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Solvent dependent growth of 1-D crystalline fi-FeOOH nanorods

by

Mahabubur Rahman Chowdhury

ABSTRACT

Several authors have reported on the use of alcohols — water /or mixed solvents to synthesise metal oxide
nanoparticles. However, no systematic study has been carried out to evaluate the effect of mixed solvent
on the particle characteristics, although considerable research has been reported, a gap still exists with
regard to the effect of the alcohols as solvents on the growth kinetics of nanoparticles. To address these
issues, four different alcohols, namely, methanol (MeOH), ethanol (EtOH), propanol (PrOH) and butanol
(BuOH) were used as solvents in the synthesis of B-FeOOH particles.

The effect of organic solvents on the growth kinetics of f-FeOOH nanorods has been evaluated for the
first time in this study. Two-stage growth of akaganeite nanorods has been observed in BuOH and PrOH.
The first growth stage follows a typical power law representing Ostwald ripening (OR) kinetic. The
second stage was found to be asymptotic and obeyed oriented attachment (OA) kinetic. The proof of the
OA kinetic also comes from the HRTEM images of the synthesised particles. Simultaneous occurrence of
the two mechanisms was observed in the growth of the particles synthesised in EtOH and MeOH. The
rate constants for OR kinetic, Kor, was found to be higher than the rate constant for OA kinetic, Koa, for

different solvents used.
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The use of a mixed solvent is a new approach in the synthesis and processing of materials. Various
researchers have stated that the surface tension of the solvent plays an important role in the formation of
uniform nanorods. However, the effect of surface tension was not correlated with the particle growth,
earlier, though the dielectric properties of the mixed solvents were only taken into account. Additionally,
no quantitative or qualitative relationship was presented between surface tension and particle growth in
the literature. In this work an attempt to correlate these two parameters (surface tension and particle
growth) with the concentration of the precursor and temperature was made, resulting in an exponential
relationship between Kor for the particle growth and surface tension of the alcohols. Furthermore, the
relationship between surface tension and particle growth was validated by an independent study using
statistically designed experiments to account for the influence of various process variables on the particle
growth. The findings in this study obtained from both theoretical and experimental work provides an
insight into the relationship between solvent surface tension and particle growth interactions, producing a
new piece of information that will further promote our understanding of the formation mechanisms of j3-
FeOOH growth.

The transformation temperature of akaganeite (B-FeOOH) nanorods to hematite (a-Fe,O;) particles was
found to be solvent dependent. Thermogravimetric analysis and differential scanning calorimetry were
performed to evaluate the effect of alcohol on the thermodynamic stability of the particles. Alcohol as
solvent played a significant role in the dehydration property of the synthesised particles. The percentage
mass loss of the particles at 300°C decreases linearly with increasing carbon number in the linear alkyl
chain of the solvent.

The effect of alcohol type on the particle morphology was found to be more pronounced at higher FeCl;
concentrations (>0.5M). Splitting of B-FeOOH nanorods was observed at FeCl; concentration of 0.7M in
BuOH. In PrOH, rectangular morphologies were obtained whereas nanoribbons resulted in surfactant-free
conditions. It was found that the nature of anions (chloride vs. nitrate and sulphate) in the precursor salt

also influenced the morphology.
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TERMS AND CONCEPT

1-D nanorod: A rod shaped particles having both dimensions in nanometer scale.

Hydrothermal synthesis: A synthesis technique for crystallization of nanomaterials by utilizing high
temperature and high pressure.

Nanowire: Practically similar to nanorod but have aspect ratios higher than 10

Ostwald ripening: Growth of bigger particles by dissolution of and re-deposition of smaller particles in
solution.

Oriented attachment: A recently observed phenomenon where the particle shape or size changes by
attaching different particles together crystallographically.

Supercritical water: Water at a temperature and pressure above its critical point.
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Chapter 1

Introduction

1.1 Background

Metal oxide nanoparticles often exhibit enhanced chemical, thermal, optical, electrical and magnetic
properties, which make them useful in different catalysis, pigments, coatings and inks applications (Darr
& Poliakoff, 1999). Iron oxide nanoparticles have promising potential in imaging technique (Jun et al.,
2007). Non-spherical nanoparticles have become attractive because of their anisotropic behaviour (Jiang
et al., 2010).

One-dimensional (1-D) nanomaterials such as nanowires, nanotubes, nanorods and nanoribbons have
unusual properties, such as photochemical, photophysical and electron transport properties (Liu et al.,
2006) and have been extensively investigated as building blocks for many functional applications, ranging
from molecular nanosensors and nanoscale electronics to nanocomputing (Persson et al., 2004).
Akaganeite (-FeOOH) is a type of iron oxy hydroxide which has applications in different technological
fields. One dimensional B-FeOOH nanorods and nano wires were synthesised in which surfactants were
used to direct growth, achieve uniformity and prevent aggregation of the product. However, one-step
surfactant-free synthesis of 1-D B-FeOOH is not common (Wei & Nan, 2011). There are several studies
pertaining to the novel morphological features of a-Fe,O; nanoparticles, but the same for f-FeOOH are
almost non-existent, despite its different applications (application in lithium batteries, Shao et al., 2005;
hydro-processing of coals, Cornell & Schwertmann, 2003; precursor to ferromagnetic materials, (xiong et

al., 2003; etc.). Published literature provides strong evidence that B-FeOOH particle formation strongly
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Chapter 1: Introduction

depends on the experimental conditions, however, no attempts have been made to describe
mathematically how these factors impact the characteristics of the synthesised particles. Despite the
number of studies conducted on the synthesis of B-FeOOH particles, there is a lack of a standardised
synthesis procedure for preparation of a specific particle size systematically. Therefore, particles were
synthesised systematically to derive mathematical relationships between experimental conditions and
particle growth.

The particle size and morphology strongly control the magnetic and optical properties of 1-D
nanoparticles. Different intriguing applications of metal oxide nanoparticles often depend on specific
physical characteristics of the nanoparticles such as size, morphology and crystallinity. These physical
characteristics are subject to the method employed to fabricate these particles (Kandori et al., 2002).
Several techniques exist to fabricate 1-D nanostructures such as template-directed synthesis (Kim et al.,
2002), vapour-solid (VS) or vapour-liquid-solid (VLS) growth (Pan et al., 2001), hydrothermal or
solvothermal method (Wang & Li, 2002) and the solution-liquid-solution method (Holmes et al., 2000).
Hydrothermal synthesis possesses several advantages over other manufacturing techniques, including
high purity (> 99.5%) and chemical homogeneity, small particle size (< 5 nm possible), narrow particle
size distribution, single-step processing, low energy usage, fast reaction times, low- cost equipment, the
ability to generate metastable compounds, and importantly, no calcination is required for many materials
since they are fully crystallised by the reaction (Byrappa & Adschiri, 2007). Because of all these
advantages, the hydrothermal method was chosen to synthesise 1-D B-FeOOH and a-Fe,O; particles in
this study.

Several authors have reported the use of alcohols for nanoparticle synthesis. Chen et al. (2008)
synthesised hematite nanoplates using alcohols as solvents. They reported that alcohol played an
important role in controlling nanoplate sizes. Liu et al. (2006) reported the synthesis of 1-D a-Fe,O;
nanorods and tubes in the presence of butanol and different surfactants (L113B and SPAN 80). Together

with the surfactant, it was believed that butanol played an important role in obtaining the rod-like

2
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structure. Shao et al. (2005) reported the synthesis of arrayed akaganeite nanorods and hexagram shaped
particles using ethanol as solvent. The authors reported that the surface tension of the ethanol-water
mixture was low enough to form f-FeOOH nanorods. Fester et al. (2008) reported use of alcohols in the
synthesis of 1-D a-Fe,O; nanorods and concluded that 1-D a-Fe,O; nanorods could be synthesised
without a surfactant only in butanol. Vorkapic and Matsoukas (1998) studied the role of alcohols in the
preparation of titania colloids and reported that alcohol played a significant role in the synthesis of the
particles. Verdon and co-worker (1995) found that the presence of ethanol improved the dehydration
properties of the particles significantly, compared with those synthesised without ethanol. Liang et al.,
(2010) developed a continuous hydrothermal method to produce single crystal iron oxide nanoparticles
using ferric nitrate and isopropanol (IPA). The degree of crystallinity and crystal size decreased with
increasing amount of IPA, indicating that the presence of alcohol mainly affected the crystallization
process. A correlation between the type of alcoholic solvent and the growth mechanism of the -FeOOH
nanoparticles is lacking which makes this study relevant.

Surface tension of alcohol plays an important role in the formation of uniform nanorods. A low surface
tension of solvent can promote the growth of f-FeOOH nanorods (Shao et al., 2005, Fester et al., 2008).
Addition of medium which can lower the surface tension of precursor solution can alter the
thermodynamic properties of the reaction system and subsequently affect the nucleation kinetics, which
would result in various morphology and particle sizes. The application of alcohol / water mixture during
the synthesis of different metal oxide nanoparticles can be found in the literature. However the effect of
mixed solvent properties on the growth of 1-D B-FeOOH nanorods was not evaluated despite of its
numerous industrial and scientific applications. Dielectric constants of the mixed solvents were related to
particle nucleation and growth in all cases. Coulombic interaction is weaker in water and solvent with
high dielectric constant values (Israclachvili, 1992). This phenomenon makes the application of the
dielectric constant only, to relate particle growths susceptible. On the hypothesis that a quantitative and /

or qualitative relationship between alcohol surface tension and particle growth exists, the effect of four

3
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Chapter 1: Introduction

different alcohols on the growth kinetics of B-FEOOH nanorods has been evaluated. Empirical
correlations have been developed to further illustrate the relationships between the solvent surface tension

and particle growth.

1.2 Objectives of the study
The objectives of the study can be summarised as:

1. To conduct a systematic study to evaluate the effect of alcohol on the B-FeOOH particle
morphology and growth mechanism under different hydrothermal processing conditions, i.e.
solvent ratio, precursor concentration and type and temperature.

2. To establish a quantitative and / or qualitative relationship between particle growth and solvent

surface tension.

1.3 Delineation of the study
The following was not included in this study:
e Applications of the synthesised particles.

e Use of nonpolar solvent to synthesise the particles.
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Chapter2

Literature review

2.1 Introduction

This chapter presents a brief review of literature on different synthesis techniques to obtain iron oxide
nanoparticles. One-dimensional nanostructures are reviewed. Effect of surfactant and nature of alcohol
used as solvent on the morphology of the synthesized iron oxide nanoparticles is discussed. A
comprehensive review of different growth kinetics is offered. Fundamentals of different characterisation

techniques are also briefly given.

2.2 Iron oxides

One of the common compounds that exists as a natural mineral and can also be fabricated synthetically is
iron oxide. There are 16 types of iron oxides are known to date (Cornell & Schwertmann, 2003) and these

are noted in Table 2.1.

2.2.1 Structure of iron oxides

Iron oxides are crystalline except schwertmannite and ferrihydrite, which are poorly crystalline. The
structural chemistry of iron compounds is diverse; this is reflected in their large number of atomic
structures. Figure 2.1 presents the structures of common iron compounds. Virtually all the phases of iron
compounds can be formed from chemical solutions, alluding to a complicated chemistry of formation
(Almeida, 2010). The high versatility of iron chemistry in an aqueous medium originates from two

factors: 1) the occurrence of two oxidation states, Fe*" and Fe'" which are stable on a large range of
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acidity and, 2) the high reactivity of iron complexes towards acid-base and condensation phenomena
(Jolivet et al., 2006).

