

phosphonic acid (Figure 10) to have the highest affinity of all tested resins for uranyl species in 

acidic environments (1014 mg/g).  
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Figure 10 Illustration of the reaction mechanism to form Merrifield resin grafted 

with dimethylamino-phosphonomethyl (DAPPA). 

It is generally accepted in uranium chemistry that the complexation and extraction of uranyl 

species is possible with the diphosphonic functional group. Raju and Subramanian (2005) 

attribute the high adsorption capacity of DAPPA to the formation of stable metal chelates via a 

combination of chelation and ion exchange as well as an increase in hydrophilic behaviour. A 

drawback of the phosphonomidic resin is the possible formation of stable anionic metal 

complexes which cannot be adsorbed by the grafted resin (Raju and Subramanian, 2005, 

Kadous et al., 2010).  

                                                

2 Merrifield resin: (MCM) a polystyrene that is cross-linked and is functionalized by a chloromethyl group. 
  DMF, Dimethylformamide an organic amide solvent. 



18 
 

Mg/Al layered double hydroxide (LDH) with intercalated polysulfide has been tested by Ma et al. 

(2015) and was shown to be efficient at extracting uranyl species from acidic aqueous streams, 

even in the presence of competing ions such as sodium or calcium. With increased uranyl 

nitrate concentration Ma et al. (2015) further observed the formation of a neutral uranyl sulfide 

salt (UO2S4) outside the LDH structure (illustrated in Figure 11). The UO2S4 salt was confirmed 

by Manos and Kanatzidis (2012) with the observation of a strong asymmetric vibrational band at 

913 cm-1. The UO2S4 salt formation reaction may be expressed by the reaction scheme (3) 

(Vellingiri et al., 2018). Although the presence of these polysulfide salts has been confirmed 

there exists conjecture whether the bonding between the sulfide and the uranyl ion is ionic or 

covalent in nature. 

LDH-[(S4)2-]x + xUO2(NO3)2 → LDH-(NO3
-)2x + xUO2S4   (3) 

Where x = 2, 4 in the polysulfide [S4]x2-.  

From reaction Scheme 3 it is clear the nitrate generated by the dissolution of uranyl nitrate is 

intercalated into the LDH structure. 

 

 

Figure 11 Illustration of the interaction between uranyl nitrate and layered double 

hydroxides (LDH) after Ma et al. (2015) 
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Ma et al. (2015) showed hydrothermal carbon functionalized with bayberry tannin (HTC-btg) and 

glyoxal was capable of selectively removing uranium species from a selection of 12 different 

ions at a pH of 2 with reduced capability at pH 4.5. According to Ma et al. (2015) HTC-btg was 

capable of extracting 307 mg/g of uranium. This adsorption capacity was comparable to the 

results achieved by LDH and higher than those of another carbon based resin oxime-CMK 5 

(Tian et al., 2011). Ma et al. (2015) attributes the selectivity of HTC-btg to the phenolic hydroxyl 

group which forms preferential coordinated bonds with the UO2
2+ cation. 

Manos and Kanatzidis (2012) employed the layered sulfide ion exchanger K2MnSn2S6 (KMS-1) 

and found a high capacity and selectivity for UO2
2+ which they (op cit.) attributed to a strong 

bonding interaction between the S2- and the UO2
2+. Manos and Kanatzidis (2012) concluded that 

the selectivity of KMS-1 for UO2
2+

 may be attributed to the uranyl ion being a soft3 cation and is 

therefore absorbed by soft ligands which is in vast contrast with the generally accepted views 

on the nature of UO2
2+. 

Feng et al. (2016) employed the chalcogenide (Me) material (Me2NH2)1.33(Me3NH)0.67 

Sn3S7.1.25H2O (FJSM-SnS) in the adsorption of UO2
2+. They (op cit) found FJSM-SnS to have a 

lower affinity for uranium species than the previously discussed KMS-1. However, FJSM-SnS 

was capable of extracting trace amounts of uranium and showed high selectivity towards UO2
2+. 

This feature of FJSM-SnS makes it very effective at removing uranium contamination from real 

world water samples. Vellingiri et al. (2018) again attributed the high uptake of very low 

concentrations of uranium species to the interaction between the UO2
2+ and the S2- species. 

Vellingiri et al. (2018) draws the conclusion that for the capture of uranium (VI) functional groups 

such as amines, polysulfides, polyphosphates, phenolic or carboxylic acids are required. 

  

                                                

3  Soft refers to the “hard and soft acid and bases” (HASB) theory, wherein soft applies to species that 
are    big and have a low charge state or are strongly polarizable. 
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3.3 Category 2: Irreversible Uranium Adsorption (IUA) 

According to Merdivan et al. (2001) as cited by Vellingiri et al. (2018), SSUA adsorbents as 

discussed previously in Section 3.2, has shown good capacity for the adsorption of uranium. 

However, this group of materials suffer from various problems including effectiveness in a 

limited pH range, slow kinetics and the formation of unwanted by-products, additionally this 

group of adsorbents may require multistage extraction steps. To bridge some of the problems 

presented by the SSUA adsorbents, irreversible uranium adsorption (IUA) is explored. 

The increased efficiency of Irreversible Uranium Adsorption (IUA), carbon based adsorbents for 

the adsorption of uranium may be attributed to the addition of hydrophilic groups on the surface 

of the adsorbents (Vellingiri et al., 2018). Wang et al. (2016) states that the functional groups 

attract metal ions via coordination, electrostatic attraction or hydrogen bonding. These binding 

modes were confirmed by Zhao et al. (2012) and Ding et al. (2014). In addition to the 

hydrophilic groups, Wang et al. (2016) has shown the presence of negatively charged amine 

groups or carboxyl groups on the surface of graphene oxides (GOs) improves the capacity of 

the graphene oxide for the adsorption of uranium. Tian et al. (2011) states that the predominant 

bonding mechanism within graphene oxides is electrostatic attraction or hydrogen bonding as 

illustrated in Figure 12. According to Vellingiri et al. (2018) GOs show satisfactory sorption 

capacity for uranium species however, a drawback of GOs is the relative difficulty of separation 

of adsorbent and aqueous solution after adsorption is complete. 

 

Figure 12 Illustration showing the hydrogen bonding between uranyl and oxime on 

CMK-5 with CMK-5 a mesoporous carbon substrate.  
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In order to avoid this potentially expensive route of separation, Tan et al. (2015) proposed 

magnetic nanoparticles (MNPs) for the removal of uranium (VI) from aqueous solutions. Tan et 

al. (2014) showed that uranium (VI) at a concentration of several hundred parts per million 

(ppm) can be efficiently separated from an aqueous solution via an induced magnetic field. Ling 

and Zhang (2015) also showed modified iron nanoparticles may be used for efficient extraction 

of uranium (VI) at trace level quantities. According to Vellingiri et al. (2018) the mechanism that 

dominates the second category of adsorbents is electrostatic interaction with hydrogen bonding 

also evident in the case of acid/amine functionalized materials. 

 

3.4 Category 3: External Stimuli Uranium Adsorbents (ESUA) 

In recent years this group of adsorbents has been studied extensively due to their sorption 

capacity being higher than both the first (SSUA) and second (IUA) group of uranium 

adsorbents. Vellingiri et al. (2018) states the main mechanism of adsorption is similar to those of 

the first and second category. The third class of materials are porous materials with a high 

degree of structural flexibility such as Metal Organic Frameworks (MOFs). 

MOFs have been extensively studied for the adsorption of uranium species. One example given 

by Zhang et al. (2016) demonstrated the affinity of coumarin4 grafted on unsaturated Zn(II) 

namely Zn-MOF-74 for uranium (VI). Wang et al. (2015) states the functionalization of coumarin 

leads to new site formation on the surface of the MOF thereby increasing the overall 

performance of the adsorbent. Another MOF, HKUST-1 which is  [(Cu3(btc5)2(H2O)3], and was 

produced by Feng et al. (2013), showed better performance in adsorbing uranium than the 

previously discussed Zn-MOF-74. Feng et al. (2013) states the mechanism of adsorption is 

chemical bond formation or coulomb electrostatic interactions. Additionally Vellingiri et al. (2018) 

prepared two MOFs that contain the UiO-686 topology, namely MOF-2 [Zr6O4(OH)4(L2) with L2 

representing diethoxy phosphoryl urea-terphenyl dicarboxylic acid and MOF-3 [Zr6O4(OH)4(L3) 

with L3 representing dihydroxy phosphoryl urea-terphenyl dicarboxylic acid. The adsorption of 

uranium by MOF-2 and MOF-3 showed multiple binding centres for uranyl. Density functional 

theory (DFT) calculations of the binding centres for uranyl with carbamoyl phosphoramidic acid 

shows the binding centres to be the carbonyl (Figure 13 A) and the phosphoryl oxygen (Figure 

13 B). Additionally, the oxygen in the carbamoyl phosphoramidic acid may also form a bidentate 

coordination (Figure 13 C) with the uranyl species as explained by Carboni et al. (2013). 

                                                

4 Cumarin is an organic compound of the benzopyrone chemical class. 
5 btc refers to: benzene 1,3,5-triboxylic acid 
6 UiO-68 refers to a trade mark name for a metal organic framework. 
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Figure 13 Illustration of the three possible binding modes for uranyl and carbamoyl 

phosphoramidic acid. With UO2 being bound to (A) the carbonyl 

functional group, (B) the phosporyl group and (C) bidentate coordinated. 

Another DFT study by Wang et al. (2012) theorised that the bond formed between uranyl and a 

phosphoryl anion is predominantly covalent in nature. Yang et al. (2013) used MOF-76 for the 

sorption of uranium (VI). They (op cit) found efficient sorption of uranium to occur via a diffusion 

mechanism and state the adsorption occurs in four steps namely, bulk diffusion, film diffusion, 

intra-particle diffusion and sorption on the surface.  

From previously discussed adsorbents it was theorised that the addition of amine functional 

groups increased the sorption capacity of MOFs. Bai et al. (2014) proved this by using MOF 

grafted with diethylenetriamine (MIL-101-DETA) to efficiently extract uranium at a pH of 5.5. 

MIL-101-DETA showed low selectivity for uranium species at pH 4.5, however at pH 5.5 it was 

highly selective for uranium species (UO2
2+). The kinetics of MIL-101-DETA was shown by Bai 

et al. (2014) to be relatively fast with equilibrium reached within 90 to 100 min. Other MOFs 

have also been tested by Liu et al. (2016a) and Song et al. (2016) and was shown capable of 

uranium adsorption.  

The ESUA group mechanism of adsorption according to Vellingiri et al. (2018) can be 

summarised as π-π electron donor/acceptor interactions, chemical bond formation, coulomb 

interaction and diffusion. Vellingiri et al. (2018) states the difference in the adsorption 

characteristics of the third group when compared to the second and first, may be attributed to 

the structural multifunctionality of the third group.  
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3.5 Adsorption of uranium by titanates 

Mono-sodium titanate (MST), first synthesized by Dosch (1978), has been used at the 

Savannah Rivers site (SRS), USA, for in-tank precipitation in an attempt to remove uranium and 

plutonium from radioactive waste streams. Hobbs et al. (2007) states MST exhibits a high 

selectivity for elements such as 90Sr and alpha-emitting radionuclides in alkaline solutions. 

However, Duff et al. (2004) found the loading of Sr into the interior of MST was low due to 

glasslike amorphous regions. They (op cit) found two types of structures when examining the 

MST by high resolution transmission electron microscopy (HRTEM). The first being a fibrous 

nanocrystalline surface material and the second being an amorphous glasslike material. Duff et 

al. (2004) explains the low adsorption of cations by MST may be due to the inner regions not 

being accessible. 

Sodium trititanate has also been tested for the adsorption of uranium from aqueous solutions by 

Liu et al. (2016b) and they found an uptake of 333 mg/g of uranyl in an acidic environment. They 

(op cit) state an increase in pH may negatively impact the adsorption of uranium due to the 

competitive adsorption of Na+ or the formation of anionic and neutral complexes.  More recently 

Zhu et al. (2018) produced an amino functionalized trititanate with magnetic properties. The 

amines were functionalized on the surface of the titanate to facilitate better adsorption of 

uranium, while magnetic particles were intercalated into the titanate to provide the magnetic 

properties. Zhu et al. (2018) found the amino functionalized titanate to have a capacity of 509 

mg/g for uranyl species at a pH of 6. Direct comparison between these two studies show 

functionalization of amino complexes significantly improves the trititanate’s capacity to adsorb 

uranyl species. Lu et al. (2017) showed how a sodium titanate may be regenerated for cyclical 

re-use, thereby confirming the preservation of the titanate nano-structure and placing titanates 

within the SSUA group of uranium absorbers according to the definition of SSUA’s. 

Al-Hobaib and Al-Suhybani (2014) investigated the use of barium titanate for the removal of 

uranyl from aqueous solutions and found almost 100 % extraction after 6 days. Another study 

by Ortiz-Oliveros et al. (2009) tested the adsorption of uranium onto strontium titanate in a 

potassium nitrate aqueous solution and found that the extraction of uranium was possible. 

Britvin et al. (2016) states layered hydrazinium titanate (LHT-9) is capable of adsorbing over 50 

elements, including uranium, with the mechanism of adsorption either being ion-exchange or 

reduction. The trade name LHT-9 was derived from the interlayer spacing wherein the 

hydrazinium resides between the titanium oxide layers. The interlayer spacing associated with 

layered hydrazinium titanate is approximately 9 Å. They (op cit) showed using Fourier 

Transform Infrared analysis (FTIR) that the assignment of the fifth hydrogen atom associated 

with hydrazinium may be arbitrarily attributed to the hydrazine molecule. Furthermore Britvin et 
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al. (2011) states LHT-9 is capable of irreversible reductive adsorption, thereby placing it within 

the IUA group of uranium absorbers according to the definition set out in Section 3.3. 

Britvin et al. (2016) however only mentions the adsorption of uranium and no data on the 

adsorption efficiency or dependence on any factors was presented in any of their papers (Britvin 

et al., 2010, Britvin et al., 2011, Britvin et al., 2016). To the author’s knowledge no other work 

has been done on the adsorption of uranium onto LHT-9. 

No literature sources were found on the adsorption of uranium onto ammonium titanate. The 

only related work being that of Yang et al. (2009) who investigated the adsorption of radioactive 

Ra(II) onto sodium hexa-titanate.  
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CHAPTER 4 REVIEW OF TITANATE SYNTHESIS METHODS 

4.1 Introduction 

This chapter reviews the different methods used to synthesize titanates. The synthesis of 

titanium oxide nanostructures may be accomplished through several different methods. 

Historically the first method of synthesizing these structures was by sol-gel techniques (Bavykin 

and Walsh, 2010). Sol-gel methods were followed by template-assisted chemical synthesis. 

Kasuga et al. (1999) discovered that the hydrothermal synthesis of a layered titanate structure 

was possible through the use of a polytetrafluoroethylene (PTFE) lined autoclave. More recently 

Lin et al. (2014) showed the hydrothermal synthesis of titanate nanosheets was possible without 

the use of a PTFE lined autoclave.  
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4.2 Solid state synthesis review. 

Solid state synthesis is considered a relatively simple synthesis technique involving the use of 

precursor powders. Additionally the solid state synthesis method for titanates is thoroughly 

described in literature (Brzozowski and Castro, 2000, Simon-Seveyart et al., 2007, Mandal et 

al., 2010). The precursor powders which are generally an alkali or alkaline earth metal 

carbonate and titanium dioxide (anatase) are intimately mixed through mechanical means such 

as grinding or milling. According to Beauger et al. (1983) as cited by Brzozowski and Castro 

(2000), the reaction to form barium titanate may be thought of as a two-step process as shown 

in reaction equations 4 and 5. 

BaCO3 → BaO + CO2     (4) 

BaO + TiO2 → BaTiO3     (5) 

Here it was thought that the anatase acts as a catalyser in the barium carbonate decomposition 

allowing this decomposition to proceed rapidly. After the decomposition of the barium 

carbonate, barium titanate is formed and the reactants are separated by a product layer with the 

result that the reaction rate is diffusion controlled. Initially, to produce a titanate from the mixed 

powder, a heating step is required.  This heating step in most cases requires multiple repetitions 

with intermittent grinding or milling of the reaction mixture. The disadvantages of the solid-state 

synthesis method includes the necessary high temperature required for decarburization and the 

long reaction times with the need for intermittent milling or grinding of the reaction mixture.  
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Table 2 shows some of the various titanates referenced in literature that was synthesized using 

solid-state methods. 

