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Summary 

Birnessite-like manganese oxides (BLMOs) are useful in a wide variety of applications, 

including in the oxidation of organic molecules and heavy metal cations. However, many of 

the application studies utilise poorly characterised materials, creating difficulties for 

researchers wishing to expand on prior research. There is also significant variation in the 

materials prepared for these applications. 

This study synthesised BLMO materials utilising a variety of methods, and the resulting 

materials were characterised using x-ray diffraction and subsequent Rietveld refinements, 

scanning electron microscopy, and determination of the average manganese oxidation state. 

It was found that the materials prepared had different unit cell parameters, levels of stacking 

order and morphologies. Further investigations into the reproducibility of material synthesis 

between batches showed that even when conducting the synthesis identically, slight 

differences in the purity and unit cell parameters occur. 

This thesis demonstrates, for the first time, that BLMO materials are able to oxidise elemental 

vanadium (V(0)), gold (Au(0)) and other metals when the materials are placed in an acidic 

saline solution. The conditions utilised are significantly less hazardous than most existing 

metal dissolution methodologies. Triclinic BLMO materials oxidised V(0) inconsistently and 

hexagonal BLMO materials had greater consistency. The variability observed in the triclinic 

BLMO materials was found to be caused by the stabilising effect of K+ cations on the layered 

structure of triclinic BLMOs. It was shown that the dissolved V can be incorporated into the 

interlayer space and octahedral sheets of BLMO. Long term experiments observed the 

formation of the manganese vanadate mineral ansermetite, which is likely formed from the 

coprecipitation of the dissolved Mn2+ and V5+ generated by this reaction system. 
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The study was extended to tunnel structured manganese oxide materials in the form of 

cryptomelane (2x2), todorokite (3x3) and pyrolusite (1x1). It was found that the reactivity of 

these tunnelled materials towards oxidation of V followed the trend of 1x1>2x2>3x3.  The 

variability found in the oxidation of V led to a preliminary investigation into the oxidation of 

elemental Au by a selection of layered and tunnelled manganese oxide materials. A general 

trend where a material that achieved high levels of oxidised V also resulted in high levels of 

oxidised Au. There were two exceptions to this trend, pyrolusite and a disordered BLMO 

material, which could be due to surface passivation and a greater affinity for absorption, 

however, further investigations into this area are required. 

Further investigations showed that BLMOs can oxidise elemental palladium (Pd), in addition 

to vanadium and gold at higher levels than an acidic saline control. Contrastingly, copper, 

lead, nickel and iron were generated at higher amounts in the acidic controls than the BLMO 

test, suggesting that the BLMO materials inhibits the oxidation of these metals. The trend 

observed with the metals able to be oxidised by BLMOs follows the trend observed by the 

corresponding metal chloride salt solubility, with a more soluble chloride salt resulting in 

more metal oxidised. This work led to a preliminary investigation into assessing the ability of 

BLMO materials to recover metals from electronic waste. It was found that this system can 

oxidise metals from CPUs and RAM pins however further work is required to adapt this 

reaction system for the efficient extraction of metals. 
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Chapter 1 Introduction 

1.1 Manganese Oxide Materials 

Manganese (Mn) is commonly found in the environment in the form of oxide/hydroxide 

minerals. There are over 30 structural forms with  varying crystal structures and Mn oxidation 

state combinations1. This variety in crystal structure and oxidation state leads to differences 

in the minerals crystallinity, morphology, and chemical reactivity1. The manganese oxide 

crystal structure is typically composed of MnO6 octahedra arranged in different orientations. 

This results in several overarching structural groups: layer structures, tunnel structures, and 

framework structures, of which the first two are investigated in this project. This chapter will 

give a detailed introduction into the crystal structure, characterisation and applications of 

both layered manganese oxides and tunnelled manganese oxides. This is followed by a 

discussion of metal extractions and the chemistry around the oxidation and dissolutions of 

metals such as gold and vanadium, and subsequent information about the extraction of 

metals from electronic waste. Then finally, background information about the instrumental 

techniques is presented. 

1.1.1 Birnessite and birnessite-like manganese oxide materials 

1.1.1.1 Structure 

Birnessite (NaxMnO2.yH2O) is one of the more prevalent manganese dioxide minerals found 

in the environment2 and was first discovered in 1956 by Jones and Milne3. Birnessite and its 

altered forms, termed birnessite-like manganese oxides (BLMOs, AxMnO2.yH2O, where A is a 

cation other than Na+), have gained the interest of the scientific community due to their 

chemical reactivity1, 4. BLMOs are comprised of layered sheets of edge-sharing manganese 

oxide octahedra (Mn4+,3+O6) interleaved by hydrated cations to charge balance the negatively 
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charged layers5. BLMOs have two crystal forms, triclinic and hexagonal (Figure 1-1). Triclinic 

BLMOs are described by a non-standard face centred C -1 space group6 and hexagonal BLMOs 

adopt a hexagonal unit cell in space group P -37 . Triclinic BLMO materials have a more ordered 

crystal structure, with neatly packed layered octahedra with hydrated cations (e.g. Na+, K+ 

etc.) held in the interlayer space. In contrast, the hexagonal form consists of hydrated Mn2+/3+ 

from the octahedral layers acting as the interlayer cations, resulting in the formation of 

vacancies within the octahedral layers8. The difference in the ratio of Mn3+ to Mn4+ in both 

crystal structures and the particle size is thought to influence the minerals reactivity9-10. 

Modelling by Lucht and Mendoza-Cortes11 suggests that changing the internal cation in the 

structure may change the Mn3+/Mn4+ ratio which can lead to different reactivity and 

properties, which consequently means that BLMO materials can be tuneable. 

 
Figure 1-1:  Layered crystal structure of a) triclinic BLMO and b) hexagonal BLMO, images made using 
CrystalMaker from CIF structural files6. 

Naturally occurring birnessites are typically fine grained, amorphous, and are difficult to 

isolate from bulk soils1. They are also usually contaminated with silicates, iron oxides, and 

other metal species2.  Consequently, experiments examining birnessite reactivity are usually 

undertaken using synthetically prepared BLMOs. 
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Synthesis of BLMOs typically involves either the reduction of Mn7+ or the oxidation of Mn2+. 

The synthesis of manganese minerals has been undertaken since the 1940s and these 

methods were reviewed by McKenzie in 197112. The methods outlined by McKenzie form the 

basis of methodology used today to prepare synthetic BLMOs. These methods predominately 

use either hydrothermal synthesis13 or sol-gel synthesis14. Hydrothermal methods typically 

involve homogenizing a solution of potassium permanganate with a reductant, such as 

manganese chloride or potassium persulfate15. The resulting mixture is subsequently placed 

into an autoclave for several hours. The morphology of BLMOs produced using hydrothermal 

synthesis mostly consists of spheres of crystallites (70 - 90 nm) or rods (20 - 500 nm) with 

broad peaks in XRD spectra due to the small crystallite size15-17. Sol-gel synthesis uses a similar 

chemistry, whereby either aqueous solutions of Mn2+ are oxidized or aqueous solutions of 

Mn7+ are reduced. However, the sol-gel synthesis method has mixed success in producing 

crystalline BLMO because accurate control of the molar ratio of reactants is required18. Here, 

the solutions are slowly combined at room temperature to form a BLMO suspension. 

Alternate reductants include glucose14, ethanol19, sodium lactate20 and manganese chloride21. 

The main benefit of this approach, apart from its simplicity, is the ability to achieve greater 

control of particle size and shape14, 22. 

1.1.1.2 Characterisation 

The methodologies used by researchers to prepare BLMO materials varies greatly, and as such 

there is great variation in the structure, morphology, and structural order of the resulting 

materials23. There are several techniques utilised to characterise BLMO materials. These 

include imaging techniques such as Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM), along with elemental spectroscopic techniques such as X-ray 

Photoelectron Spectroscopy (XPS) and X-ray Absorption Near Edge Spectroscopy (XANES), 
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with the most predominantly used technique being X-ray Diffraction (XRD). BLMO materials 

typically have major diffraction peaks at 7 and 3.5 Å24, which correspond to the interlayer 

distance, further diffraction peaks can be observed at 2.5, 2.2, and 1.9 Å24, which 

correspond to the MnO6 layers. However, the quality of diffraction patterns can be influenced 

by the long-range structural order of the material, the x-ray source utilised and the length of 

analysis5. The more disordered a sample is, the greater peak broadening and potential peak 

collapse. The purity of the prepared material is dependent on the method of synthesis; for 

example, alkaline synthesis methods have been reported to contain hausmannite (4.86, 3.05, 

2.74, 2.47, 2.3, 2.02 Å)25 and feitknechtite (4.62, 2.63, 2.36, 1.96 Å)26 as minor impurities27-28. 

An example diffraction pattern of a synthetic BLMO can be seen in Figure 1-2, which shows 

the presence of BLMO, hausmannite, feitknechtite, and the expected peak locations of the 

three phases. 

XRD patterns that contain defined peaks and no impurities can be further analysed via 

Rietveld refinement, which results in an approximation of the unit cell substructure of the 

materials. The unit cell for triclinic BLMO can been seen in Figure 1-3, showing the a, b and c 

unit cell parameters, which correspond to the spacings between manganese atoms in the 

layer structure (a and b) and the distance between the layers (c)5. 
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Figure 1-2: CoKα diffraction pattern of triclinic BLMO materials synthesised in an alkaline environment, 
showing the expected peaks for BLMO, hausmannite, and feitknechtite. 

 

 
Figure 1-3: BLMO crystal structure showing the triclinic unit cell 
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Morphology determination is also a common characterisation method utilised for BLMOs, 

with either Scanning Electron Microscopy or Transmission Electron Microscopy being 

conducted by researchers29-31. Typically, synthesised BLMO structures have a plate-like 

morphology5 (Figure 1-4e), however, the morphologies can consist of spherical clusters, 

nanoflowers (Figure 1-4a), and wires (Figure 1-4c) depending on the preparation method32.  

Figure 1-4: SEM images of a) nanoflower, c) nanowire, and e) nanosheet BLMO morphologies and TEM images 
of b) nanoflower, d) nanowire and f) nanosheet BLMO morphologies, taken from Hou et al.32  

The final piece of information commonly reported while characterising a BLMO material is 

the oxidation state of the manganese present in the materials. This is reported into two ways, 

either as the average oxidation state or as a percentage breakdown of Mn2+/Mn3+/Mn4+ 33-35. 

Figure 1-4 has been removed due to Copyright restrictions.
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The average oxidation state is typically determined using a two-step process. The first step 

involves wet chemistry such as the oxalate/oxalic acid-permanganate back titration to 

determine the levels of high valent Mn. Here, a sample of MO is reacted with excess oxalate 

to reduce Mn3+/4+ to Mn2+(Equation 1-1)34, followed by a titration of the remining oxalate with 

KMnO4 to determine the amount of oxalate reacted (Equation 1-2)36. This is followed by the 

second step which is used to determine the total quantity of Mn present, and is determined 

either by a colorimetric test, Atomic Absorption Spectroscopy (AAS), or Inductive Coupled 

Plasma techniques (ICP)34. 

Equation 1-1 

(x-1)C2O4
2-+2xH++MnOx→Mn2++(2x-2)CO2+xH2O

Equation 1-2 

6H3O++2MnO4
- +5C2O4

2-→2Mn2++10CO2+14H2O

To determine the exact quantities of Mn2+/Mn3+/Mn4+ a technique that can distinguish 

between the different oxidation states is required. Two techniques that have been utilised to 

achieve this are X-ray Photoelectron Spectroscopy (XPS)37 and X-ray Absorption Near Edge 

Structure (XANES)38. XPS uses x-rays to eject electrons from the surface of a material, and 

subsequent analysis of the energy of the electrons provides information on the source 

element and the binding energy of the electron39. The resulting spectra can be analysed using 

peak fitting to determine the oxidation states of metals, Ilton et al.37 developed a XPS fitting 

method for the determination of Mn oxidation state ratios using the Mn3p and Mn3s 

absorption lines (Figure 1-5a). In contrast, XANES involves the excitation of electrons to higher 

energy states, which provides information about the unoccupied electron states40. Manceau 

et al.38 demonstrated the use of XANES for the determination of Mn oxidation state in several 

manganese oxides (Figure 1-5b). 
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Figure 1-5: a) XPS spectra of hexagonal BLMO from Ilton et al.37 b) XANES spectra of various manganese oxides 
from Manceau et al.38 

1.1.1.3 Uses in literature 

BLMOs have been reported to have a wide variety of uses from catalysis41-42, 

semiconductors/supercapacitors16, 43-44, batteries22, 45-47, to the adsorption of heavy metal 

ions48. Interest in the oxidative properties of manganese minerals has resulted in a large body 

of research being conducted worldwide, mainly focusing on the oxidation of organic 

molecules such as formaldehyde49-59, ethyl acetate60-63, as well as various substituted 

aromatics60, 64-74. BLMOs have demonstrated an ability to oxidise chromium (III) in solution75-

78. Through XPS analysis of the surface of the minerals, it was proposed by Banerjee et al.75

that Cr3+ binds to the surface of the BLMO and undergoes multiple one step electron transfers 

Figure 1-5 has been removed due to Copyright restrictions.
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until Cr5+ and Mn2+ are formed and released into the solution (Equation 1-3, Equation 1-4 and 

Equation 1-5 respectively)75. Intermediate oxidation states of Mn3+ and Cr4+ were observed to 

occur on the surface as well as in the solution, suggesting that the pathway can be 

interrupted. A similar process has been suggested for the oxidation of arsenic, where 

manganese oxides were shown to oxidise As3+ to As5+ 79-81. 

Equation 1-3 

2H2O + MnO2 + Cr3+→ MnOOH.CrO2surface + 3H+

Equation 1-4 

MnOOH.CrO2surface→ MnO.CrO2.5surface + 0.5H2O

Equation 1-5 

MnO.CrO2.5Surface
→ Mn2++ Cr5+

All the metal oxidation cases presented so far have involved the oxidation of aqueous metal 

complexes. Studies conducted by Ta et al.82 and Bartle et al.83 have demonstrated that BLMO 

suspensions in acidified saline solutions are able to oxidise Au0 to Au3+. Bartle achieved a 

dissolved gold concentration of 114 ppm after 7 days of Au(0) exposure to an acidic 0.1M 

sodium chloride solution containing BLMO at 20 °C83. A proposed mechanism for the 

dissolution of gold via manganese oxide was put forward by Emmons84 and Boyle85. They 

proposed that dissolved chlorine gas is produced by the reaction of MnO2 with acidic sodium 

chloride (Equation 1-6). This is the mechanism hypothesised for the work of Ta and Bartle82-

83, where the acidic saline solution when combined with BLMO results in the slow production 

of dissolved chlorine, which subsequently dissociates in acidic aqueous solutions to 

hypochlorous acid and hydrochloric acid (Equation 1-7). It is likely that it is the dissolved 
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chlorine and hypochlorous acid that are the reactive agents that proceed to oxidise and 

dissolve elemental metal. 

Equation 1-6 

MnO2(s)
+ 4HCl(aq)→ MnCl2(aq)

+ Cl2(aq)+ 2H2O(l)

Equation 1-7 

Cl2+  H2O ↔ HOCl + HCl 

1.1.2 Tunnelled manganese oxide materials 

1.1.2.1 Structure 

Tunnelled manganese oxides (TSMOs) are comprised of chains of edge sharing MnO6 

octahedra, where neighbouring chains are linked at the corners to form square/rectangular 

cross-sections, which form ‘tunnels’1. The number of octahedra joined in this manner can 

vary, resulting in a wide variety of crystal structures such as 1x1 (pyrolusite), 2x1 (ramsdellite), 

2x2 (hollandite-type), and 3x3 structures (todorokite) (Equation 1-4)1, (where 1 represents 1 

octahedra in the chain). Much like layered manganese oxides, these tunnel spaces can contain 

cations, water molecules or remain empty. The most common type of tunnel structure 

reported in application literature are cryptomelane structures (2x2 tunnels containing K+). 
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Figure 1-6: Diagrams showing the crystal structure of pyrolusite (top left), cryptomelane (top right), and 
todorokite (bottom). Structures were recreated using CrystalMaker from CIF structure files from structure 
determination papers86-88. 

 

1.1.2.2 Characterisation 

The main characterisation techniques for BLMOs are also utilised for TSMOs. Pyrolusite is the 

simplest TSMO and as such it produces a simple diffraction pattern with the major diffraction 

peak found at 3.1 Å89 (Figure 1-7a), which corresponds to an integer of the distance between 

diagonally opposite MnO6 octahedra through the unit cell. Cryptomelane has several major 

diffraction peaks at 6.91 and 3.09 Å90 that correspond to the diffractions along diagonally 

opposite MnO6 octahedra. It also diffracts at 2.39 and 1.82 Å90 due to diffraction through 

adjacent tunnels, as well as at 4.89 Å90 which is a result of a diffraction off a plane that passes 
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through a single tunnel. Whereas, the diffraction patterns of todorokite diffraction patterns 

will typically have major peaks at 9.7, 4.8, 2.39, 1.4 and 1.3 Å91. Unit cell diagrams for the 

three TSMOs are shown in Figure 1-8, where it can be seen that the unit cell distances 

correspond to different distances within the tunnels. 

Figure 1-7: CoKα diffraction patterns and the expected peaks for a) pyrolusite, b) cryptomelane, and c) 
todorokite, black= experimental diffraction pattern, red=expected diffraction pattern. 

a) b) 

c)
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Figure 1-8: Unit cell diagrams of TMOs a) pyrolusite, b) cryptomelane, and b) todorokite. 

1.1.2.3 Uses in literature 

Research utilising TSMOs primarily focuses on the oxidation and degradation of organic 

compounds. In these cases, the manganese oxide typically acts as a catalyst rather than a 

direct oxidant. For example, Opembe et al.92 utilised cryptomelane materials to catalyse the 

selective oxidation of vaporised benzyl alcohol to benzaldehyde using oxygen, while Genuino 

et al.93 used similar conditions to achieve the oxidation of benzene, toluene, and xylenes to 

CO2 and H2O. Son et al.94 achieved the conversion of various benzylic and allylic alcohols in a 

toluene liquid phase with cryptomelane. TSMOs have been also been combined with 

peroxymonosulfate in aqueous solutions to achieved the degradation of organic dyes such as 

acid orange, methylene blue, and rhodamine B95.  Unlike layered manganese oxides, the use 

of tunnel structured manganese oxides to oxidise metals has not been as extensively 
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researched with only two papers found showing the oxidation of As3+ to As6+ 96-97 by tunnel 

structured manganese oxides. 

1.2 Metal oxidation and extraction 

1.2.1 Transition Metal Extraction 

One potential application of manganese oxide-based oxidations is the extraction of transition 

metals from ores or other metal sources such as electronic waste. Transition metals are found 

in groups 3 - 12 of the periodic table and have partially filled d and f subshells98. This group 

includes some of the most commonly used metals, including metals with high abundance 

(e.g. iron and copper) and very low abundance (e.g. gold and palladium)99. Transition metals 

have a variety of interesting physical and chemical properties; they are high density metals, 

durable, can easily form alloys with each other, and typically have variable electron valence98. 

The partially filled d and f subshells allow transition metals to exist in various oxidations states 

and therefore transition metals are very good electrical conductors98. The uses of transition 

metals are varied; iron and copper are used in structural and building applications100, whereas 

the more unreactive and rare metals such as gold, platinum and palladium are used for 

jewellery, electrical circuitry and catalysts100. A summary of some of the natural abundances 

and common oxidation states of various transition metals can be seen in Table 1.  
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Table 1: Summary of percentage abundances and common oxidation states of a selection of common and rare 
transition metals99 

Transition Metal 
Element 

Natural Abundance in the Earth’s 
Surface (%) 

Common Oxidation 
States 

Au 4x10−7 0, +1, +3 

Ag 8x10−6 0, +1 

Cu 0.0068 0, +3, +2 

Fe 6.2 0, +2, +3 
V 0.0136 0, +2, +3, +4, +5 

Ni 0.0099 0, +2, +3 

Zn 0.0076 0, +2 

Pd 1.5x10−6 0, +2 

Pt 1x10−6 0, +2, +4 

Rh 1x10−8 0, +3 

 

Transition metals are extracted from ores and minerals that are mined from ore deposits all 

around the world. These mined ores are generally mixtures of metals in complex mineral 

structures101. This leads to a range of complex processes to separate the different elements 

from the ore. The simplest metal extraction is that of reactive metals such as iron and zinc, 

which involves the reduction of the metal oxides to metallic metal by reaction with carbon at 

very high temperatures (Equation 1-8)102.  

 

Equation 1-8 

2Fe2O3 + 3C + heat → 4Fe + 3CO2 

 

An example of complex mining processing is that of aluminium which is mined as the ore 

bauxite (which contains various aluminium oxide minerals and several iron oxide minerals). 

Here, bauxite is converted to gibbsite and then refined to alumina (Al2O3) using the lengthy 

Bayer refining process103 (Equation 1-9) and is then smelted through the molten electrolysis 

of the alumina to form metallic aluminium (Equation 1-10)104.  
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Equation 1-9 

2Al(OH)3 → Al2O3 + 3H2O 

Equation 1-10 

Al2O3 + 
3

2
C + heat → 2Al + 

3

2
CO2 

These extraction procedures are not 100% efficient and do not work well with unreactive 

metals such as gold, silver and platinum. As a result, chemical leaching methods are used to 

concentrate and recover the remaining metal in mine waste and to extract and purify metals 

such as gold and silver.  

The chemical extraction of metals is typically based on the aqueous oxidation of metals in the 

presence of a stabilising ligand. A chemical oxidant is used to increase the oxidation state of 

the metal (Equation 1-11) and a ligand is used to stabilise to the charged metal species so that 

it remains in solution (Equation 1-12).  

Equation 1-11 

M0 + Oxidant → M+a 

Equation 1-12 

M+a + Ligand → MLa
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1.2.2 Gold  

Gold is a precious metal typically found in its elemental oxidation state, due to its lack of 

reactivity towards air and most acids98, 105. Various oxidants and ligands have been 

investigated for gold oxidation and extraction from ore materials over the years, such as 

mercury, cyanide, thiosulfate and chlorine. Several reviews of each process have been 

conducted106-111.  

1.2.2.1 Extraction using mercury 

Mercury amalgamation was the original method for gold and silver extraction and is thought 

to have been in use as early as 50 AD112. Throughout history there have been periods of 

increased mercury use for extraction, from the Romans in 77 AD to Spanish Mexico during 

the 1600s105. The main benefit of mercury amalgamation is that it is a simple process, with 

little training or chemical knowledge required for its successful use. The process involves 

covering crushed ore containing gold with mercury, which adsorbs to the surface of the gold 

particles and forms an amalgam. The amalgam is removed either by panning or gravity, and 

the mercury is then burned off to leave the impure gold which is purified by smelting113. The 

drawback of this method is that there are a number of ways mercury can be released into the 

environment, including in a soluble form in tailing solutions after panning and in an airborne 

form after the burning of mercury during the removal of mercury and the smelting process113. 

The latest United Nations Global Mercury Assessment conducted in 2010 estimated that 

between 410-1040 tonnes per year of mercury is released into the atmosphere by artisanal 

and small-scale gold mining114. The effects of mercury exposure depend on the form of 

mercury, with the lethal doses of mercury (II) chloride in water and mercury vapour being 

7.15 mg/kg and 1429 mg/kg respectively115. Most progressive mining companies have 

replaced mercury amalgamation with cyanidation. However, there are a large number of 
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mining companies/sites in developing countries and China that still use mercury because it is 

cheap113.  

1.2.2.2 Oxidation of gold using cyanidation 

In 1783, Carl Wilhelm Scheele discovered that combining gold with aqueous solutions of 

cyanide resulted in the dissolution of gold116. Nearly a century later in 1887, John MacArthur, 

Robert Forrest and William Forest developed the MacArthur-Forrest process to utilise cyanide 

solutions to extract gold and silver from ores117, providing an alternative to mercury. The 

cyanidation of gold occurs via the reaction outlined in Equation 1-13, and typically involves 

placing the crushed ore in a leach heap and mixing with an alkaline solution containing high 

levels of cyanide118.  

 

Equation 1-13 

4Au + 8NaCN + O2 + 2H2O → 4NaAu(CN)2 + 4NaOH 

 

The metal is oxidised over time to form a metal cyanide complex, these complexes are soluble 

and are removed from the solid rock through filtration. Although the cyanidation process is 

simple and efficient, the chemicals required are toxic and hazardous to worker health. 

Ingestion of cyanide salts causes dizziness, vomiting and increased heart rate, and when a 

lethal does is ingested convulsions and death generally occur within minutes119. The lethal 

dose of hydrogen cyanide has been stated to be anywhere between 0.54 mg/kg to 3 mg/kg120. 

Cyanide leaching is also used for reprocessing mine tailings (waste that has come from mining 

processes), this causes more opportunity for health risks as there can be more incidents 

where the cyanide is accidentally released into the environment. Despite this, cyanide 

leaching it is still in use worldwide although its use is significantly more controlled because of 

its effectiveness at leaching metals into solution.  
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Efforts towards increasing the efficiency of the cyanidation first involved the manipulation of 

the reaction (Equation 1-13). This was achieved by increasing the concentration of NaCN and 

O2, to increase the rate of reaction121. However, this approach was found to be problematic 

when the ores contained sulfide minerals as these would react with oxygen from the system 

before it could participate in the cyanidation reaction122. Subsequently, the addition of lead 

nitrate to the reaction vats was found to increase the dissolution of gold even when sulfide 

minerals were present123. Pre-oxidation of the gold in sulfide ores by hydrogen peroxide has 

also been found to increase the rate of cyanidation from ores that contain high levels of 

sulfur124-125. Current mining processes contain ways to monitor and control the concentration 

of oxygen and cyanide122. This ‘chemical’ cyanidation process has an extraction efficiency of 

50-90%126 and depending on the grade of ore uses, between 200-600 mg/L of cyanide127.