Table 2.1 Various types of iron oxides (Azhar, 2007)

Oxides Oxyhydroxides and hydroxides
Hematite, a-Fe,O4 Goethite, a-FeEOOH
Magnetite, Fe;0,4 Lepidocrocite, Y-FeOOH
Maghemite, Y-Fe,O; Akaganeite, f-FeOOH
B-Fe,O; Schwertmannite, Fe;s0,4(OH)y(SO,4).nH,0O
Waustite, FeO 6-FeOOH

Feroxyhyte, 8'-FeOOH
High pressure, FeEOOH
Ferrihydrite, FesHOg.4H,0
Bernalite, Fe(OH);
Fe(OH),

Green rusts
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Figure 2.1 Different phases of iron oxides and hydroxides formed as a function of hydroxylation ratio and

composition (Jolivet et al., 2006)

2.2.2 Hematite o — Fe,0;

Hematite is the oldest known of the iron oxides and is widespread in rocks and soils. It is also known as
ferric oxide, iron sesquioxide, red ochre, specularite, specular iron ore, kidney ore, or martite. Hematite is
blood-red in colour if finely divided, and black or grey if coarse (Teja & Koh, 2009). Hematite is
extremely stable at ambient conditions and often is the end product of the transformation of other iron
oxides. It is isostructural with corundum. The unit cell is hexagonal with ¢ = 0.5034 nm and ¢ = 1.375
nm. There are six formula units in a unit cell of hematite. The structure of iron oxides consists of
hexagonal close-packed arrays of oxygen ions stacked along the {001} direction. Fe* ions are arranged in
such a way that two filled sites are followed by a vacant site in the {001} plane, thus forming six fold
rings (Cornell & Schwertmann, 2000; Aronniemi et al., 2003). Crystal structure of hematite is presented

in Figure 2.2.
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Figure 2.2 Crystal structure of hematite: a) arrangement of atoms, b) unit cell model (Pauling &

Hendricks, 1925)

2.2.3 Akaganeite — p-FeOOH

Akaganeite was first discovered in Japan, and the mineral is named after the Akagane mine in Iwate,
Japan (Murad, 1979). Akaganeite is typically obtained as a product of the hydrolysis of ferric chloride
solution at low pH between 1.2 and 1.9 (Deliyanni et al., 2001). It cannot be synthesized at pH above 5; at
higher pH the OH ions compete for the structural sites than the CI” ion (Cornell & Schwertmann, 2000).
Akaganeite is a fine-grained material with a large specific surface area (Cornell & Schwertmann, 2000).
The crystal structure of akaganeite (Figure 2.3) was first shown by Mackay (1960) to be related to the
hollandite structure, with additional chloride anions occupying channels parallel to the crystallographic c-
axis. Chloride ion originates from the precursor, ferric chloride. B-FeOOH exhibits a monoclinic crystal
structure with space group I4/m (tetragonal symmetry), a = 10.480 A, b = 10.480 A and ¢ = 3.023 A
(Almeida, 2010). Akaganeite normally displays two morphologies: somatoidal or cigar shaped and rod-
like crystals. Somatoidal particles are frequently twinned but the rod like crystals are not (Cornell &

Schwertmann, 2000).
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Figure 2.3 The crystal structure of akaganeite (Stahl et al., 2003)

2.2.4 Applications of a-Fe,O; and p-FeOOH

Three forms of the iron oxides can be used in a number of applications. But owing to the nature of this
work, applications of hematite (a-Fe,O3) and akaganeite (B-FeOOH) alone are highlighted. Hematite has
been used as catalysts for a number of industrially important reactions, including the synthesis of NHj;
(Haber process), high temperature water gas shift reaction, and the de-sulfurisation of natural gas. Other
reactions include the dehydrogenation of ethyl benzene to styrene, the Fisher-Tropsch synthesis for
hydrocarbons, the oxidation of alcohols, and the large-scale manufacture of butadiene (Cornell &
Schwertmann, 2000, Azhar Uddin et al., 2008). It is a semiconductor and can catalyse oxidation/reduction
reactions (Al-Sayari et al., 2007) and also been used as a support material for gold in catalysts for the
oxidation of carbon monoxide at low temperature (Zhong et al., 2007). Hematite (0a-Fe,O;) has also been
used as a photo-catalyst for the degradation of chlorophenol and azo-dyes (Bandara et al., 2007). All
three forms of iron oxide are commonly used in synthetic pigments in paints, ceramics, and porcelain

(Cornell & Schwertmann, 2000).
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The a-, B-, y-type, iron oxyhydroxides have distinctive properties and these materials have been widely
used as electrode materials and precursors in lithium batteries (Flynn, 1984; Kanno et al., 1996; Amine et
al., 1999). Akaganeite (B-FeOOH) possesses a large, tunnel-type structure where iron atoms are strongly
bonded to the framework (Amine at al., 1999), and lithium can be intercalated and extracted freely in the
tunnels (2 X 2) during discharge and charge processes. Akaganeite exhibits good electrochemical
performance with a high theoretical discharge capacity of 283 mAhg™', which makes it a promising
electrode material. It is also a semiconductor with a band gap of 2.12 eV (White, 1990), and can be used
in oxidation/reduction reactions, hydro-processing of coal (Cornell & Schwertmann, 2003) and in the
preparation of ferromagnetic materials such as y-Fe,O; (Xiong et al., 2003).

The fabrication technique plays a key role in determining the particle size and shape, size distribution,
surface chemistry and hence the applications of the iron oxide (Jiang et al., 2010). In addition, the
preparation method also determines the degree of structural defects or impurities present in the particles,
and the distribution of such defects (Tartaj et al., 2003). Hence, several synthesis routes have been

developed to obtain proper control over the physical and magnetic properties (Tartaj et al., 2003).

2.3 1-D nanostructure overview

1-D nanostructure represents a cluster of nano-materials with highly anisotropic morphologies. Nanowires
(aspect ratio > 10), nanorods (aspect ratio < 10), belts, ribbons and hollow tubes are typical examples of
1-D nanostructure. One-dimensional nanostructures are considered ideal model systems for investigating
the dependence of optical, electrical, magnetic and mechanical properties on size and morphology

(Almeida, 2010).

2.3.1 Particle formation mechanisms and applications of 1-D nanostructures

Understanding the growth mechanism of nanostructures is of critical importance in optimizing their size,
morphology and dispersity. In recent years, a variety of chemical methods has been identified for
generating 1-D nanostructures, offering different levels of control over their dimensional parameters. A

summary of the 1-D nanostructures synthesised using a variety of techniques is presented in Table 2.2.
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Table 2.2 One-dimensional nanostructures overview (Almeida, 2010)

Material | Fabrication Shape Length Diameter | Growth Mechanism
technique
MOS, Redox reactions in | NR 50-150 20-40 Growth via template
aqueous solution (nm) (nm)
CNT Fluid bed CVD Multi- 0.02-60 3-11 (nm) | Surface diffusion and precipitation
walled (um) on a catalyst
carbon
tube
LnVO, Hydrothermal NR 50-200 10-50 Ostwald ripening
synthesis (nm) (nm)
BN Boron oxide CVD | NT 10 (um) 50 (nm) Catalytic growth parallel to {1010}
plane
Eu,05 Precipitation NR 200 (nm) 10-30 Crystalline nucleation anisotropic
(nm) growth in {001} direction followed
by calcination
CdS Wet chemical NR <64 (nm) | <25(nm) | Oriented attachment
method
ZnO Wet chemical NR array 1-5 (um) 20-200 Nucleation and anisotropic growth
method (nm)
TiO, Sol-gel processing | NW array | 10 (um) 180 (nm) Nucleation
Si Laser ablation NwW >100 (um) | 3-43 (nm) | Laser ablated material from the
Fe/Si target collides with inert gas
molecules and condenses in the gas
phase, resulting in  Fe-Si
nanodroplets, which act as seeds
for vapour-liquid-solid Si NW
growth
FePt Solvothermal NwW 5 (um) 30-50 Coarsening (Ostwald ripening)
synthesis (nm)
W50y Solvothermal NwW 5 (um) Bundles of | Alignment of ultra-thin NWs that
synthesis 2-5 (nm) grow anistropically in the <010>
direction
PbCrO, Facile aqueous NR <2.5(um) | > 150 | PbCrO4 NPs nucleate and grow up
solution (nm) to 50 nm agglomerate and
crystalline into NRs
CdS Sonochemical NR/NW 1.3 (um) 80 (nm) Ultrasound expels S* and Cd*" and
synthesis strong pentadentate ligand
complexing action mediates CdS
NR formation along the [001]
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A schematic illustration of some growth mechanisms identified so far is presented in Figure 2.4.The
formation mechanism of 1-D nanostructure is influenced by the material, production technique and
environment, and may change radically with small variation in the processing parameters. Therefore,
understanding the effect of each process variable on the structural evolution is required to fully control

their size, shape, phase and by implication, their functional properties (Almeida, 2010).

A B
Il.

? O\ i 4——>
-

") (%) AMMMIITTTTh.S.

Figure 2.41-D nanostructure growth mechanism, A) controlled by the anisotropic crystallographic
structure of a solid; B) confinement by a liquid droplet as in the vapour-liquid-solid process; C) direction
as controlled through the use of a template; D) capping reagent provides kinetic control; E) self-assembly

of the nanoparticles; and F) 1-D microstructure size reduction (Almeida, 2010).

A brief literature review of the techniques for the synthesis of nanoparticles is provided in the following

section, together with their pros and cons.

2.4 Fabrication approaches and techniques

The ability to synthesise and process nanoparticles and nanostructures is the first step in nanotechnology

to explore novel physical properties and phenomena and realise potential applications of nanostructures

12

——

‘ Cape Peninsula
University of Technology



Chapter 2: Literature review

and nanomaterials. Two techniques exist to fabricate nanoparticles (Figure 2.5), the top-down and
bottom-up approach (Zheng, 2009). Slicing or successive cutting of a bulk material to obtain nanosized
particles is referred to as the top-down approach. Milling is a typical example of a top-down approach.
The building up of a material from the bottom, atom-by-atom, molecule-by-molecule or cluster-by-
cluster, is referred to as the bottom-up approach. Colloidal dispersion is an example of the bottom-up

approach.

Top down methods

*  Mechanical grinding
Bulk » Erosion

Bottom-up methods I

» Aerosol techniques &
Chemical precipitation ':
Self assembly

L)
. Atoms

Figure 2.5 Schematic representation of two different approaches for fabricating nanomaterials (Zheng,

2009)

Different techniques have been established to date to synthesise nanoparticles. These are:
e Vapour-phase growth
e Liquid-phase growth
e Solid-phase formation

e Hybrid growth, i.e. (vapour-liquid-solid or VLS)

13
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2.4.1 Hydrothermal / solvo-thermal synthesis

The concept “hydrothermal” is primarily a geological term, relating to the natural processes resulting

from the joint action of heat and water under pressure (Mambote et al., 2000). Hydrothermal synthesis

(HS) of inorganic materials has been carried out since the end of the 19" century (Byrappa & Yoshimura,

2001), and is defined as the precipitation of these materials from aqueous solutions at temperatures above

boiling point and at pressures greater than ambient pressure (Dawson & Han, 1993). Hydrothermal

synthesis technique is generally operated at around a temperature range of 100°C— 200°C (Arai et al.,

2002).Figure 2.6 presents a pressure/temperature map of hydrothermal synthesis in relation to other

material processing techniques.

Pressure (Pa)

1o
101
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10°

1
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Figure 2.6 A pressure/temperature map for different material processing techniques (Yoshimura et al.,

2000)
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HS generally involves two reactions in the case of the formation of metal oxide particles. The reactions
normally proceed as the hydrolysis of the metal salts first, then followed by dehydration (Matson et al.,

1996). The reactions follow as:

M(NOQ,), +xH,0 = M(OH), + xHNO, > Hydrolysis

Mlom), - Mog ¥ gﬂzo > Dehydration

The hydrolysis and dehydration reactions as shown above produce nuclei and eventually crystals during
the pressurized heat-up period. Homogeneous nucleation and grain growth take place resulting in
materials with desired microstructure and properties. Hydrothermal synthesis is one of the most widely
used processes for the preparation of fine powders with controlled size, shape, crystallinity, and
composition. A comparison between the different processes is presented in Table 2.3.

Table 2.3 Comparison between different techniques (Dawson, 1988)

Variable Solid-state reactions  Sol-gel Co-precipitation Hydrothermal
Cost Low - Moderate High Moderate Moderate
Control over composition Poor Excellent Good Good-excellent
Control over morphology Poor Moderate Moderate Good
Purity (%) <99.5 >99.99 >99.5 >99.5
Calcination step Yes Yes Yes No
Milling step Yes Yes Yes No

Both batch and continuous or flow systems can be used to carry out hydrothermal synthesis. The batch
system is simple and easy and also allows one to control the oxidation states of the elements and to
prepare systems with a desirable ratio of phases which contain one element in different oxidation states

(Galkin et al., 2001). In the flow system a high reaction rate at short residence time is achievable. Particle
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size, shape and size distribution can be controlled to some extent by independently varying the different

process parameters (Xu, 2006).

2.4.1.1 Batch synthesis

Batch hydrothermal synthesis requires a vessel known as autoclave capable of handling highly corrosive
solvent, operating under extreme pressure, temperature and processing conditions with adequate
tolerance.Pressure vessels/ autoclaves are manufactured from thick glass or quartz cylinders and high-
strength alloys, such as austenitic stainless steel, iron, nickel, cobalt-based superalloys or titanium and its
alloys (Byrappa & Adschiri, 2007). Figure 2.7 presents pictorial representations of a typical pressure

vessel or autoclave for illustration purpose.

Figure 2.7 A typical pressure vessel/autoclave (Byrappa, 2005)

Hydrothermal synthesis technique has been extensively used to synthesise a broad range of nanoparticles,
especially metal oxides (Somiya & Roy, 2000), that is, hematite (Katsuki & Komarneni, 2001), quartz
(Hosaka & Miyata, 1993), etc. Synthesis of quartz using the hydrothermal technique was conducted
several decades ago and it is currently used commercially (Balaraman, 2005). High crystalline titanium
oxide nanoparticles with large surface areas have been synthesised hydrothermally under supercritical
conditions in a batch system (Hayashi & Torii, 2002). A new family of quaternary alkali tungsten

tellurites, A, TeW30;, (A = K, Rb, or Cs) was also synthesised, demonstrating its versatility to control the
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composition of targeted materials (Goodey et al., 2003). More recently, the use of the supercritical water
approach in a batch reactor has been demonstrated for phosphate materials (Lee & Teja, 2006). Highly
crystalline micro or nanoparticles of LiFePO, were obtained and higher electrochemical performance was
reported compared with that synthesised at low temperatures, less than 200 °C (Yang et al., 2001).
However, fundamental understanding of the kinetics during hydrothermal crystallisation is very limited.
This is due to lack of data relating to the formation of intermediate phases and the inaccessibility of direct

in situ investigative tools under conditions of high pressure and temperature (Almeida, 2010).

2.4.1.2 Continuous synthesis

In recent years, continuous hydrothermal synthesis (CHS) using near critical or supercritical water has
attracted attention compared to the batch process (Adschiri et al.,, 1992; Hakuta et al., 1998). This
technique has exhibited promise in the production of nano and submicron-sized fine particles (mainly
metal oxides and oxyhydroxide), owing to the high reaction rates at short residence time and the ability to
control particle characteristics to some extent. Various materials have been prepared using continuous
process under NCW or SCW conditions. A summary is given in Table 2.4.