Table 2  Solid-state synthesis methods for various titanates 

Precursor Conditions Synthesis product Reference 

BaCO3 and TiO2 

powders 

Milled 2 h to10 h, 

heated 600-1200 °C 

BaTiO3 Brzozowski and 

Castro (2000) 

NaCO3 and TiO2 

powders 

Milled 60 h, heated 

800 °C 

Na2Ti3O7 Yang et al. (2003) 

K2CO3, NaCO3 and 

TiO2 powders 

Mixed and Heated 

800 °C for 20 h and 

repeated. 

K2Ti4O9 and  

Na2Ti3O7 

Cardoso et al. (2004) 

Cs2CO3 and TiO2 Mixed and heated at 

800 °C for 20 h. 

Cs0.67Ti1.83O4 Gateshki et al. (2004) 

Degussa P25 TiO2 

and NaOH micro-

pellets 

Mixed and heated at 

600 °C for 5 min. 

Aged for up to 14 

days.  

Na2Ti2O4(OH)2 Korosi et al. (2012) 

 

4.3 Template-assisted chemical synthesis review. 

According to Bavykin and Walsh (2010), a template-assisted chemical synthesis may be 

described as a bottom-up synthesis method. This synthesis method involves the use of a 

substrate on which the template is placed and around which the crystal structure can form. The 

template used during the template assisted chemical synthesis may be a crystal structure or any 

other form as required by the process, a list of templates and synthesis results are presented in 

Table 3. A template-assisted chemical synthesis may be splitted into several steps. The first 

step in the synthesis is the deposition of the required materials onto the substrate. The 

deposition of material on the substrate may be facilitated through various processes such as 

sol-gel, atomic layer deposition (ALD) or chemical vapour deposition (CVD). The process of 

template-assisted chemical synthesis is illustrated in Figure 14. 
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Figure 14  Schematic representation of the procedure followed during the template-

assisted synthesis method with the template consisting of a crystal 

structure or any form as required by the process.  

After successful adhesion of the material on the substrate the template can be removed via 

processes such as pyrolysis, etching or dissolution. Furthermore Bae et al. (2008) states that 

the dimensions of the formed nanostructures may be controlled by the dimensions of the 

template. 

 

Template-assisted chemical synthesis has the advantage of good control over the morphology 

of the formed crystal as well as precise control over the size of the produced nanostructure 

(Sander et al., 2004). When using this synthesis route, care must be taken to ensure a high 

level of surface cleanliness. This ensures good adhesion between the substrate and the forming 

structure. Furthermore, in most cases the template is sacrificial resulting in increased cost of 

synthesis. Pang et al. (2014) & Liu et al. (2014) lists the advantages and disadvantages of using 

template assisted chemical synthesis and compared this synthesis method to direct anodization 

of titanium foil. They (op cit) state that this method may be prohibitive for large scale production 

due to costs. This method also leads to the formation of un-separable tubes and non-uniform 

tube lengths over large surface areas. 
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Table 3  List of template assisted synthesis methods 

Template substrate  Elements deposited Size and shape of nanostructure reference 

Highly orientated pyrolytic graphite 

(HOPG) 

 Ag Flat island diameter 0.29nm 

Clusters of 10 nm diameter 

Vazquez et al. (1992) 

  Au Disc (diameter 20–60 nm and height 1.5–

5 nm 

Pötzschke et al. (1995) 

  Au Aggregate (size 500 nm and height 70 nm) Martin et al. (1997) 

  Mo Nanowire of 15 nm diameter Zach et al. (2000) 

Graphite surface  Pd Island of 200–300 nm grain size range Gimeno et al. (2002) 

   Two-dimensional branched island (100 – 

160 nm) 

 

   Mesowires of grain size 50 – 300 nm  

  Pt Nanocrystals of 4 nm diameter Zoval et al. (1998) 

  Pd Faceted (200–300 nm) Bera et al. (2003) 

  Ni Spherical particles of 20–600 nm size Zach and Penner (2000) 

Al foil with laser hole  Pd Arrays of nanoparticles with 5 nm diameter Bera et al. (2003) 

Stainless-steel grain interior  Pd Agglomerated particles (average size 

70 nm) 

Bera et al. (2004) 

Carbon tape  Pd Meso-sized particles Bera et al. (2004), Bera et al. 

(2003) 

Endnote  
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4.4 Sol-gel synthesis review. 

The use of alkoxides in the synthesis of oxide films was discovered in the 1930’s. Almost a 

century after the discovery that SiCl4 and alcohol gelled when exposed to an air atmosphere. 

From this initial discovery the field of sol-gel has grown enormously. Within sol-gel different 

classifications exists depending on the supporting structure. These include colloid, metaloxane 

polymer, carbon-backbone polymer, metal complex and polymer complex.  

 

This thesis focusses only on the polymer complex as being the most relevant synthesis route. 

This method of synthesis involves the polymerization between polyhydroxy alcohols and 

carboxylic acids in the presence of metal complexes (Kakihana and Yoshimura, 1999). This 

polymer complex formation was first introduced by Pechini (1967). After the initial mixture of 

reagents, the steps to form the gel may be explained as follows. Initially a hydrolysis reaction 

occurs to form a metal-acid complex, where after condensation to form a gel takes place 

(Brinker and Scherer, 1990). 

 

Figure 15 Schematic representation of the esterification reaction scheme of the 

Pechini method showing the use of citric acid (CA), ethylene glycol (EG) 

and titanium butoxide (TBOT) to prepare a metal oxide polyester. 

The use of sol-gel to synthesize titanates has been well documented with sodium titanate, lead 

zirconate titanate, barium titanate and lead titanate being the most prominent due to their use in 

photovoltaic, piezoelectric and electro-optic applications (Liu et al., 2001, Hernandez et al., 

2002, Kim et al., 2003, Ramirez-Salgado et al., 2004). Zinc titanate was first synthesized by 

Chang et al. (2002) via the Pechini sol-gel method. More recently Salavati-Niasari et al. (2016) 

used a sol-gel synthesis method for zinc titanate, and explored its use for photo catalytic 

applications. 
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The advantages of using a sol-gel based synthesis method affords the ability to easily 

synthesize a single phase titanate due to the homogeneity of the precursors within the gel. Sol-

gel synthesis also produces smaller crystallite sizes enhancing the surface area for possible 

adsorption. Furthermore, the stoichiometry of the obtained titanate can be finely tuned with the 

sol-gel synthesis method. Finally, when compared with the solid-state method, a reduced 

reaction time is required to form the desired titanate. 

 

The sol-gel synthesis method is however not without its own drawbacks, including the cost of 

reagents which may be prohibitive for large scale production. The synthesis time is still relatively 

long and the process is a multistep process which is significantly more complex than other 

titanate producing methods. 

 

4.5 Hydrothermal synthesis review. 

Kasuga et al. (1999) was the first to successfully produce a layered titanate structure using an 

alkaline hydrothermal synthesis route. Subsequently the hydrothermal synthesis route has been 

successfully used in producing titanates from all polymorphs of titanium dioxide (Liu et al. 2014). 

Titanium dioxide is highly soluble in acidic mediums while its solubility in alkaline mediums is 

usually much lower (Bavykin and Walsh, 2009). The use of an alkaline environment in the 

formation of titanates by a hydrothermal technique has been shown as a key requirement (Lin et 

al., 2014). They (op cit.) state the alkaline medium inhibits the regular anatase phase from 

forming after dissolution of the precursor material. The hydrothermal synthesis route and 

adaptations to the hydrothermal synthesis route has been extensively used by various 

researchers in the synthesis of titanates. Table 4 shows a selection of titanium oxides prepared 

through the hydrothermal synthesis route. 
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Table 4 Hydrothermal synthesis methods for various titanates (Korosi et al., 2012) 

Precursors Conditions Compounds Reference 

5–10 M NaOH, anatase or rutile 

TiO2 

Hydrothermal 110 ˚C, 

 20 h 

TiO2 Kasuga et al. (1999) 

10 M NaOH, [Ti8O12(H2O)24] 

Cl8HCl 7H2O 

Hydrothermal 150 ˚C, 

 24 h 

TiO2(B) Sutrisno (2010) 

5–10 M NaOH, anatase TiO2 Hydrothermally 110–190 ˚C,  

12–168 h 
Lepidocrocite titanate (H0.7Ti1.8□0.175O4)7 

Ma et al. (2005) 

5–10 M NaOH, anatase TiO2 5–10 M NaOH, anatase TiO2 
Lepidocrocite titanate (HxTi2-x/4□x/4O4) 

Mao and Wong 

(2006) 

10 M NaOH TiO2 2H2O Atm. press, reflux 120 ˚C, 4 day 

 

Lepidocrocite titanate 

 

Beuvier et al. (2010) 

NH3(aq)/1.5 M NaCl TiO2 xH2O Hydrothermally 180 ˚C, 24 h H2Ti2O5 H2O Zhao et al. (2010) 

10 M Na2S/NaOH, anatase TiO2 Hydrothermally 130 ˚C,  

2 weeks 

 

Na2Ti3O7 

 

Kukovecz et al. 

(2005) 

10 M NaOH, anatase TiO2 Hydrothermally: 150 ˚C 48 h 

Microwave:110–150 ˚C, 6 h 

Na2Ti3O7 and H2Ti3O7 Ribbens et al. (2008) 

                                                

7□ represents vacancies in the crystal structure 
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10 M NaOH, anatase TiO2 

 

Hydrothermally 100 ˚C, 12–48 h 

 

H2Ti3O7 

 

Wei et al. (2007) 

10 M NaOH, anatase TiO2 Hydrothermally 130 ˚C, 1–72 h, 

rotating autoclave 

H2Ti3O7 Horváth et al. (2007) 

10 M KOH/NaOH mixture Atm. press, reflux 106 ˚C, 4 day H2Ti3O7 xH2O Bavykin et al. (2010) 

Anatase TiO2 10 M NaOH, anatase 

TiO2 

Hydrothermally 140 ˚C, 22 h H2Ti3O7 Bavykin et al. (2006) 

endnote 
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Specifically the layered lepidocrocite type titanate structure known as layered hydrazinium 

titanate (LHT-9) was synthesized by Britvin et al. (2011) using a hydrothermal synthesis 

technique. They (op cit) utilized the stability of the hexafluoride ion (TiF6)2- in hexafluorotitantic 

acid to serve as growth moieties for the titanate crystal. Furthermore, during synthesis the 

introduction of different cationic species to the reaction mixture resulted in an intercalated 

cationic species that was dependent on the composition of the starting solution. 

An adaptation to the hydrothermal synthesis involves the use of a reflux setup to avoid the use 

of an autoclave. Beuvier et al. (2010) as well as Bavykin et al. (2010) utilised a highly alkaline 

NaOH (10 M) solution under reflux conditions and were able to synthesize sodium trititanate 

nanotubes and nano-ribbons. These synthesized titanates was then readily transformed into 

Layered Protonated Titanates (LPTN) through ion-exchange with hydrochloric or nitric acid.  

An alternative adaptation to the hydrothermal synthesis route for the synthesis of LPTN was 

proposed by Lin et al. (2014). They (op cit) synthesized an LPTN in a one step process without 

the use of an autoclave. The synthesis involved the use of urea as a buffer to prevent the 

titanium butoxide (TBOT) from crystallising in the anatase crystal structure (Figure 16). 

 

Figure 16 Schematic representation of the layered protonated titanate (LPTN) 

synthesis route after (Lin et al., 2014) 

The advantages of the hydrothermal synthesis route can primarily be attributed to the simplicity 

of the synthesis method and the reduced reaction time. The disadvantages include a lack of 

crystallinity and low control over the crystallite sizes. Lin et al. (2014) furthermore states large 

scale production may be prohibitive due to the autoclave requirements in most hydrothermal 

synthesis routes. 
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4.6 Other synthesis routes reviews. 

4.6.1 Sonochemical synthesis 

Chaves et al. (2014) showed that the preparation of strontium titanate by the ultra-sonification of 

reactants was possible. During the experiment they (op cit.) utilized strontium carbonate in 

addition to titanium butoxide dissolved in a 6 M nitric acid solution. Various other authors have 

used ultra-sonification to reduce agglomeration of nanosheets or to reduce the overall length of 

nanotubes (Bavykin & Walsh 2010). Chaves et al. (2014) state that the ultrasonic synthesis 

route produced crystallite sizes smaller than those obtainable with solid state reactions while 

promoting narrow homogeneous crystallite distribution without cluster formation. 

4.6.2 Microwave assisted synthesis 

Vaidhyanathan et al. (2001) showed the use of microwaves was applicable in a modified solid-

state synthesis route. They (op cit.) found by varying the stoichiometry of the reacting oxide 

powders an increase in reaction rate can be achieved. Therefore the synthesis yields faster 

reaction times, at lower temperatures. Ribbens et al. (2008) used a microwave assisted 

hydrothermal process to synthesize sodium trititanate and found the addition of microwave 

energy increased the photo catalytic activity of the synthesized titanate as postulated by Huang 

and Chien (2013) as cited by Pang et al. (2014). The advantage of microwave assisted 

synthesis therefore includes reduced reaction time, decreased crystallite sizes with a reduction 

in possible agglomerations as well as increased physical properties such as photo catalytic 

activity. 

4.6.3 Electrochemical anodization 

This method according to Pang et al. (2014) utilizes an anode of titanium foil on which the oxide 

nanostructure grows through an electrochemical process. The dimensions of the synthesized 

nanostructure may be controlled by varying the electrolyte composition, applied voltage, pH and 

anodizing time (Gong et al., 2001). More surprisingly Zwilling et al. (1999) reported that the 

addition of fluoride ions to a chromic acid electrolyte produces a porous metal surface. They (op 

cit) state the fluoride ion is crucial in the formation of self-organized porous oxide structures.  

The formation mechanism for titanium oxide nanostructures in the presence of fluoride ions 

during electrochemical anodization consists of several stages. As a first stage, a dense layer of 

TiO2 is formed on the titanium surface via field assisted oxidation (Roy et al., 2009). The next 

stage involves the etching of this TiO2 layer in contact with the electrolyte to form a soluble 

hexafluorotitanium complex according to reaction Scheme 6 and 7. 
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Ti + H2O →TiO2 + 4H+ + 4e-     (6) 

TiO2 + 4H+ + 6F-→ [TiF6]2- + 2H2O    (7) 
 

4.7 Chapter summary 

From the reviewed synthesis methods, hydrothermal synthesis is the most commonly used 

synthesis method due to the relative straightforward procedures required for synthesis as well 

as the relatively soft chemicals required to produce a titanate. Additionally literature on the 

synthesis of a caesium titanate through a sol-gel method was limited and showed potential for 

further investigation. 

 

4.8 Objectives 

In light of the reviewed literature on the adsorption of uranium by various different adsorbents as 

presented in Chapter 3, and the synthesis of titanates through various techniques as a preferred 

adsorbent for uranium presented in Chapter 4 the following was identified. 

The hydrothermal synthesis route from literature was reviewed and was shown to be the 

potentially the best route for synthesising the titanate crystal structure. Although Section 3.5 

indicated that MST, Sodium trititanate and Barium titanate can also remove uranium from liquid 

waste streams, this study concentrated on nitrogen derived titanates as possible candidates for 

uranium removal from aqueous waste streams. 

The main objective of this study was therefore identified as the synthesis and use of selected 

titanates as a possible adsorbent for uranium species from an acidic aqueous waste stream. 

Within this overarching objective the following specific objectives were identified: 

 Synthesis of a highly crystalline titanate that is iso-structural to the lepidocrocite mineral 

and characterisation through the relevant methods. 

  Intercalation of the synthesized titanate to form either hydrazinium or ammonium 

titanate for subsequent adsorption studies. 

 Adsorption of uranium species into or onto the synthesized titanates at various 

incremental pH values to determine if adsorption can be manipulated by adjusting the 

pH of the reaction solution. 
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CHAPTER 5 TITANATE SYNTHESIS 

5.1 Introduction 

In the preceding chapter, the literature on titanate synthesis through various techniques was 

described. In this chapter, the experimental procedures and synthesis results obtained by 

applying hydrothermal synthesis techniques are presented. In an effort to produce a highly 

crystalline titanate that is iso-structural to lepidocrocite, the solid-state and sol-gel synthesis 

procedures were tried and the results are subsequently presented  
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5.2 Analytical techniques 

To determine if the synthesized titanates have a titanate crystal structure, XRD analysis was 

performed making use of the XRD facilities at Necsa, South Africa. X-ray diffraction patterns 

were obtained at room temperature with a Bruker D8 Advance diffractometer using CuK1 

radiation (= 1.540 Å) with a step rate of 0.4 ° min-1 and a 2θ range of 5 ° to 120 ° for all powder 

samples. 