Another improvement to the cyanidation process is the addition of treatment methods, 

where the free cyanide in solution is converted into less toxic forms such as thiocyanate, 

ammonia, nitric acid and carbonate128. This has been achieved through several chemical and 

microbial processes128, enabling the cyanide levels to be reduced back to manageable levels 

when they become too high. Although several alternatives to cyanidation are known, they do 

not compete with cyanidation in terms of economics and efficiency in all ore applications129. 

Two of the most promising ligands/reactions for gold solubilisation are thiosulfate and 

chloride. 

1.2.2.3 Oxidation of gold using thiosulfate 

Thiosulfates were originally found to dissolve gold in the early 1900s130, but had minimal 

incorporation into mining process in Mexico and South America and did not become 

widespread due to issues with extraction from copper-based ores106. This persisted until the 

development of an improved method utilising ammoniacal thiosulfate131-132, which overcame 
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the issues with copper-based ores. The thiosulfate reaction involves several different 

reagents and is a complex process when compared to the cyanidation reaction129, the net 

reaction can be seen in Equation 1-14 below107. 

 

Equation 1-14 

4Au0 + 8S2O3 
2- + O2 + 2H2O → 4[Au(S2O3)2]3- + 4OH- 

 

This complex reaction is the result of three reactions that involve gold in its elemental state, 

a copper ammonium complex, thiosulfate, and oxygen. The first step consists of the initial 

oxidation of Au(0) by copper(II) tetraamine which forms the kinetically favoured 

diaminoaurate(I) complex (Equation 1-15)107. A ligand exchange then occurs between the 

ammonium and thiosulfate ligands to form the thermodynamically favoured 

aurothiosulfate(I) complex (Equation 1-16)107. While this ligand transfer is occurring the 

copper (II) tetraamine complex is regenerated via oxidation with dissolved oxygen (Equation 

1-17)107. 

 

Equation 1-15 

Au0 + [Cu(NH3)4]2+ + 3S2O3
2- → [Au(NH3)2]+ + [Cu(S2O3)3]5- + 2NH3 

Equation 1-16 

[Au(NH3)2]+ + 2S2O3
2- → [Au(S2O3)3]3- + 2NH3 

Equation 1-17 

4[Cu(S2O3)3
5- + 16NH3 + O2 + H2O → 4[Cu(NH3)4]2+ + 12S2O3

2- + 4OH- 

 

A problem presented by using thiosulfate in leaching processes is the decomposition of 

thiosulfate and the build-up of sulfur coatings on the surface of the gold, which cause the 

leaching process to slow and eventually stop. The presence of ammonia in the solutions 
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prevents this build-up of sulfur by preferentially binding to the gold surface, it also stabilises 

the copper (II) species106. The presence of copper acts as a catalyst in the dissolution of gold 

by replacing oxygen as the oxidant and increases the dissolution by a factor of 20133, but the 

copper also catalyses the decomposition of thiosulfate. Extraction efficiencies of 80%134 are 

achieved in the absence of sulfur bearing ores and this decreases when sulfur ores are 

present135. The complexity of the process combined with the variability in ore compositions 

and the high reagent consumption of the thiosulfate reaction (14.5 kg/ton) when compared 

to the cyanide reaction (0.15 kg/ton)136 hinders the widespread use of ammoniacal thiosulfate 

as a leaching method, due to the variability in ore compositions. 

1.2.2.4 Oxidation of gold using chlorine 

The extraction of gold using chlorine has been known since the late 1848, when Karl Plattner 

achieved the dissolution of gold using chlorine gas and chlorine water137, and was utilised in 

Australia and North America until it was replaced by the more economical cyanidation 

methodology111. However, now that more is known about the health effects of cyanide, 

processes utilising chlorine are re-emerging138. Chlorination processes use chloride with 

various oxidising agents, the two main chloride reactions involve either chlorine gas as the 

oxidant (Equation 1-18) or hypochlorous acid (Equation 1-19)138. Both reactions have been 

theorised to form a gold(I) chloride intermediate at the surface of the gold and then 

subsequent oxidation to gold(III) tetrachloride occurs once it moves into solution139.  

 

Equation 1-18 

2Au(s) + 3Cl2(g) + 2NaCl(aq) → 2Na[AuCl4](aq) 

Equation 1-19 

2Au + 3HClO + 5Cl- + 3H+ → 2[AuCl4]- + 3H2O 
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Extraction efficiencies of these reactions can range from 60-100%138, 140-141, but like 

thiosulfate leaching they also have the disadvantage of increased reagent consumption and 

decrease in dissolution rate when using chlorine gas on sulfur-bearing ores138. Since chloride 

is the preferred ligand for gold due to an increased rate of dissolution for AuCl4
- over Au(CN)2

- 

142, research has focused on finding different oxidants such as ozone143 and hydrogen 

peroxide144. The problem with AuCl4
- is that it is an unstable gold complex145 and is only stable 

in solutions of high chloride ion concentration and a pH of less than 2.  

The use of chloride as a complexing agent for the chemical leaching of gold is one of the most 

promising, because it has a quicker rate of dissolution than cyanide complexes, is less toxic 

than other ligands, and is easily available. The main issue with the chloride system is the lack 

of an appropriate oxidant and the potential for exposure to chlorine gas in certain systems. 

1.2.3 Vanadium 

Vanadium is a metal rarely found in its elemental oxidation state146 due to its reactivity at 

elevated temperatures towards oxygen, nitrogen and carbon, resulting in a variety of 

vanadium minerals98. However, it is a metal that is resistant to oxidation and corrosion by air, 

water, alkali, and non-oxidising acids except HF98. This chemical resistance combined with its 

tensile strength and shock resistance has resulted in its inclusion into iron alloys147. The use 

of vanadium in ferrous and non-ferrous alloys is expected to increase, as the demand for 

improved materials increases and because vanadium has also gained increasing interest in 

battery applications due to its wide range of oxidation states.  

Extraction of vanadium from its various ores was originally achieved via a roast-leach-

precipitation process, where the ore is combined with sodium chloride and heated to high 

temperatures, to form sodium metavanadate147. This intermediate compound is then 

exposed to sulfuric acid, which causes the conversion to and subsequent precipitation of 
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vanadium pentoxide as the final form of vanadium147. However, the roasting of sodium 

chloride can cause the release of chlorine gas and hydrochloric acid gas, which forced the 

development of a new extraction method148. This method involves chemical leaching in 

concentrated sulphuric acid either at atmospheric pressure or at high pressure. The extraction 

rates of vanadium using this process are 75%148, however, the highly acidic conditions result 

in the extraction of other elements commonly found in the ores (Fe, K, Mg). These impurities 

have led to difficulty in purifying the final leachate solutions, causing an increase in research 

investigating the separation of these elements. Successful separation has been achieved using 

ionic liquids149, ion exchange resins150-152 and solvent extractions153-154. 

1.3 E-Waste 

The rapid advancement of technology over the past few decades has increased the amount 

of electronic waste produced globally. Electronic waste is a term that covers a broad range of 

items from monitors and IT equipment to larger equipment such as washing machines and 

solar panels155. In 2010, 33.8 million tonnes156 of electronic waste was generated worldwide, 

while only 6 years later this value increased to 44.7 million tonnes155. Current projections 

estimate the e-waste production for 2020 at 51 million tonnes155. As of 2016, only 20% of e-

waste was recycled155, with the rest either incinerated or dumped into landfills. A specific 

component of e-waste is printed circuit boards (PCBs), found in computers, phones and other 

electronic devices. PCBs have a high metal content, which ranges from common metals such 

as Cu, Sn, Pb, and Ni157 to rarer metals such as Au, Ag and Pd158. Interest in the recovery of 

metals from PCBs has increased due to the economic value of recovering precious metals 

from secondary sources and the cost of mining diminishing deposits of precious metals159-160.  

Current industrial recycling processes generally involves grinding of the PCBs, followed by 

pyrometallurgical processes161. The pyrometallurgical process employed at Aurubis involves 
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using the Kayser Recycling System to separate the copper from the iron, zinc, tin and lead 

present in the PCBs162. This 95% pure copper smelt is then cast into anodes and electrowinned 

to both separate the precious metals such as gold and silver, and remove nickel as an 

electrolyte by-product162. 

Research into metal extraction from PCBs is mostly focused on improving the separation stage 

of metal recovery. This is split into three methodologies: 1) pyrometallurgical, 2) 

hydrometallurgical, and 3) biometallurgical. Pyrometallurgical extraction of metals is the 

traditional route employed163, which involves the incineration/smelting and electrolysis of the 

ground e-waste. This is the currently the preferred method due to its ability to recover metals 

from any type of electronic scrap, but has disadvantages in the lack of metal selectivity, 

energy cost and the released pollutants163. Current pyrometallurgical research is focused on 

investigating ways to limit the toxicity of incineration by-products through the use of filters164 

and alkaline molten salts165. Hydrometallurgical extraction processes typically employ acidic 

or alkaline medium to achieve the dissolution of metals from ground166 or chemically pre-

treated163 PCBs . This process is safer, has a lower overhead cost, and is more selective than 

pyrometallurgical processes. Current hydrometallurgical research is focus on the 

development of greener, more sustainable extraction techniques such as ionic liquids167-168, 

glycine169-170 and supercritical CO2
171-172. Another avenue of research is looking for more 

effective pre-treatments166, 173 and the addition of multistep processes174. 
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1.4 Instrumentation 

1.4.1 X-Ray Diffraction 

X-ray Diffraction (XRD) is a technique used to determine the structure and composition of

crystalline materials and is typically used for the analysis of minerals. Diffraction of x-rays was 

first observed in 1912 when Max van Laue observed that crystalline samples can act as three-

dimensional diffraction gratings175. Combined with Bragg’s diffraction Law (nλ=2dsinθ)176 

(where n is an integer, λ is the wavelength of incident x-rays, d is the distance between atoms 

and θ is the angle of incidence/diffraction), XRD allows for the determination of the spacing 

between atoms and as a result allows the determination of the crystal structure of 

materials177.  

X-ray generation is achieved through the interaction of an electron beam with a metal target,

where the wavelength of the x-rays is determined by the metal composition of the target, 

common targets include tungsten (0.21 Å)178, copper (1.54 Å)178 and iron (1.93 Å)178. Using 

the appropriate x-ray wavelengths is important because wavelengths that are close to the 

excitation bands of certain materials can cause fluorescence, which causes difficulty in the 

interpretation of the diffractogram177. The x-rays are monochromated through a filter before 

interacting with the sample of interest175. 

Sample interaction with x-rays can result in two outcomes i) absorption of the x-rays or, ii) 

scattering of the x-rays. Absorption of the x-rays by the atoms results in the ejection of an 

electron from the sample176 and scattering produces various diffracted x-rays that can cause 

destructive or constructive interference as determined by Braggs Law. Constructive 

interference occurs when the x-rays travel a path that is a whole integer value of the incident 

wavelength (Figure 1-9a). For Bragg diffraction, the x-rays are considered as reflecting from 
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sets of parallel planes of atoms in the structure, therefore Bragg diffraction only occurs in 

materials with a regular 3D arrangement of atoms (i.e. crystalline materials). 

Figure 1-9: a) A diagram showing the diffraction of x-rays through a sample, indicating that the angle of 
incidence is the same as the angle of diffraction. b) CuKα diffraction pattern of NaCl179. 

When constructive interference occurs, the resulting diffracted x-rays travel out of the sample 

and are collimated into a detector which records the intensity of the diffracted X-rays; where 

no diffraction has occurred, no signal is recorded175. The angle of incidence is varied 

throughout the analysis so that all the possible values of θ are explored for a powdered 

sample. This results in a signal vs angle of incidence (2θ) plot, which forms a diffractogram 

(Figure 1-9b). A diffractogram can be used to calculate the spacing between the atoms of the 

crystal and to determine the spacing of crystal lattices. These features are unique to each 

mineral and therefore XRD is an excellent technique for mineral structure identification. 

Two commonly used diffraction geometries exist for instrument orientation, i) Bragg-

Brentano and ii) Debye-Scherrer. Bragg-Brentano is the most common geometry utilised in 

the laboratory setting, due to avoiding the need for monochromatisation and the resulting 

loss in beam intensity180. This geometry involves keeping the angle of x-ray incidence equal 

to the angle of detection, with the ability to vary these angles during analysis, the sample is 

placed in the centre of rotation of the tube and detector (Figure 1-10a)177. Contrastingly, 

Debye-Scherrer geometries involves centring the sample in a system where the sample is 

surrounded by a photographic plate (Figure 1-10b). This allows for analysis of all diffraction 

a) b) 
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angles, reduces the effect of preferred orientation of diffraction patterns and requires a small 

amount of sample177. The Debye-Scherrer orientation is preferred for conducting Rietveld 

analysis on samples due to reducing the effect of peak-shape distortion and sample preferred 

orientation177. 

Figure 1-10: Diagram showing the two common geometries utilised in X-ray diffraction, a) Bragg-Brentano and 
b) Debye-Scherrer. Images modified from Modern Diffraction Methods177.

1.4.2 Rietveld Refinement 

Rietveld refinement is a data analysis technique developed by Hugo Rietveld in 1969181 that 

can be conducted on powder x-ray diffraction data of crystalline materials to elucidate its 

crystal structure. This procedure takes starting structure information from a material that has 

an analogous structure to the material of interest and then overlays a theoretical diffraction 

pattern with the experimentally determined diffraction pattern. Structural parameters (atom 

positions, occupancy factors, and temperature), unit cell parameters, background coefficients 

and profile parameters (peak shape and instrumental considerations) are varied using the 

least squares method to refine this theoretical model until it best matches the observed 

diffraction pattern. This results in a refined crystal structure that would cause the 

experimental diffraction pattern. The structural information refined for BLMOs and TSMOs 

can be useful in determining any structural variances between samples which could result in 



28 

 

differences in effectives for application purposes, for example, unit cell and octahedra 

distortions due to differences in interlayer species. 

1.4.3 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is an imaging technique that is similar to an optical 

microscope; however, instead of using light to generate an image it utilises a beam of 

electrons. The first image produced via the interaction of an object with a beam of electrons 

was produced by Max Knoll in 1935182, followed by the development of the first dedicated 

SEM instrument by Manfred von Ardenne in 1937183. It then took 30 years for the first 

commercial SEM to be produced by a Cambridge research group headed by Charles Oatley184. 

SEM is based on the interaction of an electron beam with a sample, these interactions can 

vary and result in unique outputs that can be detected (Figure 1-11). The most common of 

these are secondary electrons, which are formed when the incident electrons release loosely 

bound electrons on the surface of the sample through inelastic scattering. These secondary 

electrons have an energy of approximately 2-50 eV185, which allows for the easy detection of 

secondary electrons through a simple positively charged collector grid that diverts in the 

electrons towards a photomultiplier tube185. Due to these electrons being emitted from the 

first few nanometres of the sample, it results in the production of an image that gives surface 

and topological information about the sample. 
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Figure 1-11: A diagram showing some of the outputs caused by the interaction of an electron beam with a 
sample186. 

Another output utilised by researchers are backscattered electrons, which occur when the 

incident electrons are elastically scattered by the sample which results in a trajectory change 

of more than 90°187. These scattered electrons are from deeper in the sample, and the 

quantity of backscattered electrons produced is dependent on the atomic number of 

elements, the higher the average atomic number of the sample, the more backscattered 

electrons will be produced and the lighter those sections of the image will be187. Therefore, 

backscattered electrons are useful in determining the elemental composition of the sample 

and producing images showing the compositional variation in a sample. Backscattered 

electrons have energies in the keV range which is dependent on the power of the electron 

beam185. This high energy means that the electrons’ trajectory cannot be altered as easily as 

secondary electrons, therefore a large detector is present next to the aperture of the electron 

beam to collect the backscattered electrons.  

The last output of interest in this work is the production of characteristic x-rays. These are 

formed by the incident electrons interacting with a tightly bound electron in the sample, 

which causing the ejection of an electron from the inner electron shells of interacting atom. 

This ejection results in the shifting of an electron from a higher energy electron shell into the 
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lower energy electron shell, causing the release of the excess energy as an x-ray187 (Figure 

1-12). The energy gaps between electron shells are unique to each element and therefore the

emitted x-rays have unique energies and can be used to identify the emitting atom. The x-

rays emitted in a SEM are collected using a lithium drifted silicon detector and used to identify 

the atoms present in the sample analysed, this analysis technique is called Energy Dispersive 

X-ray Spectroscopy (EDXS).

Figure 1-12: Schematic of the atomic events that produces characteristic x-rays for EDX188. 

SEM is a technique favoured by nanotechnologists and is useful to other research fields, due 

to the wide variety of information that can be gained. The high resolution (10 nm) and 

magnification that can be achieved with SEM allows for the imaging of minute samples that 

are on the order of nanometres to micrometres. The SEM has various instrumental 

components which can be seen in Figure 1-13, the most important being the electron 

gun/column and detectors187. The electron gun produces electrons from a tungsten target 

and the electrons are accelerated down the electron column towards the sample at a set 

energy (0.1-30 keV). The electron column is composed of electromagnetic lenses that 

decrease the electron beam diameter to a set size. This focused beam can then be rastered 



31 

 

across the surface of the sample with the aid of tuneable scan coils to produce the interaction 

outputs that are collected by various detectors.  

 
Figure 1-13: A schematic of the instrumentation involved in an SEM187. 

1.4.4 Raman Spectroscopy 

Raman spectroscopy is a technique used to characterise materials based on the interaction 

of monochromatic laser light with molecules. It utilises the phenomena discovered in 1928 by 

Raman and Krishnan, who found that monochromatic light is scattered inelastically by 

molecules, where the emitted photons are at lower (Stokes) or higher energies (Anti-Stokes) 

than the incident light39. This difference in photon energy can by analysed to give information 

about the vibrational modes present in the molecule, which in turn is used to identify the 

structural bonds and atoms in the molecules.  Manganese oxide materials have been found 

to exhibit unique Raman shifts based on their crystal structure189, and unlike XRD, Raman 

spectroscopy can provide structural information about amorphous and crystalline 

materials190. Dr Jeffrey Post has also shown that the Raman shifts present in Raman spectra 

of layered and tunnelled structured manganese oxides has the potential to be used to 

distinguish between different cations and different Mn oxidation states present in BLMO 

materials191. Therefore, Raman spectroscopy has potential to become routinely used in the 

analysis of manganese oxides materials, 
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1.4.5 Inductively Coupled Plasma Mass Spectrometry 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a mass spectrometry technique 

that utilises a plasma to ionise samples of interest, a schematic is shown in Figure 1-14. 

Aqueous samples are aerosolised by a nebuliser before being introduced via a spray chamber 

to a hot argon plasma (6500 K), which subsequently atomises and ionises the sample192. 

Upon ionisation, the charged sample is passed through an interface and focused by an ion 

lens which filters any neutral or negatively charged atoms192. If required the ion beam can 

then be passed through a reaction chamber, where interactions between the ion stream and 

a gas (typically He) can occur, these interactions result in the removal of doubly charged or 

polyatomic ions that may cause interferences when analysing for certain elements. Once this 

has occurred, the ion stream is focused into a quadrupole to separate the remaining ions 

based on their mass and charge by applying alternating currents between the rods of a 

quadrupole192. This allows for the detection of specific elements based on their molecular 

weight192, and has therefore found much interest in the field of trace metal analysis in 

aqueous systems.  

Figure 1-14: Schematic diagram of an ICP-MS 193. 
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1.5 Project aims 

There are a limited number of studies that investigate multiple BLMO materials for their 

chosen application, and with the wide variety of synthesis methods used it is difficult to 

compare the studies in literature. This lack of a comprehensive selection of materials used for 

an individual application and the variability observed in the results reported demonstrates 

the need for a systematic study into the effect of BLMO structure on its application 

effectiveness. The minimal research into utilising BLMO materials for the oxidation and 

subsequent dissolution of elemental metals provides a new application to focus this 

systematic study on. There is also a lack of research into extending BLMOs oxidative abilities 

to develop greener, less harsh methodologies for the recovery of metals from ore and 

electronic waste. This project aimed to address this knowledge gap by the following sub aims: 

 

1. Investigate the effect of BLMO synthesis method and post synthesis modifications on 

the unit cell structure of the resulting BLMO materials (Chapter 3). 

2. Investigate the effectiveness of each BLMO for oxidising V(0) in acidic saline solutions, 

with subsequent investigation into the structural factors causing a variability in 

effectiveness (Chapter 4). 

3. Extend the structural and application study to several TSMO materials, and also 

conducted a preliminary comparison into the effectiveness of these BLMO and TSMO 

structures for oxidising Au(0) (Chapter 5). 

4. Investigate the feasibility of utilising BLMO materials in an acidic saline solution for 

the extraction and recovery of metals from electronic waste (Chapter 6). 
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Chapter 2 General Methods 

2.1 X-Ray Diffraction Analysis 

The identities and phase purity of the manganese oxide samples prepared during this project 

were determined using powder X-ray Diffraction (XRD) using three different instruments. 

The main instrument used was a D8 Eco Diffractometer (Bruker, USA) equipped with CoKα 

radiation and utilised Bragg-Brentano geometry (Flinders University). Samples were 

disaggregated with a mortar and pestle before analysis and were distributed evenly on 

powder diffraction disks with the aid of acetone. The diffraction patterns were collected with 

x-rays generated at 35 kV and 28 mA, with the sample spun on phi (10 °/s), over the angle 

range of 10-75 °2θ over a 43-minute run time. 

The second XRD instrument used was a Rigaku II D/MAX-RAPID microdiffractometer (Rigaku, 

Japan) equipped with MoKα radiation, a graphite monochromator, a 0.3mm collimator and 

utilised Debye-Scherrer geometry (Smithsonian Institution, Department of Mineral Sciences). 

Small single clumps (1 mm) of sample were mounted onto glass fibres and were spun on phi 

(1 °/s).  The x-rays used to collect these diffraction patterns were 50 kV and 40 mA and were 

analysed over the angle range of 3-45 °2θ over a 5-minute run time.  

The third instrument used for several samples was a Rigaku 9 kW SmartLab Diffractometer 

(Rigaku, Japan) with a fixed slit of 0.1 °, utilising CuKα radiation and Bragg-Brentano geometry 

(CSIRO Land and Water).  The diffraction patterns were collected with x-rays generated at 45 

kV and 200 mA, over the range of 10-78 °2θ over 106 hours. 
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2.2 Rietveld Refinement 

Rietveld refinements181 were performed for all prepared samples using the General Structure 

Analysis System-II (GSAS-II) software194. Calibrations for instrumental peak broadening profile 

parameters were conducted using diffraction data generated from a corundum standard. The 

background intensities were fitted with a Chebyshev function using 7 terms. A two-step 

refinement process was undertaken. Firstly, Mn-O bond lengths were constrained to 1.92 Å 

and the background parameters, scale factor, unit-cell parameters, peak profile coefficients 

and atomic parameters were allowed to vary. Upon completion of this refinement, the bond 

lengths were set as unconstrained and atomic positions were allowed to vary.  

2.3 Scanning Electron Microscopy/Energy Dispersive Spectroscopy 

Scanning Electron Microscopy (SEM) images were captured on samples adhered to aluminium 

stubs with carbon tape and were imaging was conducted on an Inspect FEI F50 SEM (FEI, 

Thermo Fisher Scientific, USA). Beam parameters consisted of a spot size of 4, beam voltage 

of 10 kV and a typical image collection time of 30 µs. Elemental composition was investigated 

via Energy-Dispersive X-ray Spectroscopy (EDXS) using an Ametek EDAX system (Ametek, USA) 

coupled with TEAM software. A SEM image of the areas of interest were collected and EDXS 

spectra were captured via spot spectra, the EDXS spectra were collected using a spot size of 

4, 10 kV and an acquisition time of 30 seconds. 

2.4 Raman Spectroscopy 

Raman spectra for the manganese oxide samples were collected using a HORIBA LabRam HR 

Evolution (Horiba, Japan) equipped with deep-depleted thermoelectrically cooled charge 

coupled device array detector and an optical microscope (Smithsonian Institution, 

Department of Mineral Sciences). All measurements were made at 25 °C. All powders were 
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lightly pressed onto glass discs for Raman analysis. Sample areas were analysed using an 

Olympus 100× objective, an integration time of 30 s, and at a spectral resolution of 2 cm-1 

using a 784 nm solid state laser. Two to four acquisitions per spot were set to improve the 

signal-to-noise ratio. Low laser power was used to minimize sample alteration by heating; the 

laser power on the sample was measured to be 300 µW. The spectrometer was fitted with 

a holographic notch filter and 300 g/mm grating and was controlled using the Horiba 

LaBSPEC6 software. 

2.5 Average Manganese Oxidation State Determination 

Average manganese oxidation state of each material prepared was determined using 

modified methods outlined by Zhu et al.34.  

Firstly, the total number of moles of Mn3+ and Mn4+ (combined) was determined by oxalate 

back titration with KMnO4
195. Here, 0.1 g of synthetic manganese oxide was completely 

reacted with excess sodium oxalate in an acidic aqueous solution (Na2C2O4, 10 mL, 0.26 M) 

and sulfuric acid (H2SO4, 10 mL, 1 M), the remaining oxalate was then titrated at 80 °C with 

aqueous KMnO4 (75 mM). Secondly, the total number of moles Mn was determined by a 

formaldoxime colorimetric test196, where 0.01 g of synthetic manganese oxide was dissolved 

in aqueous hydroxylamine (NH2OH.HCl, 50 mL, 0.01 M) to reduce the high valent Mn to Mn2+ 

and diluted by a factor of 10 in water. A 10% formaldoxime solution was prepared by 

dissolving hydroxylamine hydrochloride (5 g) in formaldehyde (5 g, 30% v/v), diluted to 100 

mL, and then basified to pH 10 with NaOH. For analysis 2 mL of the diluted sample was 

combined with 2 mL of the formaldoxime solution, allowed to react for 15 min and then 

analysed via UV-vis at 450 nm. Mn concentrations were determined by comparison to 

calibration curve (1-18 ppm Mn2+). Mn2+ standards were prepared by aqueous dilution of a 

1000 ppm standard.  
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2.6 Standard Oxidation Reaction Conditions 

Unless otherwise specified, oxidation experiments consist of an acidified aqueous solution of 

sodium chloride (pH 2, 0.05 M NaCl, 100 mL), containing 20 mg of elemental metal and 200 

mg of solid manganese oxide material, that has been manually sieved to a size range of <125 

µm. Oxidation solutions are kept in polypropylene containers (250 mL, Sarstedt Australia), 

and the temperature and rotation were kept constant using various orbital incubators. After 

the reaction time has elapsed, solutions are either diluted and analysed immediately or were 

frozen at -20 °C. 