In a continuous process, pressurized water is preheated to near- critical or supercritical temperature and is
then contacted with a metal salt solution pre-mixed if necessary with a hydroxide solution. Figure 2.8
presents a typical CHS setup. Due to high temperature and pressure use, the process control in the
continuous hydrothermal synthesis becomes difficult in terms of mass production due to problems such as

corrosion and blockage.
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Table 2.4 Materials prepared from under NCW or SCW conditions (Xu, 2006)

Material synthesised Precursor solution Particle size (nm) References
used
AIOOH AI(NO»); ~100-600 Adschiri et al., 1992
Ba0.6F¢,04 Ba(NO;3),, ~100-200 Hakuta et al., 1998
Fe(NO3)3 ' 9H20,KOH
CeO, Ce(NO3), ~300 Hakuta et al., 1998
Co50, Co(NO;), 6H,0, ~50 Adschiri et al., 1992
NaOH
o — Fe,O4 Fe(NOs);-9H,0, ~50 Adschiri et al., 1992
FeCl,, or
Fe(SOq);
o —Fe,O; Fe(NO3);-9H,0 and Size changed with the Xu and Teja, 2007
PVA experimental
condition
LiFePO, FeSO4 7H,0. LiOH,  Size changed with the Xu et al., 2008
o - H;PO, experimental
condition
FC304 FC(NH4)2H(C(,H507)2 ~50 Adschiri et al., 1992
LiCoO, + Co0;0, LiOH and ~1000 Kanamura et al., 2000
CO(NO3)2'6H20
NiO Ni(NO;3), ~100 Adschiri et al., 1992
TiO, TiSO, or TiCly ~20 Adschiri et al., 1992
7rO, ZrOCl, ~10 Adschiri et al., 1992
YAG:TB AI(NO»);-9H,0, ~100 Hakuta et al., 1999
Y(NO3)3'6H20,
TbC13 'nHzO
CoFe 04 Co(NO;), 6H,0, ~10 Cote et al., 2003
Fe(NO3)3 ' 9H20,
NaOH
BaZrO; ZrO(NO3),, ~74 Millot et al., 2005
Ba(NO),,
NaOH
Zno Zn(NOs),, ~120-320 Viswanathan & Gupta, 2003
ZI’I(CH3COO)2,
Zl’lSO4,
KOH
BaTiO; Ti0O,, Ba(OH), ~10-60 Hakuta et al., 2005
Ag*, Fe,O3%%, CH;- *~06+438 Kawai-Nakamura et al., 2008
TiO,***, and COOAg, Fe(NOs);, **.55+3.3
ZrQ,k*** Ti(SO,),, and **%.6.1+£0.5
ZrO(NO3), *kE*39+1.3
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Figure 2.8 Continuous system to synthesise iron oxide nanoparticles (Xu & Teja, (2007)

The process control for the CHP technique is also very difficult, because of the high temperature and
pressure. To realise the actual production of nanoparticles using the flow reaction system, there are still

some problems in terms of engineering issues, namely, corrosion, blockage, and mass production.

2.5 Effect of nanoparticle size on physical properties

Nanoparticles act as an effective bridge between bulk materials and atomic or molecular structures.
Constant physical properties are exhibited by bulk materials irrespective of their size and mass. NPs
possess unique size-dependent properties due to the significant proportion of atoms existing on their
surface in relation to the bulk, resulting in a large specific surface area (Almeida, 2010). The electronic,
optical and magnetic properties of materials are found to change as their size decreases towards the nano-
scale. The total free energy of a nanoparticle, Granoparticie, 15 the sum of the free energy of the bulk, Ggyi,
and the surface, Gsyace, Of the nanoparticles. This can be expressed as (Zhang & Banfield, 1999):

G =G +G g Equation 2. 1

Nanoparticle Surface
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In the case of a nanoparticle, the surface-free energy becomes a large factor of the total free energy and an
important element of its overall phase stability (Zhang & Banfield, 1998). The electronic properties of
nanoparticles are size dependent. The electronic band gap, E,, of a spherical semiconductor nanoparticle
can be shown as:

21,2 2
E, ~ T hz 1) |L3e , Equation 2. 2
2R eR

where, h, is Planck’s constant, R, the particle radius, p, the reduced mass of the electron-hole pair, e, the
electric charge and &, is the dielectric constant of the semiconductor. The optical properties of
nanoparticles also vary greatly as a function of size. If a small spherical metallic nanoparticle is irradiated
by light, the accompanying incident electric field causes the conduction electrons to oscillate coherently
(Kelly et al., 2003). This electron oscillation is called the dipole plasmon resonance. Magnetic properties
of nanoparticles are also size dependent. The magnetisation of a single-domain nanoparticle lies along an
easy direction which is determined by the shape and the magnetocrystalline anisotropy of the
nanoparticles. Before an external field is applied, the magnetisation of a single-domain nanorod lies along
the easy direction which is presented in Figure 2.9 (a). After an external field is applied in the opposite
direction, the nanorod is unable to respond by domain wall motion and instead the magnetisation must
rotate through the hard direction (Figure 2.9b), to the new easy direction (Figure 2.9c). The anisotropy
forces which hold the magnetisation in an easy direction in NRs are stronger than isotropic NPs, and thus
the coercivity is large (Spaldin, 2003). For this reason, 1-D nanostructures are desirable for magnetic

storage media applications.
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Figure 2.9 Single domain nanorods magnetisation rotations (Almeida, 2010)

2.6 Prediction of nanoparticle sizes under different experimental conditions

A mathematical relationship that describes the dependence of particle size on the processing conditions is
important in production of uniform nanoparticles with specific sizes. However, there is a lack of a
quantitative mathematical relationship between particle size and processing conditions.

Correlation to predict particle sizes under different experimental conditions was derived by Beach (2009)

to predict spherical SnO, particle size under different temperatures. The correlation is presented below:

¢ = 2.646+(5.805X10° |T)>'* . Equation 2. 3

where, ¢ , is average particle diameter and, T | temperature.

Further work was done by Chiu et al. (2012). Their developed correlation predicts particle sizes of
spherical hematite at different temperatures and reaction times. The correlation is presented below:

d,= (0.49T - 26.4)‘[0'33 Equation 2. 4

where, dp , is particle diameter, T | temperature, and t ,the time.

2.7 Surfactants

A surfactant is a surface-active compound used in practical applications (Scamehorn, 1986). Surfactants
are usually organic compounds that are amphiphilic, meaning they contain both hydrophobic and

hydrophilic groups. Surfactants are employed in a variety of technologies including detergent,
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emulsification, dispersion, coating, wetting, flotation, petroleum recovery, lubrication, and adhesion
(Rosen, 1989). Surfactants are also used to control the morphology, size and shape of the nanoparticles

grown from chemical solution (Almeida, 2010).

2.7.1 Previous work reported on the effect of surfactants and alcohols on the iron oxide
nanoparticle

Surfactant-assisted hydrothermal synthesis can be found in the literature. Liu et al. (2006) synthesised a-
Fe,0O5 nanorods and nanotubes in the presence of surfactant L113B and SPAN 80 in BuOH. They
concluded that the surfactant plays an important role in determining the shape of the nanoparticle as only
nanotubes were formed without the surfactants. Baruwati et al. (2006) produced various morphologies
(tubes, rods and needles) of a-Fe,0s, utilising various hydrolysing agents in the presence of NaOH and
CTAB. This was a two-stage process, hydroxylation followed by calcination of the as-prepared [3-
FeOOH. Only nanoparticles were obtained in the absence of NaOH, indicating that it is not only the effect
of the surfactant that is important in the formation of nanorods. Fester et al. (2008) synthesised hematite
nanorods in the presence of different alcohols and surfactant SPAN 80. They concluded that the surfactant
plays no role in the formation of the nanorods. It was reported that the length of the nanorods increases
with the increase in carbon chain in the alcohol solvent. Hematite nanoplates were synthesised by Chen et
al. (2010). The authors used different alcohols as solvents. They concluded that the nanoplate diameter
and thickness could be controlled by choosing alcoholsselectively. Rod, arrayed nanorods, bundled fibre
and hexagram-like structures of B—FeOOH were obtained by Shao et al. (2005). The authors used a
surfactant-free condition but ethanol was used as a solvent. Different shapes were obtained by varying the
ethanol-water ratio. Aggregates of a—FeOOH and rod-like f—FeOOH particles were synthesised by Bashir
et al. (2009). The authors used polyoxyethylene oxide as a surfactant and butan-2-ol (five times the
amount of surfactant) to synthesise the particles. Precipitation of a- and B-FeOOH iron oxides in alcohol-
surfactant medium was observed to be faster when compared with the precipitation in a free aqueous

medium, though the reason for these phenomena is not clear. Liang et al. (2010) used isopropanol (IPA)
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as a solvent to synthesise crystalline Fe;04 nanoparticles in a CHS process. The IPA provided reducing
atmosphere due to the conversion of IPA into acetone. It was suggested that the acetone molecules
adsorbed on the Fe;04 surfaces suppressed crystallite growth. In another work, Guo and Xiao (2006)
reported that the addition of alcohol in the hydrothermal reaction largely affected the crystallisation
process. The crystallite size and crystallinity of the particles decreased with increasing isopropanol (IPA)
addition.

The above discussion clearly highlights the application of various alcohols in the synthesis of different
iron oxide nanoparticles. No systematic study has been reported in the literature to the best of my

knowledge despite the number of work has been carried out.

2.8 An overview on the effect of processing conditions on B-FeOOH particle characteristics
reported in literature in the absence of alcohol

A brief review of literature, on the effect of processing conditions on B-FeOOH particle characteristics in

the absence of alcohol is presented in this section.

2.8.1 Effect of temperature on the B-FeOOH particle characteristics
Cornell and Schwertmann (2000) synthesised -FeOOH particles using a 0.1M FeCl; solution. The pH of

the solution was kept at 1.7. A synthesis temperature of 40—90°C was used to synthesise these particles.
The authors reported that well crystalline somatoidal particles were formed in the temperature range of
40—70°C. The particles were elongated in the c-direction and had a surface area of 30 m%/g. Poorly
crystalline particles were formed at higher temperature (90°C). Hematite formed competitively with

akaganeite at reaction temperatures above 90°C.

2.8.2 Effect of FeCl; concentrations on the §-FeOOH particle characteristics
Yue et al. (2011) studied the effect of FeCl; concentrations on the physiognomies of B-FeOOH nanorods.

A FeCl; concentration range of 0.05—0.75M was used. They reported that FeCl; concentrations affect the

nucleation and growth of particles. However, at the same time, an increase in FeCl; concentration will
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decrease the pH, leading to a slow hydrolysis process. However phase and morphology changes were not

reported with change in FeCl; concentrations.

2.9 General synthesis theory

Nanocrystal formation is a two-stage process, firstly nucleation of an initial seed followed by subsequent
growth (Yadong & Alivisatos, 2005). Transformation from solution to solid occurs when the free energy
of the initial solution phase is greater than the sum of the free energies of the crystalline phase plus the

final solution phase (Gibbs, 1876).

2.9.1 Nucleation

Nucleation is one of the two major mechanisms of the first order phase transition, the process of
generating a new phase from an old phase whose free energy has become higher than that of the emerging
new phase (Hohenberg & Halperin, 1977). Nucleation occurs via the formation of small embryos of the
new phase inside the large volume of the old phase. The statement that the free energy per molecule of the
new phase is less than that of the solvated phase only applies to the bulk of the new phase (De Yoreo &
Vekilov, 2003). The difference between the free energy per molecule of the bulk and that of the surface is
referred to as the interfacial free energy. The interfacial free energy is always a positive term and acts to
destabilise the nucleus. As a consequence, at very small size when many of the molecules reside at the
surface, the nucleus is unstable. The addition of more molecules just increases the free energy of the
system. On average, such a nucleus will dissolve rather than grow. But once the nucleus gets large
enough, the drop in free energy associated with formation of the bulk phase becomes sufficiently high
that the surface-free energy is unimportant, and every addition of a molecule to the lattice lowers the free
energy of the system. There is an intermediate size at which the free energy of the system is decreased,
whether the nucleus grows or dissolves, and this is known as the critical size. A number of implications
are associated with the existence of a critical size. Nucleation of the new phase is the result of fluctuations
that bring together sufficient numbers of molecules to exceed the critical size; the probability of

nucleation will be strongly affected by the value of the critical size. This implies that nucleation can be
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controlled, to some extent, by modulating the critical size, which is in turn a function of the interfacial
energy. The smaller the interfacial energy, the smaller the critical size and the more likely nucleation
becomes for any given supersaturation. As a consequence, by varying either the solution composition or

the supersaturation, the probability of nucleation can be manipulated (De Yoreo & Vekilov, 2003).

2.9.2 Growth mechanisms

Understanding of the dynamics that affect crystal growth kinetics and the microstructure development in
nanocrystals is fundamental to tailor new types of nanostructures and control material properties (Zhang
et al., 2009). Two types of growth mechanisms have been reported, 1) the classical Ostwald ripening, OR

kinetics, and 2) Oriented attachment, OA Kinetics.