Figure 17 shows an XRD pattern obtained from analysing a sample of Sigma-Aldrich bought 

anatase. The d-spacings of this anatase sample and subsequent indexing of the XRD pattern 

was compared and associated with the International Centre for Diffraction Data (ICDD) entry for 

anatase (00-021-1272). This indexed XRD pattern of anatase was used as a standard pattern to 

validate the XRD analysis of in-house synthesized anatase. Additional crystallographic 

information is given in Appendix C (d-spacing, relative intensities of the indexed reflections). 

 

Figure 17  X-ray diffraction pattern with indexing for Sigma-Aldrich bought anatase 

additional crystallographic information available in Appendix C (d-

spacing and relative intensities of indexed peaks.) 

A Scanning Electron Microscope (SEM) was used to obtain images of the microstructure and 

morphology of the synthesized samples. Energy Dispersive X-ray Spectrometry (EDS) was 

used to provide qualitative data on the composition of the titanate samples that were 

synthesized. The SEM employed for the analysis was a Quanta FEI Dual Beam instrument with 

an EDAX Octane Electron Silicon Drifted detector (SDD). 
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In an effort to obtain information on the morphology of the synthesized titanates High Resolution 

Transmission Electron Microscopy (HRTEM) was conducted. The equipment used for these 

experiments was a JEOL ARM200F field emission transmission electron microscope in 

Scanning Transmission Electron Microscopy mode (STEM). The TEM microscope was operated 

at an accelerating voltage of 200 kV with a spot size of 5 and 30 μm leading to a probe diameter 

of less than 0.1 nm. The probe current density was 113 pA with a convergence semi-angle of 21 

mrad. The HRTEM work was conducted at the Centre for High Resolution Transmission 

Electron Microscopy (CHRTEM) at the Nelson Mandela University. 

Thermogravimetric analysis (TGA) with a coupled off-gas analysis using a Fourier Transform 

Infrared (FTIR) instrument was conducted on the sol-gel precursors and synthesized titanates. 

The TG analysis was performed using a TA-SDTQ600 instrument with a coupled FTIR Bruker 

Tensor 27 instrument. In each analysis the sample was heated in an alumina crucible with a 

synthetic air flow rate of 100 ml/min. The heating rate for the analysis was 5 °C/min from 

ambient conditions to a temperature of 350 °C. In selected cases the evolved gases from the 

TG instrument were carried to the FTIR via a transfer line heated to 200 °C to avoid cold spots. 

Additionally room temperature FTIR analysis was conducted on a Bruker Tensor 27 instrument 

to confirm the presence of expected infrared active species after synthesis and intercalation was 

completed. Raman analysis was carried out using a Renishaw Raman spectrometer, model 

inVia. The laser used during the analysis had a wavelength of 514 nm and data points were 

collected within the spectral range 500-4000 cm-1. 

 

5.3 Hydrothermal synthesis 

5.3.1 Hydrothermal synthesis procedure. 

The hydrothermal synthesis was conducted making use of three primary methods, namely urea 

moderated hydrothermal, hydrazine moderated hydrothermal and an autoclave assisted 

hydrothermal synthesis. 

The urea moderated hydrothermal synthesis was based on the procedure used by Lin et al. 

(2014). Initially urea (192 g) was dissolved in 200 ml of deionized water. The urea solution was 

heated to 65-90 ˚C and titanium butoxide (2.72 g) was added to the solution. The solution was 

subsequently aged for 7 days at 65-90 ˚C where after the titanate was collected and washed by 

means of centrifuging and decantation. After washing was complete the titanate samples were 

dried at ambient laboratory conditions and stored for analysis.  
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The hydrazine moderated hydrothermal synthesis of a layered titanate closely followed the urea 

moderated synthesis. However in these reactions the urea was replaced by hydrazine as the 

primary inhibitor of the anatase phase. 

For the autoclave assisted hydrothermal synthesis, titanium butoxide (2.72 g) and 

hexafluorotitanatic acid (1:1 mole relation) was measured and placed in an autoclave with 10 ml 

of hydrazine hydrate. The solution was heated to 90 ˚C for 7 days in a sealed autoclave. The 

product was subsequently separated by centrifuging and washed using deionized water before 

being dried at ambient laboratory conditions. 

5.3.2 Hydrothermal synthesis results 

The XRD pattern shown in Figure 18 was obtained by analysis of the urea moderated 

hydrothermal synthesis of caesium titanate. Figure 18 shows a high degree of crystallinity. The 

peak positions observed in Figure 18 correlates closely with the peak positions observed in 

Figure 17 these peak positions are associated with anatase. 

 

Figure 18 X-ray diffraction pattern of the urea moderated hydrothermal synthesis 

of caesium titanate. The indexed peaks corresponds to anatase 

represented in Figure 17 with additional XRD data presented in Appendix 

C (d-spacing and relative intensities of indexed peaks). 

The temperature during this synthesis was kept constant at 65 °C to minimize volatilization of 

ammonia. It is known that urea upon heating, decomposes into ammonia. It was this 
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decomposition of urea that acted as a source of ammonia to inhibit the formation of the anatase 

crystal structure as explained previously in Section 4.5. The formation of anatase during this 

synthesis was due to insufficient concentration of ammonia. 

In order to prevent the anatase crystal structure from forming a higher concentration of 

ammonia was required. Therefore the temperature during synthesis was raised to 90 °C to 

increase the rate of urea decomposition to form ammonia. The results obtained from the 

increased temperature synthesis showed an amorphous XRD pattern. 

The absence of peaks may also be attributed to the crystallite sizes being on a nanoscale 

therefore producing an apparent lack of crystallinity as explained by Sasaki et al. (1996). They 

(op cit) however, attributed the lack of crystalline order to the synthesis process. In order to do a 

synthesis at 90 °C, a reflux setup was required. The reflux setup was used to prevent the 

escape of water vapour and dissolved urea from the reaction mixture. However, during the 

synthesis of the caesium titanate, evaporation of dissolved urea and subsequent condensation 

occurred in the reflux condenser leading to the formation of urea crystallites. Visual observation 

revealed that these crystallites were not in contact with the liquid phase, therefore preventing 

the urea from acting as a buffer potentially leading to the low observed crystallinity. 

The difficulties encountered with the formation of urea crystallites inside the reflux condenser 

was bridged with the removal of the urea from the reaction and the direct substitution of an 

ammonium solution (NH4OH) to the reaction mixture. The results of the ammonia direct 

substitution synthesis reaction yielded a sample with low crystallinity. Data presented in 

Appendix A, Figure 62 (A). 

In an attempt to improve the crystallinity of the samples, various changes in concentration of 

ammonia was attempted. The variation in concentration resulted in a relatively small increase in 

crystalinity not deemed significant (Figure 62, B and C). In addition to varying the ammonia 

concentration, it was thought the synthesized titanates may be meta-stable and decomposition 

occured during the drying process as illustrated previously in Figure 16. Subsequently a sample 

preparation method explained in Appendix B was developed to deposit the wet samples onto a 

porous PTFE frit for XRD analysis. An image of the PTFE frit XRD spectra is shown in Appendix 

B, Figure 91. The XRD pattern obtained from the use of this method showed no appreciable 

difference with the pattern obtained when drying occurs under ambient laboratory conditions. In 

a further attempt to produce a titanate with a high degree of crystallinity, and to produce 

hydrazinium titanate in a single step, the ammonia in the reaction was substituted with 

hydrazine hydrate.  
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Figure 19 shows the XRD pattern obtained by substituting the ammonia in the adapted 

hydrothermal synthesis process with hydrazine as described above. The XRD pattern shows a 

clear increase in crystallinity when compared to the previous attempts to synthesize a caesium 

titanate using the hydrothermal route (Figure 60). Comparing the positions of the reflections in 

Figure 19 to the reflection in Figure 17, it was observed that this titanate was iso-structural to 

anatase. 

 

Figure 19 X-ray diffraction pattern of caesium titanate, synthesized through the 

hydrothermal route with direct hydrazine addition. The indexed peaks 

corresponds to anatase represented in Figure 17 with additional XRD 

data presented in Appendix C (d-spacing and relative intensities of 

indexed peaks). 

The three hydrothermal synthesis processes described above showed either, low crystallinity or 

a crystal structure associated with anatase. From these experiments it was established that the 

use of an autoclave was essential to inhibit the anatase crystal structure from forming and to 

promote titanate crystal growth. 
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The XRD pattern shown in Figure 20 was obtained by the autoclave assisted hydrothermal 

synthesis of caesium titanate. The reflections at 2θ ≈ 48 ° and 63 ° may be attributed to a 

titanate phase when compared to the work done by Sasaki et al. (1996). From this pattern a 

minor increase in short range crystal order was observed. The same amorphous hump (2θ 

angle ≈ 27 °) previously found in the hydrothermal synthesis (Figure 60 and Figure 61) without 

an autoclave was also observed here.  

 

Figure 20 X-ray diffraction pattern of the autoclave assisted hydrothermal 

synthesis of caesium titanate. The indexed peaks corresponds to 

caesium titanate with additional crystallographic information given in 

Appendix C (d-spacing and relative intensities of indexed peaks). 

In an attempt to improve the crystallinity, Korosi et al. (2012) showed in his work that an aging 

step was capable of improving the crystallinity within the synthesized sample. However, a 

similar aging step, namely 10 days of aging in an autoclave at 70 °C had no observable effect 

on the obtained XRD pattern of hydrothermal synthesized caesium titanate. 

The low crystallinity obtained during the autoclave assisted synthesis of a caesium titanate may 

be an indication that the reaction temperature was not high enough to produce a product with a 

high degree of crystalline order. According to Bavykin and Walsh (2010), a further increase in 

reaction temperature resulted in a mixture of nanosheets and nano-tubes, thereby reducing the 

surface area and limiting the possible sites for adsorption. It was therefore concluded that an 

alternative synthesis method was required to synthesis a single phase titanate with a nanosheet 

morphology. 
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5.4 Solid state synthesis. 

5.4.1 Solid state synthesis procedure 

The procedure followed for the solid state synthesis of CsxTi2-x/4□x/4O4 (□ represents 

vacancies) was derived from the method developed by Sasaki et al. (1995). The method 

involved the mixing of stoichiometric ratios of TiO2 and Cs2CO3 powders by placing and mixing 

the powders in a ball mill for 20 min. The mixed powders were placed inside an open platinum 

(Pt) crucible and decarburized at 800 ˚C for 20 h. During the decarburization step the sample 

was periodically (5 h interval) removed and re-milled to remove agglomeration due to the 

sintering. The decarburization step was repeated for five additional cycles to complete the solid-

state synthesis of caesium titanate. 

5.4.2 Solid state synthesis results 

Figure 21 shows the XRD pattern of the solid-state synthesis of caesium titanate. The indexed 

XRD pattern shows two distinct crystalline phases. These structures were identified as caesium 

titanium oxide hydrate (ϰ) with the ICDD entry number 00-038-0171 and caesium titanium oxide 

(δ) with the ICDD entry number 00-083-0170. Additional crystallographic data for these entries 

are given in Appendix C.  

 

Figure 21 X-ray diffraction pattern of caesium titanate obtained through solid state 

synthesis. The indexed peaks shows two phases, Cs2Ti6O13 and 

H0.29Cs2Ti5O11, additional crystallographic information for these crystal 

structures are provided in Appendix C (d-spacing and relative intensities 

of indexed peaks). 
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The solid-state synthesis yielded highly crystalline products. The occurrence of a secondary 

titanate phase in the analysed sample indicates the possibility of an incomplete reaction or 

insufficient mixing during the preparation of the powder precursor. Alternatively the lack of a 

single phase titanate may be ascribed to a lack of mixing during the required intermittent milling 

steps. Therefore, due to the long reaction times and difficulty in producing a single phase 

titanate an alternative synthesis method was explored. 

 

5.5 Sol-gel synthesis 

5.5.1 Sol-gel synthesis procedure. 

The sol-gel synthesis procedure for caesium and sodium titanate was based on the Pechini sol-

gel method. To synthesize a lepidocrocite type caesium titanate, stoichiometric ratios of 

caesium carbonate (4.49 g) and titanium butoxide (12.25 g) was measured. The mass of the 

caesium carbonate and titanium butoxide was calculated from the formula for a caesium titanate 

that is iso-structural to lepidocrocite (CsxTi2-x/4O4 with x ≈ 0.7). The caesium carbonate and 

titanium butoxide was placed in separate 500 ml beakers and an excess of citric acid (9.66 g) 

was added to each beaker. Next 40 ml of ammonia solution (25 %) was added to each beaker 

and the solutions were stirred on a hotplate at 55 °C until clear solutions containing the metal 

citrate complexes were obtained. Thereafter the contents of the two beakers were added 

together and 6.4 ml of ethylene glycol, 20 ml of ethanol and 16 ml of deionised water were 

added and the solution was stirred for 5 h at 55 °C. The sol was subsequently dried in an oven 

at 150 °C for 24 h. In order to determine the temperature of carburization to form the titanate 

crystal structure, a TG analysis was performed on the sol-gel precursor. The results of the TG 

decarburization experiment showed an endothermic energy event at 800 °C (Figure 59). This 

thermal event was associated with the transformation of the sol to the titanate crystal structure. 

Therefore, from the TG experiment it was determined that the final decarburization step should 

be conducted at 800 °C for 20 h to ensure complete transformation of the sol-gel to caesium 

titanate. 
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5.5.2 Sol-gel synthesis results 

Figure 22 shows the XRD pattern of a caesium titanate that was synthesized using the sol-gel 

method described above. The reflections presented in Figure 22 corresponds to two distinct 

crystal structures, layered caesium titanate with an ICDD database entry 00-040-0827 and a 

relatively small amount of rutile. The (020) plane with a d-spacing of ≈ 9.2 Å was associated 

here with the basal plane of the titanate. 

 

Figure 22 XRD pattern of synthesized caesium titanate that is iso-structural to 

lepidocrocite. The indexed peaks shows two distinct phases, rutile and 

caesium titanate. Additional crystallographic information for these 

crystal structures is given in Appendix C (d-spacing and relative 

intensities of indexed peaks). 

It was thought that the presence of rutile may be an indication that the chosen synthesis 

parameters for caesium titanate required optimization. The observed relative high intensity of 

the background at low 2 theta angles was ascribed to the source directly impinging on the 

detector. 
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In order to investigate the sensitivity of the sol gel synthesis method to variations in 

stoichiometry, caesium titanate was synthesized by varying the value of x in the formula CsxTi2-

x/4O4 from 0.5 to 1.5. The results showed that the formation of a lepidocrocite type caesium 

titanate is sensitive to the value of x (Figure 70). By reducing the value of x to 0.5 the obtained 

crystal structure was identified as Cs0.32Ti0.92O2 with an ICDD number 04-011-1709. This titanate 

is a close analogue to the lepidocrocite type caesium titanate with an x value of 0.7. Increasing 

the value of x to 1 yielded a crystal structure that was indexed as Cs0.675Ti4O8 with an ICDD 

number 04-013-0755. Further increase in the value to 1.5 yielded a crystal structure associated 

with Cs2Ti6O13 with an ICDD number 01-080-5525. The crystallographic information for these 

caesium titanates can be found in Appendix C. 

In a final step to ensure the synthesis parameters for a lepidocrocite type titanate was correctly 

chosen, an experiment was conducted whereby the chosen reaction time of 20 h was reduced 

to 2 h. The results for the 2 hour experiment shows relatively low crystallinity when compared 

with the previous spectra (Figure 22) obtained after 20h, the XRD pattern for this experiment is 

available in Appendix A, Figure 71. 

Figure 23 shows the darkfield image of caesium titanate prepared through the sol-gel synthesis 

method. The image shows the individual crystallites are in the submicron range (10-500 nm) 

and appears to be agglomerated. 

 

Figure 23 TEM image of an agglomerated caesium titanate sample prepared by sol-

gel synthesis method. 
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The results presented thus far in this chapter showed the formation of a titanate crystal structure 

through the use of hydrothermal synthesis is depended on various factors such as aging time, 

solution pH and the use of an autoclave. The synthesis of a titanate through the use of solid 

state methods showed potential however synthesis time and lack of singular titanate phase may 

be prohibitive. The sol-gel method provided a titanate that was highly crystalline and consisted 

of a singular titanate phase. 