2.7 Inductively Coupled Plasma Mass Spectrometry 

The concentration of dissolved metals was determined using Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS, PerkinElmer NexION 350D). The standard ICP-MS operating 

conditions used during analysis can be seen in Table 2-1. The plasma was allowed to stabilise 

for 20 minutes before a daily tune and performance check was conducted with a tuning 

analyte solution (100 ppb Be, Ce, Fe, In, Li, Mg, Pb, and U), the minimum count values for a 

successful tune can been seen in  

Table 2-2. Daily tuning was conducted by the optimisation of the torch alignment, nebulizer 

gas flow, and the quadrupole ion deflector (QID), followed optimisation of the QID for kinetic 

energy discrimination (KED) analysis mode. After tuning was completed, an internal standard 

was introduced via a T piece and allowed to stabilise until the counts of the internal standard 

became consistent over a three-and-a-half-minute period with a relative standard deviation 

of <3%. Once the internal standard was stable, samples were analysed. The preparation 

method for the samples was dependent on the element/s to be analysed and are outlined 

below. 
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Table 2-1: ICP-MS instrumental operating conditions 

Component/Parameter Type/Value/Mode 

Nebulizer Quartz, Meinhard 0.5 mm I.D. 

Spray Chamber Quartz glass cyclonic w/Peltier cooler 

Injector Sapphire 1.8 mm 

Torch High Matrix demountable quartz 
Triple cone interface material Nickel 

Plasma gas flow 18 L/min 

Auxiliary gas flow 1.2 L/min 

Nebulizer gas flow 0.86-0.96 L/min 
RF Power 1,600 W 

Sweeps per reading/replicates per sample 10 sweeps/3 replicates 

Table 2-2: Minimum criteria for ICP-MS analysis 

Analyte Element Target 

Be 9 >2,000 counts

In 114 >40,000 counts

U 238 >30,000 counts

CeO 156/Ce 140 <0.015 

Ce2+ 70/Ce 140 <0.3 

2.7.1 Vanadium analysis 

For the determination of dissolved V content, samples were analysed in a nitric acid matrix 

(2%, Choice Analytical, Australia), where samples were diluted by a factor of 500 to ensure a 

concentration within the calibration range. Particulate BLMO material was removed from the 

diluted solutions via syringe filtering (PVDF, 0.45 µm, Kinesis Australia). Calibration standards 

were prepared fresh for each analysis via dilution from a 1000 ppm V stock solution (ACR 

Elemental Standard) to concentrations of 50 ppb, 100 ppb, 150 ppb and 200 ppb. A 5% HNO3 

rinse/wash solution was utilised between samples to ensure no carryover occurred with a 

wash time of 75 seconds. 
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2.7.2 Gold analysis 

The concentration of dissolved Au was determined in a similar manner to vanadium, but a 

reverse aqua regia matrix (2%, 3:1 HNO3:HCl, Choice Analytical, Australia) was used for these 

samples, and samples were diluted by a factor of 2000 to ensure a concentration within the 

calibration range. Particulate BLMO material was removed from the diluted solutions via 

syringe filtering (PVDF, 0.45 µm, Kinesis Australia). Calibration standards were prepared fresh 

for each analysis via dilution from a 1000 ppm Au stock solution (High Purity Standards) to 

concentrations of 5 ppb, 10 ppb, 25 ppb, and 50 ppb. A 5% reverse aqua regia rinse/wash 

solution was utilised between samples to ensure no carryover occurred with a wash time of 

120 seconds. 

2.7.3 Multielement analysis 

The concentration of dissolved metals was determined in a similar manner to vanadium and 

gold, however, an aqua regia matrix (2%, 1:3 HNO3:HCl, Choice Analytical, Australia) was used 

for these samples, and samples were diluted by a factor of 1000 to ensure concentrations 

within the calibration range. Particulate BLMO material was removed from the diluted 

solutions via syringe filtering (PVDF, 0.45 µm, Kinesis Australia). Calibration standards were 

prepared fresh for each analysis via dilution of 100 ppm multielement quality control stock 

solution (High Purity Standards, Ag, Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, 

Ni, Pb, Sb, Se, Si, Sr, Ti, Tl, V, and Zn) to concentrations of 1 ppt, 0.1 ppb, 1 ppb, 10 ppb and 

100 ppb. Additional Sn, Ni and Cu were added to the standard solutions to achieve higher 

standard concentrations of 0.5 ppb, 5.5 ppb, 55 ppb, 550 ppb, and 5500 ppb, and Au was also 

added to the stock solution to achieve concentrations of 1 ppt, 0.1 ppb, 1 ppb, 10 ppb, and 

100 ppb. A 5% aqua regia rinse/wash solution was utilised between samples to ensure no 

carryover occurred with a wash time of 60 seconds. 
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2.8 General reagents 

The chemicals used in this study can be found listed in Table 2-3,  where aqueous solutions 

were required, high-purity water (MilliQ, 18.2 MΩ) was used. The vanadium powder was 

determined via SEM to have a wire-like morphology and had a typical diameter of 20 nm and 

various lengths (Figure 2-1), whereas the gold utilised was spherical with diameters ranging 

from 1 µm to 7.5 µm (Figure 2-2). 

Figure 2-1: SEM image showing the morphology and size of the vanadium powder used throughout this work 

Figure 2-2: SEM image showing the morphology and size of the gold powder used throughout this work 
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Table 2-3: The chemicals used throughout this study 

Chemical Supplier Grade Purity/Concentration 
27 Element Quality Control Standard High Purity Standards Analytical 100 µg/L 

Acetic acid RCI Labscan Analytical 99.90% 

Acetone Chem-supply Reagent 99% 

Au Powder Alfa Aesar Reagent 99.60% 

Au Standard High Purity Standards Analytical 1000 mg/L 

Calcium chloride Sigma Aldrich Reagent 99% 

Citric acid Chem-supply Reagent Not Stated 

Copper filings Chem-supply Reagent 99.90% 

Copper Standard High Purity Standards Analytical 1000 mg/L 

Ethanol Chem-supply Reagent 99% 

Formaldehyde Chem-supply Reagent 37% 

Hydrobromic acid Sigma Aldrich Reagent 48% 

Hydrochloric acid Sharlau Analytical 34.70% 

Hydrochloric acid Choice Analytical Analytical 37% 

Hydroxylamine hydrochloride Sigma Aldrich Reagent 99% 

ICP-MS tuning solution Perkin Elmer Analytical 1 µg/L 

Iron filings Chem-supply Reagent Not Stated 

Lead filings Chem-supply Reagent 99.90% 

Lithium chloride Sigma Aldrich Reagent 99% 

Magnesium chloride Merck Analytical 98.50% 

Manganese acetate Sigma Aldrich Reagent 99% 

Manganese Chloride tetrahydrate Sigma Aldrich Reagent 99% 

Mn Standard BDH Chemicals Analytical 1000 mg/L 

MnO2 Chem-supply Reagent 97% 

Nickel powder Hopkins and Williams Reagent Not Stated 

Nickel Standard ACR Elemental Standard Analytical 1000 mg/L 

Nitric acid Choice Analytical Analytical 67-69% 

Palladium powder Strem Chemicals Reagent 99.95% 

Platinum powder Strem Chemicals Reagent 99.90% 

Potassium acetate M&B Ltd Laboratory 99% 

Potassium bromide Ajax Chemicals Analytical 98.50% 

Potassium chloride Chem-supply Analytical 99% 

Potassium Permanganate Sigma Aldrich Reagent 99% 

Rhodium powder Strem Chemicals Reagent 99.95% 

Sn Standard ACR Elemental Standard Analytical 1000 mg/L 

Sodium bromide Sharlau Reagent 99.50% 

Sodium chloride Chem-supply Analytical 99.70% 

Sodium chloride Merck HPLC Not Stated 

Sodium hydroxide Chem-supply Analytical 98% 

Sodium lactate Sigma Aldrich Not Stated 90% 

Sodium oxalate BDH Chemicals Reagent 99.90% 

Sulphuric acid Merck Analytical 95-97% 

V Powder Hopkins and Williams Reagent Not Stated 

V Standard ACR Elemental Standard Analytical 1000 mg/L 
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Chapter 3 Synthesis and Characterisation of Birnessite-Like 

Manganese Oxides 

3.1 Introduction 

Birnessite (NaxMnO2.yH2O) and birnessite-like manganese oxide materials (BLMOs, 

AxMnO2.yH2O, where A is a cation other than Na+) have been reported to have important 

oxidative77, 197, catalytic71 and semiconducting properties198. For example, they have been 

shown to either directly oxidize or catalyse the oxidation of various organic molecules 

including formaldehyde58, 199, benzene73, 1,2-diols200, and antibiotics201 along with oxidizing 

dissolved heavy metal cations such as Cr3+, As3+, and Au+ in solution32, 75, 77-78, 82, 197, 202. They 

have also been reported to be a suitable electrode materials in rechargeable batteries198, 203-

204 and  to be able to adsorb toxic heavy metal ions such as Pb, As, Sb, and Tl30, 48, 81, 205-206. 

Natural samples of birnessite (NaxMnO2.yH2O), are typically i) fine grained, ii) poorly-

crystalline, and iii) contain various impurities1, and thus synthetic BLMOs are used in most 

research applications.   

Synthetic BLMOs are highly variable in terms of preparation method, structure, crystallite 

size, and purity18, 33, 44, 64, 207-208.  Indeed, a family of BLMOs can be synthesized with differing 

interlayer cations. Recently, Sabri et al. 23 showed that the structural topology and layer 

stacking disorder can be critical factors that affect the reactivity of the synthesized material. 

Their research showed that more ordered materials were better catalysts whilst more 

disordered materials were better oxidants. Application results can be quite variable, for 

example, Ghodbane et al.198 reports a value of 225 Fg-1 for the specific capacitance of BLMOs, 

whereas Zhou et al. 209  report a value of 158 Fg-1. Whilst some research groups take great 

pains to ensure that the materials utilised are identical, a large amount of the research 
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published does not go to the same lengths. Indeed, numerous papers are published each year 

where the authors simply assume that a method works exactly the same each time. Few 

researchers do report on the crystallinity of the material, they are often broadly classifying 

the material using XRD peak locations. Many researchers neglect to process the XRD pattern 

using Rietveld refinement or other structural analysis techniques. Without more detailed 

knowledge of the BLMO structure, application results are difficult or almost impossible to 

directly compare. This creates significant challenges for researchers attempting to replicate 

and expand upon the prior research.  

BLMO materials have distinctive crystal structures comprised of layered sheets of edge-

sharing manganese oxide octahedra (Mn4+,3+O6) interleaved by hydrated cations to charge 

balance the negatively charged layers5. There are two crystal forms, triclinic and hexagonal. 

Triclinic BLMO materials are generally described by a non-standard face centred C -1 space 

group6 (Figure 3-1a). Hexagonal BLMO materials on the other hand adopt a hexagonal unit 

cell in space group P -37 (Figure 3-1b). Triclinic BLMO materials have a more ordered crystal 

structure, with neatly packed layered octahedra with hydrated cations (e.g. Na+, K+ etc.) held 

in the interlayer space. In contrast, the hexagonal form consists of hydrated Mn2+/3+ from the 

octahedral layers acting as the interlayer cations, resulting in the formation of Mn vacancies 

in the octahedral layers8. In literature it is common to see the term ‘birnessite’ used to 

describe any layered manganese dioxide material. However, these materials should be 

denoted BLMOs, as birnessite is a soil mineral with a very specific chemical composition. 
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Figure 3-1: View of common birnessite crystal structures along the [100] direction, a) Triclinic birnessite, b) 
Hexagonal birnessite, where the white octahedra signify Mn vacancies. 

The crystal structures (and crystallite size and morphology) of BLMO materials are dependent 

on the method of synthesis. Numerous papers have been published reporting the preparation 

of BLMOs, however, despite this body of work, the reproducible preparation of single-phase 

crystalline BLMOs remains challenging. A variety of methods have been reported that 

predominately use either hydrothermal synthesis13 or sol-gel synthesis14. Hydrothermal 

methods typically involve homogenizing a solution of potassium permanganate with a 

reductant, such as manganese chloride or potassium persulfate15. The resulting mixture is 

subsequently placed into an autoclave for several hours. The morphology of the BLMO 

produced using hydrothermal synthesis mostly consists of spheres of crystallites (70 - 90 nm) 

or rods (20 - 500 nm) with broad peaks in XRD spectra due to the small crystallite size15-17. Sol-

gel synthesis uses a similar chemistry, whereby either Mn2+ is oxidized or Mn7+ is reduced, 

however, in this case the reagent solutions are prepared separately. The solutions are then 

slowly combined at room temperature to form a BLMO suspension. The sol-gel synthesis 

method has mixed successes in producing crystalline BLMO because accurate control of the 

molar ratio of reactants is required18. The main benefit of this approach, apart from its 

simplicity, is the ability to achieve greater control of particle size and shape14, 22. To date, there 

has been no detailed study into the effect of BLMO synthesis methods on the resulting 

material structure and order.  
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3.2 Materials and Methods 

All reagents were reagent grade or higher and purchased from Sigma Aldrich, USA unless 

otherwise stated below. NaOH and NaCl were purchased from Chem Supply, Australia, HCl 

was sourced from Sharlau, Spain and KBr was obtained from Ajax Chemicals, Australia. High 

purity water (MilliQ, 18.2 MΩ) was used throughout.  

3.2.1 BLMO Synthesis Methods  

Synthetic BLMO samples were prepared from aqueous solutions via sol-gel processes 

according to six differing procedures, detailed below. These procedures were selected due to 

the practical simplicity and to avoid the need to use specialised equipment such as autoclaves, 

pressure microwaves and freeze driers. 

Method A followed the procedure described by Handel et al., 201320. Aqueous sodium lactate 

(NaC3H5O3, 12 mL, 50% v/v, 7.12x10-5 moles) was added dropwise at a rate of 1 mL/min to a 

stirred solution of aqueous KMnO4 (600 mL, 0.03798 moles, 0.063 M) at room temperature 

and pressure. Stirring was continued for 30 minutes post completion of the addition of the 

reductant. The resulting precipitate was left to age unstirred at room temperature in the 

uncovered reaction solution for two days. The precipitate was then filtered (Whatman, 

cellulose, 11 µm), washed with MilliQ water and air-dried at room temperature. 

Method B was according to McKenzie, 197112. Here, concentrated HCl (16.5 mL, 2 moles, 37% 

w/w) was added dropwise at a rate of 2 mL/min to a boiling stirred solution of aqueous KMnO4 

(250 mL, 1 mole, 0.4 M). The resulting suspension was allowed to cool (with stirring) for 

approximately 1hr post addition of the reductant. The resulting precipitate was left to age 

unstirred at room temperature in the uncovered reaction solution for two days. The 

precipitate was then filtered (Whatman, cellulose, 11 µm), washed with MilliQ water and air-

dried at room temperature. 
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Method C added aqueous manganese chloride tetrahydrate (MnCl2.4H2O, 400 mL, 0.112 

moles, 0.28 M) dropwise (4 mL/min) to a stirred strongly alkaline solution of aqueous KMnO4 

(400 mL, 0.04 moles, 0.1 M), as described by Shen et al. 200521. Sodium hydroxide (NaOH, 1.2 

moles, 48 g) was used to basify the solution. Stirring was continued for 30 minutes post 

completion of the addition of the reductant. The resulting precipitate was left to age unstirred 

at room temperature in the uncovered reaction solution for two days. The precipitate was 

then filtered (Whatman, cellulose, 11 µm), washed with MilliQ water, and air-dried at room 

temperature. 

Method C-M was a modified sample of the BLMO prepared by method C. The modification 

was achieved by taking 2 g of dried BLMO synthesised by method C and soaked in 1 M 

potassium chloride for 2 hrs. The BLMO powder was then collected via filtration, washed with 

MilliQ water, and air dried at room temperature. 

Method D samples were provided by Dr Jeffrey Post at the Smithsonian Institution and were 

prepared following the synthesis for Na-birnessite outlined in Lopano et al. 210, based on the 

synthesis procedures described by Golden et al.207. Sodium hydroxide (NaOH, 250 mL, 5.5 M) 

and manganese dichloride tetrahydrate (MnCl2∙4H2O, 200 mL, 0.5 M) were chilled overnight 

at 4 °C. The Na-birnessite precipitate was formed by stirring the NaOH and MnCl2∙4H2O 

solutions at room temperature and then bubbling oxygen into the mixture with a PyrexTM 

coarse porosity fritted cylinder (pore size = 40-60 µm) for five hours. Analytical grade 

chemicals and deionized water were used for the synthesis. The precipitate was centrifuged 

in conical polypropylene centrifuge tubes (capacity = 50 mL) and rinsed five times with 40 mL 

of deionized water. The sample was then left to air-dry on a watch glass at room temperature 

overnight. After 24 hours, the sample was dried at 30 °C for 5 minutes to effect a complete 

transformation from Na-buserite to Na-birnessite. 
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Method D-M samples was also provided by Dr Jeffrey Post and follows the same procedure 

as outlined in method D except potassium hydroxide was used in place of sodium hydroxide. 

3.2.2 Characterisation of BLMO materials. 

All BLMO materials prepared were characterised through X-ray Diffraction as described in 

section 2.1, and the average manganese oxidation state was determined via the procedure 

outlined in section 2.5. A selection of the materials were examined via SEM, EDXS and Raman 

spectroscopy, the procedures for which can be found in section 2.3, section 2.3, and section 

2.4 respectively. 

3.2.3 Post-synthesis treatments 

Potassium Chloride Treatment: Dried BLMO synthesized by method C was disaggregated 

using a mortar and pestle. Subsamples (1.5 g) of the powdered material were placed into 

aqueous KCl (1 M, 60 mL) and the resulting mixtures were stirred for 1, 2, 5, 8, and 24 h, 

respectively. The BLMO powder was then collected via filtration, washed with MilliQ water, 

and air dried at room temperature.  

Cation Exchange: Dried BLMO synthesized by method C was disaggregated using a mortar 

and pestle. Subsamples (1.5 g) were placed into individual solutions of H+, Li+, Na+, K+, Ca2+, 

and Mg2+ chloride salts (all 1 M, 60 mL) and the mixtures stirred for 2 hours. The BLMO powder 

was then collected via filtration, washed with MilliQ water, and air dried at room 

temperature. To examine the effect of the anion, an additional K+ solution (1 M, 60 mL) was 

formed from KBr.  

Static Aging: BLMO materials were synthesised according to method C above with smaller 

volumes of reagents (100 mL each, instead of 400 mL) and the static aging time was varied to 

0, 1, 2, 5, and 7 days. 
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Stirring Rate: BLMO materials were synthesised according to method C above using smaller 

volumes of reagents and the stirring rate was altered to either no stirring, medium stirring or 

fully maxed stirring using stirring hot plates. 

Reagent Concentration: BLMO materials were synthesised according to method C above, 

except that different reagent concentrations were used. Stock solutions were made for the 

reagents (Stock 1: KMnO4: 9.48 g, 600 mL and NaOH: 72 g, Stock 2: MnCl24H2O: 33.3729 g, 

600 mL), which were then diluted by a factor of two and ten before synthesis. 

Reagent Age: BLMO materials were synthesised according to method C above and used 

smaller volumes of reagents, the reagent solutions used were 2 months old and were from 

the remaining stock solutions prepared in the section above. 

Synthesis NaOH Concentration: BLMO materials were synthesised according to method C 

above and used smaller volumes. Here, the amount of NaOH used in the synthesis was varied 

to values of 0 g, 3 g, 6 g, 9 g, and 12 g.  

3.3 Results and Discussion 

3.3.1 Different literature synthesis methods 

Synthesis methods A, C, and D produced dark-grey/black BLMO that was found to have 

distinctly micaceous morphology through SEM (Figure 3-2a,c,d). In contrast, method B 

produced a brown material that exhibited spherical clusters (Figure 3-2b). The average Mn 

oxidation state for the synthetic BLMOs are shown in Table 3-1. The highest oxidation state 

(3.96 ± 0.05) was observed for the spherical morphology material formed using method B, 

whereas materials with micaceous morphology had similar oxidation states (3.5). The 

difference in oxidation state between method B compared to the others implies a difference 

in stoichiometry, which is expected due to the use of different reductants, as hydrochloric 

acid is known to remove Mn3+ from the crystal structure of BLMO33. In keeping with the 
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observation of Ling et al.33 higher Mn3+ (lower average oxidation state) content materials 

tended to have lower values for α and β cell angles and are more triclinic in nature. 

Table 3-1: Average manganese oxidation state for the six synthesised materials using four literature methods. 
Errors are standard deviation of triplicate analysis (n=3). 

BLMO Material Average Manganese Oxidation State 

Method A 3.31 ± 0.06 

Method B 3.96 ± 0.05 

Method C 3.33 ± 0.10 
Method C-M 3.40 ± 0.07 

Method D 3.37 ± 0.12 

Method D-M 3.79 ±0.18 

Figure 3-2: SEM images of synthesized BLMO material taken at 20,000x magnification with a beam voltage of 
10 kV. a) Method A, b) Method B, c) Method C, and d) Method D. 

The XRD patterns of the resulting precipitates collected using Mo radiation are shown in 

Figure 3-4. The BLMO synthesized by Method A had a largely featureless XRD pattern that 

contains extremely broad ‘peaks’ at the expected locations for the 001 and 100 reflections of 

d) 

a) b) 

c)
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BLMOs. The lack of strong reflections in the XRD pattern could be due to the small crystallite 

sizes or a more amorphous nature of the bulk material. It must be noted that the peaks in the 

original paper are not indicative of a highly crystalline material when compared to BLMO ’s 

prepared by other methods. . The material prepared using method B had very broad peaks 

with d-spacings of 7.17, 3.63, and 2.44 Å corresponding to the 001, 002, and 100 reflections 

in the BLMO crystal structure. The broad nature of the peaks indicates either tiny crystallites 

or increased stacking disorder. The SEM (Figure 3-2b) exhibits small plated spheres (0.2 µm) 

indicating that the broadening is likely to be due to tiny crystallites. The BLMO prepared using 

Method C exhibited two sharp peaks at 7.06 and 3.53 Å, along with sharp peaks of smaller 

intensity at 5.28, 4.8, 2.74, 2.47, and 2.36 Å. The peaks at 7.06 and 3.53 Å corresponded to 

the 001 and 002 reflections of BLMO and are typical of a mostly crystalline sample, which was 

expected due to the plate like structure of BLMO observed in the SEM. However, the d-

spacings are between the values expected for Na-BLMO and K-BLMO, suggesting the presence 

of both Na+ and K+ ions in the interlayer space, as both are present in the synthesis solution. 

Energy Dispersive Spectroscopy of the BLMO synthesized by method C confirmed the 

presence of both Na+ and K+ in the final BLMO product (Figure 3-3). Whilst the BLMO 

synthesized using this method is the most crystalline of the four methods tried, there are a 

number of impurities in the final sample.  The peaks at 5.28, 2.74, 2.47, and 2.36 Å indicate 

the presence of hausmannite (Mn3O4) and the peak at 4.8 Å indicates the presence of 

feitknechtite (MnO(OH)). It has been reported that the presence of hausmannite and 

feitknechtite impurities is common when alkaline synthesis of BLMO is undertaken27-28. 
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Figure 3-3: EDXS spectra of untreated birnessite synthesized using method C, showing the presence of both 
Na and K present in the birnessite sample. 

 
Figure 3-4: MoKα X-ray diffraction patterns of the BLMO resulting from the four different synthesis methods 
and the modified materials of method c and d. Patterns are offset for ease of clarity. 

 

Rietveld analysis for patterns collected using Mo radiation (Table 3-2, Figure 3-7a-e) 

confirmed that the materials shown in Figure 3-4 were triclinic BLMOs with differing levels of 

stacking disorder within the crystal structure. The level of disorder was estimated by 

examining the extent of broadening of the main BLMO peak at approximately 7 Å.  The sodium 

lactate method resulted in the most disordered and the KCl treated material being the most 
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ordered, with the order increasing from A<B<D-M<C=D<C-M. The pattern collected for the 

lactate sample (Figure 3-7a) is a difficult pattern to conduct a reliable refinement on due to 

the low diffraction intensity and the broad features present, but the main features of triclinic 

BLMO can still be observed. Prior work has suggested that the hydrochloric acid synthesis 

method produces hexagonal BLMO due to the use of acid48, 79, but here we have conducted 

Rietveld refinements using a triclinic model (Figure 3-7b) and a hexagonal model (Figure 3-7c) 

and found that the triclinic model was a better fit than the hexagonal model (Table 3-2). This 

preference for a triclinic structure could be due to the presence of K+ in the material shown 

by EDXS (Figure 3-5), which could create sections of the BLMO that are distorted from the 

simple hexagonal parent structure to the triclinic from. Raman spectroscopy was conducted 

on this sample and the resulting spectra can be seen in Figure 3-6. Two major Raman peaks 

were observed at 570 and 637 cm-1, with a small peak visible just above the noise at  

507 cm-1. These peaks are shifted from those reported by Julien and co-workers190 for 

hexagonal H-BLMO (506, 575 and 646 cm-1) and triclinic Li-BLMO (510, 585 and 625 cm-1), 

although a direct comparison cannot be made. Our work used a laser power of 300 µW and 

Julien’s work used 10 mW, this higher laser power may well have degraded the sample211. 