2.9.2.1 Classical growth Kinetics, OR Kkinetics

OR kinetics involves the growth of larger particles at the expense of smaller ones. The driving force for
this process is the decrease in total surface free energy (Zhang et al., 2010). According to the Gibbs—
Thomson equation (Campbell et al., 2002), the equilibrium solute concentration at the surface of larger
particles is lower than that of smaller ones and the resultant concentration gradients lead to solute ions
flowing from small particles to larger ones. The coarsening mechanism is often controlled by the
diffusion, particle growth via addition of ions to the particle surface from solution (Zhang et al., 2010).
An illustration of the OR kinetic is presented in Figure 2.10. The classical kinetic model for the OR
mechanism is known as the LSW (Lifshitz-Slyozov-Wagner) model which is based on the Gibbs—

Thomson equation (Kirchner, 1971). The general kinetic equation for these cases can be written as:

1
D=D, +k(t)", Equation 2. 5

where, D, is the particle diameter, D,, the initial diameter, K, material constant which is temperature
dependent, t, time and, n, exponent which is relevant to coarsening mechanisms. An ‘n’ value of 2

dictatesa crystal growth that is controlled by the diffusion of ions along the matrix-particle boundary.
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Crystal growth controlled by volume diffusion of ions in the matrix and dissolution kinetics is represented

by an exponent, n, value of 3 and 4 respectively (Kirchner, 1971).

O O j OR Kinetics > 8@
20 ° O¢

Figure 2.10Ilustration of Ostwald ripening kinetics

Disagreements still remain between experimentally reported particle distribution and that predicted by OR
kinetics despite the amount of work reported on OR growth kinetics. A few typical examples are
presented below:

1) Huang et al. (2003) reported two-stage crystal growths of ZnS nanoparticles. The authors
reported that the first stage of growth could not be fitted by OR kinetics. The fitting yielded an
exponent (n > 10) with no physical meaning (Huang et al., 2003).

2) The Ostwald ripening mechanism cannot be used to explain and fit the crystal growth in solid
phases, that is, coarsening in air (Zhang & Banfield, 1999).

3) Kiill et al. (2001) reported a linear growth rate of nanosized Fe (<150 nm) with time.

All sorts of irregular shapes, such as, elongated chains, butterflies, horseshoes, etc. (Tang et al., 2002) can
be obtained in solution based growth. Nanocrystal often exhibits defects, that is, dislocation and planar

defects. These occur seldom in the crystal growth via the OR mechanism (Zhang et al., 2009).

2.9.2.2 Oriented attachment, OA, mechanism

Oriented attachment mechanism was discovered by Penn and Banfield in 1998. It involves spontaneous
self-assembly of adjacent particles. Nanoparticles with irregular shapes are often caused due to this
mechanism. Formation of irregular shape occurs by consuming primary nanoparticles as building blocks.
The growth rate of particles is size dependent (Huang et al., 2003). Typical examples of the OA

mechanism observed and reported in the synthesis of iron oxide nanoparticles are presented in Table 2.5.

26

———

‘ Cape Peninsula

University of Technology



Chapter 2: Literature review

Crystal growth via the OA mechanism is presented in Figure 2.11. The self-assembly of particles occurs
in such a way that the joined particles share common crystallographic orientation, followed by joining of
these particles at a planar interface. It can be seen from Figure 2.12 that the big ZnS single crystal is
composed of five single units. The arrowhead mark indentations represent the interfaces between the
assembly units.

Table 2.5 OA mechanism controlled growth of iron oxide nanoparticles

Author Iron oxide phase Morphology
Penn et al., 2001 Fe,05 and FeOOH | Rounded hematite plate and irregular feroxyhite plates
Niederberger., et al., 2002 o-Fe 03 Rounded hexagonal plate
Guyodo et al., 2003 o -FeOOH Nanorods
Nesterova et al., 2003 FeOOH Various
Frandsen et al., 2005 o-Fe, 04 Chains
Penn a-FeOOH Nanorods

oo __oa 3

Figure 2.11Schematic illustration of OA mechanism
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Figure 2.12 Growth of ZnS nanoparticle controlled by OA mechanism(Huang et al., 2003)
Two-stage growth kinetics was observed by Huang et al. (2003) in the synthesis of nanosized ZnS
nanoparticles. The first stage could not be fitted by the OR kinetics but the second stage. The coarsening
of nanosized ZnS in water was a combination of both OR and OA kinetics without the use capping agent.
Co-existence of the OA and OR mechanism is a common phenomenon (Huang et al., 2003). Strong
surface adsorption is a key factor in the growth of nanoparticles via a solo OA mechanism (Zhang et al.,

2009).

2.9.2.3 OA based nanocrystal growth kinetic models

2.9.2.3.1 (A+A,) model

The first Oriented growth kinetic model was developed to fit and explain the experimental growth curve
of the ZnS nanoparticles (Huang et al., 2003). In the development of the kinetic model, the authors
assumed that two primary nanoparticles, NP, attach and combine into a larger secondary particle
according to the relation of volume between the primary and secondary particles. The Brownian motion

of the nanoparticles is drastic under hydrothermal coarsening. When two adjacent particles collide, the
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coalescence may occur on the premise and the two particles might share a common crystallographic

orientation. The OA kinetic model can be described as the following reaction (Huang et al., 2003):

A +A, 5 5B Equation 2. 6

b

where, A is the two primary particles and B, the product of the coalescence of two primary nanoparticles.
K, is a kinetic constant for the reaction between two particles. Based on that, a growth model was derived

(Huang et al., 2003):

d,R2k t+1
dzM, Equation 2. 7

(k,t+1)
where, d, is particle diameter, d,, initial particle diameter, k;, growth rate constant dependent on
temperature, and t, time.
Further studies were also initiated to attain a better understanding of the OA growth behaviour.

Nanoparticle growth via OA mechanism was discussed from the degree of the electrostatic interaction and

diffusion and coagulation of colloids (Penn, 2004 ; Riberio et al., 2005).

2.9.2.4 Two-step reaction during the OA growth

Oriented attachment-based nanocrystal growth often undergoes two reaction steps. The first is the
diffusion of the nanocrystals followed by the coalescence and desorption of surface species. The motion
of nanoparticles in a fluid is due to Brownian motion and fluid convection, which is much slower than the

diffusion of molecules.

2.9.2.4.1 Rotation of nanoparticles before coalescence

After a collision of two or more particles in solution, the particles may not have any common
crystallographic orientation. To achieve the structural accord at the interface, the primary particles would
be free to rotate into an orientation (Zhang et al., 2009). This process is directly linked to the reduction of
surface energy. It is also aimed at minimising the area of high-energy interfaces. The coarsening of
nanocrystal via OA can be also named as the grain-rotation induced grain coalescence (GRIGC)

mechanism (Figure 2.13) (Moldovan et al., 2002).
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Step 1 Step 2 Step 3

O

Figure 2.13 Particle rotation during OA mechanism (Zhang et al., 2009)

2.9.2.4.2 Self-recrystallisation of nanocrystal after coalescence

Often after coalescence of two individual nanoparticles, the as-produced nanoparticles undergo an
adjustment of morphology named self-recrystallisation or self-integration. The state of the newly
produced particle is not steady in view of energy, and that leads to the self-recrystallisation of the particle
(Zhang et al., 2009). If two particles attach themselves without recrystallisation, the radius curvature at
the joint is negative. This is according to the Gibbs-Thompson equation:

B 2yQ)

Equation 2. 8
R

where, p is the chemical potential, y, the surface free energy, €2, the volume per atom and 1/R is the radius
curvature at the joint. The chemical potential is negative at the joint. In self-recrystallisation the oriented
attached nanoparticles go through three states (A, B and C) (Figure, 2.14). It is assumed that the self-

recrystallisation from state A to B is very rapid and state B to C is slow (Zhang et al., 2009).

Self-recrystallization
|

0A Rapid ‘ Slow
@ -— —
W

State A State B State C

Figure 2.14 Self-recrystallisation in OA growth (Zhang et al., 2009)
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2.10 Kinetic size control

The critical size of nanocrystals can be determined from the zero crossing point in Figure 2.15.
Nanocrystals neither grow nor shrink at that point. The monomer concentration affects the critical size,
with low monomer concentration favouring a larger critical size. On the other hand, a slow growth rate

generates equilibrated and nearly round crystals. Slow growth rate is related to low monomer

concentration.

High monomer concentration

Low monomer concentration

Nlnitial average size

Nanocrystal growth rate (a.u)

Nanocrystal size

Figure 2.15 Relationship between growth rate and nanocrystal radius

2.11  Material characterisation techniques
There are several characterisation techniques available to understand the nanostructures grown during

hydrothermal synthesis. A brief background on the analytical techniques that were used in this work is

given in this section.

2.11.1 X-ray diffractometry

X-ray powder diffraction provides information regarding crystal size and disorder, structural parameters
(unit cell edge lengths), degree of isomorphous substitution and surface area (Han, 2001). The ordered

arrangement of a crystal atom is described by a number of symmetry elements. The position of any plane
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of atoms within the crystal can be characterised by the intercepts the plane makes with the system axes.
These intercepts are usually expressed as their reciprocal value, 2kl (Miller indices), and thus converted
into small integer numbers. The interaction of the electromagnetic waves with the atoms of the crystal is
observed in the X-ray diffraction (Han, 2001). When a monochromatic beam of X-rays is directed towards
a crystalline material, the incident X-ray photons interact with the electrons that surround the atoms. The
electron clouds scatter the X-rays in all directions. However, at certain angles (0), the distance travelled
by the incident and scattered X-rays differs by a complete number (n) of wavelengths. These directions
are related to the distances between atomic planes, the d-values, and the angle (0) at which X-rays enter
and leave a crystal. A schematic diagram is presented in Figure 2.16 to illustrate the constructive
interference of scattered waves. This relationship can be described by the Bragg equation (Graef and
Henry, 2012):

nA = 2d,,,Sin0 Equation 2.9

where, A, is the wavelength of the X-rays used, 0 , the angle at which the X-rays strike the crystal and for

which the maximum interference intensity is observed, and dpy, the distance between the set of hkl planes

in the crystal (lattice spacings).
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Figure 2.16 X-ray diffraction incident beam interaction with periodically aligned atoms (Almeida, 2010)
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2.11.2 Electron microscopy

In an electron microscope a variety of signals can be detected when a high-energy electron beam interacts
with a specimen (Figure 2.17). Many of these signals can be used for imaging. In a scanning electron
microscope (SEM), mainly the secondary electrons (SE), backscattered electrons and characteristic X-
rays (EDX) are analysed. The first two types of electrons provide visual information about the specimen.
Information regarding specimen composition can be determined using EDX, Cathodoluminescence and

Auger electron signals. Some of these signals are used in TEM (Williams, 1984).

Incident High-KV beam

Backscattered electrons Secondary ‘!—f Ktrons

| o Fa

.5 /.' X-Rays
Auger electrons ™ o* . "
b ] o _./ G
-, “~ / it
B a a* S Visible light
R N B e
g < AL Yk ol
"'\\.:. .:.//'__,. -
; )

Sarpple
A

Y
Transmitted electrons

Figure 2.17 Different signals generated during the interaction of a high-electron beam with a thin

specimen (Goodhew & Humphreys, 1988)

2.11.2.1 Transmission electron microscopy (TEM)

A beam of electrons is transmitted through an ultrathin specimen (<100 nm) in this technique. As the
beam passes through the specimen it interacts with the specimen. An image is formed from the interaction

of the electrons transmitted through the specimen. The formed image is magnified and focused onto an
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imaging device, such as a fluorescent screen, on a layer of photographic film or detected by a sensor such
as a CCD camera (Goodhew & Humphreys, 1988). Only the transmitted beams or some of the forward
scattered beams are used in conventional TEM to form a diffraction contrast image.

High-resolution TEM (HRTEM) uses the transmitted and scattered beams to create an interference image.
Preparation of TEM specimens is specific to the material under analysis and the desired information to

obtain from the specimen.

2.11.2.2Scanning electron microscopy (SEM)

Bulk specimens are observed using Scanning Electron Microscopy (SEM). Scanning electron microscopy
uses a fine electron probe (7~10 nm diameter) to illuminate the specimen (Williams, 1984). An image
may be formed by scanning the probe across the specimen, and detecting the low- energy secondary or
high-energy primary backscattered electrons returning from the surface (Han, 2001). All samples must be
of an appropriate size to fit in the specimen chamber and are generally mounted rigidly on a specimen
holder called a specimen stub. Several models of SEM can examine any part of a 6-inch (15cm)
semiconductor wafer, and some can tilt an object of that size to 45 degrees. For conventional imaging in
the SEM, specimens must be electrically conductive, at least at the surface, and electrically grounded to
prevent the accumulation of electrostatic charge at the surface. Nonconductive specimens tend to charge
when scanned by the electron beam, and especially in secondary electron imaging mode, which causes
scanning faults and other image artefacts. The non-conducting materials are therefore usually coated with
an ultrathin coating of electrically conducting material, such as gold, deposited on the sample either by

low vacuum sputter coating or by high vacuum evaporation (Suzuki, 2002).