 

5.6 Intercalation 

5.6.1 Protonation. 

After a lepidocrocite type analogue caesium titanate was synthesized by making use of the sol-

gel method, it was necessary to exchange the caesium in the interlayer spacing with hydrazine. 

However, attempts to directly intercalate hydrazine was unsuccessful. In order to intercalate 

hydrazine into a caesium titanate, the caesium had to be exchanged for hydronium in the 

interlayer space (Britvin et al., 2011). Once hydronium has been intercalated, it can then be 

substituted for a variety of other species including hydrazine.  

Lepidocrocite type caesium titanate was transformed into a protonated titanate with the general 

formula HxTi2-x/4□x/4O4·H2O with 0.5 < x < 0.7. Caesium titanate was placed in a solution of 

hydrochloric acid (HCl, 1 mol/dm3) with a liquid to solid ratio of 10 ml/g. After 24 hours the 

samples were separated using centrifuging and a fresh volume hydrochloric acid solution was 

added to the titanate samples. This protonation step was repeated 5 times. After the protonation 

step, the titanate was rinsed through successive steps until the pH of the titanate containing 

solution was greater than 5. Subsequently the titanate was separated and dried on a filter paper 

at ambient laboratory conditions. 
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Figure 24 shows the XRD pattern of caesium titanate that has been protonated according to the 

procedure set out above. The XRD pattern obtained from the protonated caesium titanate 

appears less ordered when compared with the neat synthesized caesium titanate (Figure 22).  

 

Figure 24 X-ray diffraction pattern of a protonated titanate, produced by 

intercalation of HCl into caesium titanate. The indexed peaks show 

hydrogen titanium dioxide with additional crystallographic data 

presented in Appendix C (d-spacing and relative intensities of indexed 

peaks). 

Figure 25 shows a SEM micrograph of the protonated caesium titanate with accompanying 

EDS. The SEM image showed small crystallites of protonated titanate. The apparent lack of 

crystallinity indicated by the diffuse peaks (Figure 24) may be due to the size of the individual 

crystallites being in the nanometer range, thereby causing peak broadening. The EDS scan of 

the protonated sample showed no caesium, indicating on a qualitative basis near complete 

protonation. The presence of copper in the EDS was expected, since the sample was prepared 

by placing the titanate powder on a piece of copper tape. 
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Figure 25 SEM micrograph (left) showing a protonated caesium titanate and 

accompanying EDS of the sample (right). The absence of caesium in the 

EDS scan indicates a high degree of protonation. 

FTIR analysis of the protonated caesium titanate is shown in Figure 26. The vibration observed 

at ≈ 900 cm-1 may be attributed to a double bonded titanium dioxide stretching vibration. The 

vibration at 1620 cm-1 may be attributed to the H-O-H binding vibration as stated in the work by 

Sun and Li (2003) 

 

Figure 26 FTIR spectrum of protonated caesium titanate. 
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In addition to the protonation of the caesium titanate, protonation was also attempted on a 

sodium hexatitanate. The protonation of this sodium titanate proved unsuccessful (XRD and 

FTIR results on the protonation attempts, are given in Appendix A, Figure 75, Figure 76). This 

failure to intercalate hydronium into sodium hexatitanate was explained due to the inability of 

the basal planes in the crystal structure to expand to accommodate various cationic species. 

The expansion of the basal planes cannot be accomplished due to the corner shared oxygen 

between two layers as illustrated in Section 2.3.2. 

5.6.2 Intercalation of hydrazine. 

The final step in the preparation of a layered hydrazinium titanate was the ion-exchange step 

between the intercalated hydrogen of the protonated titanate and hydrazine hydrate. To 

intercalate hydrazinium into a protonated titanate, 30 ml of hydrazine hydrate was mixed with 3 

g of protonated titanate for a period of 7 days at ambient laboratory conditions. During the 

intercalation of hydrazinium the sample was rotated at a constant rate of 20 RPM in an end-

over-end fashion. 

The XRD pattern for a hydrazinium intercalated titanate is presented in Figure 27. This XRD 

spectrum showed a high degree of crystalline order. When comparing the XRD pattern in Figure 

27 to the Crystallography Open Database entry for hydrazinium titanate (H2.8N1.12O4Ti1.86), a 

high degree correlation was observed between the patterns. Additionally, a secondary phase of 

rutile was also present in the sample (Supplementary data available in Appendix C). 

 

Figure 27 X-ray diffraction patterns of hydrazinium titanate and rutile. With the 

indexed peaks of hydrazinium titanate (H2.8N1.12Ti1.86O4) represented as σ 

and rutile represented as Φ.  
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The sharpness of the peaks observed in Figure 27 which is an indication of structural ordering, 

was taken as evidence of the fact that the addition of hydrazine hydrate to a protonated titanate 

facilitated a re-ordering of the titanate through stacking of the layers as explained by Sasaki et 

al. (1996) 

Figure 28 shows the thermogravimetric analysis of the prepared hydrazinium titanate sample. 

The endotherm observed below 100 °C was attributed to the evaporation of water while the 

exotherm observed from 100–150 °C was thought to be attributed to the release of hydrazine 

from the structure. In addition the subsequent exothermic reaction observed between 200–

260 °C was attributed to the decomposition of hydrazine into ammonia. Figure 28 shows an 

approximate mass loss of 10 %. The observed mass loss compares well with the mass loss 

observed by Britvin et al. (2011). 

  

Figure 28 TG-DSC curves for hydrazinium titanate prepared through the 

intercalation of a protonated caesium titanate. With the black line 

indicating the mass loss experienced by the sample, and the red line the 

heat flow from the sample. 
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The FTIR spectrum obtained from hydrazinium titanate is shown in Figure 29. The peaks below 

a wavelength of 900 cm-1 was attributed to various titanium dioxide vibrations. While the peak at 

961 cm-1 was correlated to the work done by Braibanti et al. (1967) and may be attributed to 

nitrogen (N-N) stretching vibrations. The peaks at 1525 and 1123 cm-1 was assigned to wagging 

and bending vibrations of NH3. 

 

Figure 29 FTIR spectrum of the synthesized layered hydrazinium titanate. 

Comparing the observed vibrations of the synthesized hydrazinium titanate to those of pure 

hydrazine hydrate two main vibrations were identified namely, 961 and 1525 cm-1. The 

existence and correlation of these vibrations with the prepared hydrazinium titanate confirms the 

presence of hydrazine in the prepared sample. The FTIR spectrum for hydrazine hydrate is 

presented in Appendix A, Figure 68 and Figure 69. 
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The SEM micrograph presented in Figure 30 shows particles of the prepared hydrazinium 

titanate. From this image the particles appear to be elongated. The crystallites of hydrazinium 

titanate have a high aspect ratio of length to thickness. This aspect ratio may be an indication of 

a sheet like morphology. 

 

Figure 30 SEM micrograph and accompanying EDS of the synthesized hydrazinium 

titanate. EDS was performed at four spots as indicated on the SEM 

micrograph with x1, x2, x3 and x4.  

In order to obtain information about the chemical composition of the prepared titanate sample 

an EDS scan was performed on 4 spots as indicated by x1, x2, x3 and x4. Nitrogen was 

qualitatively observed by the EDS which was expected from a hydrazinium containing titanate. 

The presence of copper was again expected due to the SEM preparation method used. 
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Figure 31 shows two brightfield STEM images of the synthesized hydrazinium titanate. In both 

figures the layered structure was observed with the interlayer spacing measured as ≈ 9 Å. 

Figure 31 (A) and (B) shows the stacked sheet like morphology associated with nanosheets. 

 

Figure 31 STEM brightfield images showing two samples of synthesized 

hydrazinium titanate. With the view orientated along the basal planes of 

the crystal structure with a measured distance between basal planes of 

≈ 9Å. 

5.6.3 Direct intercalation of ammonium 

The procedure for the direct intercalation of ammonium into a lepidocrocite type caesium 

titanate involved the use of ammonium chloride. Initially ammonium chloride (0.45 g) was 

dissolved in 10 ml of deionized water. The prepared ammonium containing solution was added 

to 3 g of previously prepared caesium titanate and this solution was placed in a sealed tube for 

7 days while being rotated at 20 RPM at 50 ˚C. After the intercalation procedure the produced 

ammonium titanate was washed using de-ionized water and centrifuging.  

Figure 32 (B) shows the experimentally obtained XRD pattern for the intercalated  ammonium 

titanate. The XRD pattern shows a highly crystalline structure with well-defined peaks. Figure 

32(A) shows an image of the calculated XRD pattern for a layered hydrazinium titanate. No 

spectrum within the 2018-2019 ICDD databases could be fitted to spectrum (B). The 

crystallographic information used to obtain the calculated XRD pattern was from the 

Crystallography Open Database with entry number 4106277. The pattern was generated using 

the software package Materials Studio and Reflex. The parameters used to generate the 

(A) (B) 
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spectrum was similar to those used by the analytical instrument (Section 5.2) to obtain Figure 

32 (B). 

 

Figure 32 X-ray diffraction patterns obtained from the prepared ammonium 

titanate. With (A) representing a calculated pattern obtained through the 

software package Material Studios and Reflex, and (B) the experimental 

spectrum. 

Rietveld analysis performed by the software package Reflex, on the XRD patterns in Figure 32 

showed a high degree of correlation with an Rwp8 value of 90.52 % indicating a good fit 

between the calculated and experimental pattern. No reference spectrum for the ammonium 

titanate could be found at the time of this work. 

  

                                                

8 R factors according to Toby, B. H. (2006). R factors can be used as a measure of how well the Rietveld analysis fit 

the experimental data. The most common R factor is the weighted profile R-factor (Rwp). They (op cit) state an 

Rwp value close to 100 % indicates an excellent fit. 
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The TG-DSC spectra obtained from the thermal decomposition of ammonium titanate is shown 

in Figure 33. The endothermic reaction observed below 100 °C was associated with the release 

and evaporation of water. An exothermic reaction was observed at ≈ 250 °C which was 

attributed to the decompositionn of ammonia. The total observed mass loss was ≈ 8 %. 

 

Figure 33 TGA-DSC curves for ammonium titanate synthesized through the direct 

intercalation of ammonium chloride into caesium titanate. With the black 

line representing mass loss experienced when heating between 35 and 

350 °C, and the red line representing the heat flow experienced by the 

sample. 
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Figure 34 shows the obtained FTIR spectrum for ammonium titanate. The vibrations below 

900 cm-1 may again be attributed to titanium dioxide vibrations. The vibrations at 1449, 1410, 

3196, 2980 and 2826 cm-1 were all associated with NH4
+. According to Miller and Wilkins (1952) 

the 1410 cm-1 vibration can be associated with a symmetric torsional vibration present in the 

NH4
+ molecule.  

 

Figure 34 FTIR spectrum for ammonium titanate synthesized through the direct 

intercalation of ammonium chloride. 

The strong vibration at 1700 cm-1 usually associated with ammonium chloride is absent in 

Figure 34 indicating no ammonium chloride was present in the prepared ammonium titanate 

sample.  
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Figure 35 shows a SEM micrograph of ammonium titanate and the accompanying EDS scan of 

the highlighted area. The scan revealed the qualitative presence of nitrogen as expected from 

an ammonium containing titanate. Additionally the absence of Cl- in the EDS scan confirms no 

detectable quantities NH4Cl remained within the sample. 

 

Figure 35 SEM micrograph and accompanying EDS of ammonium titanate 

synthesized through the direct intercalation of ammonium chloride. The 

green square indicates the area in which the EDS scan was performed. 

Figure 36 shows a STEM image of ammonium titanate. The image shows the expected layered 

sheet morphology also observed in the hydrazinium titanate sample (Figure 31).  

 

Figure 36 STEM image obtained for ammonium titanate showing the nanosheet 

morphology and the interlayer spacing of ≈ 9 ̊Å for the sample, with 

indication in the top part of the image. 
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5.7 Raman analysis of the nitrogen derived titanates. 

The Raman spectra for hydrazinium titanate is shown in Figure 37 and exhibited vibrational 

modes ascribed to a pseudolepidocrocite layered structure. These pseudolepidocrocite 

vibrations are located at a wavenumbers of 193, 276, 375, 448, and 668 cm-1 (Beuvier et al., 

2010). 

 

Figure 37  Raman spectra for layered hydrazinuim titanate (top) and ammonium 

titanate (bottom). 

More specifically, Kim et al. (1997) showed the vibrational mode at ≈440 cm-1 may be attributed 

to a bending vibration involving the three-fold oxygen located within the Ti-O octahedron. The 

bands at 195, 280, 450 and 680 cm-1 were previously identified by using work done by Mao and 

Wong (2006) and fits the vibrations associated with a protonated lepidocrocite titanate, 

indicating some residual protonic titanate may still be present as an artefact of the synthesis 

process. The vibrational modes at 228, 370, 448, and 610 cm-1 are also associated with the 

following Raman symmetric species Ag, Ag, B3g and Ag respectively 
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5.8 Chapter summary  

The sol-gel synthesis method produced a highly crystalline titanate that was iso-structural to 

lepidocrocite. The successive intercalation of hydronium and hydrazinium was shown to be 

successful. It is therefore concluded that the sol-gel synthesis and subsequent intercalation of 

the produced titanates yielded the best results for further use as an adsorbent for uranium in 

this study. 

In addition to the synthesized hydrazinium titanate an alternative ammonium titanate was also 

prepared. This prepared ammonium titanate may also be a viable candidate for uranium 

adsorption. Additionally, Abe et al. (1998) states the exfoliation of a lepidocrocite type iso-

structural titanate is possible through the use of ligands such as ammonia. 
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CHAPTER 6 URANIUM ADSORPTION 

6.1 Introduction 

The previous chapter concluded with the synthesis of both a layered hydrazinium titanate and 

an ammonium titanate. In chapter the behaviour of these in-house synthesized titanates are 

described with regards to their affinity for uranium adsorption in the form of uranyl species.  

Initially commercial titanates were used as a first round of experiments to provide a baseline to 

compare with the subsequent adsorptions of hydrazinium and ammonium titanates with. 

Additionally, sodium trititanate was used as an adsorbent to validate the experimental 

procedures and to compare to uranium literature extraction using sodium trititanate. In order to 
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investigate the influence of increased surface area on the adsorption of uranium, exfoliation9 of 

the synthesized titanates was also investigated. 

 

6.2 Experimental procedure 

The procedure used for all uranium adsorption trials with hydrazinium and ammonium titanate 

was similar even though the solubility of uranyl (UO2
2+) varies with pH. Initially a concentration 

of ≈2500 mg/l of uranyl was chosen for the adsorption experiments. This concentration was high 

enough to test uranium adsorption while being low enough to provide convenience for handling 

and subsequent analysis of the samples. Uranyl nitrate (UO2(NO3)2) solutions of various pH 

were prepared by dissolving the uranyl nitrate salt (see chemical composition in Appendix A, 

Table 8) in a nitric acid solution (65 wt%). The chosen pH range of the uranium adsorption was 

0.5-4.5 with pH increments of one. 

For each experiment a mass of 0.2 g of titanate absorbent was accurately weighed and added 

to a 50 ml falcon tube. In order to calculate the volume of uranyl nitrate solution required to 

ensure an excess of uranium was present during adsorption, it was thought that the capacity of 

the synthesized titanate was similar to other titanates reported in literature. Therefore, a 

capacity of 300 mg/g was chosen for the titanate adsorbents. The required volume was then 

calculated to be 30 ml of uranyl nitrate stock solution.  

The exfoliated titanates were prepared by reacting an excess (30 ml) of ammonium hydroxide 

solution (25 %) with the titanates for a period of 24 hours. After the ammonium hydroxide 

reacted with the layered samples, the samples were washed by the centrifugation and 

decantation method to remove any excess ammonium still present. 

The adsorption experiment was commenced by adding 30 ml of uranyl nitrate solution to 0.2 g 

of each titanate adsorbent. Additionally, a reference 30 ml sample of uranyl nitrate solution was 

taken for each pH value. The samples were rotated in an end-over-end manner at a rotation 

speed of 20 RPM for a total of 24 hours. After 1 hour of rotation the samples were centrifuged at 

4000 RPM for 10 min and a 1 ml liquid sample was drawn and placed in a separate container. 

This sampling process was repeated at 2, 8 and 24 h. 