Additionally, when compared to Raman spectra of known triclinic and hexagonal samples 

(Figure 3-6), the Raman spectra of BLMO prepared using HCl shares features with both triclinic 

and hexagonal samples. These results provide further evidence that the BLMO produced by 

method B may be a mixture of the two forms or may be a single-phase intermediate between 

the hexagonal and triclinic end member structures. 
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Figure 3-5: EDXS of BLMO prepared using Method B, showing the presence of K+ in the structure. 

Figure 3-6: Raman spectra of the BLMO material prepared by method B (blue), a sample of hexagonal BLMO 
(red) and a sample of triclinic BLMO (black) for comparison. 
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Figure 3-7: Rietveld refinements (green) on experimental XRD data (blue) and difference curves (teal) using the MoKα patterns for a-c and e-g and CoKα for d of the six 
BLMO materials prepared using four literature methods. Reflections of manganese oxide phases are shown below the patterns. 

a) b) c) 

d) e) f) 

g)
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Table 3-2: Rietveld refinement results for the four synthesis methods, shown are the final refined cell parameters, R(F2) and the residual (Rwp). 

 Method A Method B Method B Method C Method C-M Method D Method D-M 

Space Group C -1 C -1 P -3 C -1 C -1 C -1 C -1 

Radiation Source Mo Mo Mo Mo Mo Mo Mo 

Unit Cell        

a (Å) 4.90(6) 4.909(8) 2.8098(14) 5.165(4) 5.102(7) 5.171(4) 4.983(12) 

b (Å) 2.877(8) 2.8351(25) 2.8098(14) 2.8463(8) 2.8526(13) 2.8473(8) 2.885(7) 

c (Å) 7.88(15) 7.357(19) 7.2810(28) 7.321(9) 7.231(15) 7.335(8) 7.21(3) 

α (°) 95.5(13) 91.69(4) 90 90.56(6) 90.54(8) 90.50(8) 91.93(29) 

β (°) 112.92(22) 97.17(10) 90 103.229(26) 102.19(5) 103.23(25) 96.86(16) 

γ (°) 89.60(11) 89.16(6) 120 90.177(20) 90.03(3) 90.212(25) 89.33(11) 

Vol (Å3) 101.77(17) 101.53(7) 49.78(4) 104.780(26) 102.85(6) 105.117(28) 102.86(23) 

        

Refinement        

No. of Observations 2060 1536 1536 2037 2085 1275 1275 

No. of Reflections 114 63 25 125 120 36 35 

Diffraction Range (°2θ) 3 - 44 3.5 - 34 3.5 - 34 8 - 44 3.5 - 44 3.5 - 29 3.5 - 29 

R(F2) 0.20781  0.0586 0.00891 0.10018 0.10111 0.05598 0.03065 

Rwp 0.04424  0.03785 0.04007 0.04539 0.06496 0.04356 0.05023 
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3.3.2 Effect XRD Source on Rietveld Refinements 

XRD analysis can be difficult for manganese oxide materials due to the different interactions 

of Mn with the different incident wavelengths. The common XRD sources of Co, Cu, and Fe, 

cause Mn fluorescence and have low signal intensity for Mn, whereas this is not an issue for 

Mo and synchrotron sources don’t have this issue. However, Mo sources are not as common 

due to the reduced wavelength producing low resolution and compacted diffraction patterns. 

Not all researchers have access to a Mo or a synchrotron radiation source to collect well 

defined diffraction patterns for manganese dioxide materials, but many have access to XRD 

instruments with Co and Cu radiation sources. We undertook a comparison of the structural 

information that could be refined using the Rietveld method on diffraction patterns collected 

with Mo, Co and Cu sources on three different XRD instruments. The Mo XRD instrument 

utilised in this work was optimised for Mn oxides and has a Debye-Scherrer geometry with an 

imaging plate detector and the full set of diffraction rings were integrated to get improved 

diffraction intensities and reduce orientation effects. In contrast, the Cu and Co instruments 

utilized the more common Bragg-Brentano geometries and were used under standard 

instrument conditions that were not optimized for Mn oxides. 

Despite the differences in instrumental set-up, all the x-ray patterns collected for the 

crystalline sample (Figure 3-8a) show the expected features of BLMO with the Mo providing 

the best diffraction pattern due to the greater detail in the higher angle reflections caused by 

the greater peak to background ratio and diffraction intensities. These reflections are still 

visible with the Cu and Co patterns, but are less defined, due to the fluorescence in the case 

of Cu and the lower x-ray intensity in Co. Rietveld analysis on these three patterns (Table 3-3) 

show that the cell parameters refined for the crystalline sample are similar between the 

difference sources, with Co being slightly different due to the larger x-ray wavelength and 
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lower number of reflections. This suggests that although Co and Cu sources result in spectra 

with lower peak intensity and signal to noise ratios, along with less defined peaks, they can 

still be reliably used to define basic structural information for a crystalline BLMO.  

However, the low signal obtained using Co and Cu radiation causes difficulty in interpreting 

and analysing the XRD patterns for poorly crystalline BLMO materials, as demonstrated by 

the sample prepared by method A. This sample was determined to be amorphous MnO2 when 

using XRD data obtained from Co and Cu sources (Figure 3-8b) but was determined to be a 

disordered triclinic BLMO when interrogated using an optimised Mo instrument. This 

indicates that whilst data can be collected using any of the sources (Mo, Co, and Cu) and 

configurations, care needs to be taken in analysing the resulting spectra. Ideally for structural 

refinements, the instrument conditions should be optimized so that data is collected under 

conditions that maximize the peak to background ratio and diffraction intensity. Importantly, 

Cu and Co radiation can still provide patterns that might be useful for identification and 

limited structure refinement. 

 

 
 

Figure 3-8: X-ray diffraction patterns collected using Cu, Co, and Mo radiation for a) a crystalline sample of 
BLMO synthesised via Method C and b) a poorly crystalline sample of BLMO synthesised via Method A. The 
diffractograms have been converted to CoKα °2θ values for comparison. Top: CoKα, Middle: CuKα and 
Bottom: MoKα. 

 

a) b) 
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Table 3-3:  Results of the Rietveld refinements conducted using various radiation sources on a crystalline 
sample (Method C), shown are the final refined cell parameters, R(F2) and the residual (Rwp). 

Crystalline Sample (Method C) 

Radiation Source Mo Co Cu 

Space Group C -1 C -1 C -1 

Unit Cell 

a (Å) 5.165(4) 5.160(8) 5.172(4) 

b (Å) 2.8463(8) 2.8373(18) 2.8531(5) 

c (Å) 7.321(9) 7.233(15) 7.338(7) 

α (°) 90.56(6) 90.50(10) 90.330(25) 

β (°) 103.229(26) 103.6(4) 103.125(22) 

γ (°) 90.177(20) 89.926(26) 90.048(15) 

Vol (Å3) 104.780(26) 102.92(6) 105.44(14) 

Refinement 

No. of Observations 2037 2985 7501 

No. of Reflections 125 30 67 

Diffraction Range (°2θ) 10 - 75 10 - 75 5 - 80 

R(F2) 0.10018 0.14694 0.07059 

Rwp 0.04539 0.02523 0.06022 

3.3.3 Changing crystallinity via potassium chloride treatment 

To improve crystallinity, the mixed cation BLMO material synthesized by method C was 

soaked in a 1 M KCl solution for 2 hours, in an attempt to form a pure K-BLMO (Method C-M). 

The d-spacings for the 001 reflection shifted from 6.86 Å to 7.02 Å, and the 002 reflection 

shifted from 3.46 Å to 3.51 Å. These spacings, within errors, match the pure K-BLMO d-

spacings given by Post and Veblen5, indicating that the cation exchange was successful. As 

can be seen, there was an associated increase in peak sharpness after the cation exchange 

process. This increased sharpness indicates that cation exchange to a pure K-BLMO results in 

increased crystallinity of the material (Figure 3-4). Furthermore, peaks at 5.28, 4.8, 2.74, 2.47, 

and 2.36 Å were reduced indicating that the treatment also decreased the amount of 

hausmannite and feitknechtite in the material. This reduction is likely due to the 

disproportionation of hausmannite into a disordered layered octahedral structure, which 

transforms into ordered BLMO material212. The average oxidation state of the manganese 

present in the materials was found to increase slightly from 3.34 ± 0.17 for the unwashed 
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sample to 3.73 ± 0.01 after 5 hours of KCl treatment, with there being no significant 

differences between oxidation state (Table 3-4). Increasing the duration of the KCl 

immersion times resulted in further increases in peak intensity along with decreasing peak 

widths at half height of the 001 and 002 reflections (Figure 3-9). The d-spacings change from 

7.06 Å for untreated BLMO to 7.00 Å after 24 hours of KCl treatment, closer to the literature 

values of K-BLMO5. SEM images (Figure 3-10) show that the untreated BLMO contain 

granular clumps of material and NaCl crystals that formed during the synthesis of the BLMO. 

The water and KCl treatments all have similar micaceous morphology and increasing the 

treatment time has no effect on the morphology. Rietveld analysis (Figure 3-11, Table 3-5) 

showed a gradual decrease in all cell parameters over time, suggesting that the crystal 

structure of the BLMO becomes more ordered and compact with longer exposures. These 

results are in contrast with previously reported timed in-situ synchrotron 

investigations that have shown that the level of order during cation exchange decreases 

to a steady state crystallinity210. In that work, the decrease in crystallinity was 

attributed to the uptake of water molecules between the octahedral layers210. However, our 

study examined dried end-member material only. Our results suggest we may have a more 

crystalline product, however it is difficult to make a direct comparison as i) the material 

used in the previous study was prepared using a different synthesis method, and ii) the prior 

study did not report an XRD of the dried material.  
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Table 3-4: Average manganese oxidation state of the potassium chloride treatment. Errors are standard 
deviation of triplicate analysis (n=3). 

BLMO Material 
Average Manganese 

Oxidation State 

Unwashed 3.34 ± 0.17 
Washed H2O 3.45 ± 0.03 

1 hr KCl 3.45 ± 0.08 

2 hr KCl 3.61 ± 0.09 

5 hr KCl 3.73 ± 0.01 
8 hr KCl 3.83 ± 0.31 

24 hr KCl 3.41 ± 0.05 

Figure 3-9: CoKα X-ray diffraction patterns of synthetic birnessite material treated with H2O for 2 hours, and 
1 M KCl for 1, 2, 5, 8 and 24 hrs. Patterns are y-offset for clarity. 
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Figure 3-10: SEM images of the potassium chloride treatments a) untreated, b) H2O treatment, c) 2 hr 
treatment and d) 24 hr treatment 

b) a) 

c) d) 
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Figure 3-11: Rietveld refinements and difference curves for the birnessite materials treated with KCl for different time intervals. Refinement a and b were conducted 
using CoKα diffraction patterns and c-g were conducted on patterns collected by MoKα. 

a) b) c) 

d) e) f) 

g)
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Table 3-5: Rietveld refinement results for the KCl treatment study. Shown are the final refined cell parameters, 
the R(F2) and Rwp values. 

Unwashed H2O 1 hr KCl 2 hr KCl 5 hr KCl 8 hr KCl 24 hr KCl 

Space Group C -1 C -1 C -1 C -1 C -1 C -1 C -1 

Radiation Source Co Co Mo Mo Mo Mo Mo 

Unit Cell 

a (Å) 5.151(25) 5.153(10) 5.153(5) 5.152(12) 5.148(4) 5.149(4) 5.145(4) 

b (Å) 2.850(4) 2.8436(15) 2.8479(12) 2.8433(28) 2.8455(9) 2.8450(9) 2.8473(12) 

c (Å) 7.23(5) 7.219(20) 7.199(11) 7.150(24) 7.152(8) 7.145(8) 7.143(9) 

α (°) 89.70(29) 90.20(10) 89.61(12) 90.34(13) 89.49(7) 89.93(10) 90.38(9) 

β (°) 103.47(18) 103.58(6) 101.79(4) 100.72(9) 100.28(3) 100.29(3) 100.17(4) 

γ (°) 89.61(9) 89.86(4) 90.10(4) 89.73(5) 89.773(26) 89.98(4) 89.78(3) 

Vol (Å3) 103.30(13) 102.83(5) 103.41(5) 102.91(10) 103.077(30) 102.981(30) 102.99(3) 

Refinement 

No. of Observations 2985 2985 2060 2985 2060 2060 2060 

No. of Reflections 29 29 125 29 125 124 125 

Diffraction Range 
(°2θ) 

10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 

R(F2) 0.29667 0.15886 0.09861 0.15675 0.14647 0.04861 0.07514 

Rwp 0.0486 0.02845 0.05274 0.03471 0.06301 0.05539 0.05845 

3.3.4 Changing the interlayer cation 

The cation exchange with monovalent cations (H+, Li+, Na+, K+) resulted in more ordered BLMO 

structures (Figure 3-12, Figure 3-14, Table 3-7), with d-spacings proportional to the radius of 

the hydrated cation. The Li+, Na+ and K+ treated BLMOs maintained their triclinic form, 

however the H+ treated BLMO converted to the hexagonal form, as has been observed by 

many researchers8, 33, 213. Exchanging the cation with Ca2+ and Mg2+ resulted in the increase in 

d-spacings from 7.01 Å to 9 Å. This is due to the formation of Ca-buserite

(Ca2Mn14O27.21H2O) and Mg-buserite (Mg2Mn14O27.21H2O), which is a layered manganese 

oxide mineral that contains a double hydration layer between the manganese oxide sheets. 

The BLMO materials retained their sheet-like morphology independent of what cation was 

used (Figure 3-13), however the H+ treated BLMOs appear to have thinner flakier sheets. 
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Figure 3-12: CoKα X-ray diffraction patterns of birnessite material treated with different 1 M cation solutions 
(H+, Li+, K+, Na+ Mg2+ and Ca2+, H+ then K+ and H+ and K+). Patterns are y-offset for clarity. 

Table 3-6: Average manganese oxidation state for different cation BLMOs. Errors are standard deviation of 
triplicate analysis (n=3). 

BLMO Material 
Average Manganese 

Oxidation State 

H+ 3.48 ± N/A 
 

H+ then K+ 3.57 ± 0.15 
 

H+ + K+ 3.11 ± 0.51 
 

Li+ 3.22 ± 0.11 
 

Na+ 3.52 ± 0.17 
 

K+ (KCl) 3.61 ± 0.10 
 

K+ (KBr) 3.41 ± 0.08 
 

Mg2+ 3.50 ± 0.09 
 

Ca2+ 3.45 ± 0.05 
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Figure 3-13: SEM images of the different BLMOs prepared in the cation exchange study. a) H+, b) H+ then K+, c) 
Li+, d) Na+, e) K+ (KCl), f) K+ (KBr), g) Mg2+ and h) Ca2+ 

a) 

d) 

g) 

b) 

e) 

h) 

f) 

c)
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Figure 3-14: Rietveld refinement and difference plots for the cation BLMOs formed from the cation treatment study. a) H+, b) H+ then K+, c) H+ + K+, d) Li+, e) Na+, f) K+ 
(KBr), g) K+(KCl), h) Mg2+ and i) Ca2+. The refinements for H+ (a) and (h) Mg2+ were conducted using diffraction patterns collected by CoKα whereas the others were collected 
by MoKα. 

a) 

h) 

c) 

g) 

f) e) d) 

b) 

i)
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Table 3-7: Rietveld refinement results for different cation treatments, shown are the final refined cell parameters, the R(F2) and Rwp values. 

H+ H+ then K+ H+ and K+ Li+ Na+ K+ (KBr) K+ (KCl) Mg2+ Ca2+ 

Space Group P -1 P -1 P -1 C -1 C -1 C -1 C -1 C -1 C -1 

Radiation Source Co Mo Mo Mo Mo Mo Mo Co Mo 

Unit Cell 

a (Å) 2.8357(25) 2.8421(6) 2.8398(6) 5.1604(27) 5.158(3) 5.145(5) 5.146(5) 4.844(31) 4.964(6) 

b (Å) 2.8357(25) 2.8421(6) 2.8398(6) 2.8465(5) 2.8465(5) 2.8451(9) 2.8499(10) 2.974(17) 2.935(3) 

c (Å) 7.2787(10) 7.2197(7) 7.2452(8) 7.271(5) 7.300(7) 7.155(9) 7.162(10) 7.11(8) 7.131(12) 

α (°) 90 90 90 90.44(5) 89.55(5) 89.76(8) 89.50(6) 90.9(11) 93.04(8) 

β (°) 90 90 90 103.209(17) 103.289(20) 100.58(4) 100.32(4) 94.8(6) 93.26(9) 

γ (°) 120 120 120 90.049(17) 89.961(18) 89.71(4) 89.54(4) 88.2(4) 92.35(6) 

Vol (Å3) 50.69(5) 50.504(14) 50.601(13) 103.971(19) 104.307(20) 102.96(3) 103.328(31) 102.1(7) 103.46(10) 

Refinement 

No. of Observations 2985 1663 2037 2060 2060 2060 2060 2985 2060 

No. of Reflections 11 29 42 124 124 124 124 28 125 

Diffraction Range 
(°2θ) 

10 - 75 3 - 45 3 - 45 3 - 45 3 - 45 3 - 45 3 - 45 10 - 75 3 - 45 

R(F2) 0.20245 0.03473 0.08188 0.09304 0.09079 0.07754 0.06613 0.1006 0.06851 

Rwp 0.02764 0.03751 0.04107 0.04878 0.04544 0.05002 0.03925 0.02333 0.06596 
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3.3.5 Synthesis reproducibility 

Due to method C-M resulting in the most well ordered BLMO, it was decided to investigate 

the reproducibility of BLMO synthesis using this method. Synthesis in triplicate was conducted 

on three different days to investigate the inter-day variation and the day to day variation of 

BLMO synthesis. The resulting materials were characterised through XRD using a Co K source 

and Rietveld analysis. The XRD patterns collected for the materials can be seen in Figure 3-15, 

where peaks for BLMO (7.0 and 3.5 Å) and hausmannite (approximately 5.28, 2.74, 2.47, 

and 2.36 Å) are observed. From the XRD patterns, the BLMO inter-day variation between the 

samples in usually minimal, however, there is a larger day to day variation in the material 

prepared. Discrepancies in all the cell parameters refined (Table 3-9, Figure 3-16) are 

observed between the nine replicates, with the most dissimilarity found in the b, α, and β 

parameters. Even with the uncertainty within the refinement system this shows that there 

can be slight changes to BLMO crystallite structure between different batches prepared using 

the same synthesis method. 

Table 3-8: Average manganese oxidation states for nine replicates of synthesis method C. Errors are standard 
deviation of triplicate analysis (n=3). 

BLMO Material Average Manganese 
Oxidation State 

Set 1 Rep1 3.33 ± 0.10 

Set 1 Rep 2 3.47 ± 0.07 
Set 1 Rep 3 3.54 ± 0.02 

Set 2 Rep1 3.14 ± 0.21 

Set 2 Rep 2 3.26 ± 0.09 

Set 2 Rep 3 3.78 ± 0.18 
Set 3 Rep 1 3.17 ± 0.46 

Set 3 Rep 2 3.50 ± 0.14 

Set 3 Rep 3 3.53 ± 0.02 
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Figure 3-15: CoKα XRD patterns for the nine replicate materials synthesised using method C. Patterns are y-
offset for clarity. 
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Table 3-9: Rietveld refinement results for the nine replicate BLMO materials, shown are the final refined cell parameters, R(F2) and the residual (Rwp). 

Set1 R1 Set1 R2 Set1 R3 Set2 R1 Set2 R2 Set2 R3 Set3 R1 Set3 R2 Set 3 R3 

Space Group C -1 C -1 C -1 C -1 C -1 C -1 C -1 C -1 C -1 

Radiation Source Co Co Co Co Co Co Co Co Co 

Unit Cell 

a (Å) 5.160(8) 5.167(9) 5.195(30) 5.176(18) 5.128(27) 5.068(16) 5.09(13) 5.152(14) 5.138(22) 

b (Å) 2.8373(18) 2.8464(14) 2.836(5) 2.813(6) 2.821(11) 2.941(10) 2.88(3) 2.8454(23) 2.838(6) 

c (Å) 7.233(15) 7.293(17) 7.12(6) 7.16(4) 7.25(6) 7.15(4) 7.18(24) 7.258(30) 7.22(6) 

α (°) 90.50(10) 89.52(14) 89.5(4) 90.9(3) 88.2(4) 92.24(28) 87.8(9) 89.54(17) 90.4(4) 

β (°) 103.6(4) 103.37(6) 104.11(19) 101.49(12) 101.42(15) 97.62(14) 102.8(8) 103.51(9) 103.17(17) 

γ (°) 89.926(26) 89.59(3) 89.44(9) 89.41(8) 87.53(10) 93.68(11) 87.1(4) 89.69(5) 90.2(7) 

Vol (Å3) 102.92(6) 104.3(5) 101.69(18) 102.16(22) 102.62(29) 105.36(32) 102.3(6) 103.45(8) 102.47(17 

Refinement 

No. of Observations 2985 2985 2985 2985 2985 2985 2985 2985 2985 

No. of Reflections 30 29 30 29 30 30 29 30 28 

Diffraction Range (°2θ) 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 10 – 75 

R(F2) 0.14694 0.15257 0.32718 0.0686 0.03568 0.04777 0.08447 0.16245 0.0902 

Rwp 0.02523 0.02607 0.04283 0.02144 0.01738 0.01885 0.02732 0.0308 0.03135 
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Figure 3-16: Rietveld refinements and difference curves for the nine replicate birnessite materials conducted on diffraction patterns collected by CoKα. 
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3.3.6 Static Ageing 

The variation in synthesis reproducibility of BLMO materials presents concerns for the 

reactivity and application reproducibility of BLMOs. Here, we investigate what effect changing 

the time allowed to age in solution has on the crystal structure of the BLMO prepared using 

method C. The CoKα XRD patterns (Figure 3-17) collected show that the crystalline BLMO 

structure is formed after two days, and that increasing the time further doesn’t does not have 

an increased positive effect. It was found that the sample allowed to age for 7 days contained 

more hausmannite impurities than the other time points. The average manganese oxidation 

state takes a day to increase from 3 to the expected value of with errors 3.5 (Table 3-10). 

This suggests that there is a slow change in oxidation state that over time results in an increase 

in crystallinity of the BLMO material. Rietveld refinements (Table 3-11, Figure 3-18) support 

this change in structure as the cell parameters change slowly towards the values expected for 

Na-BLMO with the closest values being for the two day sample. There is some uncertainty in 

these refinement values due to using a CoKα source. 

Table 3-10: Average manganese oxidation state of BLMO prepared while investigating the effect of static 
ageing. Errors are standard deviation of triplicate analysis (n=3). 

BLMO Material 
Average Manganese 

Oxidation State 

0 Days 3.06 ± 0.09 

1 Day 3.96 ± 0.24 
2 Days 3.99 ± 0.49 

5 Days 3.72 ± 0.46 

7 Days 4.37 ± 0.30 
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Figure 3-17: CoKα XRD patterns for the BLMO materials prepared while investigating the effect of static ageing 
time synthesised using method C. Patterns are y-offset for clarity. 

Table 3-11: Rietveld refinement results for BLMO materials prepared while investigating the effect of static 
ageing, shown are the final refined cell parameters, R(F2) and the residual (Rwp). 

0 Days 1 Day 2 Days 5 Days 7 Days 

Space Group C -1 C -1 C -1 C -1 C -1 

Radiation Source Co Co Co Co Co 

Unit Cell 

a (Å) 5.19(9) 5.16(14) 5.16(8) 5.158(11) 5.137(18) 

b (Å) 2.838(12) 2.8361(31) 2.8484(161) 2.8486(18) 2.966(25) 

c (Å) 7.24(16) 7.201(27) 7.295(16) 7.293(22) 7.63(15) 

α (°) 89.5(9) 90.41(17) 90.44(11) 89.60(19) 107.45(20) 

β (°) 104.2(5) 103.70(8) 103.34(5) 103.26(7) 105.17(12) 

γ (°) 89.47(31) 89.68(5) 90.011(27) 89.64(4) 87.80(6) 

Vol (Å3) 103.3(6) 102.39(11) 104.33(6) 104.30(6) 106.82(11) 

Refinement 

No. of Observations 2985 2985 2985 2985 2985 

No. of Reflections 28 29 28 29 32 

Diffraction Range (°2θ) 10 - 75 10 - 75 10 - 75 10 - 75 10 - 75 

R(F2) 0.19335 0.15274 0.11379 0.19663 0.25776 

Rwp 0.03571 0.02847 0.02601 0.0327 0.03922 
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Figure 3-18: Rietveld refinements and difference curves for the static ageing BLMO materials conducted on 
diffraction patterns collected by CoKα. a) 0 days, b) 1 day, c) 2 days, d) 5 days and e) 7 days. 

a) b) 

c) d) 

e)
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3.3.7 Stirring Rate 

Another synthesis factor that may result in different BLMO materials is stirring rate. We found 

that decreasing the stirring rate resulted in a decrease in the peak height of the BLMO peaks, 

along with an increase in the hausmannite peaks in the XRD patterns (Figure 3-19). Consistent 

with this, the cell parameters (Table 3-12,Figure 3-20) were dependent on the stirring rate. 

The greatest effect on the cell parameters was observed for the unstirred reaction mixture. 

When compared to the stirred mixture, the unstirred mixture resulted in lower unit cell 

volumes, a and β values, along with larger b, α and γ values. Minor differences in the cell 

parameters were observed for the slow and fast stirring speeds, but these were within 

refinement errors. However, the level of hausmannite peaks was observed to increase in the 

slow stirring sample. This indicates that fast stirring is essential for achieving high crystallinity 

and reduced impurities.  

Figure 3-19: CoKα diffraction patterns collected for BLMO samples prepared with various stirring conditions. 
Patterns are y-offset for clarity. 
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Table 3-12: Rietveld refinement results for BLMOs prepared with different stirring rates, shown are the final 
refined cell parameters, the R(F2)  and Rwp values. 