2.11.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analytical method that has been used to determine a material’s
thermal stability and its fraction of volatile components. This is done by measuring the weight loss of a
sample that occurs when the sample is heated. The measurement is normally carried out in air or in an

inert atmosphere. Helium or nitrogen can be used to create inert atmosphere. The weight of the sample is
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recorded as a function of increasing temperature. Sometimes lean oxygen atmosphere is used to perform
the measurement if one wants to slow down oxidation. Differential thermal analysis or DTA is another
thermo-analytical technique. Normally TGA and DTA measurement is done simultaneously with the
same instrument. The temperature difference between sample and reference is recorded. This differential
temperature is then plotted against time or temperature, which is represented as DTA curve or
thermogram. A DTA curve provides data on the transformation that has occurred, such as glass
transitions, crystallisation, melting, decomposition or sublimation, etc. The area under a DTA peak is the

enthalpy change for the process under study (Gabbot, 2008).

2.11.4 Energy dispersive spectroscopy
A standard method for local identification of elements within a sample in an SEM or TEM is EDS

analysis. The interaction with the innermost electron shell of an atom by the high-energy electron beam
leads to the ejection of a photoelectron. Consequently, an electron from an outer orbiting shell jumps into
the core level vacancy, and emits energy in the form of an X-ray photon. The energy of the X-rays arising
from the difference in energy between the shells, is characteristic of the atomic number, and therefore can
be used to ascertain the elemental composition of a sample (Almeida, 2010). The relationship between

atomic number and energy for a given X-ray is given by Moseley’s Law (Garratt-Reed and Bell, 2003):
JE = CI(Z— Cz) Equation 2.10
where, E represents the energy of the emission line for a given X-ray series (e.g. Ko, K etc.), Z is the

atomic number and C;, C, are constants.

2.12  Conclusion

Application and physical properties of iron oxide nanoparticles, more specifically for a-Fe,O; and
B-FeOOH, are given in this chapter. The dependency of the physical properties of various nanostructures,
in particular one-dimensional nanostructures, on their size and morphology, has been discussed. A

comprehensive overview of literature on the effect of alcohols on the particle size, shape and morphology
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is presented, highlighting the necessity to conduct a systematic study. Effect of processing conditions on
the particle characteristics without the presence of alcohol reported in the literature is also given. An in
depth discussion on the intricate details related to different growth mechanisms are reported. Finally a
brief background to the fundamental concepts underpinning the structural characterisation techniques of

XRD, electron microscopy and thermogravimetric analysis is given.
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Chapter3

Experimental methodology

3.1 Introduction

A detailed description of the hydrothermal synthesis technique, including the equipment and chemical

precursors used are presented in this section.

3.2 General synthesis scheme of f-FeOOH particles

B-FeOOH particles in both nano and micro sizes can be prepared via hydrolysis and / or forced hydrolysis
of [Fe(H,0)e]*". Hydrolysis involves a stepwise elimination of protons from the six water molecules that
surround the central hydrated ferric ion to form mono- and binuclear species (Cornell & Schwertmann,
2000), which in turn becomes multinuclear moieties. The latter finally precipitates as a more or less a
crystalline product whose crystallinity depends on the rate and conditions of the reaction (Cornell &
Schwertmann, 2000). Two main variables that cause hydrolysis are: 1) increasing the temperature and 2)
addition of base. Due to the release of protons, the pH of the system falls during the early stages of the
hydrolysis. At high temperature, the pH may become low enough to inhibit further hydrolysis resulting in
incomplete hydrolysis that reduces the yield (Cornell & Schwertmann, 2000). Akaganeite particles form
at pH 1.9. The formation of the particles is controlled by a variety of factors, including rate of hydrolysis,
solution pH, temperature, Fe’* concentrations and the nature of anions present in the system (Cornell &
Schwertmann, 2000). In forced hydrolysis, precipitation is carried in aqueous solutions at higher
temperatures (>100°C) and pressure. Simple equations presenting the precipitation of f-FeOOH from

FeCl; solution are presented below:
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p - FeOOH precipitation

FeCl; +3H,0 - FeOOH +3HCI + H,O Equation 3.1

33 Materials and processing conditions
Analytical grade FeCl;.6H,O and NH,OH (B & M Scientific, Cape Town, RSA) were used as it is

without any further purification. An equal amount (volume wise) of distilled water and various alcohols
(methanol, ethanol, propanol and butanol), one at a time, was mixed, unless other ratios were specified.
Different alcohols were used to evaluate the effect of carbon chain length and solvent surface tension on
the particle morphology and characteristics. Ammonium hydroxide, NH,OH, was added drop wise until
the mixture pH reached 10. 2.7g of FeCl;.6H,O was added to the solution and the solution was stirred
until the iron salt was dissolved. The final pH of the resulting solution was ~2 under the experimental
condition used, unless stated otherwise. 400ml solution was placed in a 0.99L Teflon-lined stainless steel
pressure vessel. A standard synthesis temperature of 100°C was used. Reaction temperature was
controlled by using heating jackets connected to a controlling unit (Figure 3.1). Generally reaction was
conducted for 2h but other durations were also used to study their effect on the particle characteristics.
The synthesis duration was calculated from the time the specified reaction temperature was reached,
though the particle formation would have occurred even during the temperature ramp-up.A typical
reaction temperature and pressure profile is presented in Figure 3.2 and 3.3 respectively. The fluctuation
of pressure was observed owing to the switching on and off of the heating elements. In addition sulfate
and nitrate precursors were also employed to study the effect of anions on the particle characteristics. The
reaction vessel was allowed to cool naturally after completion of the reaction followed by decantation of
the supernatant liquid, centrifugation, washing of the solid with ethanol severally to remove residual
chloride ions and storage in a desiccator. The process variables for the synthesis of B-FeOOH are
summarized in Table 3.1. Experiments were carried out in a chemical fume hood with exhaust, while

wearing proper personal protective equipment.
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Programme Reaction Safety
switch e controller  coproller

Figure 3.1 Experimental setup: a) controlling unit and b) autoclave / pressure vessel
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Figure 3.2 Temperature profile inside the reaction vessel
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Figure 3.3 Pressure profile at different temperature inside the reaction vessel

Table 3.1 Process variable for the synthesis of B-FeOOH (bold text represents standard conditions)

Reaction variable Values

Reaction temperature (°C) 90 100 120 | 135 |150 |- - -

Synthesis time (minutes) 50 120 240 1360 |720 |- - -

(%v/v) alcohol in the solution | O 10 30 50 70 95 |98 100

FeCl; ratio 0.05| 0.1 0.2 0.3 0.4 0.5 | 0.7 -
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34 Factorial trial experiments

A two level, three factor, experimental design was used to identify the degree of interactions between

process parameters statistically. Synthesis temperature and solution pH was omitted from the

experimental design due to sensitive dependence of particle phase on these two variables. Butanol was

used as solvent. Summary of the experimental design is presented in Table 3.2.

Table 3.2 Two level three factor experimental design

Experimental Run FeCl; concentration [M] | Solvent (ROH/H;O) ratio (% v/v) Time

(h)

1 0.05 30 12

2 0.50 30 12

3 0.05 30 2

4 0.05 90 12

5 0.50 90 12

6 0.50 30 2

7 0.05 90 2

8 0.50 90 2
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Chapter 4

Hydrothermal precipitation of f-FeOOH particles in different solvent ratio (% v/v) and pH

4.1 Introduction

To evaluate the effect of alcohol-to-water ratio on the particle morphology and phase, four different
alcohols at varying ratios (% v/v) ranging from 0 — 100% was used. A kinetic equation was evaluated to
correlate particle size with solvent surface tension. The effect of solution pH on the particle phase and

morphology was also evaluated.

4.2 Experimental methodology

A change in solvent ratio results in a change of solution pH. Simultanecous change of experimental
variables may result in an outcome that is fallacious. In order to discern the effect of the variables
individually on the particle morphology and phase, the study was conducted in two parts. In the first case,
solvent ratio was varied at constant pH while in the second case, pH was changed keeping the alcohol-to-
water ratio constant.

Accordingly, in the first case, a 0.05M FeCl; solution was prepared and mixed with different alcohols.
The synthesis temperature was kept constant at 100°C for 2h. The solution pH was kept constant at ~2 by
addition of NH,OH. The temperature was maintained at 100°C for 2h. Details of the experimental design
are illustrated in Table 4.1.

To study the effect of the solution pH (prior to heating) on the particle characteristics, a 0.05M FeCls;
solution was prepared and mixed with water and a given alcohol in 50/50 (v/v) ratio while changing the
pH range from 2 - 2.5 - 3 by dropwise ammonia addition. The temperature was maintained at 100°C for

2h. The details of this experimental design are shown in Table 4.2.
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Table 4.1 Experiments with different solvent ratios

Solvent Solvent (ROH/H,0) ratio (% v/v)
BuOH 10,30,50,70,95,98,100
PrOH 10,30,50,70,95,98,100
EtOH 10,30,50,70,95,98,100
MeOH 10,30,50,70,95,98,100

Table 4.2 Experiments with different solution pH

Solvent Solvent (ROH/H,0) ratio (% v/v) Final solution pH
BuOH 50 2,2.5,3
PrOH 50 2,253
EtOH 50 2,253
MeOH 50 2,2.5,3
4.3 Results and discussion

4.3.1 Effect of BuOH-to-H,O and PrOH - to-H,O ratio on the akaganeite nanoparticle
characteristics

Variation in alcohol-to-water ratio has a marked effect on the morphology of akaganeite particles. The

morphologies evolved as a function of alcohol-to-water ratio variation are shown in Figure 4.1.
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Figure 4.1 Dependence of morphological evolution as a function of variation on BuOH / H,O and PrOH / H,O ratio: (a) somatoids at 0% alcohol,
(b) nanorods at 30% alcohol, (c) a-Fe,Os spheres at 100% alcohol, (d) aggregation of spherical particles at 100% alcohol, (e) B-FeOOH nanofibers

at 98% alcohol and, f) XRD patterns of the synthesised particles at different solvent ratios
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About 75 nm long somatoidal (cigar-shaped) particles with ~20 nm diameter were formed in pure water
(4.1a). No precipitate formed in solution containing 10 vol % BuOH or PrOH, while well-defined rod-
shaped particles resulted in solution with 30 vol % BuOH or PrOH in water. In fact, crystalline f-FeOOH
nanorods (aspect ratio ~10) could be synthesized in solvent mixtures containing BuOH or PrOH in 30-95
vol % concentration, as revealed by the XRD pattern in Figure 4.1f, that matches the JCPDS standard 42-
1315. Crystalline B-FeOOH nanofibres (Figure 4.1 ¢) were obtained at 98 vol % BuOH or PrOH in
water. It should be pointed out that presence of water facilitates the nucleation and growth of the nanorod-
shaped B-FeOOH particle; in pure alcoholic solutions only spherical hematite (a-Fe,O;) particles could be
seen, as shown in the TEM images (Figure 4.1c-d). Some of these are attached to one another, which
imply growth via OA mechanism. Structurally, they are hematite (a-Fe,Os; JCPDS 33-0664) whose XRD
pattern is shown in Figure 4.1 f. Similar observation was made by Chen et al (2010) who synthesized
hematite nanoplates using different alcohols (BuOH, PrOH, EtOH and MeOH ) as the solvent. It was
theorized by them that trace amount of water could have facilitated nucleation and growth of hematite in
nanoplate morphology which is contrary to the findings in the present work which demonstrates the
formation of spherical hematite nanoparticles in the absence of water. It is believed that presence of
water promotes the hydrolysis of ferric chloride and crystallization of B-FeOOH which is a hematite
precursor as per the following reaction:

2 B-FCOOH —_— G-FCQO3 + HzO .
Equation 4.1

No study has been reported to the best of our knowledge in the literature that uses 100% alcohol as
solvent to synthesise akaganeite particles. For this reason a direct comparison could not be made
regarding the nucleation and growth of akaganeite particles in solvent only.

Huang et al. (2003) reported that the presence of water around the nanoparticle surface induces the
oriented attachment via Brownian motion-induced reorientation and thereby promoting growth by bulk
diffusion. Diffusion, either via surface reorganisation or addition of ions from aqueous solution,

eliminates the indentations at particle contacts, ultimately generating rounded crystals. This is
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corroborated by the spherical hematite particles formed in the absence of water (Figure 4.1-D), which are
seen attached to one another via oriented attachment mechanism. This observation contradicts with the
findings of Huang et al. (2003). In addition to promoting nucleation of B-FeOOH, presence of water
significantly impacts the growth of B-FeOOH nanorods; 2-5 vol % water transforms the nanofibres into
high aspect ratio nanorods.