 

                                                

9 Exfoliation refers to a process whereby successive layers are driven apart, by making use of chemicals 
such as ammonium hydroxide. 
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After the experiments were completed the samples were prepared for analysis by dilution and 

filtration. Each sample was diluted 10-fold using a 3 M nitric acid solution, thereby ensuring all 

uranyl stayed in solution as well as serving the goal of bringing the uranium concentration within 

the calibration range of the XRF instrument. After the dilution each sample was filtered using 

0.2 μm PTFE syringe filters to ensure no trace quantities of titanate were present during the 

XRF analysis. 

Additionally, in order to prepare the spent titanate adsorbent for analysis, the excess liquid was 

carefully removed via decantation. The titanates were then dried in air under ambient laboratory 

conditions for further analysis. 

 

6.3 Analytical techniques 

The analytical techniques used in these experiments were identical to those used for the 

synthesis of the titanates as described in Section 5.2. Additionally, Wavelength Dispersive X-ray 

Fluorescence (WD-XRF) analysis and Inductively Coupled Plasma with a coupled Mass 

Spectrometer (ICP-MS) was used to obtain results on the adsorption of uranium. The WD-XRF 

instrument used was a Panalytical Axios instrument, operated at 4 kW, 60 kV with a LiF 200 

crystal. The WD-XRF analysis technique was performed in an air atmosphere at ambient 

laboratory pressure. The ICP-MS used for analysis of samples which showed low 

concentrations of uranium (< 3 mg U/l as returned by the WD-XRF analysis) was performed on 

an Agilent 7700x model number G3281A. The internal standards used to correct for drift in the 

instrument was Bi and Ti. 
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6.4 Uranium adsorption by selected, commercially available titanates 

Uranium adsorption by titanates was initiated by testing three commercially available titanates 

namely lithium, strontium and barium titanate. Each titanate was tested twice, initially at a pH of 

0.5 and an additional test at a pH of 4.5. The experiments had a duration of 24 hours. 

Table 5  Uranium concentrations present after extraction by commercial 

titanates. 

Sample UO2(NO3)2 solution  

in mg/l at pH 0.5 

UO2(NO3)2 solution  

in mg/l at pH 4.5   

Initial U concentration 1710 180 

Lithium titanate 1690 40 

Strontium titanate 1680 120 

Barium titanate 1720 50 

Table 5 shows the concentrations of uranium in the aqueous phase before and after extraction 

was completed at the chosen pH values. The difference in initial concentration between the 

pH 0.5 and pH 4.5 sample sets can be explained due to the fact that the solubility of the uranyl 

species at near neutral pH is much lower than in a highly acidic nitrate solutions. 

Figure 38 shows the extraction efficiency achieved by the commercial titanates in removing 

uranyl species from acidic nitrate solutions. The results of the pH 0.5 experiments show little or 

no adsorption of uranyl from the aqueous solution. The overall extraction efficiency for all three 

tested titanates increased dramatically at a pH of 4.5. 
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Figure 38 Bar chart of the adsorption efficiencies of uranyl for three commercially 

available titanates, tested at pH 0.5 and 4.5. 

Lithium metatitanate (LiTiO3) showed the highest affinity for the uranyl species with an 

extraction efficiency of 78%, followed by barium metatitanate (BaTiO3) with an extraction 

efficiency of 72 %. Strontium metatitanate (SrTiO3) showed the lowest affinity for the uranyl 

species with an extraction efficiency of 33 %.  

The commercial titanates used during these experiments were in the perovskite crystal 

structure. This structure does not have a capability similar to that of lepidocrocite type titanates 

to expand to accommodate larger species. This lack of expansion is due to the edge sharing of 

the octahedra in the chains that make up the structure of the titanate. It was thought that the 

observed increased adsorption capacity with increased pH may be associated with an increase 

in hydroxides on the surface of the titanates. These hydroxides serve as points were hydrogen 

bonding may occur with the uranyl species. 
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6.5 Uranium adsorption by layered sodium trititanate. 

The first in-house synthesized titanate tested for uranium adsorption was sodium trititanate. 

Figure 39 shows the extraction efficiencies obtained at each pH value after a 24 hour reaction 

period with a uranyl nitrate solution. The spline curve in Figure 39 represents a cubic polynomial 

least square line fitted to the data.  

 

Figure 39 Adsorption curve of uranium by sodium trititanate with varying pH. The 

pH was measured at the end of the experiment for each datapoint. 

Under highly acidic conditions (pH < 3) sodium trititanate showed a low affinity for the uranyl 

species. The adsorption efficiency increased significantly with an increase in pH to a maximum 

efficiency of 78 % at a final contact pH of 9.4 and 10.9. 

The value of R2 (coefficient of determination) is a measure of how well the least square 

regression line fits the experimental data with a value of 1 being a perfect fit between the 

regression line and the experimental data. 

The results obtained from the sodium trititanate experiments showed the same adsorption 

trends obtained by Sheng et al. (2015) and Liu et al. (2016). The maximum adsorption efficiency 

of sodium titanate as studied by Sheng et al. (2015) was observed at a pH of 7. Zhao et al. 

(2012) calculated that uranium exists primarily as a free uranyl cation at or below a pH of 5. 

Between the pH range of 5 and 8 the calculated species were mainly the hydroxide complexes 

(UO2)3(OH)5
+ and (UO2)4(OH)7

+. Above these pH values they (op cit) state the concentration of 
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cationic uranyl species was drastically reduced and the anionic uranyl hydroxide (UO2)3(OH)7
- 

starts to form as the predominant specie. This anionic specie was incapable of adsorption and 

therefore a decrease in adsorption efficiency was noted at high pH values. From the literature it 

was not clear whether the pH was measured before the reaction or after the reaction was 

completed.  

 

6.6 Uranium adsorption by layered hydrazinium titanate. 

Figure 40 shows the results obtained for the uranium adsorption by layered hydrazinium titanate 

after a 24 h reaction period in an aqueous nitric acid solution containing uranyl nitrate. Below a 

pH of 4 no clear indication of uranyl adsorption was observed. Above a pH of 4 a marked 

improvement in adsorption was achieved, with a maximum efficiency of 99 % achieved at a pH 

of 6.9. Increase in pH beyond this point yielded a lower extraction efficiency of 58 % at a pH of 

7.8. 

 

Figure 40 Adsorption curve for uranium by layered hydrazinium titanate by varying 

the pH of the starting solution. 

Although maximum extraction efficiency was achieved at a pH of 6.9, the maximum removal of 

uranyl occurred at a pH of 4.5. This was due to the solubility of uranyl in a nitric acid solution. At 

a pH of 4.5 the solubility of uranyl is low, with an initial concentration of only 180 mg/l. While at a 
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starting pH of 3.5 the initial concentration of uranium was measured at 1350 mg/l. Therefore the 

total extracted uranium mass was in fact higher at the lower starting pH of 3.5 (Table 6). 

Table 6  Uranium concentrations in the aqueous phase, before and after 

extraction by using the adsorbent, hydrazinium titanate 

Sample pH of reaction solution 

at the end of the 

experiment 

 Initial concentration 

of UO2(NO3)2 

(mg/l) 

Final concentration 

of UO2(NO3)2 

(mg/l) 

BMHZ1 0.46 1710 1680 

BMHZ2 1.69 2100 2100 

BMHZ3 3.60 2900 2980 

BMHZ4 4.45 1350 1140 

BMHZ4A10 4.49 2050 850 

BMHZ5 6.90 180 1.23 

 

Table 6 shows the concentration data for the layered hydrazinium titanates with various pH. The 

extraction of uranyl from the aqueous solution was near complete after 1 h as shown by Figure 

77 in Appendix A with only minor variation occurring at longer extraction times. From these 

experiments a clear trend was observed with higher extraction efficiency being observed at 

higher pH values, closer to the neutral pH range. However, due to the solubility of the uranyl 

species and the possibility of precipitation of UO3 at or near neutral pH, subsequent XRD and 

HRTEM analyses were conducted and are presented in the following chapter. 

  

                                                

10 Sample BMHZ4A was reacted with the uranyl nitrate solution for a total time of 7 days. 
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6.6.1 Uranium adsorption by exfoliated hydrazinium titanate. 

The adsorption capacity of exfoliated hydrazinium titanate was tested with the results presented 

in Figure 41. An extraction efficiency of 20 % was achieved at the lowest pH value of 0.5. The 

extraction efficiency increases rapidly with an increase in pH to a maximum extraction efficiency 

of 99.9 % at a pH of 9.1 as measured after extraction was completed. 

 

Figure 41 Adsorption curves for uranium by exfoliated hydrazinium titanate with 

various pH for a reaction period of 24 hours. 

The observed increase in low pH extraction efficiency using the exfoliated hydrazinium titanate 

was attributed to the increased surface area achieved through exfoliation of the titanate. When 

comparing the stacked and exfoliated hydrazinium titanate adsorption trends for uranium to 

each other, it was observed that the exfoliated titanate showed adsorption at a higher pH than 

the stacked titanate. This increase in observed pH may be attributed to the exfoliation 

procedure during which an excess volume of ammonium hydroxide was used to drive the basal 

planes of the titanate apart. According to Gateshki et al. (2004) the process of exfoliation 

involves the ion-exchange and intercalation of a mono layer ammonium into the titanate. With 

sufficiently high concentrations of ammonium hydroxide present this mono layer expands into a 

di-layer, driving the basal planes further apart. This process of successive layered intercalation 

was repeated until the structure was thought to be exfoliated. The exfoliation process exposes 

an increased surface area of titanate as potential sites were ammonium hydroxides may form a 
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complex with the base titanate structure. Therefore, this increase in ammonium complexed to 

the surface of the titanate may be responsible for the relatively large increase in observed pH. 

Figure 42 shows the extraction efficiencies achieved by varying the reaction time with the 

uranium containing nitric acid solution. The sampling time for each experiment was set to 1, 2, 8 

and 24 hours. Samples were taken according to the procedure set out in Section 6.2. In each 

pH range where a marked change in extraction efficiency was observed (pH 2.5, 3.5 and 4.5) 

an initial drop in extraction efficiency was noted after 1 hour of reaction. This decrease in 

extraction efficiency was followed by increased extraction efficiency over time up to the 

maximum extraction efficiency. 

 

Figure 42 Stacked line graph of the extraction efficiency of uranium for the 

synthesized exfoliated hydrazinium titanate with increasing reaction 

time. Each line type and color as represented in the legend represents a 

set of data points at a specific starting pH. 
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In order to elucidate the sorption mechanism, the Langmuir and Freundlich adsorption isotherm 

models were used on the pH 4.5 data as represented in Figure 42. 

Figure 43 shows the data for both the Langmuir (A) and Freundlich (B) adsorption isotherms as 

applied to the pH 4.5 sample of the exfoliated hydrazinium titanate. Figure 43 also contains 

least square linear regression lines through the data points. The Langmuir adsorption isotherms 

is defined by the mathematical formula (8) (Lu et al., 2017): 

   𝑞𝑒 =
𝑏𝑞𝑚𝑎𝑥𝐶𝑒

1+𝑏𝐶𝑒
     (8) 

Where qe (mg/g) is the sorption achieved, qmax (mg/g) is the maximum monolayer capacity for 

uranium (IV) adsorption, b is a constant that is related to the heat of sorption and Ce is the final 

concentration of uranium left in the aqueous media. This equation can be written in a linear form 

(9). 

 
𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝑏
+

𝐶𝑒

𝑞𝑚𝑎𝑥
     (9) 

The Freundlich adsorption isotherm is defined by the formula (10) (Lu et al., 2017), 

 𝑞𝑒 = 𝐾𝑓𝐶𝑒
𝑛      (10) 

Where Kf  (mg(1-n11)Ln/g) represents the degree of sorption dependence at equilibrium 

concentration. The Freundlich adsorption isotherm can be written in linear form (11), 

 𝑙𝑜𝑔𝑞𝑒 = log 𝐾𝑓 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒

𝑛    (11) 

 

  

                                                

11 n is known as the Freundlich constant. 
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Figure 43 Langmuir (A) and Freundlich (B) isotherm models applied to the data of 

pH 4.5 exfoliated hydrazinium titanate’s interaction with a uranium 

containing nitric acid solution. 

Both the Langmuir and Freundlich isotherms show a near linear relation. However, an exact 

linear fit is achieved with the Langmuir isotherm. Therefore, the primary mode of adsorption is a 

Langmuir type adsorption. The Langmuir adsorption isotherm implies that sorption occurs as a 

monolayer, or alternatively sorption occurs at specific sites of energetic equivalence on the 

surface in a homogeneous fashion (Zhao et al., 2012). 

 

  

(A) (B) 
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6.7 Uranium adsorption by layered ammonium titanate. 

Figure 44 shows at a pH < 4 no adsorption was achieved, above a pH of 4 a dramatic increase 

in adsorption of uranyl was observed. The maximum extraction efficiency of uranium by the 

layered ammonium titanate was 95 % at a pH of 6.7, with the pH measured after extraction was 

complete. The least square cubic polynomial regression line fitted through the data points 

showed a good fit to the experimental data as shown by the R2 value of 0.998. 

 

Figure 44 Adsorption curve of uranyl by layered ammonium titanate with various 

pH solutions after a 24 hour reaction time. 

The adsorption of uranyl by layered ammonium titanate showed the same characteristics as 

previously observed with layered hydrazinium titanate. At low pH the initial and final pH values 

of each experiment differed marginally. However, above a pH of 2 a marked increase between 

the initial pH and the pH after extraction was observed. This behaviour is ascribed to the 

logarithmic scale of pH.  
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6.7.1 Uranium adsorption by exfoliated ammonium titanate. 

Figure 45 shows the extraction efficiencies obtained for uranium extraction using exfoliated 

ammonium titanate by varying the initial reaction pH from 0.5 to 4.5. Below a pH of 2 the 

extraction of uranium was low with a minimum extraction efficiency of 10 % at a pH of 0.5 and 

1.5. Above a pH of 2 a sigmoidal increase in extraction efficiency was observed as shown in 

Figure 45 by the least square regression line. The maximum extraction efficiency of 95 % was 

achieved at a pH of 9.9. 

 

Figure 45 Adsorption curves for uranium by exfoliated ammonium titanate with 

varying pH and a reaction time of 24 hours. 

Comparing the results obtained for the exfoliated ammonium titanate with the results for the 

layered ammonium titanate the same trend in adsorption efficiency was observed. With low 

adsorption in highly acidic environments and a rapid increase in adsorption with an increase in 

pH. In both the layered and exfoliated ammonium titanates no decrease in adsorption was 

observed at high pH (> 6) values as was present in hydrazinium titanate. 
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In order to gain an understanding of the reaction time required for the adsorption of uranyl 

species by exfoliated ammonium titanate, samples had to be taken at different time intervals (1, 

2, 8 and 24 h) and the extraction efficiency calculated at each time interval as shown in Figure 

46. 

 

Figure 46 Stacked line graph of the extraction efficiency for uranium by exfoliated 

ammonium titanate with increasing reaction time. The different line types 

and colors represents data sets obtained at different initial pH conditions 

indicated in the legend. 

At pH values of 0.5 and 1.5 no change in extraction efficiency with time were observed. At pH 

value 2.5 a maximum extraction efficiency was obtained after 8 h with a decrease in adsorption 

up to 24 h. The data for pH 3.5 and 4.5 showed maximum extraction efficiency after 8 h after 

which no change in extraction efficiency was observed. 
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Applying the Langmuir and Freundlich adsorption isotherms to the pH 4.5 data, it was found that 

a similar mode of adsorption to that of the Langmuir adsorption isotherm of hydrazinium titanate 

was observed (Figure 47). Both the Langmuir and Freundlich models show a good fit to the 

experimental data. However, the Langmuir adsorption isotherm showed the highest R2 value 

with a near linear fit 

 

Figure 47  Langmuir (A) and Freundlich (B) isotherm models applied to the data of 

pH 4.5 exfoliated ammonium titanate’s interaction with a uranium 

containing nitric acid solution. 

Therefore, the adsorption of uranyl by exfoliated ammonium titanate follows along the same 

route as previously stated for exfoliated hydrazinium titanate. This adsorption route being one of 

equivalent energetic sites in a homogeneous fashion or monolayer adsorption. 

 

6.8 Chapter summary 

The results shown in this chapter revealed for all the tested titanates, that hydrazinium titanate 

and ammonium titanates showed the highest extraction efficiency for uranium in the form of 

uranyl species in a nitric acid solution. Additionally the adsorption of uranyl was shown to be 

highly pH dependent in both the cases. Finally, both hydrazinium titanate and ammonium 

titanate showed the mode of adsorption was one of surface adsorption on energetic equivalent 

sites or in a monolayer. 