No Stirring Slow Stirring Fast Stirring 

Space Group C -1 C -1 C -1 

Radiation Source Co Co Co 

Unit Cell 

a (Å) 4.805(30) 5.183(13) 5.173(8) 

b (Å) 2.883(12) 2.839(3) 2.85535(22) 

c (Å) 7.29(8) 7.313(27) 7.318(18) 

α (°) 93.6(4) 90.79(17) 90.62(11) 

β (°) 100.64(27) 103.64(8) 103.23(5) 

γ (°) 90.47(16) 89.77(4) 89.784(20) 

Vol (Å3) 99.04(30) 104.58(12) 105.15(8) 

Refinement 

No. of Observations 2985 2060 2060 

No. of Reflections 30 30 30 

Diffraction Range 
(°2θ) 

10 – 75 10 - 75 10 - 75 

R(F2) 0.11564 0.13482 0.0666 

Rwp 0.023 0.02084 0.02205 

Figure 3-20: Rietveld refinements and difference curves of birnessites prepared with various stirring rates a) 
no stirring, b) slow stirring, and c) fast stirring. Diffraction patterns were collected by CoKα. 

a) b) 

c)
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3.3.8 Reagent Age 

In order to examine the effect of reagent age, the synthesis of BLMO was undertaken with 

both fresh stock solutions and solutions kept covered at 4 °C for two months. When analysing 

the diffraction patterns (Figure 3-21), it can be seen that the BLMO peaks remain similar 

between the two batches but there is an increased intensity of the hausmannite peaks when 

using the aged reagent, suggesting an increase in impurities. This is reflected in the cell 

parameters refined for both the fresh and aged samples (Table 3-13, Figure 3-22), which 

remain similar within errors. These results suggest that reagent age doesn’t does not affect 

the crystal structure of BLMO materials, but that it affects the synthesis of by-products. 

3.3.9 Reagent Concentration 

To investigate the subtle differences in BLMO crystal structures that could be due to the slight 

differences in concentration of the reactant solutions, BLMOs were prepared using stock 

solutions of KMnO4/NaOH and MnCl2 that were used in the concentrated and diluted forms 

(10% and 50%). It can be seen in the diffraction patterns (Figure 3-23) that there is some 

difference in the peak shapes and only minor differences in the hausmannite peaks shapes 

between the usual concentration and the 50% sample, whereas the 10% shows minimal 

BLMO features. The refined cell parameters for these samples (Table 3-14, Figure 3-24), show 

that the cell parameters transform from distorted unit cell values for the 10%, to only minorly 

distorted values in the 50% test, to the expected values for the concentrated values. 
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Figure 3-21: CoKα diffraction patterns collected for BLMO samples prepared with fresh and two-month aged 
stock solutions. Patterns are y-offset for clarity. 

 

  
Figure 3-22: Rietveld refinements and difference curves of birnessite prepared with a) fresh stock solutions 
and b) two-month-old stock solutions. Diffraction patterns were collected by CoKα. 

 

 

 

 

 

a) b) 
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Table 3-13: Rietveld refinement results for birnessite prepared with fresh and two-month-old stock solutions, 
shown are the final refined cell parameters, the R(F2)  and Rwp values. 

Fresh Reagent Old Reagent 

Space Group C -1 C -1 
Radiation Source Co Co 
Unit Cell 
a (Å) 5.152(14) 5.14(22) 
b (Å) 2.8454(23) 2.839(8) 
c (Å) 7.258(30) 7.29(5) 
α (°) 89.54(17) 90.7(5) 
β (°) 103.51(9) 103.42(14) 
γ (°) 89.69(5) 90.17(8) 

Vol (Å3) 103.45(8) 103.41(24) 

Refinement 
No. of Observations 2985 2060 
No. of Reflections 30 30 
Diffraction Range 
(°2θ) 

10 - 75 10 - 75 

R(F2) 0.16245 0.21048 

Rwp 0.0308 0.02079 

Figure 3-23: CoKα diffraction patterns collected for BLMO samples prepared using concentrated and diluted 
stock solutions. Patterns are y-offset for clarity.
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Table 3-14: Rietveld refinement results for BLMOs prepared with different stock concentrations, shown are 
the final refined cell parameters, the R(F2)  and Rwp values. 

10% Dilution 50% Dilution Concentrated 

Space Group C -1 C -1 C -1 

Radiation Source Co Co Co 

Unit Cell 

a (Å) 4.967(24) 5.02(7) 5.158(23) 

b (Å) 2.930(6) 2.912(25) 2.837(7) 

c (Å) 7.11(4) 7.21(18) 7.24(5) 

α (°) 91.26(17) 91.6(12) 90.5(3) 

β (°) 100.53(15) 100.1(5) 103.56(15) 

γ (°) 93(10) 90.68(19) 89.61(7) 

Vol (Å3) 101.55(18) 103.7(7) 102.98(23) 

Refinement 

No. of Observations 2985 2985 2985 

No. of Reflections 29 28 30 

Diffraction Range 
(°2θ) 

10 - 75 10 - 75 10 - 75 

R(F2) 0.4889 0.18111 0.10986 

Rwp 0.02483 0.02032 0.02946 

Figure 3-24: Rietveld refinements and difference curves of birnessites prepared with different concentrations 
of stock solutions a) 1 in 10 dilution,  b) 1 in 2 dilutions, and  c) concentrated stock solutions. Diffraction 
patterns were collected by CoKα. 

b) 

c) 

a)
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3.3.10 Synthesis NaOH Concentration 

As reagent concentration was determined to have a significant effect on the structure of 

BLMOs prepared by method C, an investigation was conducted into the effect of NaOH 

concentration independent of other reagents. We observed that a 25% reduction in the NaOH 

amount causes a significant decrease in the peak sharpness of the BLMO materials (Figure 

3-25) and continued to decrease as the amount was decreased. Rietveld Refinements (Figure

3-26, Table 3-15) show that the BLMO crystal structure becomes extremely distorted as the

NaOH concentration is decrease, which the 0 g NaOH material being unable to be refined. The 

9 g and 6 g materials contained an increased amount of hausmannite, and sodium chloride as 

by-products of the synthesis. These results suggest that for this synthesis method, NaOH plays 

an important role in the BLMO structure. 

3.3.11 Variability in BLMO parameters 

The large number of BLMO materials prepared and characterised in this work have shown the 

variability in BLMO structure, even when using the same synthesis method. Variation plots 

for many structural properties can be seen in Figure 3-27 and clearly show the variability 

present in synthetic BLMO materials. As the reactivity of BLMO is known to be dependent on 

its structure, the slight variability in structure imparted by the synthesis method could cause 

some variations in the materials reactivity. The effect of this structural variability on the 

reactivity of these materials is investigated in Chapter 4. 
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Figure 3-25: CoKα diffraction patterns of BLMOs prepared with varying sodium hydroxide content. 

 

Table 3-15: Rietveld refinement results for BLMOs prepared with different sodium hydroxide concentrations, 
shown are the final refined cell parameters, the R(F2)  and Rwp values. 

 3g 6g 9g 12g 

Space Group C -1 C -1 C -1 C -1 

Radiation Source Co Co Co Co 

Unit Cell     

a (Å) 4.855(22) 4.846(13) 6.52(27) 5.173(11) 

b (Å) 2.904(24) 3.276(11) 2.766(19) 2.8498(22) 

c (Å) 7.12(13) 7.008(10) 8.7(5) 7.291(22) 

α (°) 96.3(4) 88.84(21) 83.1(5) 90.44(14) 

β (°) 94.2(5) 90.23(17) 125.5(6) 103.44(7) 

γ (°) 90.41(17) 86.45(13) 93.6(4) 89.68(4) 

Vol (Å3) 99.4(5) 111.02(19) 127.3(5) 104.54(8) 

     

Refinement     

No. of Observations 2985 2985 2985 2985 

No. of Reflections 17 34 42 30 

Diffraction Range (°2θ) 10 - 75 10 - 75 10 - 75 10 - 75 

R(F2) 0.12644 0.12223 0.16092 0.12658 

Rwp 0.03009 0.02814 0.03377 0.02203 
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Figure 3-26: Rietveld refinements and difference curves of birnessites prepared with different amounts of 
sodium hydroxide a) 3 g, b) 6 g, c) 9 g, and d) 12 g. Diffraction patterns were collected by CoKα. 

a) 

d) 

c) 

b)
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a) b) 

d) c) 

e) f) 
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Figure 3-27: Scatter plots showing the variation in structural parameters refined for the BLMO materials 
synthesized in this chapter. The parameters shown here are a) average manganese oxidation state, b) 
Scheerer crystallite size, c) % birnessite phase present in the refinement, d) the a unit cell parameter, e) the b 
unit cell parameter, f) the c unit cell parameter, g) the α unit cell parameter, h) the β unite cell parameter, i) 
the γ unit cell parameter, j) the unit cell volume, and k) the average Mn-O bond length in the manganese oxide 
octahedra. 

 

 

g) h) 

i) j) 

k) 
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3.4 Conclusion 

The structure and morphology of synthetic BLMO is greatly dependent on the preparation 

method and post synthesis treatments. Furthermore, even when using the same synthesis 

method, batch to batch variations can be observed. Thus, careful characterization (SEM, XRD 

and Rietveld refinements) of synthetic BLMO is crucial to enable the comparison of any 

applications utilizing this material. We show that fit for purpose Rietveld refinements can be 

achieved for crystalline BLMO samples using Mo, Co and Cu x-ray sources, demonstrating that 

XRD data from more common x-ray sources such as Co and Cu can be used to provide useful 

structural information. Investigations into the effect of simple changes to the synthesis of 

BLMOs found that reagent concentration, stirring rate, and the length of aging time were 

factors that had a large effect on the resulting BLMOs crystallinity and purity. The optimal 

synthesis procedure for preparing well crystallized homogenous BLMO materials using an 

alkaline reduction of Mn7+ with Mn2+ involves the rapid stirring of highly concentrated 

reagents followed by an aging time of two days. These parameters could also influence the 

quality of BLMO materials prepared using other synthesis methods, but further investigation 

is needed. 

 

 

 

 

 

 

 

 



87 

 

Chapter 4 Reactivity of birnessite-like manganese oxide materials 

4.1 Introduction 

Layered manganese oxide materials such as birnessite (NaxMnO2.yH2O) and birnessite-like 

manganese oxides (BLMOs, AxMnO2.yH2O, where A is a cation other than Na+) have been 

reported to have a wide range of applications that range from the oxidation of organic 

molecules49, 53, 66, 73, 214, to their use in supercapacitors209, 215. A number of studies have 

reported the ability of BLMOs to oxidise dissolved metal species such as  

As3+ to As6+ 29, 80-81, 216-217, Au+ to Au3+ 82, Cr3+ to Cr6+  77, 218-219 and Co2+ to Co3+  220-222. In 2019, 

a study by Manning et al. 223 demonstrated that aqueous suspensions of BLMOs have the 

ability to oxidise silver nanoparticles from their elemental oxidation state of Ag to Ag+. 

Experimental conditions reported for the oxidation of metals by BLMO materials in aqueous 

conditions vary widely. Reactions have been undertaken using differing metal concentrations, 

pH’s, and in the presence or absence of NaCl (Table 4-1). To further complicate matters, 

researchers utilize different BLMO synthesis methods, resulting in different BLMO materials 

being used. These factors make it difficult to directly compare the reported reactivity of 

BLMOs towards metal oxidation.  
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Table 4-1: Summary of the experimental conditions used for the oxidation of metals by BLMO materials in 
literature. 

Study 
Element 
Oxidised 

Initial 
Concentration 
of Metal 

pH NaCl Birnessite/BLMO Utilised 

Gude et al.  2017216 As3+ 20 µg/L 7 N/A Birnessite, mixed MnO2 

Villalobos et al. 201429 As3+ 300 µM 4.5, 6 Yes 
Acid birnessite, 
triclinic birnessite 

Fischel et al.  2015217 As3+ 100 µM 
4.5, 
7.2, 9 

Yes 

Acid birnessite, random 
stacked birnessite, biogenic 
Mn-Oxide, hexagonal 
birnessite 

Lafferty et al.  201080 As3+ 100 µM 7.2 Yes Hexagonal birnessite 

Wang et al.  201381 As3+ 1 mg/L 6 No Unknown 

Ta et al.  201582 Au+ 1 mg/L 2 Yes Unknown 

Kim et al.  200277 Cr3+ 
200 µM, 400 
µM 

4, 7 KCl Natural birnessite 

Kong et al.  2019218 Cr3+ 1 mM 2-5 No Triclinic birnessite 

Landrot et al.  2012219 Cr3+ 50 mM 
2.5, 
3, 3.5 

KCl 
Acid birnessite, random 
stacked birnessite, 
amorphous birnessite 

Crowther et al.  1983220 Co2+ 0.01 M 
4,6,8,
10 

No Unknown 

Manceau et al.  1997221 Co2+ unknown 4 No unknown 

Simanova et al.  2015222 Co2+ unknown 6.5 Yes Hexagonal 

Manning et al.  2019223 Ag(0) 15 mg/L 
Unkn
own 

No Acid birnessite 

 

These differing reaction conditions are likely to influence the reaction mechanism and 

kinetics. Two mechanisms of metal oxidation have been reported in the literature. The 

oxidations of As3+, Cr3+, and Ag(0) were reported to occur via the direct redox reaction 

between the manganese dioxide material and the metal (Equation 4-1, Equation 4-2,  

Equation 4-3). In contrast, the oxidation of Au+ was not observed in the absence of acid and 

sodium chloride. Here, the oxidation of Au+ was hypothesized to occur via a two-step 

mechanism82, where the first step involved the generation of aqueous Cl2, due to the reaction 

of manganese oxides with acid in a sodium chloride solution (Equation 4-4)84-85. The second 

step via the well-researched oxidation of gold by chlorine (Equation 4-5)138, 140, 142, 145.  
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Equation 4-1 MnO2 + H3AsO3 + H+ → Mn2+ + H2AsO4 
- + H2O

Equation 4-2 CrOH2+ + 1.5MnO2 → HCrO4
-  + 1.5Mn2+

Equation 4-3 MnO2 + 2Ag + 4H+ → Mn2+ + 2Ag+ + 2H2O

Equation 4-4 4HCl + MnO2 ⇌ MnCl2 + 2H2O + Cl2 

Equation 4-5 Au + 1.5Cl2 + Cl- ⇌ AuCl4
-

Chapter 3 shows that the structure, crystallite size, and purity of synthetic BLMOs are highly 

variable, even when prepared using the same conditions. This variability has the potential to 

have significant impacts on their resulting applications in catalysis, oxidation and 

environmental remediation. Indeed, Sabri et al. 23 showed that the structural topology and 

layer stacking disorder can be critical factors that affect the reactivity of the synthesized 

material. Their research indicated that disordered BLMOs were better oxidants. This is in 

contrast with the results of using BLMOs for metal oxidation, by Landrot et al.219 and Fischel 

et al.217 , who found that the more ordered acid BLMO materials oxidized more Cr3+ and As3+ 

than the disordered BLMO tested. This suggests that other factors control the ability of 

BLMOs to oxidise metals. 

This chapter examines factors influencing the ability of BLMO’s to oxidise vanadium (0) in 

acidic saline solutions. Our results indicate that hexagonal BLMOs are more suitable for the 

oxidation of vanadium and that the reactivity of triclinic BLMOs are extremely variable. We 

explore the underlying causes of this variability.  
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4.2 Materials and Methods 

4.2.1 Reaction Conditions 

Preliminary Gold Oxidations: Pilot Au oxidation was conducted in duplicate in an acidic saline 

solution (pH 2, 0.001 M NaCl), where 216 mg of BLMO synthesised by method C and 20 mg of 

Au powder (3.0-3.5 µm, Alfa Aesar, USA) were combined and kept constant at 20 °C and 180 

rpm in an orbital incubator (Labec Shaking Incubator, Australia). Samples were taken for ICP-

MS analysis as described in section 2.7.2 after seven days. Preliminary PhD Au oxidations were 

conducted in duplicate in an acidic saline solution (pH 2, 0.05 M NaCl), where 216 mg of BLMO 

synthesised by method C and 20 mg of Au powder (3.0-3.5 µm, Alfa Aesar, USA) were 

combined and kept constant at 25 °C and 120 rpm in a different orbital incubator (OM15, 

Ratek, Australia). Samples were taken for ICP-MS analysis as described in section 2.7.2 after 

seven days.  

Incubator Rotational Speed: The effect of rotational speed was investigated in triplicate in an 

acidic saline solution (pH 2, 0.05 M NaCl), where 200 mg of BLMO synthesised by method C 

and 20 mg of V powder (Hopkins & Williams Limited, Wales) were combined and kept 

constant at 25 °C in an orbital incubator (MaxQ6000, Thermo Scientific, USA). The rotational 

speed of the orbital incubator was varied to values of 0, 50, 100, 150 and 200 rpm. Samples 

were taken for ICP-MS analysis as described in section 2.7.1 after three days. 

BLMO Aggregate Particle size: BLMO aggregate particle size was investigated in triplicate in 

an acidic saline solution (pH 2, 0.05 M NaCl), where 200 mg of BLMO synthesised by method 

C and 20 mg of V powder (Hopkins & Williams Limited, Wales) were combined and kept 

constant at 25 °C  and 150 rpm in an orbital incubator (MaxQ6000, Thermo Scientific, USA). 

Various aggregate size ranges were created using a mortar and pestle and separated using 

sieves, the ranges investigated were <125 µm, 125 µm-250 µm, 250 µm-500 µm, >1 mm, and 
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single grain particles. Samples were taken for ICP-MS analysis as described in section 2.7.1 

after four days. 

4.2.2 BLMO Reactivity Experiments 

Synthesis Methods: These oxidation experiments were conducted according to the method 

outlined in section 2.6 utilising V powder (Hopkins & Williams Limited, Wales). The BLMO 

samples investigated in this section were the samples presented and characterised in section 

3.3.1. These samples were allowed to react for four days before taken for analysis via ICP-MS 

using the methodology described in section 2.7.1. 

Effect of crystallinity: These oxidation experiments were conducted according to the method 

outlined in section 2.6 utilising V powder (Hopkins & Williams Limited, Wales). The BLMO 

samples investigated in this section were the samples presented and characterised in section 

3.3.3. These samples were allowed to react for three days before taken for analysis via ICP-

MS using the methodology described in section 2.7.1. 

Effect of Interlayer Cation: These oxidation experiments were conducted according to the 

method outlined in section 2.6 utilising V powder (Hopkins & Williams Limited, Wales). The 

BLMO samples investigated in this section were the samples presented and characterised in 

section 3.3.4.  These samples were allowed to react for three days and after the reaction time 

elapsed the solutions were analysed via ICP-MS using the methodology described in section 

2.7.1. 

Synthesis Reproducibility: These oxidation experiments were conducted according to the 

method outlined in section 2.6 utilising V powder (Hopkins & Williams Limited, Wales). The 

BLMO samples investigated in this section were the samples presented and characterised in 

section 3.3.5. These samples were allowed to react for three days before taken for analysis 

via ICP-MS using the methodology described in section 2.7.1. 
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Effect of Static Aging: These oxidation experiments were conducted according to the method 

outlined in section 2.6 utilising V powder (Hopkins & Williams Limited, Wales). The BLMO 

samples investigated in this section were the samples presented and characterised in section 

3.3.6. These samples were allowed to react for three days before taken for analysis via ICP-

MS using the methodology described in section 2.7.1. 

4.2.3 Effect of Reaction Solution on BLMO Structure 

A large batch of BLMO synthesised by method C was split into four sub samples consisting of 

4.8 g of BLMO and then exposed to four different pre-treatments. One was soaked in milli Q 

water (200 mL) for 4 hours, one was soaked in a KCl solution (1 M, 200 mL) for 4 hours, the 

third was soaked in a NaCl solution (1 M, 200 mL) for 4 hours and the final subsample was left 

untreated. Further subsamples of these four BLMO materials (200 mg) were then exposed to 

stirring acidic saline solutions (pH 2, 0.05 M NaCl) for different amounts of time 0.25, 0.5, 1, 

2, 4, 24, 48, and 72 hours. After the exposure the BLMO powders were collected via filtration, 

dried at room temperature and then analysed via XRD utilising a Co source as outlined in 

section 2.1. 

4.3 Results and Discussion 

4.3.1 Reaction Conditions 

A pilot study conducted using BLMO and acidic saline solutions showed that this reaction 

system was able to oxidised Au(0) to Au(III) and determined that pH and NaCl concentration 

are factors that affect the amount of gold dissolved by BLMO materials83. Where a higher NaCl 

concentration and lower pH results in more gold dissolved. Preliminary PhD oxidation 

experiments showed that there was a decrease in the amount of gold dissolved using the 

same BLMO (Figure 4-1), which was unexpected due to the increased salt concentration used, 

which should have resulted in an increase in the levels of dissolved Au.  
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Figure 4-1: Three individual trials attempting to use BLMO material to oxidise gold powder. Error bars 
represent one standard deviation n=2. 

This variation in dissolution suggest that there are some unknown factors beyond NaCl 

concentration and pH that affects the oxidation of metals by BLMOs. Therefore, new factors 

were tested to determine their effect on the reactivity of BLMO materials using the oxidation 

of vanadium powder instead of gold powder due to the expense. The two factors tested were 

rotational speed due to the observed differences in incubator rotation speed and aggregate 

particle size. For these experiments the salt concentration, pH, mass of V and mass of BLMO 

were kept constant at 0.05 M, pH 2, 20 mg V and 200 mg BLMO in 100 mL of MilliQ water. 

Rotational speed was varied from 0-200 rpm and the concentration of oxidised V was 

determined after three days via ICP-MS. Upon completion of the reaction time, it was seen 

that the previously colourless solutions had become yellow, which indicates the presence of 

V5+ in solution. It was observed that the amount of V oxidised was consistent within errors at 

59 ppm until the speed was increased to 150 rpm (Figure 4-2), where the amount of V in 

solution increased to 94 ppm. This shows that agitation increases the rate of reaction by 

increasing the interaction of reactants because of collision theory and mass transfer between 
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solid and liquid interfaces. It also shows that it there is a range of rotational speeds (0-100 

rpm) where the addition of agitation does not improve the effect of natural diffusion forces 

on metal dissolution. 

 
Figure 4-2: Effect of rotational speed on the amount of vanadium dissolved by a BLMO material. Error bars 
represent one standard deviation n=3. 

 

Due to surface area to volume ratios affecting the rate of reaction for reactions occurring in 

a solid-liquid interface, BLMO aggregate size was also investigated in the same manner as 

above. A distribution of physical aggregates of dried BLMO material was achieved by manually 

grinding and sieving the dried BLMO into different size ranges. It was observed that as the 

BLMO size decreased from a single grain to a fine powder of <125 µm, the amount of V 

increased from 27 ppm to 112 ppm (Figure 4-3), this equates to 12-51% of the original V 

present. This shows that control of the aggregate size and rotational speed needs to be 

implemented to ensure accurate comparisons can be made between different BLMO 

materials in further studies. The standard conditions used for the reactivity tests in the rest 
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of this chapter were pH 2 (HCl), 0.05 M NaCl, 150 rpm, an aggregate particle size of <125 µm, 

25 °C, 200 mg BLMO, 20 mg vanadium powder and a final volume of 100 mL.  

 
Figure 4-3: Effect of BLMO aggregate size on the amount of vanadium dissolved by a BLMO material. Error 
bars represent one standard deviation n=3. 

4.3.2 Effect of Structural Order on Reactivity 

Six BLMOs with different unit cell structures were synthesized using six different literature 

methods. BLMO’s prepared by Methods A, B, C, and C-M were all from the reduction of Mn7+, 

whilst Methods D and D-M were prepared by oxidation of Mn2+. All six BLMOs were shown 

by XRD with Rietveld refinement in Chapter 3 to be triclinic BLMOs, with varying levels of 

structural order (Table 4-2). The structural order of the BLMOs was assigned by determining 

the full width at half maximum (FWHM) of the 001 diffraction peak, where sharper peaks give 

smaller FWHM values. The FWHM values for each set of BLMO materials were then compared 

and ranked based on the sharpness of the peaks, giving an order value for each BLMO. The 

six BLMOs and powdered V(0) were placed in an acidic saline solution and allowed to react at 

25 °C, with agitation (150 rpm) for 3-4 days. The resulting mixture was then filtered and the 
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concentration of dissolved V in the filtrate was determined using ICP-MS. As shown in Figure 

4-4, the amount of V oxidized by the system ranged from 0.018 mgV/mgBLMO to 0.082 

mgV/mgBLMO. This equates to 19 to 81% of the original V metal being oxidized, which are 

significantly higher than the 5% oxidized by the acidic saline control after seven days. These 

results show the increased oxidation action of BLMO materials for V oxidation in acidic saline 

solutions. 

Table 4-2: FWHM for the primary XRD peak and corresponding assigned structural ordering values for the 
different BLMO synthesis methods. 

BLMO Name FWHM Primary 
XRD Peak 

Structural 
Order Value 

Method A 1.164 6 

Method B 0.679 5 

Method C 0.311 3 
Method C-M 0.302 1 

Method D 0.307 2 

Method D-M 0.539 4 

 
It is clear from these results that the synthesis method can have a large impact on the BLMO 

activity. It was thought that this may be related to variation in structural order within the 

BLMOs. Under the conditions used, there was no correlation between level of structural order 

and BLMO reactivity towards V oxidation (Figure 4-5). Method D and D-M produced ordered 

and slightly disordered triclinic birnessites, respectively. These were observed to yield the 

highest concentrations of V under the conditions used. The BLMO formed using the HCl and 

MnCl2.4H20 methods (methods B and C respectively) produced a disordered triclinic and an 

ordered triclinic birnessite respectively but were found to have similar reactivity (Figure 4-4). 

The most ordered birnessite (Method C-M) was found to oxidize less vanadium than the other 

ordered structures (B, C and D). This suggests a more compact and ordered crystal structure 

reduces the reactivity of BLMOs. The lactate synthesis method (method A) produced a 

disordered triclinic (almost amorphous) material, which was found to have the lowest 
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reactivity towards the oxidation of vanadium. These results show that the synthesis methods 

used to prepare BLMOs can influence the final reactivity of the materials.  