Though the formation of highly anisotropic particles using growth inhibitors, such as, surfactants or
templates, has been reported in the literature, neither was used in the present study. It was shown that the
addition of butanol and propanol confines the growth of the akaganeite nanorods in both diameter and
length directions. For example, in a solvent mixture containing 30 vol % butanol, the diameter and the
length of the particles was reduced by 70% and 50%, respectively, compared to when no butanol was
used; reduction in diameter and length was 70 and 75%, respectively, in the case of 30 vol % propanol-
water mixture. This clearly highlights the crucial role of alcohol as solvent in controlling particle
dimensions. Figure 4.2 presents the % reduction in particle dimensions relative to those without alcohol.
As can be seen, the particle size reduction is highest at 50% ROH/H,0 mixture (4.2a& b). Also, the effect
of propanol is more pronounced than that of butanol on diameter and length. The results are summarized

in Table 4.3.
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Figure 4.2 % Reduction in particle size using solvent compared to without solvent; a) particle diameter

and b) particle length
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Table 4.3 Effect of solvent ratio on the particle characteristics

Solvent Solvent q,AV (nm) Lav (nm) Phase Morphology Average
(ROH/H;0) ratio aspect ratio
(% vIv)
0 20+ 6 777 B-FeOOH Somatoidal 4
10 - - No - -
precipitation
30 6+2 51+5 B-FeOOH Rods 9
% 50 9+2 3845 B-FeOOH Rods 4
= 70 5+1 37+5 B-FeOOH Rods 7
95 3+1 30£3 B-FeOOH Rods 10
98 n/a n/a B-FeOOH Fibres -
100 130 £ 15 o-Fe,O; Spheres -
0 20 £6 777 B-FeOOH Somatoidal 4
10 - - No - -
precipitation
30 5+£2 26+ 4 B-FeOOH Rods 5
% 50 7+2 29 £ 3 B-FeOOH Rods 4
& 70 5+ 1 50 £ 2 B-FeOOH Rods 10
95 3+ 1 15+ 1 B-FeOOH Rods 5
98 n/a n/a B-FeOOH Fibres -
100 108 + 15 n/a o-Fe,O; Spheres -
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Chapter 4: Hydrothermal precipitation of f-FeOOH particles in different solvent ratio (%v/v) and pH

4.3.2 Effect of EtOH - to - H,O and MeOH - to - H,O ratio on the akaganeite nanoparticle
characteristics

The morphologies evolved as a function of alcohol-to-water ratio are illustrated in Figure 4.3.Somatoidal
particles were formed in mixture containing 10 vol % MeOH or EtOH in water. In solvent mixtures
containing up to 70 vol % EtOH in water, B-FeOOH nanorods were formed, while aggregates resulted at
higher (98 vol %) EtOH-to - H,O mixture. The particles assumed spindle-like shape in 30-70 vol %
MeOH while fibres and nanoflakes were formed in 95-98 vol % MeOH to water mixtures. Fast Fourier
Transform (FFT) algorithm was performed on the TEM images of the particles. The dots in the FFT
(Figure 4.3 a) represent the crystallinity of the material. The XRD patterns (Figure 4.3 i) of the samples
synthesized in 95-98% to EtOH / H,O mixture tallied with those (JCPDS card no: 33-0664) of the o-

Fe,0; particles.
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Position [*ZThets] (Coppers (Cul)

Figure 4.3 Dependence of morphological evolution as a function of variation on MeOH to H,O and EtOH
to H,O ratio: (a& b) nanoflakes and stranded fibres at 95% MeOH to H,O, (c) spindles at 30% MeOH to
H,O, (d) somatoids at 10% MeOH to H,O, (e) aggregation at 98% MeOH to H,O and, f & g) spherical
and pseudo cubes at 95% EtOH to H,0, h) Particles with high aspect ratios at 70% EtOH to H,O and, 1)

XRD patterns of the synthesised particles at different ROH/H,O ratio

51

S

‘ Cape Peninsula
University of Technology



Chapter 4: Hydrothermal precipitation of f-FeOOH particles in different solvent ratio (%v/v) and pH

From the foregoing discussion it appears that carbon chain length of the alcohol and the alcohol-to-water
ratio control the nucleation and growth of particles. Particle length and diameter decrease with increase in
the alcohol-to-water ratio; for example, a 50% ethanol-to-water mixture changes the particle diameter and
length by 75 and 71% respectively, compared to when no alcohol was used. The percentage reduction in
nanorod diameter and length was constant over the methanol-to-water ratio range of 10 — 50% compared

to when no alcohol was used.These results are summarized in Table 4.4.
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Table 4.4 Effect of solvent ratio on the particle characteristics

Solvent  Solvent (ROH/H,0) (],AV (nm) Lav (nm) Phase Morphology  Average
ratio (% v/v) aspect
ratio
10 3£1 23+ 9 B-FeOOH Rods 8
30 3x1 24+ 9 B-FeOOH Rods 8
50 5£2 22+ 5 B-FeOOH Rods 4
% 70 4+2 35+ 8 B-FeOOH Rods 9
D
= 95 n/a n/a 0-Fe 04 Aggregated -
98 n/a n/a a-Fe,O; Aggregated -
100 n/a n/a o-Fe,O; n/a -
10 3+4 50+4 B-FeOOH Rods 13
30 3+4 55+4 B-FeOOH Rods 18
50 3£2 58+3 B-FeOOH Rods 19
70 3£2 60+3 B-FeOOH spindle 20
§ 95 n/a n/a B-FeOOH Fibrous
98 n/a n/a B-FeOOH  Flakes and -
fibrous
100 n/a n/a o-Fe, 04 n/a -

4.3.3 Relationship between particle size and surface tension

According to classical electrostatic model, the chemical potential of two phases (when a solute

precipitates from a supersaturated ideal solution) are equal in equilibrium and can be written as

(Israelachvili, 1992):
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Chapter 4: Hydrothermal precipitation of f-FeOOH particles in different solvent ratio (%v/v) and pH

U +KTInCy =’ +KTInC, Equation 4.2

Where, 4° is the standard chemical potential and C , concentration of solute. Solid and liquid phase are

denoted by subscripts sand . respectively. T is the temperature expressed in Kelvin and K Boltzmann

constant. Equation 4.3 also known as Coulombs interaction and can be used to express the energy

required to separate the charged ions from the solid state (Israelachvili, 1992):

2
Au’ = _Zle Equation 4.3
dre,e(r, +1.)

where, &, represents the permittivity in vacuum and ¢ dielectric constant of a given solution and r, and
b 9

r. the ionic radius of species with charge Z" and Z', respectively. By putting appropriate values and

combining Equations 4.2 and 4.3, Equations 4.4 and 4.5 can be written as follows:

7.7 é :
—£e2¢ L 0=KTInC, Equation 4.4
dre,e(r, +1.)

7.7 ¢

Equation 4.5
4re, eKT(r. +1.)

Cp =exp(

From the nucleation theory it is known that the formation of particles is dependent significantly on the

supersaturation defined as:

S=— Equation 4.6
L

where, Sis the supersaturation of solute, C and C, the solute concentration and solvent concentration.

Relationship between super-saturation and particle size can be expressed by Kelvin equation (Mullin,

2001):
2my .
In(S) =——" Equation 4.7
rKTp
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Chapter 4: Hydrothermal precipitation of f-FeOOH particles in different solvent ratio (%v/v) and pH

where, m is the weight of the solute molecule, y, the interfacial energy in terms of j/m’. The term
interfacial energy can also be written as Nm™'. Combining Equation 4.2 — 4.6yields (Chen and Chang,

2004):

1_KTp, . p[Z+Z—e2]

Equation 4.8
ro 2my 87zm¢90;/¢9(r+ +r )

The Coulomb interaction is very strong in long range but weaker in water and other media of high
dielectric constant (Israclachvili, 1992). In the case of mixtures of water with alcohols of the kind used in
this thesis, the Coulomb interaction can be assumed very weak. For the sake of simplicity therefore, the
second term can be treated as a constant and, Equation 4.8 can be rewritten as:

2my

r=———>——+ 1 Equation 4.9
KTplnC 4

where,

p[Z+Z—e2]

A =
&mme, yg(r+ +r )

Equation 4.10

Equation 4.9 is valid for spherical particles, whereas those synthesized in this work are rod-shaped. In that

case, equivalent diameter, d, , was used as calculated using Huebscher formula (Yuan et al., 2009):

d, =130 w Equation 4.10
(a+b)™

where, a and bare the measured diameter and length of the particles.

The correlation between surface tension of the solvent-water mixtures and the theoretically computed
equivalent diameter is linear and independent of the nature of alcohol, as can be seen from Figure 4.4.This
illustration proves the point that particle nucleation and growth can be related to solvent surface tension

which was discarded previously.
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Figure 4.4 Correlation between particle size and solvent surface tension

4.3.4 Effect of pH on the growth of p-FeOOH nanoparticles

pH greatly affects the particle morphology. According to Vayssieres et al. (2001), Fe*™ is easy to

hydrolyse in solution forming Fe(OH)s;hence, the formation of B-FeOOH nanorods is facilitated in low

pH solutions. The morphologies evolved as a function of alcohol-to-water ratio variation are shown in

Figure 4.5.
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o, S S - e

Figure 4.5 Dependence of morphological evolution as a function of pH: a) nanorods at pH 2, b)
aggregation of nanorods at pH 2.5 in butanol and propanol, c¢) spherical a-Fe,O; particles at pH 3 in
butanol and propanol, d) clustered a-Fe,O; particles at pH 2.5 in ethanol and e) dispersed a-Fe,O;

particles at pH 2.5 in methanol
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B-FeOOH nanorods were obtained at pH 2 in all cases (Figure 4.5 a). With increase in pH to 2.5,
aggregation of the B-FeOOH rods (Figure 4.5 b) was observed in both butanol and propanol. Spherical
nanosized a-Fe,O; particles were obtained when the precursor pH was adjusted to pH~3 (Figure 4.5c¢).
The spherical nanoparticles have an average diameter of ~95 = 19nm.

Clustered a-Fe,O; nanoparticles (Figure 4.5 d) were obtained at pH ~2.5 in ethanol contrary to butanol
and propanol. From the TEM image it was observed that the particle clusters were formed from small
spherical particles. The spherical particles are marked with white circles and presented as a subset in
Figure 4.5d.

Dispersed crystalline a-Fe,O; (Figure 4.5 e) particles with an average diameter of ~112 £ 38 were
obtained at pH~2.5 in methanol contrary to other three solvent used. Khan et al. (2011) synthesised
spherical a-Fe,O; nanoparticle with and without surfactant Tween 80 at 200°C for a total duration of 5h.
Irregular-shaped a-Fe,O; nanoparticles with a wide range of size distribution in the range of 150 — 300nm
were obtained without the surfactant. Moreover, the surfactant was effective in controlling the particle
shape and restricting particle growth to a narrow range of 40 — 60nm.

It was shown that dispersed a-Fe,Ojnanoparticles with controlled particle sizes could be synthesised
without the use of surfactant under mild conditions just by altering the pH of the solution. XRD patterns

of the synthesised B-FeOOH and a-Fe,O; particles are presented in Figure 4.6.
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——pH 2 (All solvent)
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Figure 4.6 XRD patterns of the particles synthesised at different pH

4.3.5 Effect of alcohol on the Raman spectra of the synthesised particles

Raman spectroscopy was performed to evaluate the effect of alcohols on the particle morphology and
chemistry, using Horiba Jobin Yvon spectroscope (Model LabRAM HR 800). The spectra were collected
using a 532nm laser (250 muW), a 5x objective and a grating of 600 lines/mm. The spectra were identical
in all the cases, as seen from Figure 4.7, from which the presence of B-FeOOH and a-Fe,O; could be
discerned. The spectrum of bright flakes (region 1) is characteristic of akaganeite with peaks at 308, 391,
486, 537, 718 and 3500 cm™ (Réguer et al., 2007). The spectrum of region3 is characteristic of hematite
with large, broad peaks at 1315 and 2440 cm™, and narrow peaks at 224, 291, 408 and 486 cm™ (region
3). This is consistent with the literature. Region 2 contains a mixture of akaganeite and hematite. The
inset shows slight stretching of the OH peak at ~3500 cm™, which is ascribed to the presence of CI™' in the

sample (as an impurity) that originates from the chloride precursor for iron.
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Figure 4.7 Raman spectra of the sample prepared in the presence of alcohol: akaganeite (region 1),

akaganeite + hematite (region 2) and hematite (region 3).

4.4 Conclusion

The effect of alcohol-to-water ratio using four analogous aliphatic alcohols as well as the effect of
solution pH (prior to heating) on the nature of particles was examined. In the absence of alcohols,
somatoidal B-FeOOH particles of ~20 nm diameter and ~77 nm length were formed; same morphology
resulted in the case of 10% (v/v) MeOH/H,O and EtOH/H,O mixtures. No precipitation occurred,
however, in the case of 10% (v/v) BuOH/H,O and PrOH/H,O mixtures. Well-defined rod-shaped
particles with a clear framework and diameter and length of ~6 nm and length ~37 nm were formed in

30% (v/v) BuOH/H,O mixture, which corresponds to 70% and 50% reduction is diameter and length,
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respectively, of the nanorods. The dimensional reduction was 70% and 75% in 30% (v/v) PrOH/H,O
mixture. Nanofibrillar and aggregated nanoparticles of B-FeOOH were formed in 98%PrOH/H,O and
EtOH / H,O mixture, respectively; flakes and fibres resulted in 95% MeOH / H,O mixture. The presence
of water plays an important role in the formation of f-FeOOH particles. Only spherical a-Fe,O; particles
were formed in pure alcohols implying nucleation and growth of particles was dependent on the length of
the carbon chain in these alcohols as well as on the alcohol-to-water ratio. Kinetic equation was tested to
fit the experimental data as a function of solution pH at constant FeCl; concentration and reaction time.
Surfactant free synthesis of spherical a-Fe,O; nanoparticles is not reported widely in the literature and
therefore, their synthesis under conditions of controlled pH might be an alternative approach. p-FeOOH

structure was not particularly affected by the choice of solvent as revealed by Raman data.
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5.1 Introduction

ChapterS

Role of solvent on the growth kinetics of f-FeOOH nanorods

The effect of four different alcohols on the growth kinetics of the f-FeOOH nanorods has been assessed.

Relationship between surface tension and growth rate constants are also demonstrated in this chapter.

5.2 Experimental methodology

To conduct time evolution study, a 0.05M FeCl; solution was prepared and mixed with water and a given

alcohol in 50/50 (% v/v) ratio. Reaction temperature and solution pH was maintained at 100°C and 2

respectively. Synthesis time was varied in the range of 2 — 12h. Details of this experimental design are

presented in Table 5.1.