  

(A) (B) 
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CHAPTER 7 CHARACTERISATION OF URANIUM ADSORPTION  

7.1 Introduction 

In the previous chapter the capability of various titanates to accommodate uranyl species was 

discussed. The nitrogen derived titanates exhibited the highest affinity for uranium in the form of 

uranyl. With the maximum efficiency for uranium adsorption observed at near neutral or in the 

alkaline pH range. In this chapter various analytical techniques used in the characterisation of 

the adsorption presented in Chapter 6 are discussed in an attempt to elucidate the interaction 

between the base titanate structures and the uranium species. 
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7.2 Analytical techniques 

The analytical techniques discussed in this chapter are similar to those previously discussed to 

characterize the synthesized titanates (Section 5.2). The characterisation was done through 

XRD and HRTEM analysis of the uranium intercalated titanates described in the previous 

chapter. Additionally, EELS and Raman analysis are also presented which provided pivotal 

information regarding the interaction between the uranium and titanate structure. The XRD 

samples were placed in special clear polymer dome sample holders to prevent contamination of 

the XRD instruments during handling and analysis. 

 

7.3 XRD characterisation 

The XRD pattern presented in Figure 48 was obtained through the analysis of a layered 

hydrazinium titanate that was reacted with a uranium containing nitric acid solution (pH 4.5) 

according to the procedure set out in Section 6.2. The XRD pattern shows a crystalline structure 

with a singular “hump” at a 2θ angle ≈ 20 °. The crystalline structure was identified and indexed 

as neat hydrazinium titanate previously presented in Figure 27. 

 

Figure 48  XRD pattern of layered hydrazinium titanate after reaction with uranium 

in a nitric acid solution at a pH of 4.5. With the peaks of hydrazinium 

titanate indexed. 
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The clear polymer sample holders are designed to produce minimal interference with the 

sample being analysed. However, the hump at 2θ angle ≈ 20° is a known attribute of the sample 

holders. The basal (020) plane was located at a 2θ angle of ≈ 9.2 ° (Figure 48). The (020) plane 

of the original unreacted hydrazinium titanate was also located at a 2θ angle of ≈ 9.2 °. 

Figure 49 shows the XRD pattern obtained from adsorbing uranyl onto exfoliated hydrazinium 

titanate. The XRD patterns shows the same pattern previously observed in Figure 48. 

Additionally, UO3.2H2O was also identified in the patterns of both samples (A) and (B) (Figure 

49). In both patterns the hump at a 2θ angle of ≈ 20 ° was again observed and attributed to the 

sample holder as previously explained. 

 

Figure 49  XRD patterns of exfoliated hydrazinium titanate that has been reacted 

with uranyl nitrate in a nitric acid solution. Pattern A represents the 

sample at a starting pH of 2.5 and pattern B represents a sample at a 

starting pH of 1.5. 

The XRD pattern of a distinct uranium phase was observed. It is thought that this crystal 

structure formed due to the precipitation of uranium. It was thought that these precipitations 

occurred during two steps in the entire adsorption experiments. First, due to the exfoliation 

procedure some additional ammonia may have been present during the uranium interaction. 

This additional concentration of ammonia drove the pH to be alkaline resulting in the formation 

of insoluble uranium species that precipitated. Alternatively, the sample preparation for XRD 

analysis involved decantating the excess uranium containing liquids and subsequent drying at 

ambient laboratory conditions. This drying procedure left some unreacted uranium as precipitate 
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as a result. No change in 2θ positions for the titanate was observed between the neat exfoliated 

hydrazinium titanate and the uranium adsorbed titanates presented in Figure 49. 

Figure 50 shows the XRD patterns obtained after ammonium titanate was reacted with uranyl 

nitrate in a nitric acid solution, with (A) at a starting pH of 3.5 and (B) at a starting pH of 0.5. The 

XRD patterns shows a highly crystalline structure with an amorphous hump. The crystal 

structure presented in both (A) and (B) correlates closely to the calculated XRD pattern of 

ammonium titanate (Figure 32). 

 

Figure 50  XRD patterns of layered ammonium titanate that has been reacted with 

uranyl nitrate in a nitric acid solution. Spectrum A represents a sample 

reacted with uranyl nitrate at a starting pH of 3.5 and sample B was 

reacted at a starting pH of 0.5. 

Similar to both layered and exfoliated hydrazinium titanate, the 2θ peak angles show no marked 

change after adsorption of uranium. Notably the intensity of several peaks has diminished when 

compared to the unreacted ammonium titanate presented in Figure 32.  

Results for the exfoliated ammonium titanate reaction with uranyl nitrate showed no appreciable 

difference to the results presented in Figure 50. The XRD pattern for the exfoliated ammonium 

titanate reaction with a uranyl nitrate solution can be seen in Appendix A, Figure 83. 
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7.4 HRTEM and EDS characterisation 

Figure 51 shows the HRTEM images of an exfoliated hydrazinium titanate that has been 

reacted with uranyl nitrate at a starting pH of 4.5. 

 

Figure 51  HRTEM images showing an exfoliated hydrazinium titanate sample with 

uranium adsorbed onto the surface. Left, brightfield STEM image, right, a 

darkfield HAADF image of the same area. The view was orientated 

perpendicular to the (020) reflection plane. 

The high-resolution transmission electron microscope images presented in Figure 51 shows a 

view of the hydrazinium titanate crystal orientated perpendicular to the basal plane (020). It is 

thoughts that in these images the striations represent the titanium dioxide octahedra. In the 

darkfield image (right) the light spots represent uranium atoms on the surface of the titanate.  

The presence of uranium was confirmed by an EDS area scan with the results shown in Figure 

52. The EDS scan additionally shows the presence of copper and carbon, the presence of these 

elements was due to contamination on the prepared sample. 
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Figure 52   TEM-EDS area scan of the exfoliated hydrazinium titanate after reaction 

with uranium in a uranyl nitrate solution, showing most notably the 

presence of uranium in the sample. 

Figure 53 shows a differently oriented view of the hydrazinium titanate that has been reacted 

with a uranyl nitrate solution. Here the view was oriented along the basal plane (020) with the 

basal spacing of ≈ 9 Å indicated on the bright field image (left). The image shows several layers 

stacked on top of each other. The dark field image (right) of the layered section shows uranium 

adsorption again predominantly on the surface of the crystal. If the predominant mode of 

adsorption was intercalation, a regular pattern of uranium atoms would have been visible not 

only in Figure 51 but also in Figure 53. This regular pattern would be easily observable due to 

the high atomic weight of the uranium atoms. 

 

Figure 53  HRTEM images showing the layers in the exfoliated hydrazinium titanate. 

Left is a bright field STEM image and right a dark field HAADF image with 

enlarged area showing the individual uranium atoms as bright spots, the 

view was orientated along the basal (020) plane. 

U: Uranium 
Ti: Titanium 
O: Oxygen 
Cu: Copper 
C: Carbon 
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Due to the continued observed stacking of the layers in Figure 53, it is thought that the 

exfoliation process only reduced the number of layers stacked. However, some stacking still 

persisted within the sample. Alternatively, during the drying process the layers may have 

restacked as described Sasaki et al. (1996)12. 

Figure 54 shows a sample of uranium adsorbed hydrazinium titanate that was not exfoliated. 

This sample was exposed to a higher concentration of uranyl nitrate in solution due to a starting 

pH of 2.5, allowing more uranium to be in solution. 

 

Figure 54  HRTEM images of a layered hydrazinium titanate along the (020) basal 

plane. Left is the bright field STEM image with indication of the layer 

spacing and right the dark field HAADF image with an enlarged area 

showing uranium atoms on the surface. 

Figure 54 shows a bright field (left) and dark field (right) image of a layered hydrazinium titanate 

that has been reacted with a uranyl nitrate solution. The view shown in Figure 54 is along the 

basal plane (020), thereby allowing the viewer to observe the stacking of the layers. These 

images show no appreciable intercalation of uranium. However, surface adsorption was again 

noted at the surface edge of the layers as indicated in the dark field image. 

                                                

12 SASAKI, T., WATANABE, M., HASHIZUME, H., YAMADA, H. & NAKAZAWA, H. 1996. Macromolecule-like aspects 

for a colloidal suspension of an exfoliated titanate. Pairwise association of nanosheets and dynamic reassembling 

process initiated from it. J. Am. Ceram. Soc., 118, 8329-8335. 
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The HRTEM images presented in Figure 55 show the surface of a layered hydrazinium titanate. 

The dark field image (Right) clearly show the uranium atoms on the surface of the titanate 

visible due to their high contrast which is associated with heavy elements. Qualitative visual 

comparison between the observed uranium in Figure 51 and Figure 55 showed a higher 

concentration of uranium present on the sample in Figure 55. 

 

Figure 55  HRTEM images of layered hydrazinium titanate orientated perpendicular 

to the (020) plane, showing uranium atoms on the surface. Left (bright 

field STEM image), right (dark field HAADF image). 

The visually observed increase in concentration was confirmed when calculating at the 

adsorption data for the two samples. The uranium concentration for the sample presented in 

Figure 51 and Figure 53 was calculated to be 54 mg/g of uranium removed. While the sample 

presented in Figure 55 was calculated to have removed 120 mg/g of uranium from the starting 

solution. 
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Figure 56 shows an edge view of ammonium titanate after it has been reacted with uranyl 

nitrate. The bright field image (left) clearly show the layers of the ammonium titanate, with the 

interlayer spacing ≈9 Å. The dark field image (right) shows intercalation of uranyl within the 

ammonium titanate layers. EELS analysis of the intercalated area did not provide definitive 

proof of uranium adsorption due to the low concentration of uranium present. However, due to 

the high contrast associated with heavy elements such as uranium the most likely specie 

intercalated in the layers is uranyl. 

 

Figure 56  HRTEM images of ammonium titanate layers with the view orientated 

along the basal plane. The bright field STEM image is displayed on the 

left and dark field HAADF image of the same sample on the right. The 

basal spacing was measured and found to be ≈ 9 Å. The dark field image 

shows the presence of intercalated uranium atoms. 

EDS scans confirmed the presence of uranium on the external surface of the ammonium 

titanate sample. EDS analysis of the ammonium titanate sample is provided in Appendix A, 

Figure 84 and Figure 85. Additional EELS analysis of the same area provided validation of the 

presence of uranium on the external surface of the sample. EELS results are shown in 

Appendix A, Figure 86, Figure 87 and Figure 88. Further proof of uranium adsorption on the 

surface was achieved when the analyst, during the TEM analysis increased the electron beam 

energy of the TEM microscope. This increase in electron energy provided enough energy to the 

uranium atom to “jump” from site to random site. This behaviour of the uranium atom would not 

have been possible if the atoms was intercalated. Furthermore if the predominant mode of 
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interaction between the uranium and titanate was intercalation a regular pattern of uranium 

atoms would have been observed when viewing a crystallite perpendicular to the basal plane. 

7.5 Raman characterisation 

Figure 57 shows two Raman spectra of uranium interacted hydrazinium titanate and one Raman 

spectrum of neat hydrazinium titanate. The vibrations previously associated with titanium oxides 

(Section 5.7) were again present here. However, above a wavenumber of 600 cm-1 new 

vibrations are present for the uranium interacted hydrazinium titanates. 

 

Figure 57  Raman spectra of uranium interacted hydrazinium titanate and neat 

hydrazinium titanate. 

The vibrations above 600 cm-1 are not typically associated with uranyl vibrations. Uranyl has a 

singular strong vibration at 450 cm-1. It is interesting to note that the background from the 

exfoliated titanate was significantly higher than that observed by the stacked hydrazinium 

titanate. This increased background may obscure some of the less intense vibrations. 
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Figure 58 shows one Raman spectrum of uranium interacted ammonium titanate and one 

Raman spectrum of neat synthesized ammonium titanate. The vibrations below a wavenumber 

of 600 cm-1 have been (Section 5.7) assigned to titanium oxide bonds. No difference could be 

observed when the spectrum of neat ammonium titanate was compared to the spectrum of the 

uranium intercalated ammonium titanate. The vibrations at a higher wavenumber than 600 cm-1 

cannot be assigned to uranyl. Therefore, these vibrations have to be associated with 

ammonium. 

 

Figure 58  Raman spectrum for ammonium titanate that has been reacted with 

uranyl nitrate, and a neat synthesized ammonium titanate. 

When comparing the Raman vibrations of uranium intercalated hydrazinium titanate to the 

Raman vibrations of uranium intercalated ammonium titanate a clear correlation in peak position 

was observed between the spectra (Figure 89). This transformation of hydrazinium into 

ammonium and the accompanying spectra validates the hypothesis that the vibrations above 

600 cm-1 cannot be associated with uranium. 

7.6 Chapter summary 

The characterization of uranium adsorption by hydrazinium and ammonium titanates revealed 

that the primary sites of adsorption was on the surface of the titanates. Additionally no formal 

bond could be identified between the titanate and the uranyl species. Finally the Raman 

analysis revealed the transformation of hydrazinium titanate into ammonium titanate when 

subjected to an aqueous nitric acid environment. 
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CHAPTER 8 CONCLUSIONS  

8.1 Introduction 

This study focused on the use of titanates as an adsorbent for uranium species in an aqueous 

acidic environment. Various titanate synthesis processes were explored and the sol-gel method 

was used to produce highly crystalline lepidocrocite type titanates. These titanates were 

subsequently used for the adsorption of uranium species. In the following chapter conclusions 

are made from the obtained experimental data to elucidate the adsorption behaviour of the 

selected nitrogen derived titanates. 
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8.2 Conclusions 

8.2.1 Synthesis conclusions 

Initially the titanates to be used during this study were supplied by an external laboratory 

(results of analysis on these procured samples is shown in Appendix A, Figure 65 and Figure 

66). Characterisation of the supplied samples revealed inconsistency when compared to 

literature. Due to lack of alternative suppliers it was realised that an in-house synthesis was 

required to ensure consistency of supply and adsorbents. 

The predominant synthesis route from literature was identified as the hydrothermal synthesis 

route. Using the hydrothermal synthesis route for the direct synthesis of hydrazinium titanate 

produced a product with low crystallinity when analysed by XRD. This low crystallinity was 

attributed to the experimental conditions during synthesis. The requirement being a highly 

alkaline solution to prevent the anatase crystal structure from forming. This highly alkaline 

environment may also have affected the stacking of the individual layers thereby causing the 

titanate to be exfoliated leading to the complete absence of some of the expected X-ray 

diffraction peaks, notably the (020) reflection plane. In light of these problems with the 

hydrothermal synthesis an alternative synthesis route was explored. 

The Pechini sol-gel method for the synthesis of metal oxides was investigated as an alternative 

to the hydrothermal synthesis route. The sol-gel method was adapted to produce a caesium 

titanate that is iso-structural to the lepidocrocite mineral. Subsequently a hydrazinium titanate 

was successfully produced through two additional intercalation steps. In addition to the 

hydrazinium titanate the synthesis of ammonium titanate from caesium titanate was also 

successfully achieved. Ammonium titanate was produced by the direct intercalation of 

ammonium chloride into the synthesized caesium titanate. 

During the XRD characterisation of the synthesized ammonium titanate, no reference spectrum 

was found that matched the experimental XRD spectrum. However, a theoretical spectrum 

obtained from the crystallographic information of layered hydrazinium titanate matched the 

experimental spectrum for ammonium titanate. Therefore, it was concluded that structurally 

ammonium titanate and layered hydrazinium titanate must be very similar. It is recommended 

that the sol-gel synthesis method used during this study be further explored for the possible 

direct synthesis of a titanate with magnetic properties. 
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8.2.2 Adsorption conclusions 

The adsorption of uranium in the form of uranyl was investigated and characterized. In a highly 

concentrated (pH < 2) nitric acid solution the adsorption of uranyl by both layered hydrazinium 

and ammonium titanate was negligible. This lack of adsorption at low pH may be ascribed to the 

surface condition of the titanate. At low pH the surface of the titanate is thought to be 

electrophilic. This electrophilic behaviour prevents the uranyl ion from interacting with the 

titanate surface as the uranyl ion is also electrophilic. However, as the pH of the solution 

increased, the surface becomes more nucleophilic with the formation of hydroxides on the 

surface. These hydroxides act as sites for the adsorption of the uranyl species. The maximum 

extraction efficiency achieved for hydrazinium titanate in both the layered and exfoliated state 

was near neutral pH values. 