 
Figure 4-4: Vanadium dissolution achieved by six synthetic BLMOs prepared via six literature methods. Error 
bars represent one standard deviation n=3. 

 
Figure 4-5: Structural order plots comparing the amount of vanadium oxidised and the FWHM of six BLMO 
materials prepared by different synthesis methods. Error bars represent one standard deviation n=3. 
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The characterisation work in Chapter 3 showed that not only can the fine structure of BLMOs 

can vary between synthesis methods, it can also vary between synthetic replicates prepared 

using the same methodology. In order to see if this structural variability influenced the 

reaction with V, six replicate BLMOs were prepared using the alkaline synthesis (Method C) 

and subjected to reaction with V as described earlier. These six materials were all determined 

to be triclinic BLMOs with varying levels of impurities and structural order (Table 4-3). The 

average amount of vanadium oxidized by these six BLMOs is 0.049±0.15 mgV/mgBLMO 

(Figure 4-6), which is on average 49% of the original material, and is consistent with the results 

found when comparing methods (presented in Figure 4-4). However, the BLMO materials 

reactivity towards V was highly variable (ranges from 0.032 mgV/mgBLMO to 0.074 

mgV/mgBLMO, this corresponds to 31% to 84% of the initial metal to be oxidized) and no 

correlation between structural order and reactivity was observed (Figure 4-7).   

 

Table 4-3: FWHM for the primary XRD peak and corresponding assigned structural ordering values for the 
synthesis replicates of method C. 

BLMO Name FWHM Primary 
XRD Peak 

Structural Order 
Value 

Batch 1 0.526 3 

Batch 2 0.56 4 

Batch 3 0.585 5 

Batch 4 0.894 6 
Batch 5 0.507 2 

Batch 6 0.505 1 
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Figure 4-6: Vanadium oxidation reproducibility study using replicate BLMO samples synthesised by method C. 
Error bars represent one standard deviation n=3.  

 

 
Figure 4-7: Structural order plots comparing the amount of vanadium oxidised and the FWHM of six replicate 
BLMO materials prepared by method C. Error bars represent one standard deviation n=3. 
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Two studies were undertaken to further confirm that structural order of triclinic BLMOs does 

not influence their reactivity towards the oxidation of V. Firstly, the altering the static aging 

time of the reaction mixture was varied from 0-7 days to improve structural order. Here 

subsamples of the reaction mixture were taken at various times across the 7-day period and 

worked up to collect the BLMO. Secondly, a batch of BLMO was subjected to post-synthesis 

treatments with a KCl solution. Increasing the static aging time did not change the triclinic 

base structure, however, the structural order varied with time (Table 4-4). These BLMOs were 

reacted with V in the same manner as before and, as with previous experiments, there was 

no correlation between the reactivity and changes in structural order (Figure 4-8). The 

amount of V oxidized ranged from 0.045 mgV/mgBLMO to 0.063 mgV/mgBLMO, which 

corresponds to oxidizing 41-45% of the original V material (Figure 4-9). Similarly, post 

synthesis treatment with 1 M KCl over time resulted in triclinic BLMOs with improved 

structural order (Table 4-5). Once again, when these samples were reacted with V, it was 

found that there was variation in the amount of vanadium dissolved (Figure 4-10), with values 

ranging from 0.037 mgV/mgBLMO to 0.057 mgV/mgBLMO. These results did not correlate 

with structural order (Figure 4-11). These results comprehensively confirm that the structural 

order of BLMO materials is not driving the observed variation in the amount of V oxidized. 

Therefore, some other variable is driving the variation. 

Table 4-4: FWHM for the primary XRD peak and corresponding assigned structural ordering values for the 
alteration of the static aging time. 

BLMO Name FWHM Primary 
XRD Peak 

Structural Order 
Value 

0 Days 0.653 5 

1 Day 0.592 4 

2 Days 0.413 1 

5 Days 0.501 2 

7 Days 0.523 3 
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Figure 4-8: Structural order plots comparing the amount of vanadium oxidised and the FWHM of the BLMO 
materials modified by different static aging times. Error bars represent one standard deviation n=3. 

 

 
Figure 4-9: Effect of BLMO age time in synthesis solution on the oxidation of vanadium powder. Error bars 
represent one standard deviation n=3. 
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Table 4-5: FWHM for the primary XRD peak and corresponding assigned structural ordering values for the post 
synthesis treatment with KCl. 

BLMO Name FWHM Primary 
XRD Peak 

Structural Order 
Value 

Unwashed 0.519 7 

H2O Treated 0.492 6 
1hr KCl Treatment 0.285 1 

2 Hr KCl Treatment 0.3 2 

5 hr KCl Treatment 0.334 4 

8 hr KCl Treatment 0.346 5 
24hr KCl Treatment 0.317 3 

Figure 4-10: Effect of BLMO crystallinity on the oxidation of vanadium powder. Error bars represent one 
standard deviation n=3. 
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Figure 4-11: Structural order plots comparing the amount of vanadium oxidised and the FWHM of the BLMO 
materials modified by different KCl treatment times. Error bars represent one standard deviation n=3. 

4.3.3 Finding a correlation between BLMO structure and vanadium oxidation 

A larger study was undertaken to investigate the underlying reason/s behind the variation in 

the amount of V oxidised by triclinic BLMO materials. Thirty-five BLMO materials were 

prepared and reacted with powdered V(0) as described earlier (Figure 4-12). Two sets of 

results are presented, one where the reaction with V was allowed to proceed for three days, 

and another set where the reaction was allowed to proceed for four days. These have been 

identified in the Figure 4-12. As shown, the amount of V oxidized by the system ranged 

somewhat from 0.018 mgV/mgBLMO to 0.082 mgV/mgBLMO. The measured levels of V were 

consistent across both days, indicating that the reaction may be mostly complete within three 

days. When looking at the entire dataset, the five samples that generated the most V in 

solution were split between different reaction times (two for 3 days and three for 4 days) 

Similarly, the samples that oxidized the least V were spread across both reaction times. This 

indicates that the BLMO is more important than reaction time under the conditions studied.  
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Figure 4-12: Plot showing the variation in reactivity of 35 BLMO materials and errors bars are a standard 
deviation of 3 oxidation replicates. 

 

XRD analysis with Rietveld refinement showed that three of the BLMO materials tested have 

a hexagonal structure and the remaining thirty-two have triclinic structures. When comparing 

the reactivity of the structure types (Figure 4-12), it can be seen that two of the most reactive 

samples are hexagonal, and three are triclinic. Neither form of BLMO is substantially more 

reactive than the other. The limited data set may suggest that the hexagonal form results in 

higher yields of oxidized V and lower variability with replicates (Figure 4-13), but further 

analysis of additional hexagonal BLMO would be required to substantiate this. 
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Figure 4-13: Variance plots produced for hexagonal and triclinic BLMOs using all oxidation experiment 
replicates. 

Detailed structural information for the BLMO samples was obtained by XRD and Rietveld 

refinement and compared with the reactivity towards V.  Physical and chemical parameters 

were plotted against reactivity for vanadium oxidation to determine if there were any 

correlations that could assist in explaining the variability (Figure 4-14). Eight parameters 

describing the unit cell (the lengths and angles of the unit cell, volume and average Mn-O 

octahedral bond length) are compared with the V reactivity in Figure 4-14a-h. Visual 

inspection of these plots shows no observed trend, which further confirms that the variability 

in the fine structure of the BLMO materials is not the driving force for the variability. The 

average manganese oxidation state, crystallite size and weight percentage of birnessite seen 

in Figure 4-14i-k, and were also found to not have a correlation with the reactivity variability 

of triclinic birnessite. 
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Figure 4-14: Correlation plots comparing the amount of vanadium dissolved to various structural and chemical 
properties, with samples reacted for 4 days in red and samples reacted for 3 days in black. a) a, b) b, c) c, d) 
α, e) β, f) γ, g) volume, h) average Mn-O bond length, i) average manganese oxidation state, j) scheerer 
crystallite size, and k) weight percentage of birnessite phase 

 

A remaining avenue of investigation is the potential difference in interlayer cation within the 

BLMO structure. The amount of Na+ and/or K+ (or other cations) within the triclinic crystal 

lattice may vary depending on the synthesis method, crystallization conditions and the 

reagents used. True hexagonal BLMOs lack an interlayer cation, and would not be influenced 

by this, but any triclinic impurities in the hexagonal material would also likely have variable 

cation levels. In addition to this, acidic solutions are known to cause the conversion of triclinic 

BLMOs into hexagonal BLMOs33. As our reaction system uses an acidic solution (pH 2) this 

may also play a role. Figure 4-13 indicates that the hexagonal birnessites were more reactive 

(and somewhat less variable) than the triclinic BLMOs, suggesting that the interlayer cation 

may be playing a role in driving the reaction. It has been reported that some cations (e.g. Cu2+, 

i) j) 

k) 
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Mg2+, and Ca2+) are known to have a stabilizing effect on layered BLMO structure224. Thus, it 

was hypothesized that the interlayer cation was influencing the conversion of triclinic BLMOs 

into hexagonal BLMOs, and thus causing the variability in the reactivity of the BLMOs towards 

V. 

In order to test this, three BLMOs were prepared from the same batch of starting material, 

with differing post synthesis treatments alongside an untreated control. One mixed Na/K-

BLMOs, one Na-BLMO and one K-BLMO were all prepared by post synthesis cation exchange. 

Subsamples of these four BLMO materials were then exposed to an acidic saline solution (pH 

2, 0.05 M NaCl) and allowed to react for different time intervals. The remaining BLMO was 

subsequently collected. XRD analysis of the BLMO materials show that the triclinic starting 

materials convert to hexagonal BLMOs over time. The peak position of the 002 diffraction 

peak for layered BLMO on a Co source shifts from ~29.5 °2θ for triclinic to ~28.5 °2θ for 

hexagonal. The untreated triclinic and sodium treated BLMO materials converted to 

hexagonal peak positions after 2 hours and remained constant throughout the rest of the 

time points (Figure 4-15 and Figure 4-16). Whereas the water treated BLMO (Figure 4-17) also 

took two hours to completely convert, but a shift was observed towards higher °2θ values 

over the course of the study. The potassium treated BLMO (Figure 4-18) took the longest to 

convert to hexagonal with a conversion time of 4 hours and a more pronounced shift to higher 

°2θ values was observed. Differences in the time taken to convert and the presence of further 

shifting in two samples can be explained by the different rates of cation exchange (Na+/K+ for 

H+). Lopano et al.210 observed that during cation exchange, the internal cation undergoes 

atomic repositioning withing the interlayer space and is followed by small adjustments to the 

atomic position upon completion of the exchange. These adjustments can cause a slight 

relaxation of the structure achieved through contractions that cause a small shift to higher 
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°2θ values. The results of these experiments show that K+ ions increase the time required to 

convert to hexagonal BLMO and that the structure undergoes structural relaxation 

afterwards. This suggests that potassium cations could have a stabilising effect on the 

conversion of triclinic BLMOs to hexagonal BLMOs and subsequently could affect their ability 

to oxidise vanadium. 

 
Figure 4-15: CoKα diffraction patterns of the untreated BLMOs exposed to pH 2 0.05M NaCl solution for 
various time intervals, showing 26-32 °2θ. 
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Figure 4-16: CoKα diffraction patterns of the Na treated BLMOs exposed to an acidic saline solution for various 
time intervals, showing 26-32 °2θ. 

 
Figure 4-17: CoKα diffraction patterns of the water treated BLMOs exposed to an acidic saline solution for 
various time intervals, showing 26-32 °2θ. 
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Figure 4-18: CoKα diffraction patterns of the K treated BLMOs exposed to an acidic saline solution for various 
time intervals, showing 26-32 °2θ. 

4.3.4 Confirming the role of potassium 

To further investigate the effect of potassium in the BLMO structure on the reactivity, Raman 

spectra were collected for six BLMO materials and two Raman spectra for standards of Na-

BLMO and K-BLMO (Figure 4-19). Raman spectroscopy has been found to distinguish between 

K-BLMO and Na-BLMO due to different Raman shifts at 97 cm-1 and 150 cm-1 for K-BLMO and 

132 cm-1 for Na-BLMO. Two of the BLMOs tested (Figure 4-19-KBr and 1hr KCl) were found to 

be purely K-BLMO, whereas three of the samples tested were either purely Na-BLMO (Figure 

4-19-NaCl), contained a mixture of Na and K-BLMO (Figure 4-19-24hr KCl and KCl) or in the 

case of Li-BLMO had Na like peak positions. When comparing these cation data with the 

reactivity data collected for these materials (Figure 4-20) we see that the two that contain 

only potassium are lower, and the samples that contain sodium cluster in a wide range that 

is distinct from the potassium samples. These results further indicate that K+ interlayer cations 
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have a stabilization effect on the conversion to hexagonal BLMOs and reduce the reactivity 

towards V under the conditions studied. 

 
Figure 4-19: Raman spectra of standards of Na-BLMO, K-BLMO  and six BLMO materials. 

 
Figure 4-20: Comparison plot showing the reactivity of six BLMO materials separated by the presence of 
sodium in the crystal structure determined by Raman spectroscopy. Error bars represent one standard 
deviation n=3. 
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Lopano et al.225, reported that the exchange rates for converting Na-BLMO to K-BLMO, Ba-

BLMO and Ca-BLMO were explained by the enthalpies of hydration. The greater negative 

value for enthalpy of hydration of the cations increases the affinity of the hydrated cation to 

remain in the aqueous solution (instead of losing their hydration water to fit into the 

interlayer space of BLMOs), thus slowing the exchange. Thus, the reactivity of triclinic BLMOs 

for the oxidation of vanadium metal under the conditions studied, is likely to be dependent 

on the cation in solution and its enthalpy of hydration. This, in turn, effects the rate that the 

triclinic form loses its cation and converts to the more reactive hexagonal form. 

4.3.5 Effect of Interlayer Cation  

To confirm the effect of interlayer cation on the ability of BLMO materials to oxidize 

vanadium, several different cation BLMOs were prepared by post synthesis treatments with 

various cation salt solutions. The BLMOs prepared were: H-BLMO, Li-BLMO, Na-BLMO, K-

BLMO, Mg-BLMO and Ca-BLMO. These materials were reacted with V as described earlier and 

were observed to oxidize various amounts of V (Figure 4-21), with the values ranging from 

0.039 mgV/mgBLMO to 0.069 mgV/mgBLMO (39 to 70% of the original amount of V). The 

BLMO modified with H+ was determined to have hexagonal BLMO structure and was found 

to oxidize the most V. The remaining materials were determined to have triclinic BLMO 

structures and were lower in reactivity. The K-BLMO exchanged using KBr was found to 

dissolve the least V, while the other samples were all statistically similar with Ca-BLMO and 

Mg-BLMO dissolving more V. The reactivity of the different cation triclinic BLMO materials 

follow the inverse trend observed in the enthalpy of hydrations, Mg2+< Ca2+< Li+< Na+< K+ 226. 

These results support the hypothesis that the interlayer cation is the main driving force 

behind the variation in the reactivity of triclinic BLMOs observed in this paper.  To further 
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confirm the stabilization effect of K+, a sample of H+ treated BLMO was treated with 1 M KCl, 

and subsequently reacted with V(0). The reincorporation of K+ into the structure resulted in a 

decrease in the amount of V dissolved (red-Figure 9), providing further evidence to the 

stabilizing effect of K+. 

 
Figure 4-21: Effect of the interlayer cation present in BLMO materials on the oxidation of vanadium powder. 
Error bars represent one standard deviation n=3. 

4.3.6 Changes to BLMO material 

Research by other groups has modified the structure and composition of BLMO materials by 

doping other transition metals such as Al47, Ni47, 227, Fe228, Co47, 227 and V206, 227 into the BLMO 

structure in place of both interlayer cations227-228 and Mn in the octahedral layer47, 227-228. This 

raises the question of whether the oxidised vanadium produced during the reactions studied 

here is being incorporated into the BLMO structure. To test this, BLMO material was collected 

via filtration after undergoing reaction with V(0), and subsequently analysed via XRD. The 

resulting pattern was then compared to the XRD patterns of the original BLMO and a BLMO 

material that was exposed to an acidic saline solution for the same amount of time (Figure 
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4-22). As shown, the BLMO begins as triclinic (Figure 4-22a). Once exposed to the solutions, 

both are converted to hexagonal BLMO. However, the two first diffraction peaks for the BLMO 

from the solution containing V were shifted to smaller d-spacings when compared to the 

BLMO from the acidic saline solution. These two peaks are indicative of the interlayer spacing, 

and suggest that the material exposed to the V(0) reaction has a slightly smaller interlayer 

space than the material exposed to just acidic saline solution.  This observation is supported 

by the subsequent Rietveld refinements conducted on these diffraction patterns (Figure 4-23 

and Table 4-6), where it was seen that the c parameter is smaller for the BLMO from V(0) 

oxidation test (7.1604 Å) than the BLMO exposed to acidic saline without V(0) (7.2616 Å). This 

is consistent with results of Yin et al.206 who observed that doping hexagonal BLMO with V 

results in a shift in the XRD pattern to smaller d spacing values. They also showed that as the 

concentration of V incorporated into the material increases, it was found the XRD peaks begin 

to broaden and collapse. This could be due to the incorporation of V into the interlayer space 

reducing the packing order of the layers. Previously in 2015, Liu et al.229 suggested that the V 

doped into the crystal structure not only replaced some Mn4+, but also replaced K+ as the 

interlayer cation. However, a recent paper in 2020 by the same authors suggests that the V is 

present on the edges of the layer structure instead but make no mention of why they changed 

their theory227. The compacting of the interlayer space observed with the V exposed BLMO, 

is likely due to the incorporation of V cations into the interlayer space, due to a lack of a 

change in the other cell parameters observed in the Rietveld refinements. 

SEM showed that the morphology of the BLMO material from the vanadium test was found 

to have changed from the micaceous sheets observed previously to thinner and more flaky 

material (Figure 4-24), however, there was observed to be two morphologies present, one 

that was more flaky (Figure 4-24a) and one that was more aggregated compared to the 
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starting material (Figure 4-24b). The presence of a flakier BLMO after V treatment was 

consistent with the acid saline treated BLMO, however there was no evidence of a clumpy 

BLMO in the acid saline treatment. EDXS analysis on these two morphologies show a 

difference in the amount of vanadium present, with the flaky material containing slightly less 

V (Figure 4-25) than the other (Figure 4-26). The small amount of V found in the EDXS, 

combined with the minimal peak collapsing of the BLMO material in the XRD, suggests that 

only a small amount of V has been incorporated into the structure. Vacancies in the BLMO 

starting crystal structure could affect levels of V uptake into BLMO, however, it is unlikely that 

this level of V would significantly influence the ability of the material to oxidise V. Prior work 

has shown that V doping was found to have minimal effect on the ability of BLMO materials 

to oxidise Cr3+ to Cr6+ 227. Thus, the differences observed between the different BLMO 

oxidation experiments should not be due to differences in the incorporation of V. 

Figure 4-22: CoKα diffraction patterns of BLMO materials, a) BLMO material before exposure, b) BLMO 
material after utilisation of V(0) oxidation for 3 days, and c) BLMO material after exposure in acidic saline 
solution without V(0) for 3 days. 
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Figure 4-23: Rietveld refinement and difference plots for the BLMOs formed after exposure to different 
reaction solutions a) acidic saline solution without V(0) for 3 days , b) an acidic saline reaction solution utilised 
for the oxidation of V(0) . The refinements were conducted on diffraction patterns collected via CoKα. 

 

Table 4-6: Rietveld refinement results for different cation treatments, shown are the final refined cell 
parameters, the R(F2) and Rwp values. 

 

3 Days  
acidic saline 

3 Days  
reaction solution 

Space Group P -3 P -3 

Radiation Source Co Co 

Unit Cell   

a (Å) 2.8375(10) 2.8392(8) 

b (Å) 2.8375(10) 2.8392(8) 

c (Å) 7.2616(6) 7.1604(15) 

α (°) 90 90 

β (°) 90 90 

γ (°) 120 120 

Vol (Å3) 50.632(22) 49.989(18) 

 
  

Refinement   

No. of Observations 2985 2985 

No. of Reflections 11 11 

Diffraction Range (°2θ) 10 - 75 10 - 75 

R(F2) 0.29339 0.20254 

Rwp 
0.03005 0.02316 

 

a) b) 
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Figure 4-24: SEM image of the BLMO material after utilisation for the oxidation of V(0), showing two different 
morphologies and the locations analysed via EDXS. 

 
Figure 4-25: EDXS spectra of the left hand EDXS spot on Figure 4-24 of the BLMO material utilised to oxidise 
V(0), showing the presence of V and Mn present in the BLMO. 

 
Figure 4-26: EDXS spectra of the right hand EDXS spot on Figure 4-24 of the BLMO material utilised to oxidise 
V(0), showing the presence of V and Mn present in the BLMO. 

A

B
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4.3.7 Long term reaction 

A series of vanadium oxidation reactions were allowed to proceed at room temperature for a 

period of at least three months.  After that time, red spindle like crystals had begun to form 

(Figure 4-27). The crystals were collected, dried and analysed via XRD (Figure 4-28), and were 

determined to be the manganese vanadate mineral ansermetite (MnV2O6·4H2O)230 (Figure 

4-29). This is consistent with the laboratory synthesis of ansermetite which typically involves 

the combination of Mn2+ and V5+ solutions. However in these cases, the reactions are usually 

undertaken using forcing conditions such as high pressure and high temperatures231-232 and 

microwave radiation233. Alternately ansermetite can be synthesised by solid-state metathesis 

reactions using milling234-235. The formation of ansermetite in these reaction solutions could 

be occurring via two pathways, i) the incorporation of V into the vacancies formed in the 

octahedral layer as the mineral oxidises V and a subsequent rearrangement once the layer is 

sufficiently exchanged, or ii) the generated Mn2+ and V5+ slowly coprecipitate over time under 

the conditions of the reaction solution. This gentle method for the formation of these crystals 

could give insight into how manganese vanadate minerals form in the environment. 

 

  
Figure 4-27: a) spindle clusters of red crystals found in the resulting reaction solution after storage for several 
months, b) multiple small crystals forming.  

a) b) 
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Figure 4-28: CoKα diffraction patterns of the red crystals found in the reaction solution after several months 
and the starting BLMO material for comparison 

Figure 4-29: Crystal structure of ansermetite, a manganese vanadate mineral, structure created using 
CrystalMaker and the structure file provided with Brugger et al.230. 
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4.4 Conclusion 

In this chapter we have shown that synthesis method has a significant impact on the reactivity 

of BLMO materials and that the structural order does not drive the reactivity of the materials 

towards the oxidation of V(0). During the course of this study we observed that hexagonal 

BLMOs are the more reactive form of BLMOs for the oxidation of vanadium and that the 

reactivity of triclinic BLMO is extremely variable. This variability is not dependent on the unit 

cell structure and average manganese oxidation state. The triclinic BLMO variability can be 

best explained best by the interlayer cation present and its ability to be removed from the 

interlayer space during the conversion of triclinic to hexagonal BLMO that occurs in this 

reaction system. It was found that some of the oxidised vanadium is incorporated into the 

BLMO structures and that over time, the reaction solutions allow for the formation of the 

manganese vanadate mineral ansermetite. 
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Chapter 5 Tunnel Structured Manganese Oxide Materials 

5.1 Introduction 

Layered manganese oxides are not the only form of manganese oxide materials that have 

garnered the interest of the scientific community for their oxidative properties and potential 

applications. Tunnel structured manganese oxide materials (TSMOs) are another common 

structural form investigated.  Like BLMOs, these structures are comprised of chains of edge 

sharing MnO6 octahedra, however in this case neighbouring chains are linked at the corners 

to form square cross-sections, which form ‘tunnels’. The number of octahedra joined in this 

manner can vary, with common combinations including 1x1 (pyrolusite), 1x2 (ramsdellite), 

2x2 (hollandite-type), and 3x3 structures (todorokite) (Figure 5-1)1, (where 1 represents 1 

octahedra in the chain). Much like layered manganese oxides, these tunnel spaces can contain 

cations, water molecule or remain empty. The most common type of TSMO utilised are 

cryptomelane structures (2x2 tunnels containing K+). 

 

Figure 5-1: Diagrams showing the crystal structure of pyrolusite (top left), cryptomelane (top right) and 
todorokite (bottom). Structures were recreated using CrystalMaker from CIF structure files from structure 
determination papers86-88. 
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Research utilising TSMOs primarily focuses on the oxidation and degradation of organic 

compounds. In these cases, the manganese oxide typically acts as a catalyst rather than a 

direct oxidant. For example, Opembe et al.92 utilised cryptomelane materials to selectively 

oxidise vaporised benzyl alcohol to benzaldehyde, while Genuino et al.93 used similar 

conditions to achieve the oxidation of benzene, toluene, and xylenes to CO2 and H2O. Son et 

al.94 achieved the conversion of various benzylic and allylic alcohols in a toluene liquid phase 

with cryptomelane. TSMOs have been also been combined with peroxymonosulfate in 

aqueous solutions to achieved the degradation of organic dyes such as acid orange, 

methylene blue and rhodamine B95.  Unlike layered manganese oxides, the use of TSMOs to 

oxidise metals has not been as extensively researched with two papers found showing the 

oxidation of As3+ to As6+ 96-97 by TSMOs. Due to this lack of research on the ability of TSMOs 

to oxidise metals, a preliminary investigation was undertaken using three common TSMOs, 

pyrolusite, cryptomelane, and todorokite.  