Table 5.1 Experiments with different synthesis time

Solvent Solvent (ROH/H;0) ratio (% v/v) Time (minutes)
BuOH 50 50, 60, 120, 240, 280, 300, 360 and
720
PrOH 50 50, 60, 120, 240, 280, 300, 360 and
720
EtOH 50 50, 60, 120, 240, 280, 300, 360 and
720
MeOH 50 50, 60, 120, 240, 280, 300, 360 and
720
63
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Synthesis time had no effect on the particle phase over a synthesis time range of 1 — 12h in BuOH, PrOH
and EtOH. A mixture of particles (B-FeOOH + a-Fe,0;) and pure a-Fe,O; particles was formed at 360

and 720 minutes respectively in MeOH as shown by the XRD patterns in Figure 5.1.

(211)
=
=
g
g ——50 min
=
= ——60 min
=240 min
~——360 min
=720 min
10 20 30 40 50 60 70
°20
250
(110)
104
200 | (104)
(300) 0 = Akaganeite
- 150 (116) +=a-Fe,0,
F
a4
g —120 min
§ —360 min
=
—720 min
80

°20

Figure 5.1 XRD patterns a) B-FeOOH particles synthesised in butanol, propanol and ethanol, b) particles

synthesised in methanol
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5.3 Results and discussion
5.3.1 Evaluation of growth mechanism via HRTEM

5.3.1.1 Investigation of p-FeOOH growth in BuOH and PrOH

Structural evolution of B-FeOOH particles as a function of synthesis time variations are shown in Figure

5.2.

AR - iy S ——
Rod ‘B’

by attaching in the diameter
direction

r
0
(o]
o
j
Increase of particle diameter

Figure 5.2 Structural evolution over time, a) mono-disperse particles after 60 minutes, b) aggregation
after 240 minutes, ¢ & d) twinning and crystallographic oriented attachment observed after 360 minutes

and e) schematic illustration of the crystallographic oriented attachment mechanism
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Uniform akaganeite nanorods are formed after 60 minutes (Figure 5.2 a). Aggregation of particles occurs
with increase in synthesis time (Figure 5.2b). It was suggested by Huang et al. (2003) that for spherical
particles, once a particle pair is formed via the OA mechanism, the radius of the new larger particles is
smaller than twice the radius of the two primary particles. Hence, the distance between the new particles
and other adjacent particles increases. Aggregation ensures small distances between the nanoparticles as
can be seen from Figure 5.2 b, providing the possibility of coarsening via oriented attachment. Twinning
of rods is observed after a synthesis time of 360 minutes (Figure 5.2¢). Twin rods and stacking faults are
common signs of the OA mechanism. Side by side crystallographically oriented growth of akaganeite
nanorods are shown in Figure 5.2 d and a schematic outline is presented in Figure 5.2 e. The arrowhead
(Figure 5.2 d) marks indentations, interpreted to be the interfaces between assembly units. Once formed,
it is possible to preserve the structure in the following growth process (Deng et al., 2007).

Growth by OA mechanism as illustrated in Figure 5.3 will result in a broader and unsymmetrical particle
size distribution (Figure 5.4) due to random attachment symmetry. However Particle growth via OR
mechanism will normally result in an undisturbed size distribution curve due to systematic growth of the
particles. It can be seen from Figure 5.4 (a & b) that particle size distribution at 50 minutes represents a
bell-shaped curve (variance, o’ = 6.7 and standard deviation, ¢ = 2.58). As the time increases, the shape
of the curve deviates from ideal Gaussian distribution. The standard deviation, ¢ and variance, o” for the
particles synthesised at 720 minutes were found to be 4.32 and 19 respectively, implying that inconsistent
distribution occurs over time, confirming the presence of OA growth. A similar observation was reported
by Zhang and Benfield (2002) during the heating of amorphous TiO,in air, to form nanocrystalline

anatase. The findings are summarized in Table 5.2 and 5.3.
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Rod 1 Increase in rod length

Increase in rod diameter

Rod 2 Rod 1 and Rod 2 Combined in an oriented fashion to
form Rod 3 which is bigger in diameter and length
than Rod1 and Rod 2

Figure 5.3 Illustration of particle growth via OA mechanism
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Figure 5.4 Particle size distribution of B-FeOOH nanorods in, a) transversal & b) longitudinal directions
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Table 5.2 Effect of time on the particle characteristics in BuOH

Time (min) q)AV (nm) Lav (nm) Morphology Phase Average aspect
ratio
50 6+1 30+6 Rods B-FeOOH 5
60 7+1 32+7 Rods B-FeOOH 5
120 742 36+10 Rods B-FeOOH 5
240 8+2 39+11 Rods B-FeOOH 5
280 9+5 39+11 Rods B-FeOOH 4
300 10£9 44+12 Rods B-FeOOH 4
360 12+7 50+13 Rods B-FeOOH 4
720 13£8 58+14 Rods B-FeOOH 4
Table 5.3 Effect of time on the particle characteristics in PrOH
Time (min) ([)AV (nm) Lav (nm) Morphology Average aspect
ratio
50 5+1 27+6 Rods 5
60 612 29+7 Rods 5
120 6+1 3247 Rods 5
240 743 35+8 Rods 5
280 742 35+8 Rods 5
300 7+1 39+9 Rods 6
360 10£2 4448 Rods 4
720 11£3 5249 Rods 5
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5.3.1.2 Investigation of p-FeOOH growth in EtOH

Only rod-shaped particles were obtained in ethanol over the time range. Particle size distribution given in
Figure 5.5, highlights that the distribution curves are symmetrical and become broader as the time
progresses. A diffusion-based growth such as OR would normally result in symmetrical distribution
curve, postulating that particle growth in ethanol is controlled by OR mechanism. The results are

summarised in Table 5.4.
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Figure 5.5 Particle size distribution of f-FeOOH nanorods synthesised in ethanol
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Table 5.4 Effect of time on the particle characteristics in EtOH

Time (min) q)AV (nm) Lav (nm) Phase Morphology Average aspect
ratio
50 4+£1 14£5 B-FeOOH Rods 4
60 5+1 20+7 B-FeOOH Rods 4
120 542 24+10 B-FeOOH Rods 5
240 6+4 25+11 B-FeOOH Rods 4
360 7+1 27+13 B-FeOOH Rods 4
720 7+5 3017 B-FeOOH Rods 4

5.3.1.3 Investigation of p-FeOOH growth in MeOH
Effect of methanol on the progressive growth B-FeOOH nanoparticles is illustrated in Figure 5.6.
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Figure 5.6 Structural evolution of particles as a function of time in methanol. In a) somatoidal particles over
time range of 50 — 120 minutes, b) pseudo cubes with somatoidal particles after 360 minutes, c¢) spherical o-

Fe,O;particles after 720 minutes, d) XRD patterns of particles, and e) particle size distribution

Somatoidal / ellipsoidal particles are formed in the synthesis time range of 50 — 240 minutes (Figure 5.6 a),
followed by pseudo cubes and spherical particles in the range of 240 — 720 minute (Figure 5.6 b). Particle size
distribution curves (5.6 e) at different synthesis time represent an approximate bell-shaped curve, which

becomes broader over time, postulating OR mechanism. The results are summarised in Table 5.5.
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Table 5.5 Effect of time on the particle characteristics in MeOH

Time (min) q,AV (nm) Lav (nm) Phase Morphology Average aspect
ratio
50 4+1 14+5 B-FeOOH Somatoidal 4
60 5+1 20+7 B-FeOOH Somatoidal 4
120 542 24+10 B-FeOOH Somatoidal 5
240 6+4 25+11 B-FeOOH Somatoidal 4
360 6+1 27+13 B-FeOOH+ a-Fe,O; Somatoidal+Cubes 4
720 390490 30+17 a-Fe,O; Cubes 4

5.3.2 Relationship between particle size and carbon number present in the linear alkyl chain of the

solvent
The variation of the full width at half maxima (FWHM) of {101}, {300} and {211} diffractions (Figure 5.7) for

particles synthesised shows a monotonic decrease of FWHM with increasing carbon number in the linear alkyl

chain of the solvent, confirming an increase in particle sizes with the increase in carbon number.
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Figure 5.7Relationship between particle size and carbon number present in the linear alkyl chain of the solvent

5.3.3 Growth kinetic evaluation of akaganeite nanorods

5.3.3.1 Effect of BuOH and PrOH on the growth Kinetics of akaganeite nanorods

Evidence for OA based growth comes both from interpretation of microstructure and the deviation of the
growth kinetics from the OR model. OA growth does not follow Ostwald Ripening kinetics (Gilbert et al.,
2003). Figure 5.8presents two stage hydrothermal coarsening of akaganeite nanorods in BuOH and PrOH. In

both cases the stages start to occur around ~250 minutes. Two stage crystal growth for B-FeOOH particles has

not been reported previously to the best of our knowledge.
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Figure 5.8 Two stage growth of B-FeOOH nanorods
Both OR kinetics and OA kinetics were evaluated in attempt to identify the controlling growth mechanism. A
parabolic growth curve both in longitudinal and transversal direction represents the initial growth stage,
followed by an asymptotic curve (Figure 5.9& 5.10). The existence of the OA mechanism can be seen
throughout the time evolution study. However, the OR kinetic is dominant over the OA kinetic in the early
growth stage. Simultaneous existence of OR and OA growth was reported by Huang et al. (2003) in the case of
uncapped ZnS nanoparticles. Liang et al. (2012) also proposed a similar growth pathway in the synthesis of

silver nanorice where the nanorice grows initially via OR kinetics, and then via OA kinetics.
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Figure 5.10 B-FeOOH growth kinetic (longitudinal growth), in a) BuOH and b) PrOH
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Kinetic evaluation confirms the existence of OA growth, further validating the relationship between growth
mechanism and particle size distribution curve as discussed earlier in this chapter.

The rate constants, K, for both OR and OA kinetic together with the exponent, n, for OR kinetic were obtained
using multivariable regression and summarised in Table 5.6. The exponent, n for OR kinetics was found to be
~3 in all cases. A similar method was used by Kang and Yoon (1983). They concluded that this method gives
accurate analysis. It was found that the rate constant for longitudinal growth is significantly higher than
transversal growth for BuOH compared to PrOH as shown Table 5.6.

Table 5.6 Rate constants for both growth mechanisms

Kor (min™) Kor (min™) Kox (min™") Kox (min™")
Solvent (Transversal (Longitudinal (Transversal (Longitudinal
direction) direction) direction) direction)
BuOH 0.12 0.66 0.0036 0.0026
PrOH 0.10 0.47 0.0035 0.0024

5.3.3.2 Effect of EtOH and MeOH on the growth kinetics of -FeOOH nanorods
No distinctive growth stages were observed in EtOH and MeOH contrary to the observation in both BuOH and

PrOH. It can be seen from Figure 5.11 and 5.12 that both growth kinetics can be fitted to the data. The goodness
of fit was found to be R*>0.98 in all cases, postulating that both OR and OA kinetics occur simultaneously.
However OR kinetics was dominant over OA kinetics. The exponent, n for OR kinetics was found to be ~3 for

both cases implying precipitation/dissolution growth. The results are summarised in Table 5.7.
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Table 5.7 Rate constants for both growth mechanisms

Solvent Kor (min™) Ko (min™) Koa (min™?) Koa (min™?)
(Longitudinal (Longitudinal
(Transversal direction) (Transversal direction)
direction) direction)
EtOH 0.071 0.27 0.0032 0.013
MeOH 0.080 0.30 0.0033 0.010

5.3.4 Relationship between solvent surface tension and growth rate constants

The hydrothermal reactor can be considered as a closed system. If any changes occur in the total property of the
system inside the reactor, this will be the result of the changes of that property in the liquid phase plus the
changes of the property in the gas phase. Figure 5.13 presents a schematic representation of liquid and vapour

phase inside a typical closed vessel.

Vapour phase, (V)
PT
Y,

Xi
Liquid phase, (1)

(

Figure 5.13 Vapour liquid equilibrium
In a closed system the vapour and liquid themselves are open systems as there is constant mass transfer
occurring between liquid and vapour. However, to establish vapour-liquid equilibrium inside the closed system

the system must be under constant temperature and pressure. This criterion creates a problem when one wants to
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evaluate the actual liquid ratio of each component present in the mixture inside the reactor at a specific
temperature and time. This is due to the fluctuation of pressure inside the vessel. The physical properties of four
different alcohols and water are presented in Table 5.8. Vapour pressure values presented were calculated using
Antoine equation.

Table 5.8 Physical properties of alcohol and water at 100°C

Compound Boiling point Pressure at 100°C
MeOH 64.70 °C 258.00 kPa
EtOH 78.37 °C 225.90 kPa
PrOH 97.00 °C 110.46
BuOH 118.00 °C 52.30 kPa

Butanol has a higher boiling point than water, implying the presence of a higher concentration of butanol in
liquid phase (at 100°C) compared to vapour phase inside the reactor at any given time. For MeOH — H,0, EtOH
— H,O and PrOH — H,0 mixture systems H,O is the less volatile component. If a MeOH — H,0 system is
considered, the following occurred inside the reactor:
e As the temperature was raised to 64.7°C, MeOH started to boil, slowly increasing the vapour pressure
inside the reactor. At this point the concentration of MeOH in liquid phase starts to drop.
e The temperature rises quickly to 100°C and at an intermediate temperature the concentration of water in
the vapour phase would also start to increase, further increasing the vapour pressure to ~377kPa.
e At 377 kPa methanol vapour starts to condensate, hence increasing the concentration of methanol in
liquid phase. Typical pressure profile and the schematics of thermodynamic behaviour of the methanol

water system inside the reactor is presented in Figure 5.14 and 5.15 respectively.
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Figure 5.14 Pressure profile of MeOH + H,O system inside the reactor at 100°C
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Figure 5.15 Schematic of assumed thermodynamic behaviour at 100°C for MeOH + H,O system

Similar observation was found for EtOH+ H,O and PrOH + H,Osystems. So, it was assumed that during the
synthesis time, the concentration of alcohol in the liquid phase will be larger than that of water at any given
time under the reported conditions.