With a further increase in pH a decrease in extraction efficiency was observed for both the 

layered and exfoliated hydrazinium titanates. It is thought this reduction in extraction efficiency 

is due to the formation of anionic uranyl hydroxide species as predicted by the speciation done 

by Krestou and Panias (2004)13 and presented in Figure 9. These anionic species show little or 

no interaction with the nucleophilic surface of the titanate. 

A closer look at the adsorption of uranyl by layered hydrazinium titanate revealed an interesting 

and previously unknown behaviour: according to the work by Lu et al. (2017)14 it was thought 

that at low pH (< 3) the predominant sites for adsorption is the surface of the adsorbent. At high 

pH (> 7) values they (op cit) stated that the predominant mode was interlayer adsorption. 

However from the high resolution transmission electron microscopy work presented in this 

thesis it was shown that the predominant mode was surface adsorption. It is thought that at very 

high pH values the titanate is exfoliated completely thereby leaving an increased surface area 

for higher potential adsorption. It is therefore concluded that the primary sites for uranyl 

adsorption must be on the surface of the titanate. 

Finally, looking at the Raman analysis of the hydrazinium and ammonium titanates before and 

after reaction with uranyl nitrate an interesting conclusion can be drawn. Raman analysis of the 

hydrazinium and ammonium titanate initially only shared the identifiable titanium oxide 

vibrations. However, after uranium intercalation the ammonium titanate showed no apparent 

                                                

13 Krestou, A & Panias, D 2004, 'Uranium (VI) speciation diagrams in the UO2/CO3/H2O system at 25 C', The 

European Journal of Mineral Processing and Environmental Protection, vol. 4, no. 2 pp. 113-29. 

14 LU, S., ZHU, H., GAO, H., MENG, Y. & CHEN, C. 2017. Fabrication of sodium titanate nanospheres as efficient 

sorbent for removal of U(VI) from aqueous solution. J. Mol. Liq., 225, 101-106. 
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change in observed Raman vibrations. It may therefore be concluded that no formal observable 

bond exists between the titanate and the uranyl species. 

Furthermore, when comparing the Raman spectrum of the neat ammonium titanate to the 

spectrum of the uranyl reacted hydrazinium titanate, no difference in vibrations was 

distinguishable between these two spectra. This observation has led to new insight into how 

hydrazinium titanate interacts with cationic species in a nitric acid solution. The hydrazinium in 

the interlayer initially reacts with the nitric acid in the solution to form ammonium. The 

ammonium forming reaction increase the pH of the solution up and the ammonium is 

intercalated into the titanate structure. Subsequently the increase in pH provides more 

nucleophilic sites for the surface adsorption of uranyl. 

In conclusion this study provided an alternative route for the synthesis of nitrogen derived 

titanates. Characterisation through XRD of the synthesized ammonium titanate revealed 

structural similarities between the ammonium and hydrazinium titanates.  

Furthermore, this study successfully adsorbed and characterized the adsorption of uranium in 

the form of uranyl complexes on both hydrazinium and ammonium titanates. The 

characterisation revealed the primary sites of adsorption to be the outer surface of the titanates. 

Additionally, this study showed the pH dependence of uranium adsorption onto both 

hydrazinium and ammonium titanate. The next step would be to explore other cationic species 

of interest for adsorption. 

Additionally, due to the potential surface area for adsorption, the titanates as synthesized during 

this project may have other possible applications within the photovoltaic, water purification and 

energy storage sectors. 
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APPENDIX A 
 

APPENDIX A, SUPPLEMENTARY DATA  

Appendix A contains additional information to clarify results obtained in the experimental results 

chapters 5, 6 and 7. 

 

 

 

 

Figure 59 shows a DTG graph of the thermal decomposition of a sol-gel mixture for caesium 

titanate. From the results a large mass loss was observed below 500 °C. This mass loss is due 
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to several steps which including the vaporization of water, vaporization and combustion of 

ethanol and CO2 formation. The large exothermic reaction observed at ≈ 500 °C may be 

attributed to the carborization of the sol-gel to form CO2. At 800 °C a change in energy was 

observed, this change in energy may be associated with a crystal structure transformation and 

the formation of a caesium titanate. At a higher temperature of ≈1100 °C another crystal 

structure transformation was observed which may be attributed to the rutile crystal structure 

formation.  

 

Figure 59 Thermogravimetric analysis of the thermal decomposition of a caesium 

titanate sol-gel mixture showing the energy changes associated with 

phase transformation. 
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Figure 60 shows the X-ray diffraction pattern obtained from the synthesis method of Lin et al. 

(2014). Figure 60 showing little or no crystalline order. The lack of long range order here was 

associated with no titanate phase formation. 

 

Figure 60 X-ray diffraction pattern of caesium titanate by making use of a 

hydrothermal synthesis technique akin to Lin et al. (2014). 

Figure 61 shows the results obtained from this direct addition of ammonia to the reaction 

mixture. The XRD patterns in Figure 61 shows two independent samples that employed the 

same reaction conditions, a close correlation is observed between these two results. However 

these XRD patterns still showed no appreciable short range order.  

 

Figure 61 X-ray diffraction patterns obtained from the ammonia moderated 

hydrothermal synthesis of caesium titanate. 
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Figure 62 shows the XRD patterns obtained by varying the concentration of ammonium during 

the synthesis process. Here A represents the ammonium concentration calculated to be equal 

to the starting concentration of urea. Figure 62, B shows the XRD pattern obtained by 

increasing the concentration of ammonium by 50 ml/min. Figure 62, C shows the XRD pattern 

obtained by increasing the ammonium solution to 100 ml/min. 

 

Figure 62  XRD patterns obtained through variations in ammonia concentration 

during the hydrothermal synthesis process. 

Although Figure 62, C shows a slight increase in crystallinity observed by the increase in peak 

definition. The sample remained predominantly amorphous. 
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Figure 63 shows the XRD spectra obtained from the hydrothermal synthesis of caesium titanate 

in an autoclave with the direct addition of ammonia in an attempt to inhibit the anatase crystal 

structure from forming. The results obtained for this synthesis technique was similar to the 

results obtained in Figure 20. The only features are the amorphous “hump” at 28 ° and the 

relatively weak peak at ≈ 48 °. 

 

Figure 63 XRD pattern obtained for the autoclave, hydrothermal synthesis of 

caesium titanate using a combination between Britvin et al. (2011) and 

Lin et al. (2014). 
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Figure 64 shows the XRD patterns obtained from two layered hydrazinium titanates produced 

by an external laboratory in Russia. Figure 64 (A) represents the first LHT-9 received. This 

spectra shows a high degree of short range order associated with a crystal structure. When 

comparing the peak 2θ values of Figure 64 (B) with those of anatase (Figure 17) a clear 

correlation was observed. The second spectrum represented in Figure 64 (B) was obtained from 

an additional sample of LHT-9. This spectrum showed a single amorphous hump centered on a 

2θ angle of 28 °. 

 

Figure 64 X-ray diffraction patterns obtained from the analysis of the LHT-9 

samples supplied by an external laboratory. 

Some concerns were raised by the supplying laboratory regarding possible degradation of the 

samples during the drying technique used before the XRD analysis. Subsequently a PTFE frit 

method (Appendix C) was used to prepare the sample for XRD analysis and to ensure no 

degradation could occur. The results obtained from the PTFE frit method showed no observable 

difference to those obtained in Figure 64. 
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In order to investigate the expected evolved gasses during thermal decomposition of the 

amorphous sample of LHT-9 presented in Figure 64 (B), a thermogravimetric analysis with an a 

off gas analysis performed through coupled Fourier Transform Infra-Red analysis (TG-FTIR) 

was performed. The obtained results for the TG-FTIR analysis is shown in Figure 65 and Figure 

66 . The thermal decomposition observed in Figure 66 shows a large mass loss below 100 °C 

which may be associated with the release of water vapour. Below 200 °C a broad band was 

observed at ≈ 1500 cm-1. This band according to work done by Stein (2017) may also be 

associated with water. At ≈ 180 °C a relatively small mass loss and an accompanying 

endotherm was observed. This mass loss may be associated with the release of crystal water 

from within the crystal lattice. This observation was confirmed by the FTIR showing only 

vibrations associated with water at 180 °C (shown in Figure 66(b)). At a higher temperature of 

250 °C another feint mass loss was observed. 

 

Figure 65 3Dimensional FTIR spectrum with increase in temperature for the LHT-9 

sample (B) supplied by the external laboratory. 

 According to Britvin et al. (2011) the thermal decomposition of layered hydrazinium titanate 

proceeds in distinct steps. With the first significant step being the release of hydrazine from the 

structure at 180 °C. At a higher temperature of 300 °C they (op cit) state the release of 



111 
 

ammonia was observable via the decomposition of hydrazine into ammonia. This decomposition 

of hydrazine into ammonia is expected to be an exothermic reaction. No observable hydrazine 

or ammonia was detected during the thermal decomposition of the LHT-9 sample. 

 

Figure 66 TG-DSC spectrum of the mass loss and heat flow of externally supplied 

hydrazinium titanate. Accompanying FTIR spectrum of the evolved 

gasses at 180 °C. 

 

Figure 67 TG curve of the mass loss experienced by caesium and sodium titanate 

when heated from 35 °C to 350 °C. 
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Figure 68  3D FTIR image of the thermal decomposition of hydrazine hydrate. 

 

Figure 69  FTIR Image of the thermal decomposition of hydrazine hydrate at 180 °C. 
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Figure 70 (A) represents the XRD pattern obtained from a titanium butoxide to caesium 

carbonate ratio of 0.5. The characteristic peak associated with the (020) reflection plane in a 

lepidocrocite type caesium titanate was not present and is usually observed around a 2θ angle 

of 10 °. Figure 70 (B) represent a titanium butoxide to caesium carbonate ratio of 0.7. Graph (B) 

shows a high background at low 2θ angles, and a peak at ≈ 10 ° associated with the basal 

plane (020) of a lepidocrocite type caesium titante. Increasing the stoichiometric ratio to 1 

(Figure 70Figure 70(C)) decreases the relative strength of the low angle peaks (0l0). Further 

increase in caesium carbonate to titanium butoxide ratio to 1.5 (Figure 70Figure 70(D)) 

produces an XRD pattern not associated with a lepidocrocite type titanate. 

 

Figure 70 Stacked X-ray diffraction spectra for caesium titanate with different 

stoichiometric ratios of titanium butoxide to caesium carbonate (A)0.5, 

(B) 0.7, (C) 1.0 and (D) 1.5. 

  



114 
 

The 1100 °C experiment shows a highly crystalline product containing a lepidocrocite type 

caesium titanate as well as anatase and rutile. The 800 °C experiment showed low crystallinity, 

however the broad peaks present in the XRD pattern was associated with caesium titanate.  

 

Figure 71 Image of X-ray diffraction spectra for caesium titanate produced by 

varying the reaction time and temperature. With (A)2 h at 1100 °C and 

(B)2 h at 800 °C. 

 

Figure 72  SEM image of caesium titanate and accompanying EDS taken at three 

points marked as X1, X2 and X3. 
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Figure 73  Bar chart showing the increase in mass of Na2CO3 used during the 

synthesis of various sodium titanates. 

Sodium titanate was synthesized by using the sol gel method. Various different sodium titanates 

were obtained by varying ratio of titanium butoxide and sodium carbonate with the obtained 

XRD spectra presented in Figure 74. 

 

Figure 74  Stacked X-ray diffraction spectra obtained for different stoichiometries 

of titanium butoxide to sodium carbonate. 

The XRD patterns shown in Figure 74 were identified and the obtained phases presented in 

Table 7. Samples A, B and C showed multiple crystalline structure including rutile in samples A 

and C. Sample D consists of sodium hexatitanate and sodium carbonate. Sample E consisted 
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of a combination of sodium trititanate and Na8Ti5O14. The samples F and G each contained a 

titanate crystal structure and an excess of sodium carbonate. Additional crystallographic data 

presented in Appendix C. 

The presence of rutile in samples A and C may be an indication that the reaction temperature 

was higher than required to form a sodium titanate crystal structure. Appendix A ()shows the 

obtained TG-DSC curve for the carburization of the sodium trititanate sol-gel precursor in air. 

From this data alone no clear transition from sol-gel precursor mixture to titanate structure can 

observed. Ribbens et al. (2008) showed the temperature of phase transformation for sodium 

trititanate was 600 °C. According to Papp et al. (2005) the presence of both sodium tri- and 

hexatitante as observed in samples C may be explained due to thermal stability of sodium 

trititanate. They (op cit) state that sodium trititanate undergoes a conversion to sodium 

hexatitanate at temperatures exceeding 700 °C and further transformation into anatase and 

rutile at even higher temperatures. 

Table 7  Observed sodium titanate crystal structures due to variations in 

stoichiometry. 

Sample name Expected species Analytically observed species 

A Na2Ti6O9 Na2Ti7O15, Na2Ti6O13, Na6Ti2O7, Na4Ti5O12, rutile, 

NaTi2O4 

B Na2Ti6O13 rutile, Na2Ti4O9, Na2Ti6O13, Na2Ti5O11, Na4Ti5O12 

C NaTi2O5 Na2Ti3O7, Na2Ti6O13, Na4Ti5O12, Na4Ti5O12, Ti3O5 

D Na2Ti3O7 Na2Ti3O7, Na2Ti6O13 

E Na4Ti5O14 Na8Ti5O14, Na2Ti3O7 

F Na8Ti5O14 Na16Ti10O28, Na2CO3 

G Na4TiO4 Na16Ti10O28, Na2CO3 
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Figure 75  XRD pattern of a protonated sodium hexatitanate. 

 

Figure 76  FTIR spectrum of a protonated sodium titanate. 
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Figure 77  Image of the extraction efficiency vs time for layered hydrazinium 

titanate at different pH values. 

 

Figure 78 Stacked line graph of the extraction efficiency of layered ammonium 

titanate with increasing contact time. 



119 
 

 

Figure 79  HRTEM images of uranium intercalated hydrazinium titanate sample 

name BMHZ5 left STEM image and right HAADF images. 
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Figure 80  HRTEM images of uranium intercalated hydrazinium titanate sample 

name BMHZ4A left STEM image and right HAADF images. 
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Figure 81  HRTEM images of uranium intercalated ammonium titanate sample name 

BMNH3 left STEM image and right HAADF images. 
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Figure 82  Raman spectra for caesium titanate, sodium hexatitanate and protonated 

titanate. 

Table 8  Stock uranium sample composition. 

Element  Concentration 

Aluminium 917 mg/kg 

Calcium <50 mg/kg 

Cobalt <50 mg/kg 

Copper 611 mg/kg 

Iron 168 mg/kg 

Magnesium <50 mg/kg 

Manganese <50 mg/kg 

Nickel 59 mg/kg 

Silicon 976 mg/kg 

Zinc 2942 mg/kg 

Uranium 50.5 wt % 
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The composition of the uranium solution in nitric acid was tested again before any extraction 

were commenced. During these tests it was found that the concentrations of all contaminants 

were below 1 mg/l. 

 

Figure 83  XRD pattern for the reaction of exfoliated ammonium titanate with uranyl 

nitrate. 
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Figure 84  HRTEM image of ammonium titanate indicating a spot (Spectrum 7) and 

an area (Spectrum 8) were EDS analysis was performed left STEM image 

and right HAADF images.. 

 

Figure 85  EDS spectrum 7 of ammonium titanate showing the presence of uranium 
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Figure 86  HRTEM image of ammonium titanate showning the location of two EELS 

analyses left STEM image and right HAADF images. 

 

Figure 87  EELS spectrum of ammonium titanate presented in Figure 86, of area (A). 

Showing the presence of uranium. 
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Figure 88  EELS analysis of ammonium titanate presented in Figure 86 of area (B). 

Showing the presence of caesium. 

 

Figure 89  Raman spectra of uranium intercalated hydrazinium titanate and uranium 

intercalated ammonium titanate 
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APPENDIX B 
 

APPENDIX B, PTFE FRIT METHOD  

During the synthesis of layered titanates it was thought that the drying process used to prepare 

samples for XRD analysis had a detrimental effect on the sample crystal structure. It was 

therefore necessary to investigate an alternative method for the preparation of samples for XRD 

analysis to bridge this potential problem. 

Appendix B contains the procedure for the production of a PTFE frit. This frit was designed to fit 

on top of a Buchner funnel to draw excess moisture from samples using the venturi principle. 
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In order to produce a porous frit DuPont TF1400, homopolymer was chosen as the starting 

material for the PTFE frit. This selection was based on the grain size of the homopolymer and 

previous work done by other polymer researchers within applied chemistry at Necsa. 