5.2 Materials and Methods 

All reagents were reagent grade or higher and purchased from Chem-Supply, Australia unless 

otherwise stated below, including Pyrolusite as commercial MnO2. Manganese acetate 

tetrahydrate and potassium permanganate were purchased from Sigma Aldrich, USA as 

reagent grade chemicals. Hydrochloric acid was sourced from Sharlau, Spain, glacial acetic 

acid was sourced from RCI Labscan, and manganese chloride was obtained from Merck, USA 

as analytical reagent grade. Sodium oxalate was purchased as reagent grade from BDH 

Chemicals, USA and potassium acetate was sourced from M&B Ltd. as a laboratory grade 

chemical. High purity water (MilliQ, 18.2 MΩ) was used throughout.  
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5.2.1 Synthesis of Cryptomelane (2x2 TSMO) 

Five methods were utilised for the synthesis of cryptomelane structures, as outlined below. 

Method A-1 follows the preparation outlined by Burhanuddin et al.236 . Aqueous solutions of 

KMnO4 (7.11 g, 150 mL) and citric acid (2.88 g, 150 mL) were combined slowly with stirring at 

room temperature. The resulting mixture was left until precipitate formed and was filtered 

(Whatman, cellulose, 11 µm), washed with MilliQ water then ethanol and air-dried at room 

temperature. Once dried the material was ground with a mortar and pestle and calcined at 

500 °C for three hours. 

Method A-2 follows the same preparation method outlined for A-1, however the reactants 

were combined dropwise with a rate of 4 mL/min. The resulting mixture was left stirring for 

five hours until the precipitate formed and was subsequently filtered (Whatman, cellulose, 

11 µm), washed with MilliQ water then ethanol and air-dried at room temperature. Once 

dried the material was ground with a mortar and pestle and calcined at 500 °C for three hours. 

Method A-3 follows the same preparation method outlined for A-1, however the reactants 

were combined at once. The resulting mixture was left stirring for 24 hours until the 

precipitate formed and was subsequently filtered (Whatman, cellulose, 11 µm), washed with 

MilliQ water then ethanol and air-dried at room temperature. Once dried the material was 

ground with a mortar and pestle and calcined at 500 °C for three hours. 

Method B was according to Liu et al.237. Solid KMnO4 (1 g) was added to a stirring solution of 

manganese acetate (4 g, 24 mL 60% acetic acid solution) and then heated to 60 °C for 10 

minutes. The resulting solution was then air dried at room temperature for two days, after 

which the precipitate was added to a saturated ethanolic sodium hydroxide solution (25 mL) 

and stirred at room temperature for two hours. This precipitate was then filtered (Whatman, 
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cellulose, 11 µm), washed with MilliQ water, ethanol then acetone, and air-dried at room 

temperature.  The final dried product was then calcined at 600 °C for five hours. 

Method C followed a similar procedure outlined by Luo et al.238, where an aqueous solution 

of KMnO4 (6.5 g, 150 mL) was added dropwise to a solution of buffered manganese acetate 

(11 g manganese acetate, buffer consisted of 5 g potassium acetate and 5 mL acetic acid, 

made up to 40 mL with MilliQ water). This reaction mixture was refluxed at 100 °C for 24 

hours, the resulting precipitate was then filtered (Whatman, cellulose, 11 µm), washed with 

MilliQ water and air-dried at room temperature.  The final dried product was then calcined at 

450 °C for four and half hours. 

Synthesis of Todorokite (3 x 3 TSMO)  

Todorokite  follows the preparation method outlined by Feng et al.239, where BLMO was 

dispersed in MgCl2 for 12 hours, then filtered (Whatman, cellulose, 11 µm), washed with 

MilliQ water and air-dried at room temperature. The dried precipitate was then resuspended 

in water and refluxed at 100 °C for 24 hours, then collected via filtration (Whatman, cellulose, 

11 µm) and air-dried at room temperature. 

5.2.2 Reactivity of Other Manganese Oxide Materials 

These oxidation experiments were conducted according to the method outlined in section 2.6 

utilising vanadium powder (laboratory grade, Hopkins & Williams Limited, Wales) or gold 

powder (3.0-3.5 µm, Alfa Aesar, USA). These samples were left to react for four days before 

ICP-MS analysis using the methodology described in section 2.7.1 for V and section 2.7.2 for 

Au. 



126 

 

5.3 Results and Discussion 

5.3.1 Structural analysis of tunnel structured manganese oxide materials 

Cryptomelane materials were synthesised by three literature methods, with alterations made 

to the addition rate of reactants for method A. This resulted in the preparation of five 

different materials. XRD analysis shows that the five methods produced cryptomelane 

materials that were pure and had various levels of structural order (Figure 5-2), due to the 

presence of diffraction peaks corresponding to d-spacings of 6.9, 4.9, 3.4, 3.1, 2.4, 2.2, 2.16, 

1.8, 1.6, and 1.5 Å87. Method A-1 produced the most crystalline material while method C 

produced the least crystalline sample based on the peak sharpness in the XRD patterns. The 

preparation of synthetic todorokite resulted in a pure and ordered material (Figure 5-3), as 

confirmed by major diffraction peaks corresponding to d-spacings of 9.5, 4.8, 3.2, 2.7, and  

2.4 Å86. The commercial MnO2 was verified to have the pyrolusite structure due to peaks 

corresponding to d-spacings of 3.1, 2.4, 2.2, 2.1, 1.9, 1.6, and 1.55 Å88 (Figure 5-3) and was 

found to contain an unidentified phase corresponding to peaks at 3.4 and 2.8 Å. Subsequent 

EDX analysis of the pyrolusite sample showed only Mn and O present in the sample, which 

suggests that the phase seen in the XRD is either a minor impurity unobservable by EDX or is 

another manganese oxide phase. The average manganese oxidation state of the five 

cryptomelane materials were found to vary between 3.80 and 4.1 (Table 5-1), these values 

are on the higher end of the expected range of 3.48-3.83240. This suggests different synthesis 

methods produce cryptomelane materials with differing ratios of Mn3+ to Mn4+ in the crystal 

structures, which corresponds to different levels of K+ incorporation into the tunnels241. It was 

shown in chapter 4 that K+ had a stabilising effect on the crystal structure, which subsequently 

reduced the reactivity of BLMO materials towards vanadium oxidation. The pyrolusite sample 

was found to have an average manganese oxidation state lower than the expected value of 



127 

 

4, with the oxidation state found to be 3.78 ± 0.18, which could be due to the presence of 

some impurities in the sample.  Synthetic todorokite was found to have an oxidation state of 

 3.21 ± 0.06, this suggests that Mn3+ is the more common oxidation state in this material. 

 

Figure 5-2: MoKα diffraction patterns of five synthetic cryptomelane samples. 

 
Figure 5-3: CoKα diffraction patterns of synthetic todorokite and commercial pyrolusite. 
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Table 5-1: Average manganese oxidation state for TSMO materials. Errors are standard deviation of triplicate 
analysis (n=3). 

Mineral 
Average Manganese 

Oxidation State 

Cryptomelane Method A-1 3.97 ± 0.34 

Cryptomelane Method A-2 3.94 ± 0.11 
Cryptomelane Method A-3 3.80 ± 0.05 

Cryptomelane Method B 4.12 ± 0.11 

Cryptomelane Method C 3.79 ± 0.09 

Todorokite 3.21 ± 0.06 
Pyrolusite 3.78 ± 0.18 

 

The morphology of pyrolusite, todorokite and two cryptomelane samples was determined by 

SEM (Figure 5-4). The todorokite and cryptomelane samples were found to have very fine 

fibrous morphology, whereas pyrolusite was found to have larger and more defined fibral 

structures. Rietveld refinements (Figure 5-5, Table 5-2) of the cryptomelane samples showed 

that these materials have a tetragonal crystal structure with space group I 4/m, and have 

similar unit cell parameters across all five samples. The cell parameters, however, are 

consistently lower than literature values for tetragonal cryptomelane reported by Vicat et 

al.87. This difference can be attributed to the synthesis method as the material prepared by 

Vicat et al.87 contained H3O+ instead of K+ in some of the tunnel spaces resulting in larger unit 

cell values. The pyrolusite was found to be the expected tetragonal crystal structure with 

space group P 42/mnm and the unit cell parameters refined were close to the expected 

values88. Todorokite was found to have the expected monoclinic crystal structure with space 

group P 2/m, however the refined parameters were lower than literature values86. This 

difference in parameters could be due to the literature refinements being conducted on 

natural todorokite containing a combination of cations (Na+, Ca2+, K+, Mg2+) whereas the 

sample produced here would have majority of Mg2+ with minor inclusions of K+. 
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Figure 5-4: SEM images of four TSMO materials , a) cryptomelane method A-3, b) cryptomelane method C, c) 
todorokite, and d) pyrolusite.

a) 

d) c) 

b) 
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Figure 5-5: Rietveld refinement and difference plots for the TSMO materials presented. a) cryptomelane A-1, b) cryptomelane A-2,  
c) cryptomelane A-3, d) cryptomelane B, e) cryptomelane C, f) todorokite, and g) pyrolusite. 

 

a) 

g) 

f) e) d) 

c) b) 
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Table 5-2: Rietveld refinement results for the TSMO materials prepared, shown are the final refined cell parameters , the R(F)2 and Rwp values. 

 Cryptomelane A-1 Cryptomelane A-2 Cryptomelane A-3 Cryptomelane B Cryptomelane C Todorokite Pyrolusite 

Space Group I 4/m I 4/m I 4/m I 4/m I 4/m P 2/m P 42/mnm 

Radiation Source Mo Mo Mo Mo Mo Co Co 

Unit Cell        

a (Å) 9.8495(11) 9.8434(14) 9.8451(12) 9.7594(24) 9.8474(20) 9.699(15) 4.39984(27) 

b (Å) 9.8495(11) 9.8434(14) 9.8451(12) 9.7594(24) 9.8474(20) 2.8767(13) 4.39984(27) 

c (Å) 2.86216(18) 2.85932(24) 2.86076(21) 2.8602(24) 2.85575(27) 9.784(13) 2.8711(8) 

α (°) 90 90 90 90 90 90 90 

β (°) 90 90 90 90 90 96.31(10) 90 

γ (°) 90 90 90 90 90 90 90 

Vol (Å3) 277.66(6) 277.05(7) 277.28(6) 272.42(12) 276.93(11) 271.3(4) 55.579(15) 

        

Refinement        

No. of Observations 2060 2060 2060 1275 2060 1836 1960 

No. of Reflections 109 107 109 31 107 49 6 

Diffraction Range 
(°2θ) 

3 - 44 3 - 44 3 - 44 3.5 - 29 3 - 44 10 - 75 6 - 75 

R(F2) 0.05421 0.06551 0.05211 0.03006 0.0818 0.19937 0.47354 

Rwp 0.04485 0.04641 0.04368 0.05142 0.03868 0.04728 0.05646 
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5.3.2 Oxidation of V(0) with TSMOs 

With the success of BLMOs at oxidising vanadium, investigations into the ability of TSMOs to 

oxidise vanadium was undertaken. The reactivity of these TSMOs was determined in the same 

manner as the layer structures in Chapter 4. It was found that pyrolusite was able to oxidise 

the most vanadium at 0.067 mgV/mgTSMO (68% of the original V), which is similar to the 

amount oxidised by hexagonal BLMOs (Figure 5-6). In contrast, the todorokite sample 

oxidised the lowest amount of V with 0.006 mgV/mgTSMO (6% of the original), which makes 

it the lowest performing material tested. The cryptomelane samples were found to oxidise 

V(0) in a range from 0.050 mgV/mgTSMO to 0.064 mgV/mgTSMO, this equates to oxidising 

52% to 66% of the original amount of vanadium. As was seen for BLMOs, the synthesis 

method was found to influence the reactivity of cryptomelane materials towards vanadium 

oxidation, as the three samples prepared using the same base method (A1-3), had similar 

reactivity, whereas the other two synthesis methods resulted in less reactive cryptomelanes.  

The reactivity of TSMOs towards V(0) oxidation follows the trend of 1x1>2x2>3x3, this 

suggests that the more ordered and larger the tunnel structures are less reactive. In an 

attempt to determine a structural correlation for this trend, the amount of vanadium 

dissolved by the materials was plotted against unit cell parameters and shown in  

Figure 5-7 a-c. Here, we observed that the c, α, γ unit cell parameters, and AOS did not 

correlate to the reactivity observed; however, it was found that the reactivity correlates to 

the a unit cell parameter, unit cell volume and inversely correlates to the average Mn-O bond 

length (Figure 5-7d-f). The Mn-O bond length was found to increase as the size of the tunnels 

increased; this suggests the presence of Mn2+. This increase in bond length should have 

resulted in an increase in reactivity due to the destabilisation of the structure by Jahn-Teller 
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distortions218, 242-243. However, the opposite was found, suggesting that the larger tunnel 

structures are compact and rigid enough to offset this destabilisation. 

 
Figure 5-6: Reactivity plots for other manganese oxide materials, with a hexagonal and the best and worst 
triclinic BLMO as a reference comparison. Error bars represent one standard deviation n=3. 
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Figure 5-7: Variability plots showing different refined parameters for the tunnel structure manganese oxide 
minerals, a) c unit cell parameter, b) α and γ unit cell parameter, c) average manganese oxidation state, d) a 
unit cell parameter, e) unit cell volume and f) the average Mn-O bond length. 

On average, cryptomelane materials oxidised 58% of the vanadium, which is comparable to 

the 60% oxidation achieved on average by the seven BLMOs under identical conditions. The 

cryptomelane structures had varying amounts of K+ incorporated into the tunnels, which has 

previously been found to stabilise the tunnel structure of cryptomelanes244. In this study an 

increase in K+ content correlated with a small increase in the amount of V(0) oxidised by the 

b) 

f) e) 

d) c) 

a) 
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cryptomelanes (Figure 5-8).  This is in contrast to the results found for layered structures in 

chapter 4, where K+ stabilisation resulted in a decrease in the oxidation of V(0). Normally at 

temperatures of 550-600 °C, cryptomelane tunnels collapse into the framework structured 

manganese oxide bixbyite (Mn2O3)195, 245, which is subsequently converted to hausmannite 

(Mn3O4) at 825 °C245 (Figure 5-9). However, Gao et al.244 found that K+ stabilised 

cryptomelanes partially collapse into bixbyite at a higher temperature range (600-900 °C), 

form a layered manganese oxide phase that persisted from 800-1000 °C and also preserved 

the tunnel structure up to 800 °C 244. In our work it was seen that the increase in K+ content 

correlated to a small increase in the amount of V(0) oxidised by the cryptomelanes  

(Figure 5-8), this is in contrast to the results found for layered structures in chapter 4, where 

K+ stabilisation resulted in a decrease in the oxidation of V(0).  XRD analysis of the remaining 

cryptomelane sample after storage in the oxidation reaction solution for two years shows that 

some of the tunnel structure had collapsed into layered BLMO (Figure 5-10). The variation in 

the reactivity of cryptomelanes could be due the more stabilised materials forming a layered 

structure BLMO instead of bixbyite, which could affect the amount of V(0) dissolved. 

However, the transformations occurring during the reaction are unknown and the ability of 

bixbyite and hausmannite to oxidise V(0) are also unknown and were not studied in this 

research. Therefore, further work is required to gain an understanding of the stability and 

phase conversion of cryptomelanes in our reaction system and their potential effect on the 

amount of metal dissolved. 
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Figure 5-8: Comparison of the average manganese oxidation state and the amount of V oxidised by the five 
cryptomelane samples. 

 

 
Figure 5-9: Crystal structure of bixbyite (left) showing the random point-sharing and edge-sharing MnO6 
octahedra, and hausmannite (right). 
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Figure 5-10: CoKα diffraction patterns of cryptomelane method A-2 before and after oxidising vanadium and 
stored in the reaction solution for two years. *cryptomelane, +BLMO 

5.3.3 Comparison of Manganese Oxide Reactivity for Vanadium and Gold 

As noted in chapter 4, prior work by Yin et al.206 and Liu et al.229 has indicated that V may 

replace one or both of a Mn3+ from the MnO layer in hexagonal BLMO or a K+ from within the 

interlayer space. This brings about some questions as to whether this replacement may also 

be influencing the oxidation reaction and the cause of some of the variation observed. 

Therefore, reactions of BLMOs and TSMOs were undertaken under identical conditions using 

Au(0) in place of V(0).  A selection of nine manganese oxide materials comprising the two 

worst performing materials (BLMO Method A and todorokite), two of the best materials 

(pyrolusite and cryptomelane method A-3) and five medium materials (BLMO methods B, C, 

and C-M, along with CaBLMO and cryptomelane method C) were tested. Hexagonal BLMOs 

were not investigated here as insufficient quantities of the hexagonal samples remained after 

the vanadium and AOS tests. It was found that the manganese oxides ability to oxidise gold 

was highly variable. The amount of gold in solution was slightly lower than that of  V, and 
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ranged from 0.001 mgAu/mgMO to 0.03 mgAu/mgMO which corresponds to a range of   

1-31% (Figure 5-11). The amount of gold oxidised is lower than those found for vanadium  

(18-68%) due to the differences in oxidation potential (E°/V V= -1.175, Au=1.401). However, 

there is a greater variation in the oxidation results for Au(0) than those observed for V(0), 

which could be due to differences in gold particle size used for each individual replicate as the 

particle size was found to vary from 1 µm to 7.5 µm. In general, the reactivities of manganese 

oxides towards Au(0) were similar to the reactivity to V(0), whereby a material that produced 

high levels of oxidised vanadium also resulted in higher levels of oxidised gold (Figure 5-11). 

However, BLMO A and pyrolusite were exceptions to this trend. BLMO A was found to oxidise 

similar amounts of gold and vanadium. This level of gold is higher than expected given the 

amount of V oxidised, which could be due to discrepancies in the levels of vanadium in 

solution vs amount of V oxidised. This would result from the greater incorporation of V in the 

structure of the amorphous BLMO. Contrastingly, pyrolusite was found to be the worst 

material for gold oxidation although it was one of the best for vanadium. It was thought that 

this could be the potential passivation of the material. Very little is reported in the literature 

regarding the passivation of pyrolusite; Chen et al.246 managed to deposit gold nanoparticles 

into etched pockets on the surface of cryptomelanes and Bodoardo et al.247 reported the 

passivation of MnO2 electrodes; however, neither used conditions similar to those used here. 

A preliminary test was conducted where 200 mg of pyrolusite was soaked in 100 ppm Au3+
(aq) 

solution at pH 2 (acidified with HCl) for 3 days. The pyrolusite was subsequently recovered via 

filtration, washed, and subjected to SEM, EDXS and XRD. The SEM and EDAX results  

(Figure 5-12, Figure 5-13) showed no evidence of Au binding to the pyrolusite and there was 

no observed shifting of the diffraction peaks (Figure 5-14). This suggests that passivation of 

the pyrolusite surface is not the primary mechanism that is driving the lower reactivity 
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observed under these conditions. However, the limits of detection achievable by EDAX and 

SEM are poor and further work is required to verify this.  

Further investigations into the general trend observed with tunnel structured manganese 

oxides are required due to the increased oxidation variability found in the gold experiments 

and the presence of anomalies in BLMO A and pyrolusite.   

 
Figure 5-11: Comparison plot of the reactivities of nine manganese oxide materials for the oxidation of gold 
and vanadium. Red-BLMO, Black-TSMO. Error bars represent one standard deviation n=3. 
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Figure 5-12: SEM image of the pyrolusite powder after submersion in 100 ppm Au3+ for three days. 

 
Figure 5-13: EDXS spectra of pyrolusite powder collected after submersion in 100 ppm Au3+ solution for 3 days. 



141 

 

 
Figure 5-14: CoKα diffraction patterns collected for the pyrolusite powder before and after submersion in a 
100 ppm Au3+ solution for 3 days. 

5.4 Conclusion 

In this chapter we showed that the reactivity of TSMOs for vanadium oxidation follows the 

trend of 1x1>2x2>3x3. Furthermore, the reaction of cryptomelane (2x2) materials towards 

vanadium oxidation was variable and affected by its preparation method. Those with more K+ 

content oxidised slightly more V(0), which could be due to the K+ stabilisation of the tunnel 

structure preventing the formation of a less reactive material. However, further exploration 

into the effect of this stabilisation is needed. When comparing the ability of various BLMO 

and TSMO materials to oxidise V(0) and Au(0), we observe a general trend in the amount of 

metal oxidise that suggests that a material good for V(0) oxidation is typically a good material 

for Au(0) oxidation. However, further investigations into the anomalies observed here and an 

investigation into different manganese oxide materials are need, including the testing of 

hexagonal BLMOs. 
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Chapter 6 Electronic Waste Applications 

6.1 Introduction 

The rapid advancement of technology over the past two decade has increased the amount of 

electronic waste produced globally. Electronic waste is a term that covers a broad range of 

items from monitors and IT equipment to larger equipment such as washing machines and 

solar panels155. In 2010, 33.8 million tonnes156 of electronic waste was generated worldwide, 

while only 6 years later this value increased to 44.7 million tonnes155 and current projections 

have the e-waste production for 2020 at 51 million tonnes155. As of 2016, only 20% of e-

waste generated was recycled155, with the rest either incinerated or dumped into landfills. A 

specific component of e-waste is printed circuit boards (PCBs), found in computers, phones 

and other electronics. PCBs have a high metal content, which ranges from including common 

metals such as Cu, Sn, Pb, and Ni157 , to precious metals such as Au, Ag and Pd158. Interest in 

the recovery of metals from PCBs has increased due to the economic value of recovering 

precious metals from secondary sources and the cost of mining diminishing ore deposits159-

160.  

Current industrial recycling processes generally involves a grinding pre-treatment of the PCBs, 

followed by pyrometallurgical processes161. The pyrometallurgical process employed at 

Aurubis uses the Kayser Recycling System to separate the Cu from the Fe, Zn, Sn and Pb 

present in the PCBs162. This 95% pure copper smelt is then cast into anodes and electrowinned 

to separate the precious metals such as gold and silver, and remove nickel as a byproduct162. 

Research into the development of metal extraction from PCBs is focused on improving the 

separation stage of metal recovery, this stage is split into three methodologies: 1) 

pyrometallurgical, 2) hydrometallurgical, and 3) biometallurgical. Discussions on these 
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techniques can be found in Chapter 1, here the focus will be on hydrometallurgical processes. 

Hydrometallurgical extraction processes typically employ acidic or alkaline medium to 

achieve the dissolution of metals from pre-treated PCBs. Pre-treatments typically involve a 

physical treatment followed by a chemical treatment. The physical pre-treatments consist of 

the removal of external components248 and the grinding/milling166 of the PCBs. Chemical pre-

treatments are used to remove the laminating layer and solder joints present on PCBs, these 

treatments involve soaking in NaOH163, dilute HNO3
249, DMSO250, DMF251, or HCl + Sn4+ 252. 

Once pre-treatments are completed the PCBs are subjected to the hydrometallurgical process 

of choice. Traditional hydrometallurgical processes utilise either mineral acids166, 253-255, 

mineral acids in conjunction with an oxidant256-259 or cyanide processes260-261. Current 

hydrometallurgical research is focus on the development of greener, more sustainable 

oxidation techniques such as ionic liquids167-168, glycine169-170 and supercritical CO2
171-172. 

Another avenue of research is looking for more effective pre-treatments166, 173 and the 

addition of multistep processes174. 

BLMO materials in combination with an acidic saline solution have been shown in the earlier 

work detailed in Chapters 4 and 5 to have the ability to oxidise elemental vanadium and gold. 

Their ability to oxidise and subsequently dissolve metals provides a potential application for 

utilising BLMOs as an oxidant addition in the hydrometallurgical extraction of metals from 

electronic waste. To investigate this, small e-waste components from computers (CPUs and 

RAM pins) were collects for a preliminary investigation into the feasibility of BLMOs for metal 

recovery from e-waste. 
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6.2 Materials and Methods 

6.2.1 Preliminary Metal Oxidations 

Various elemental metals (20 mg, Fe, Ni, V, Pb, Pd, Rh, Au, Cu and Pt) were combined with 

200 mg of triclinic BLMO in an aqueous acidic saline solution (0.05 M NaCl, pH 2).  

Experimental blanks for each metal were prepared in the same manner with the absence of 

BLMO material. These reactions were then allowed to react for 7 days at 35 °C with an 

agitation rate of 150 rpm (Labec Shaking Incubator, Australia). Aliquots (500 µL) of the 

reaction solutions were taken at 0 and 7 days, diluted with 4.5 mL of 2% hydrochloric acid, 

BLMO particulate was removed via syringe filtering (0.45 µm PDVF, Kinesis Australia) and kept 

at -20 °C until analysis. Before analysis samples were diluted by a factor of 200 and then the 

dissolved concentration of each metal was determined using ICP-MS as outlined in Section 

2.7.3. 

6.2.2 First Electronic Waste Oxidations 

Electronic waste in the form of CPUs and RAM pins were combined with 250 mg of triclinic 

BLMO, in an acidic saline solution (0.5 M NaCl, pH 2, 100 mL) and left to react for six days at 

30 °C and 155 rpm in an orbital incubator (Ratek OM15C, Ratek Australia). The BLMO 

oxidation of each computer part was conducted in duplicate, with a saline acid control (0.5 M 

NaCl, pH 2, 100 mL) containing no BLMO. The dissolved concentration of each metal was 

determined using ICP-MS as outlined in Section 2.7.3. 

6.2.3 Second Electronic Waste Oxidations 

The same CPUs and RAM pins from the first oxidation were combined with 500 mg of triclinic 

BLMO, in an acidic saline solution (0.5 M NaCl, pH 1, 100 mL) and left to react for four days at 

30 °C and 155 rpm in an orbital incubator (Ratek OM15C, Ratek Australia). The BLMO 

oxidation of each computer part was conducted in duplicate, with a saline acid control 
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containing no BLMO. Before analysis samples were diluted by a factor of 200 and then the 

dissolved concentration of each metal was determined using ICP-MS as outlined in Section 

2.7.3. The dissolved concentration of each metal was determined using ICP-MS as outlined in 

Section 2.7.3. 

6.2.4 Aqua Regia Digest Controls 

CPUs were oxidised in triplicate in a 66% v/v 3HCl:1 HNO3 aqua regia solution for two hours. 