In order to form a porous PTFE frit, the homopolymer powder first had to be pressed into a 

green form for sintering. The size and thickness of the green form was determined by the 

Buchner funnel setup. The minimum diameter for the frit was determined to be 35 mm and the 

maximum 40 mm. The thickness of the frit did not exceed 5 mm to ensure a good seal can be 

maintained during operation. 

Approximately 10 g of Dupont TF1400 was weighed and placed in a 37 mm die press. A load of 

10 kg was added to the press to compact the polymer PTFE frit. This load was maintained for 

approximately 1 min to ensure a green form of sufficient strength was obtained for handling and 

subsequent transfer into an oven. 

The produced green form was placed in a muffle oven for sintering. The program run by the 

muffle oven consisted of five steps. Initially the oven ramped up to a temperature of 350 °C over 

a period of 2 hours. Thereafter the temperature was increased to 380 °C at a ramp rate of 

0.25 °C/min. This temperature was maintained for 4 hours. Thereafter the temperature was 

reduced to 300°C at a ramp rate of 0.4 °C/min and finally to room temperature of a period of 

2 hours. The produced porous PTFE frit is shown in Figure 90. 

 

Figure 90  Image of the produced porous PTFE frit. 

Testing of the PTFE frit revealed the surface of the frit to be hydrophobic, to improve the 

wettability of the frit soap water was initially used on frit. 

 



130 
 

After the preparation of the frit was complete, it was necessary to characterize the influence the 

PTFE frit has on the XRD patterns. The XRD pattern of the produced PTFE frit is presented in 

Figure 91. The XRD pattern shows a singular sharp peak located at a 2θ angle of 17.7 °. 

Additionally four smaller peaks were also observed at 2θ angles of 31.1, 36.2, 36.7 and 40.8 °. 

These observed peak intensities was subsequently be subtracted from the experimental data. 

 

Figure 91  XRD pattern of the prepared PTFE porus frit. 

The PTFE frit method as described here provided an alternative method to prepare samples for 

XRD analyses, bridging the problem of analysing samples that degrade once dried. 
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APPENDIX C 
 

APPENDIX C, SUPPLEMENTARY XRD DATA 

Appendix C contains the relevant XRD data for spectra identified within the thesis. Were 

applicable the number of listed peaks have been reduced by excluding peaks that have a 

relative intensity of less than 10 %. 
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Titanium oxide, anatase (00-021-1272) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

25.28126 100 3.52 1 0 1 

36.94694 10 2.431 1 0 3 

37.80124 20 2.378 0 0 4 

38.57607 10 2.332 1 1 2 

48.05001 35 1.892 2 0 0 

53.8912 20 1.6999 1 0 5 

55.06171 20 1.6665 2 1 1 

62.69023 14 1.4808 2 0 4 

75.03171 10 1.2649 2 1 5 
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Titanium oxide, rutile (00-021-1276) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

27.44674 100 3.247 1 1 0 

36.08599 50 2.487 1 0 1 

41.22632 25 2.188 1 1 1 

44.05163 10 2.054 2 1 0 

54.32312 60 1.6874 2 1 1 

56.64192 20 1.6237 2 2 0 

62.74213 10 1.4797 0 0 2 

64.0403 10 1.4528 3 1 0 

69.01031 20 1.3598 3 0 1 

69.7902 12 1.3465 1 1 2 

140.0523 12 0.8196 5 2 1 
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Titanium oxide, brookite (00-015-0875) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

25.3398 100 3.512 1 2 0 

25.68935 80 3.465 1 1 1 

30.80768 90 2.9 1 2 1 

36.25187 25 2.476 0 1 2 

37.29673 18 2.409 2 0 1 

40.15257 18 2.244 0 2 2 

42.33978 16 2.133 2 2 1 

46.07247 16 1.9685 0 3 2 

48.01225 30 1.8934 2 3 1 

49.17262 18 1.8514 1 3 2 

54.20492 20 1.6908 3 2 0 

55.23432 30 1.6617 2 4 1 

57.17583 14 1.6098 1 1 3 

63.64341 12 1.4609 2 5 1 

64.1045 12 1.4515 2 0 3 
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Caesium titananium oxide, Cs0.68Ti1.83O4 (ICDD 00-040-0827) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

10.19451 50 8.67 0 2 0 

20.40899 50 4.348 0 4 0 

21.4462 10 4.14    

23.26683 5 3.82 1 0 0 

23.83637 10 3.73 1 1 0 

27.93988 100 3.1908 1 3 0 

30.68947 20 2.9109 0 1 1 

30.86221 50 2.895 0 6 0 

34.94002 20 2.5659 1 5 0 

39.89669 50 2.2578 1 2 1 

39.97051 75 2.2538 0 5 1 

43.46177 20 2.0805 1 7 0 

47.52418 75 1.9117 2 0 0 
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Caesium titanium oxide, Cs0.32Ti0.92O2 (04-011-1709) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

10.3916 160 8.506 0 2 0 

20.86991 223 4.253 0 4 0 

28.09694 999 3.17332 1 3 0 

31.52842 176 2.83533 0 6 0 

39.87975 161 2.25872 1 2 1 

40.33934 392 2.23404 0 5 1 

47.4504 195 1.9145 2 0 0 

58.5765 156 1.5746 1 8 1 

63.99496 133 1.45372 2 5 1 
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Caesium titanium oxide, Cs0.675Ti4O8 (04-013-0755) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

12.15823 6 7.27373 1 1 0 

24.45614 223 3.63686 2 2 0 

27.3959 999 3.25291 3 1 0 

35.99124 359 2.49333 2 1 1 

39.13184 164 2.30015 4 2 0 

40.16003 281 2.2436 3 0 1 

47.58284 198 1.90948 1 4 1 

53.39806 174 1.71443 6 0 0 

57.32013 228 1.60609 5 2 1 

66.08648 147 1.41269 4 5 1 
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Caesium titanium oxide, Cs1.04Ti8O16 (04-011-6365) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

16.10083 115 5.5004 1 0 1 

17.25376 121 5.13536 2 2 0 

20.23608 140 4.38476 1 2 1 

24.4945 190 3.63125 4 0 0 

27.43907 999 3.24789 2 4 0 

35.96737 441 2.49493 1 3 2 

39.19481 149 2.2966 2 6 0 

40.1507 348 2.2441 3 3 2 

47.59607 241 1.90898 5 3 2 

53.48696 184 1.71179 6 6 0 

57.36032 272 1.60506 3 7 2 

66.14933 177 1.4115 9 1 2 
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Caesium titanium oxide, Cs2Ti5O11 (00-038-0172) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

18.13782 10 4.887 2 0 -3 

21.44096 50 4.141 4 0 1 

23.79107 14 3.737 1 1 0 

24.77339 10 3.591 0 0 4 

27.36939 100 3.256 3 1 0 

28.99541 93 3.077 3 1 1 

30.80768 36 2.9 3 1 -3 

30.82946 82 2.898 6 0 1 

31.84339 28 2.808 6 0 -4 

34.20954 11 2.619 3 1 -4 

39.0638 21 2.304 8 0 -4 

41.48406 28 2.175 2 0 6 

47.72828 48 1.904 0 2 0 
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Caesium titanium oxide, Cs2Ti6O13 (00-038-0170) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

10.26574 11 8.61 0 2 0 

20.50431 20 4.328 0 4 0 

27.94703 100 3.19 1 3 0 

30.58076 8 2.921 0 1 1 

31.03803 15 2.879 0 6 0 

40.02236 21m 2.251 0 5 1 

47.51626 17 1.912 2 0 0 

57.91502 9m 1.591 1 8 1 

57.91502 9m 1.591 2 1 1 
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Caesium titanium oxide hydrate, H0.29Cs2Ti5O11 (00-038-0171) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

17.94527 50 4.939 2 0 -3 

21.86304 37 4.062 4 0 1 

26.87305 78 3.315 3 1 0 

29.46521 75 3.029 3 1 1 

30.2519 100m 2.952 1 1 -3 

30.2519 100m 2.952 5 1 -1 

30.43135 78 2.935 6 0 1 

31.42981 50m 2.844 2 0 -5 

31.42981 50m 2.844 8 0 -4 

33.39493 28m 2.681 3 1 2 

42.5069 54m 2.125 0 0 6 

42.5069 54m 2.125 7 1 1 

47.83503 39 1.9 0 2 0 
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Sodium titanium oxide, Na2Ti3O7 (00-031-1329) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

10.5231 100 8.4 0 0 1 

15.84108 30 5.59 1 0 1 

25.6969 35 3.464 0 1 1 

28.38285 18 3.142 1 1 1 

29.94039 20 2.982 3 0 0 

31.94851 12 2.799 -1 1 2 

34.22301 16 2.618 -2 0 3 

43.82712 35 2.064 -2 0 4 

43.91664 40 2.06 4 0 1 

47.8083 20 1.901 0 2 0 

50.22636 10 1.815 -2 1 4 

66.87148 14 1.398 0 0 6 

66.93108 14 1.3969 4 2 1 
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Sodium titanium oxide, Na2Ti6O13 (01-080-5525) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

11.84985 999 7.46232 2 0 0 

14.13915 505 6.25881 -2 0 1 

24.49293 409m 3.63148 1 1 0 

24.49293 409m 3.63148 2 0 2 

29.8432 457 2.99149 3 1 0 

30.12505 425 2.96414 -2 0 3 

30.55418 372 2.92348 -3 1 1 

33.38942 363 2.68143 4 0 2 

43.35251 279m 2.08549 -4 0 4 

43.35251 279m 2.08549 -6 0 3 

44.15752 227 2.04932 6 0 2 

48.59631 315 1.872 0 2 0 

56.08074 177m 1.63861 7 1 2 
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Sodium titanium oxide, Na2Ti7O15 (04-011-5252) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

11.94659 999 7.40211 2 0 0 

13.87322 420 6.37818 -2 0 2 

24.52997 339m 3.62608 1 1 0 

29.95407 327m 2.98067 3 1 0 

29.95407 327m 2.98067 -3 1 1 

30.60899 275m 2.91837 3 1 1 

30.60899 275m 2.91837 -3 1 2 

31.15998 367m 2.86801 4 0 4 

31.15998 367m 2.86801 -2 0 7 

34.19985 331 2.61972 4 0 5 

43.78763 246 2.06577 -4 0 9 

44.76128 225m 2.02307 4 0 8 

48.65165 262 1.87 0 2 0 
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Sodium titanium oxide, Na4.33Ti5O12 (01-084-8819) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

14.03968 999 6.30293 0 0 1 

20.41615 335 4.34649 4 0 1 

32.66504 191 2.73922 4 0 2 

33.23227 273 2.69375 -6 0 2 

33.91207 319 2.64129 10 0 0 

34.78179 278 2.57721 5 1 0 

41.79529 250 2.15952 -1 1 2 

42.21656 344m 2.13894 1 1 2 

42.21656 344m 2.13894 7 1 1 

42.46834 160 2.12684 -3 1 2 

53.30176 153 1.7173 -1 1 3 

54.49231 175 1.68256 9 1 2 
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Sodium titanium oxide, NaTi2O4 (00-045-0752) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

16.43287 16 5.39 0 2 0 

19.07068 100m 4.65 1 2 0 

19.07068 100m 4.65 2 0 0 

33.29268 91m 2.689 0 4 0 

33.29268 91m 2.689 3 2 0 

35.96632 45m 2.495 1 2 1 

35.96632 45m 2.495 2 0 1 

40.72057 17 2.214 1 3 1 

43.16746 19m 2.094 3 1 1 

49.93223 36m 1.825 2 4 1 

59.59918 13 1.55 3 6 0 

59.85437 16 1.544 6 0 0 

61.43547 36m 1.508 5 2 1 
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Sodium titanium oxide, Na2Ti4O9 (04-011-3477) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

10.23399 183 8.63664 -1 1 0 

12.7607 428 6.93164 1 1 0 

15.70231 999 5.63909 0 2 0 

20.28446 175 4.37441 2 1 0 

20.55078 224 4.31832 -2 2 0 

32.24592 345 2.77386 2 3 0 

32.64997 350m 2.74045 0 1 1 

33.62734 341 2.663 -4 1 0 

34.83563 386m 2.57335 -2 0 1 

40.98041 245m 2.20056 3 0 1 

41.55281 263m 2.17156 0 3 1 

41.55281 263m 2.17156 0 -4 1 

54.21221 221m 1.69059 4 2 1 
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Sodium titanium oxide, Na8Ti5O14 (00-028-1155) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

9.15688 60 9.65 0 1 0 

11.99883 40 7.37 1 0 0 

12.11432 60 7.3 -1 0 1 

12.5456 80 7.05 0 -1 1 

18.43069 40 4.81 0 2 0 

21.34189 40 4.16 -1 -1 2 

21.98358 60 4.04 1 -2 1 

22.49093 60 3.95 -2 -1 2 

25.20846 40 3.53 1 2 0 

26.03327 40 3.42 1 -3 1 

26.99751 40 3.3 -2 2 1 

29.06298 40 3.07 -2 -3 2 

29.25779 40 3.05 -2 1 2 



149 
 

29.55502 40 3.02 -3 0 2 

31.13783 40 2.87 0 -4 1 

31.47523 20 2.84 -2 -2 3 

33.15312 40 2.7 -2 -3 1 

33.92914 80 2.64 1 -3 2 

34.19608 60 2.62 -3 -2 3 

34.46732 80 2.6 -1 -4 1 

35.74411 60 2.51 -2 -4 2 

39.1345 100 2.3 0 -2 3 

40.60566 100 2.22 -4 1 1 

40.99131 100 2.2 -4 -2 3 

46.28387 40 1.96 1 -3 3 

47.30617 40 1.92 -2 -5 4 

49.49767 20 1.84 3 -5 0 

54.93656 40 1.67 -3 -6 4 

56.40337 60 1.63 2 -3 3 

56.78302 60 1.62 2 1 2 

58.76491 30 1.57 -2 -7 4 

59.17894 30 1.56 -6 -1 3 

59.59918 60 1.55 0 -7 1 
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Titanium nitrogen oxide hydrogen, H0.31N0.49TiO0.14 (04-002-0432) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

36.79404 999 2.44075 1 1 1 

42.74421 978 2.11375 2 0 0 

62.04458 452 1.49465 2 2 0 

74.36093 236 1.27464 3 1 1 

78.27772 116 1.22037 2 2 2 

93.58019 46 1.05687 4 0 0 

105.1675 76 0.969855 3 3 1 

109.1501 123 0.945298 4 2 0 

126.4166 100 0.862935 4 2 2 

142.4535 72 0.813583 5 1 1 
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Titanium nitrogen oxide hydrogen, H0.34N0.58TiO0.05 (04-002-0433) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

36.78499 999 2.44133 1 1 1 

42.7336 965 2.11425 2 0 0 

62.02845 450 1.495 2 2 0 

74.34048 237 1.27494 3 1 1 

78.25557 114 1.22066 2 2 2 

93.55135 45 1.05712 4 0 0 

105.1322 77 0.970084 3 3 1 

109.1121 121 0.945521 4 2 0 

126.363 99 0.863139 4 2 2 

142.374 72 0.813775 5 1 1 
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Titanium oxide hydroxide, H0.57Ti0.86O2 (04-011-5537) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

21.05202 999 4.21662 1 0 1 

33.51189 367 2.67191 3 0 1 

35.78759 164 2.50705 2 1 0 

37.42157 266 2.40125 1 1 1 

40.81009 288 2.20935 2 1 1 

45.99636 137 1.97158 3 1 1 

53.56229 282 1.70956 2 1 2 

54.28204 164 1.68858 4 0 2 

60.28138 116 1.53408 5 1 1 

65.5903 129 1.42217 6 1 0 
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Sodium carbonate, Na2CO3 (01-071-1833) 

 

Pos. [2θ] Rel. Int. [%] d-spacing [Å] h k l 

24.95142 191 3.56578 1 1 1 

25.78297 218 3.45263 2 0 1 

28.46054 999 3.1336 0 0 2 

32.85953 163 2.72345 -2 0 2 

33.7857 546 2.65088 -1 1 2 

34.21627 392 2.6185 0 2 0 

35.80693 738 2.50574 1 1 2 

36.89457 410 2.43433 2 0 2 

41.16437 158 2.19115 -4 0 1 

41.62581 282 2.16792 -2 2 1 

43.33373 158m 2.08635 2 2 1 

48.16992 231 1.88757 -2 2 2 

51.19563 142 1.78289 2 2 2 
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