Whereas RAM pins were split into two types of pins and oxidised in duplicate in a 27% v/v 

3HCl:1HNO3 aqua regia solution for two days. Both oxidation solutions were frozen at -20°C 

until ICP-MS analysis was conducted as described in section 2.7.3. 

6.3 Results and Discussion 

6.3.1 Preliminary Metal Oxidations 

It has been shown in chapter 4 and 5 that the combination of an acidic saline solution and 

manganese dioxide materials results in the oxidation and subsequent dissolution of vanadium 

and gold powders. Preliminary testing was conducted using a combination of common and 

precious transition metals to investigate the potential of BLMOs to oxidise other metals, such 

as those typically found in e-waste. Metal powders were reacted with BLMO in acidic saline 

solution as described earlier, with the exception that they were allowed to react for seven 

days. Analysis of the reaction solutions after seven days via ICP-MS demonstrated that this 

reaction system is able to oxidise significantly more palladium (47 ppm) along with vanadium 

(95 ppm) and gold (3.4 ppm) than the acidic saline controls (Pd: 0.9 ppm, V: 10.3 ppm, Au: 0 

ppm) (Figure 6-1). In contrast, it was also demonstrated that copper (130 ppm), iron (149 

ppm), nickel (206 ppm) and lead (160 ppm) were oxidised at greater levels in the saline acid 

controls than in the presence of BLMO (Cu: 59 ppm, Fe: 11 ppm, Ni: 173 ppm and Pb: 3.5 

ppm). This suggests that BLMO materials have an inhibitory effect on the dissolution of these 
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metals. The cause of this inhibition could be due to absorption of these cations to the BLMO 

materials after oxidation, which has been proposed for heavy metal elements such as lead 

and cadmium31. Alternatively, the oxidised metals could be precipitating onto the surface of 

the remaining metal and causing passivation to occur, which would reduce further oxidation 

by the BLMO system. The precious metals of Rh and Pt were unable to be oxidised by either 

the BLMO test or the acid control. These results are consistent with the solubility of the 

resulting metal chloride salts in water. Chloride salts of gold, vanadium and palladium 

chlorides have a higher solubility in water262, whereas the chlorides of lead, iron, nickel and 

copper have lower solubility than other salts and generally the chloride salts of rhodium and 

platinum are insoluble in water262. This suggests that the ability of BLMO materials to oxidise 

metals could be dependent on the solubility of the final solubilised form of the metal. 

 
Figure 6-1: Preliminary trials for BLMO oxidation of nine transition metals 

The controlling effect of metal salt solubility on the ability of the BLMO reaction system to 

oxidise metals was investigated by changing the ligand present in the reaction solution. 

Copper bromides are more soluble in water than copper chlorides262, therefore copper metal 
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was combined with a bromide-based system (NaBr and HBr) instead of a chloride system 

(NaCl and HCl) and reacted under identical conditions as above. It was observed that 

switching the halide system from chloride to bromide resulted an increased concentration of 

copper generated by BLMO system (Figure 6-2), with the bromide system oxidising twice as 

much copper as the chloride system (Cl system Cu: 59 ppm and Br system Cu: 121 ppm). 

Switching Cl for Br was also found to reduce the amount of copper oxidised in the acidic 

control sample, with only a small amount of copper oxidised in the bromide control (Cl system 

Cu: 130 ppm and Br system Cu: 0.7 ppm). This reduction of Cu from the bromide control is 

likely due to the hydrobromic acid being unable to oxidise copper unlike hydrochloric acid263 

and therefore less able to solubilise copper without the aid of BLMO materials. These results 

show that our reaction system has the potential to be modified to enable the oxidation of 

different metals. For example, utilising different salts could increase the selectivity for 

particular metals due to differences in product solubilities, as well as modifying the pH of the 

reaction system to effect the efficiency of the oxidation of metals, these alterations could 

decrease the levels of unwanted metals extracted.  
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Figure 6-2: Reaction of copper metal with different combinations of halide salts and acids 

6.3.2 Electronic Waste Applications 

Given that the BLMOs were shown to oxidise precious metals such as Au, and Pd, it was 

decided to test the system for the dissolution of metals from electronic waste as this waste 

stream is known to contain high levels of metals such as Au. Preliminary experiments were 

conducted to investigate the feasibility of this application for the dissolution of metal using 

two types of computer parts (CPUs and RAM pins). The e-waste was combined with 250 mg 

of triclinic BLMO and acidic saline solutions (0.5 M NaCl, pH 2, 100 mL) and were left to react 

for six days in an orbital incubator (30 °C and 155 rpm). After the reaction time elapsed the 

concentration of Ag, Al, As, Au, B, Ba, Ca, Cd, Co, Cr, K, Mg, Mo, Ni, Pb, Sb, Se, Sr, Ti, Tl, V, Zn 

dissolved by this system were determined using ICP-MS analysis. Results for Fe and Sn had 

very high relative standard deviations and as such the levels of Sn and Fe were re-analysed 

after storage of the reaction solution in the dark at room temperature for one month. The 

levels of Cu, omitted from the first analysis, were also measured after for this sample.  It was 

found that BLMOs were able to extract higher quantities of Ag, Al, Ba, Co, Cu, Ni, Sb, Ti, and 
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Zn from CPUs than the control saline acid treatment (Figure 6-3). In contrast, Pb and Sr 

oxidation was found to be inhibited by the BLMO, this result is expected as BLMO materials 

are known to adsorb metal cations of Pb, Cd, Zn, and Cu31, 264.  Similarly, BLMOs were also 

able to extract metals from RAM pins (Figure 6-4), with the BLMO system extracting higher 

quantities of Ag, Ba, Ni, Sn, and Zn present from the RAM cards. Al, B, Cu, and Pb dissolution 

from the RAM was lower in the BLMO system, whilst the levels of Sr and Cr being roughly 

even in both the BLMO tests and the control test. The differences observed in the metals 

oxidised from the CPUs and RAM pins could be due to the quantity of metals present, as the 

easier to oxidise metals would outcompete metals such as Ag and Au due to differences in 

reduction potentials. This is supported by an observed increase in pH over time for the CPUs, 

whereas the pH in the RAM tests had a limited increase in pH. It was observed that there was 

more carbon material in the RAM tests than the CPU, suggesting that some coating remained 

on the RAM pins before the oxidation experiments took place, which may have interfered 

with the resulting levels of metals extracted into solution. Potassium values determined for 

the oxidation tests are not reliable due to the BLMOs containing potassium as the interlayer 

cation, and the magnesium values are also unreliable due to the presence of Mg as impurities 

in the NaCl used265. 
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Figure 6-3: Preliminary concentration results from the first attempt to oxidise the metals in CPUs with our 
reaction system. *concentrations were determined from the solutions at a later date than the other elements. 
Error bars represent one standard deviation n=2. 

 

 

 
Figure 6-4: Preliminary concentration results from the first attempt to oxidise the metals in RAM pins with 
our reaction system. * concentration were determined from the solutions at a later date than the other 
elements. Error bars represent one standard deviation n=2. 
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The large concentrations of elements recovered from the e-waste and the lack of any gold 

being found in solution, implies that gold is being outcompeted by the easier to oxidise 

elements (E°/V values Au= 1.498, Cu=0.3419, Ni=-0.257 and Pb= -0.1262)263 . To counteract 

this, the computer parts were oxidised again with a stronger set of conditions. The acidity of 

the solution was decreased to pH 1, the amount of BLMO material was doubled and the pH 

was adjusted twice a day to ensure a constant replenishment of H+. This second BLMO 

oxidation of the CPUs were found to oxidise the same elements as the first oxidation, with 

the additional oxidation of Au, Pb, Sr and V (Figure 6-5). However, the more acidic conditions 

resulted in the acid control oxidising more Cr and Sn than the BLMO tests. A second oxidation 

of the RAM pins resulted in a higher amount of elements oxidised (Figure 6-6), suggesting that 

the coating present on the pins was removed by the first oxidation treatment. It was observed 

that there was a reduction in the effectiveness of BLMO to oxidise Ni and Sn when compared 

to the acid controls, but these stronger conditions were able to oxidise Au and Co. The final 

concentration of Cu in the RAM tests was found to be even; however, a green precipitate was 

formed in the BLMO RAM tests as time progressed (replicate 1 = 0.7647 g, replicate 2 = 1.8367 

g). This green precipitate was identified by X-ray Diffraction (Figure 6-7) as the copper 

hydroxychloride materials atacamite (Cu2(OH)3Cl) and paratacamite (Cu3(Cu,Zn)(OH)6Cl2). 

This shows that the BLMO tests were more effective than the acid control at oxidising Cu and 

provides evidence to support the hypothesis of the metals being oxidised by BLMO and then 

precipitating. 
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Figure 6-5: Concentration results from a second attempt at oxidising the metals in CPUs with our reaction 
system. Error bars represent one standard deviation n=2. 

 

 

 
Figure 6-6: Concentration results from a second attempt at oxidising the metals in RAM pins with our reaction 
system. Error bars represent one standard deviation n=2. 
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Figure 6-7: CoKα diffraction pattern of green precipitate found in RAM card samples after the second oxidation 
trial. +BLMO, *atacamite, #paratacamite 

Aqua regia digests of CPUs and RAM pins, were conducted to collect reference data for the 

concentration of elements present in the computer parts. While a direct comparison can be 

taken between the BLMO tests and control digests for the CPUs, identical RAM pins were 

unable to be sourced. To counter this, two different types of RAM pins were used to get a 

better understanding of the difference between the pins and to get a rough idea of how 

effective the BLMO tests were. Efficiency comparisons between the BLMO oxidations and the 

aqua regia digests for the CPUs (Figure 6-8) show that the BLMO system ranges in efficiency. 

BLMO tests for the elements Ag, Ba and Cu have 40% efficiency when compared to aqua 

regia digestion, whereas BLMOs are more effective than the aqua regia digest for Al, Cr, Sr 

and Zn. In contrast, the BLMO efficiencies for the elements oxidised from RAM pins (Figure 

6-9), are 75% for most elements except Cr, Cu, Sr and Zn which were more effective with 

BLMO. The BLMO oxidations were found to be not as effective for Au and Sn, which could be 

due to the sheer amount of metals present in the computer parts outcompeting for the 
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oxidative ability of the BLMO system. However, the oxidative power of the BLMO system can 

be improved by increasing the concentration of NaCl, acid and BLMO. The introduction of pre-

treatments to remove the easier to oxidise elements such as NaOH or HCl could also 

implemented to improve the effectiveness of the BLMO system for gold oxidation. 

 
Figure 6-8: Efficiency plots for the metals extracted from CPUs from both BLMO trials. 

 
Figure 6-9: Efficiency plots for the metals extracted from RAM pins from both BLMO trials. 



155 

 

6.4 Conclusion 

In this chapter we have demonstrated that BLMO materials in acidic saline solutions are able 

to oxidise palladium metal as well as gold and vanadium. Contrastingly, copper, lead, nickel 

and iron were generated at higher amounts in acidic controls than the BLMO test, suggesting 

that the BLMO materials inhibits the oxidation of these metals. The precious metals of 

platinum and rhodium were unable to be oxidised by either the BLMO test or the acidic 

control. These results were found to follow the trend observed by the corresponding metal 

chloride salt solubility, with a more soluble chloride salt resulting in more metal oxidised. To 

investigate this, copper was taken and treated to an alternative BLMO reaction system using 

a bromine system (NaBr and HBr). It was observed that switching to a bromine-based system 

doubled the amount of copper dissolved in the BLMO test and reduced the amount of copper 

oxidised in the acidic control. This reaction system was then extended to a preliminary study 

investigating the ability of BLMOs to oxidise metals from electronic waste. This study showed 

that the BLMO reaction system can oxidise metals from e-waste; however, further 

investigations are necessary to increase its effectiveness towards the recovery of gold from 

e-waste. 
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Chapter 7 Conclusion and Future Work 

7.1 Conclusions 

The aim of this research was to gain an understanding of the effect that the varying crystal 

structures of birnessite-like manganese oxides have on their ability to oxidise metals. To 

achieve this thirty-five BLMO materials were synthesised using a combination of different 

synthesis methods and post synthesis modifications. Chapter 3 describes the synthesis and 

characterisation of these materials by XRD, subsequent Rietveld refinement, average 

manganese oxidation state determination and SEM. It was found that the different synthesis 

methods resulted in materials with different unit cell parameters, levels of stacking order and 

morphologies. Deeper investigations into the alkaline BLMO synthesis method showed that 

changes to the aging time and length of post synthesis treatment with 1 M KCl can affect the 

level of order in the materials. Further investigations into the reproducibility of material 

synthesis between batches was undertaken showed that even when conducting the synthesis 

identically, slight differences in the purity and unit cell parameters occur. 

Prior to this research, BLMO materials had been reported for the i) oxidation of aqueous metal 

cations, ii) environmental remediation of heavy metal cations and iii) use as capacitor 

materials. Chapter 4 presents the new application of oxidising and subsequent dissolution of 

elemental vanadium using BLMO materials in an acidic saline solution. The materials prepared 

and characterised in Chapter 3 were investigated for their ability to oxidise vanadium and it 

was found that BLMOs prepared using different synthesis methods had variable ability to 

oxidise V(0), and it was also variable between synthesis replicates. It was observed that 

triclinic BLMOs had the highest variability in the amount of V(0) oxidised and that hexagonal 

BLMO materials were more consistent and slightly more reactive. This variability in V(0) 
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oxidation was determined to not be caused by the level of stacking order, unit cell parameters 

or the average manganese oxidation state. The variability observed was best explained by the 

stabilising effect of K+ cations on the layered structure of triclinic BLMOs, which alters the 

ability of triclinic BLMOs to convert to hexagonal BLMOs in the acidic conditions utilised in 

this application. It was found that some of the dissolved vanadium is being incorporated into 

the interlayer space and octahedral sheets of BLMO, however, this should not have a major 

effect on the material’s oxidative ability. Long term experiments over the course of three 

months observed the formation of the manganese vanadate mineral ansermetite, which is 

likely formed from the coprecipitation of the dissolved Mn2+ and V5+ generated in this reaction 

system. 

Following on from the study of layered manganese oxide materials, a selection of tunnel 

structured manganese oxides were synthesised and characterised in Chapter 5. A commercial 

pyrolustite (1x1), five synthetic cryptomelanes (2x2) and a synthetic todorokite (3x3) were 

then utilised for the oxidation of V(0) in the same manner as the BLMOs in Chapter 4. It was 

determined that the different tunnel structure sizes resulted in different amounts of 

vanadium oxidised and the observe trend was 1x1>2x2>3x3. The cryptomelane materials 

were prepared using different synthesis methods and as was seen with BLMOs, the synthesis 

method resulted in different levels of vanadium oxidised. This potentially could be due to the 

stabilising effect of incorporated K+ in the tunnels, which is known to prevent the collapsing 

of cryptomelane into bixbyite. However, further work is required to investigate these 

tunnelled materials. The variability with the oxidation of vanadium led to a preliminary 

investigation into the oxidation of elemental gold by a combination of layered and tunnelled 

manganese oxide materials. It was found that a general trend existed, where a material that 

achieved high levels of oxidised vanadium also resulted in high levels of oxidised gold albeit 
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at a lower concentration due to the difference in the reduction potentials between gold and 

vanadium. There were two exceptions to this trend, pyrolusite and a disordered BLMO 

material, which could be due to surface passivation and a greater affinity for absorption, 

however, further investigations into this area are required. 

The ability of BLMO materials to oxidise elemental vanadium and gold in an acidic saline 

solution led to a preliminary investigation into other metals that can be oxidised. Common 

metals such as iron, nickel, copper and lead, along with precious metals such as palladium, 

platinum and rhodium were attempted to be oxidised using the reaction system explored in 

this research. It was found that BLMO in combination with an acidic saline solution was able 

to oxidise palladium along with vanadium and gold at higher levels than an acidic saline 

control. Contrastingly, copper, lead, nickel and iron were generated at higher amounts in the 

acidic controls than the BLMO test, suggesting that the BLMO materials inhibits the oxidation 

of these metals. The precious metals of platinum and rhodium were unable to be oxidised by 

either the BLMO test or the acidic control. The trend observed with the metals able to be 

oxidised by BLMOs follows the trend observed by the corresponding metal chloride salt 

solubility, with a more soluble chloride salt resulting in more metal oxidised. To investigate 

this, copper was taken and treated to an alternative BLMO reaction system using a bromine 

system (NaBr and HBr) as copper bromides are more soluble than copper chlorides. It was 

observed that switching to a bromine-based system doubled the amount of copper dissolved 

in the BLMO test and also reduced the amount of copper oxidised in the acidic control. These 

results suggest that the reaction system could be altered for the selective dissolution of 

metals. This work lead to a preliminary investigation into assessing the ability of BLMO 

materials to recover metals from electronic waste. It was found that this system can oxidise 
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metals from CPUs and RAM pins however further work is required to adapt this reaction 

system for the efficient extraction of metals. 

7.2 Future Work 

7.2.1 Expansion of manganese oxide materials 

Future work investigating the reactivity of BLMOs is necessary to better understand the 

differences between the reactivity of triclinic and hexagonal BLMOs. This future work should 

include confirming if hexagonal BLMOs are the more reactive form of BLMOs by investigating 

a larger sample size of hexagonal BLMOs. Ideally, Hexagonal BLMOs prepared from a selection 

of different methods should be used, including synthesised by methods that don’t include 

acid in the preparation. For example, Qin et al.266  utilised hydrogen peroxide, whilst Yang et 

al.267 utilised a reaction between Mn2+ and Mn7+ similar to the preparation of triclinic BLMO 

used here. It is also known that hexagonal BLMO can be produced by several bacteria, such 

as Leptothrix discophora268, which may give insight into the ability of biogenically produced 

manganese dioxide behaves in the environment. An investigation also needs to be conducted 

into the ability of other manganese oxides such as hausmannite and bixbyite to oxidise metals 

in this reaction system, due to the potential of these being intermediate phases present 

during the collapse of cryptomelane materials. Furthermore, increasing the quantity and 

variety of tunnelled manganese oxides investigated would aid in clarifying the trends 

observed for the oxidation of vanadium. 

7.2.2 Stabilisation effect of K+ on cryptomelane materials 

It was determined that the K+ stabilisation present in layered manganese oxides results in a 

decrease in the amount of vanadium oxidised. However, the preliminary investigation into 

tunnelled structures suggests that K+ stabilisation may be beneficial for the reactivity of 

cryptomelane materials. Further studies into the phase transformations occurring in the 
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reaction system both for the layered structures and the tunnelled structures are required to 

gain a further understanding of the mechanism behind the oxidation of vanadium. 

Quantitative analysis of the potassium/sodium content in the manganese materials would 

also be useful to gain an indication as to the level of stability and its correlation to the 

potassium content. 

7.2.3 Confirming the production of chlorine 

It has been proposed that the reaction of manganese oxides in acidic saline solutions 

produces dissolved chorine that subsequently dissociates into hypochlorous acid, and that 

these are the reactive agents involved in the oxidation of metals. However, the production of 

chlorine is difficult prove through chemical means due to the presence of high levels of 

chloride ions in the solution. The speciation of chlorine molecules (chloride, chlorite and 

chlorate) has been achieved by Raman spectroscopy in aqueous solutions269 and ion 

chromatography in both water270 and blood matrices271. These techniques could be useful in 

the determination of the chlorine speciation and for potential real time analysis of the 

reaction system. 

7.2.4 Determinations of reaction rates for different metals  

The successful oxidation of gold, vanadium and palladium with a chloride-based reaction 

system and the oxidation of copper with the bromide-based system shows the variety in the 

metals able to be oxidised and dissolved. The expansion of this work to electronic waste 

showed that there is variability in the amount of each metals oxidised, therefore further work 

investigating the kinetic rates of dissolution for several metals needs to be conducted. It 

would also be worthwhile investigating the differences in reaction rates for the different 

reaction systems that are possible to gain an understanding of what procedures should be 

used for specific metals.  
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7.2.5 Further exploration into metal recovery from electronic waste 

Preliminary extractions of metals from CPU and RAM pins has been achieved with the BLMO 

reaction system, however further investigations are required to increase the efficiency of 

extracting metals from these computer parts. Deeper investigations will also need to be 

conducted on the extraction from other electronic waste, such as phone circuits, monitor 

circuitry and motherboards from larger e-waste. Once the efficient and potentially selective 

extraction of metals from these sources of electronic waste has been achieved, studies will 

be required to investigate the separation and recovery of the metals from the reaction 

solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 

 

Chapter 8 References 

1. Post, J. E., Manganese oxide minerals: Crystal structures and economic and environmental significance. 
Proceedings of the National Academy of Sciences 1999, 96 (7), 3447-3454. 
2. Taylor, R., The association of manganese and cobalt in soils—further observations. Journal of Soil 
Science 1968, 19 (1), 77-80. 
3. Jones, L.; Milne, A. A., Birnessite, a new manganese oxide mineral from Aberdeenshire, Scotland. 
Mineralogical Magazine and Journal of the Mineralogical Society 1956, 31 (235), 283-288. 
4. Weaver, R. M.; Hochella Jr, M. F., The reactivity of seven Mn-oxides with Cr3+ aq: A comparative 
analysis of a complex, environmentally important redox reaction. American Mineralogist 2003, 88 (11-12), 2016-
2027. 
5. Post, J. E.; Veblen, D. R., Crystal structure determinations of synthetic sodium, magnesium, and 
potassium birnessite using TEM and the Rietveld method. American Mineralogist 1990, 75 (5-6), 477-489. 
6. Post, J. E.; Heaney, P. J.; Hanson, J., Rietveld refinement of a triclinic structure for synthetic Na-
birnessite using synchrotron powder diffraction data. Powder Diffraction 2002, 17 (3), 218-221. 
7. Post, J. E.; Heaney, P. J.; Ertl, A., Rietveld refinement of the ranciéite structure using synchrotron 
powder diffraction data. Powder Diffraction 2008, 23 (1), 10-14. 
8. Fleeger, C. R.; Heaney, P. J.; Post, J. E., A time-resolved X-ray diffraction study of Cs exchange into 
hexagonal H-birnessite. American Mineralogist 2013, 98 (4), 671-679. 
9. Li, Y. R.; Marschilok, A. C.; Takeuchi, E. S.; Takeuchi, K. J., Synthesis of Copper Birnessite, CuxMnOy· 
nH2O with Crystallite Size Control: Impact of Crystallite Size on Electrochemistry. Journal of The Electrochemical 
Society 2016, 163 (2), A281-A285. 
10. Zhu, M.; Ginder-Vogel, M.; Sparks, D. L., Ni (II) sorption on biogenic Mn-oxides with varying Mn 
octahedral layer structure. Environmental science & technology 2010, 44 (12), 4472-4478. 
11. Lucht, K. P.; Mendoza-Cortes, J. L., Birnessite: A Layered Manganese Oxide to Capture Sunlight for 
Water-Splitting Catalysis. Journal of Physical Chemistry C 2015, 119 (40), 22838-22846. 
12. McKenzie, R., The synthesis of birnessite, cryptomelane, and some other oxides and hydroxides of 
manganese. Mineralogical Magazine 1971, 38 (296), 493-502. 
13. Chen, R.; Zavalij, P.; Whittingham, M. S., Hydrothermal Synthesis and Characterization of 
KxMnO2·yH2O. Chemistry of Materials 1996, 8 (6), 1275-1280. 
14. Ching, S.; Petrovay, D. J.; Jorgensen, M. L.; Suib, S. L., Sol-gel synthesis of layered birnessite-type 
manganese oxides. Inorganic Chemistry 1997, 36 (5), 883-890. 
15. Zhang, X.; Yu, P.; Zhang, H.; Zhang, D.; Sun, X.; Ma, Y., Rapid hydrothermal synthesis of hierarchical 
nanostructures assembled from ultrathin birnessite-type MnO 2 nanosheets for supercapacitor applications. 
Electrochimica Acta 2013, 89, 523-529. 
16. Ming, B.; Li, J.; Kang, F.; Pang, G.; Zhang, Y.; Chen, L.; Xu, J.; Wang, X., Microwave–hydrothermal 
synthesis of birnessite-type MnO 2 nanospheres as supercapacitor electrode materials. Journal of Power Sources 
2012, 198, 428-431. 
17. Subramanian, V.; Zhu, H.; Wei, B., Nanostructured MnO2: Hydrothermal synthesis and electrochemical 
properties as a supercapacitor electrode material. Journal of Power Sources 2006, 159 (1), 361-364. 
18. Ziller, S.; Von Bülow, J. F.; Dahl, S.; Lindén, M., A fast sol-gel synthesis leading to highly crystalline 
birnessites under non-hydrothermal conditions. Dalton Transactions 2017, 46 (14), 4582-4588. 
19. Ma, Y.; Luo, J.; Suib, S. L., Syntheses of birnessites using alcohols as reducing reagents: Effects of 
synthesis parameters on the formation of birnessites. Chemistry of Materials 1999, 11 (8), 1972-1979. 
20. Händel, M.; Rennert, T.; Totsche, K. U., A simple method to synthesize birnessite at ambient pressure 
and temperature. Geoderma 2013, 193-194, 117-121. 
21. Shen, X. F.; Ding, Y. S.; Liu, J.; Cai, J.; Laubernds, K.; Zerger, R. P.; Vasiliev, A.; Aindow, M.; Suib, S. L., 
Control of Nanometer-Scale Tunnel Sizes of Porous Manganese Oxide Octahedral Molecular Sieve 
Nanomaterials. Advanced Materials 2005, 17 (7), 805-809. 
22. Bach, S.; Pereira-Ramos, J. P.; Baffier, N.; Messina, R., Birnessite manganese dioxide synthesized via a 
sol-gel process: a new rechargeable cathodic material for lithium batteries. Electrochimica Acta 1991, 36 (10), 
1595-1603. 
23. Sabri, M.; King, H. J.; Gummow, R. J.; Lu, X.; Zhao, C.; Oelgemöller, M.; Chang, S. L.; Hocking, R. K., 
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