Alcohol itself does not take part in the formation of B-FeOOH particle, water does. It is well known that OH
ions from alcohol can form a bridge between two Fe* ions in acidic solutions containing Fe**and slows down
the hydrolysis process (Shao et al., 2005). This phenomenon makes the surface tension of pure alcohol more
important than water. Surface tension values of pure alcohol (at 25°C) were used to evaluate the growth kinetic
data in an attempt to relate the particle growth directly with surface tension. Table 5.9 presents the solvent

surface tension and growth rate constants.
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Table 5.9 Surface tension values of alcohol

Solvent | ¢ (mnm™) (100% alcohol at 25°C) | ¢ (mnm™) (50% alcohol water at 50°C)
Methanol 22.75 30.28
Ethanol 22.27 25.78
Propanol 23.70 22.30
Butanol 24.70 20.00

The relationship between solvent surface tension and growth rate constants are exponential and independent of
the direction of growth, as can be seen from Figure 5.16, approving of the initial hypothesis. The validity of the
relationship was checked further by conducting an independent study under identical conditions using octanol
as solvent and presented in Figure 5.17.It can be seen from Figure 5.17 that the data generated by independent
study follows the similar trend as reported in this work, thus further highlighting the validity of the relationship
between surface tension and particle growth. Only Kogr was used to evaluate the relationship between surface

tension and particle growth due to the higher significance of Kog than Koa.
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55 Conclusion

Solvent dependent growth kinetics of B-FeOOH nanorods was reported. Shape of the particle size distribution
curve was evaluated to identify the growth mechanism of the particles. Two stage growth curve was reported
for the first time for B-FeOOH particles. A quantitative relationship between growth rate constants and alcohol
solvent surface tension was established and later validated. Although the relationship between the alcohol
surface tension and rate constants was established at room temperature a clear dependence is demonstrated in

this work.
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Chapter 6

Prediction of hydrothermally synthesised solvent-dependent f-FeOOH nanorod sizes

6.1 Introduction

A wide range of hydrothermal synthesis process parameters were evaluated to determine the boundaries for

B-FeOOH precipitation in order to develop a generalized correlation for nanorod size prediction.

6.2 Experimental methodology

The effect of alcoholic solvents, as a function of (a) FeCl; concentration, (b) nature of anion in the iron
precursor and (c) reaction temperature, on the particle morphology is reported in this section. The process

parameters are summarised in Table 6.1.
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

6.3 Results and discussion
6.3.1 Effect of FeCl; concentration

6.3.1.1 Structural evolution of particles

Pure crystalline B-FeOOH particles were synthesised regardless of the nature of solvent used over an FeCl;

concentration range of 0.05 — 0.7M as shown in Figure 6.1.
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(101) (500 (400) (020) 415x703)
205
155 ~——0.05 M Precursor
= solution
k) ——0.1 M precursor
2z solution
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=105 —0.5 M Precusor
solution
55
5
10 20 30 40 50 60 70

°20
Figure 6.1 XRD patterns of the particles synthesised

6.3.1.2 Morphological evolution of particles in BuOH

Variation of FeCl; concentrations in BuOH has a marked effect on the morphology of akaganeite particles as

shown in Figure 6.2.

91

S

‘ Cape Peninsula
University of Technology



Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

A ’20 nm

nm

Figure 6.2 Dependence of morphological evolution as a function of FeCl; concentration: a) nanorods in 0.1M,
b) cross shaped + spindle in 0.5M C) magnified image of the cross structure, d) splitting in 0.7M, e) magnified

image of a branched crystal and f) schematic of splitting

Well-aligned rod-shaped B-FeOOH particles with smooth ends were obtained over a concentration range of
0.05-0.2M (Figure 6.2a). Spindle and cross shaped particles were observed over a concentration range of 0.30-
0.5M (Figure 6.2b). The attachment of Spindle ‘A’ and ‘B” (Figure 6.2 C) occurs through self-assembly and the
ends of the cross structures were coarse, reflecting possibility of particles to grow in one-dimensional
orientation. Chen et al. (2008) reported synthesis of B-FeOOH cross structures using urea under a synthesis
temperature 95°C and time of 8h. Similar structures were obtained in 2h, highlighting the role of solvent in
reducing synthesis time. Branched B-FeOOH (Figure 6.2 e) obtained in 0.7M contrary to the observation in
0.5M. A number of filamentary single crystals were split from a solid rod as can be seen from Figure 6.2 f.
Manna, et al. (2003) exploited polyptism between hexagonal and cubic structures to create branch points in

semiconducting nanocrystal. Changes in the relative growth rates of two facets of nanocrystals are responsible
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for splitting (Tang & Alivisatos, 2006). Controlling precursor solution in BuOH resulted in artificial crystal
splitting in B-FeOOH particles, which has not been reported before to our best knowledge. Split B-FeOOH
might find applications where a larger surface area is required, owing to the fact that each filament possesses a
different surface area. This makes the total surface area per single crystal very large compared to a solid single
crystal only. Splitting is only possible if the oversaturation exceeds a certain ‘critical’ level (Tang & Alivisatos,
2006). 0.7M was found to be the critical limit in this study. Tang and Alivisatos (2006) reported that the
splitting of crystal is favoured in situations where the organic surfactant is a very potent surface stabiliser and
where at equilibrium the balance of bulk and surface energies dictates a particular crystal size. At lower
temperature, when few nuclei form, fast growth can lead to a situation of metastability, where crystals grow
beyond this size. It is then thermodynamically favourable for a large crystal to split, because of the strong
adhesion of the surfactant to the newly created surface. Surface adsorption was shown as an important factor in
controlling crystal growth stages (Huang et al., 2003). However, no surfactant was used in this study. So it can
be postulated that the morphological evolution were merely due to the presence of butanol. A summary of the

findings are presented in Table 6.2.
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Table 6.2 Effect FeCl; concentrations on B-FeOOH particle characteristics in BuOH

FeCl; Conc. (I)AV( nm) Lay (nm) Phase Morphology Average
M) aspect ratio
0.05 9+1 42+5 B- Rods 5
FeOOH

0.01 10£1 50+7 B- Rods 5
FeOOH

0.2 14+2 68 + 10 B- Rods 5
FeOOH

0.3 22+4 194 £ 11 B- Spindle 9
FeOOH

0.5 40+ 1 406 + 13 B- Coarse spindle + 10
FeOOH cross structure

"0.7 93 + 90 780 + 17 B- Branched 8
FeOOH spindle+cross

structure

*

‘I)Av and Lay presented are for spindle shaped particles only
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6.3.1.3 Morphological evolution of -FeOOH particles in PrOH

The effect of FeCl; concentration in propanol is illustrated in Figure 6.3.

Figure 6.3 Dependence of morphological evolution as s function of FeCl; concentration: a) nanorods in 0.1M,

b) spindle in 0.5M, C) no sign of splitting in 0.7M, d) rectangular particles in 0.7M.

Rod-like particles (Figure 6.3 a) were obtained at concentration ranging from 0.1 — 0.3M,which evolved into a
mixture of spindle (Figure 6.3 b), somatoidal (Figure 6.3 c)and rectangular particles (Figure 6.3 d) at high
concentrations. To our best knowledge, no studies have previously reported on the observation of rectangular

B-FeOOH. A summary of the findings are presented in Table 6.3.
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Table 6.3 Effect FeCl; concentrations on B-FeOOH particle characteristics in PrOH

[FeCl;] Conc. q)AV (nm) Lav (nm) Phase Morphology Average
M) aspect ratio
0.05 9+1 29+5 B- Rods 3
FeOOH

0.01 10£2 35+7 B- Rods 4
FeOOH

0.2 1242 50+11 B- Rods 4
FeOOH

0.3 15+3 74+12 B- Spindle+somatoidal 5
FeOOH

0.5 30+5 121£13 B- Spindle+somatoidal 6
FeOOH

"0.7 6549 350£17 B- Spindle+somatoidal+rectangular 5
FeOOH

%

<I)AV and Lay presented are for spindle shaped particles only

6.3.1.4 Morphological evolution of B-FeOOH particles in EtoH and MeOH

The morphologies obtained as a function of FeCl; concentrations in EtOH and MeOH are shown in Figure 6.4.
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Figure 6.4a) B-FeOOH rod particles over the range 0.05-0.5M in EtOH, b) ellipsoidal particles over the range of
0.05-0.3M in MeOH, c) B-FeOOH nanoribbons synthesised by Wei and Nan (2011), d) B-FeOOH nanoribbon at

0.7M in MeOH
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Rod particles (Figure 6.4a) were obtained over the concentration range of 0.05 — 0.5M and particles with no
definite structures were formed at 0.7M in ethanol. Ellipsoidal / spindle shaped particles were synthesised over
the range of 0.05 — 0.5M,which evolved into B-FeOOH nanoribbons (Figure 6.4 d) at 0.7M in methanol.
Surfactant-assisted synthesis of B-FeOOH nanoribbons (Figure 6.4 ¢) was reported in the literature (Wei & Nan,
2011).Surfactant free synthesis of -FeOOH nanoribbons have not been reported before to our best knowledge.
However, the formation mechanism needs to be further evaluated. A summary of the findings are presented in
Table 6.4 and 6.5.

Table 6.4 Effect FeCl; concentrations on 3-FeOOH particle characteristics in EtOH

[FeCl;] Conc. q,AVnm) Length,y (nm) Phase Morphology Average
M) aspect ratio
0.05 6+2 24 £ 8 B-FeOOH Rods 4
0.01 7+2 29+8 B-FeOOH Rods 4
0.2 8+2 35+ 11 B-FeOOH Rods 4
0.3 10 £2 52+ 18 B-FeOOH Rods 5
0.5 13+£2 75+12 B-FeOOH Rods 3
0.7 - - B-FeOOH - -
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Table 6.5 Effect FeCl; concentrations on B-FeOOH particle characteristics in MeOH

[FeCl;] Conc. ¢, (nm) Length,v(nm) Phase Morphology Average
M) aspect ratio
0.05 6+1 21+8 B-FeOOH Ellipsoidal / spindle 4
0.01 6+2 23 +£8 B-FeOOH Ellipsoidal / spindle 4
0.2 7+2 35+11 B-FeOOH Ellipsoidal / spindle 5
0.3 9+3 42+ 18 B-FeOOH Ellipsoidal / spindle 5
0.5 12+4 50+12 B-FeOOH Ellipsoidal / spindle 4
0.7 - - B-FeOOH Nanoribbon -

6.3.2 Effect of anions on the particle characteristics

Dependency of particle morphology and phase as a function of anions is presented in Figure 6.5.
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Figure 6.5 Structural evolution of particles as a function of anions, a & b) irregular shaped hematite using NO™
in butanol and methanol, b) XRD of particles synthesised using NO;™ anions, d) irregular shaped hydronium

iron jarosite using SO4> and e) XRD for hydronium iron jarosite
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Irregularly shaped aggregated particles, independent of the nature of the solvent used, were produced when
Fe(NOs); was used as a precursor salt (Figure 6.5 a & b).The XRD pattern (Figure 6.5 ¢) of the synthesised
sample matches the standard diffraction patterns of a-Fe,O; (JCPDS card no. 33-0664) in contradiction to the
finding by Yue et al., 2011. They reported formation of spherical a-FeOOH particles (JCPDS card no: 81 -

0464) under atmospheric pressure.

Replacing the NO5 with SO,*anions resulted in dispersed particles with no defined structure (Figure 6.5d). The
XRD patterns (Figure 6.5 e) could be assigned to the rhombohedral single phase of hydronium iron jarosite,
H;0.Fes(SO4)2(OH)s, (JCPDS card no. (021 — 0932) with lattice constants of a= b = 7.3559A°, ¢ =17.0100 A°
,0.=p=90°and y = 120°. The colour of the powder is golden yellow, which is the typical colour of hydronium
jarosite. High intensity peaks in the XRD patterns indicate that the synthesised hydronium iron jarosite is well
crystalline. HS of hydronium iron jarosite reported by Earle et al. (1999) used 3days compared to 2h reported in
this study. It is reported that hydronium iron jarosite forms in an acidic medium (pH ~2). The only modification
done in the synthesis was dropwise addition of NH4OH to keep the precursor solution at pH ~2 prior to heating,

resulted in a 98% reduction of synthesis time.

Figure 6.6 shows particles (due to phase change) obtained when FeCl;, Fe(NO;); and Fe,(SO4); were used

respectively. Single phase hydronium iron jarosite could not be synthesised without the presence of alcohol.
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent -FeOOH nanorod sizes

a) b) c)

Figure 6.6 Colour of different iron oxides produced using different iron anions, in a) f-FeOOH particles from

CI, b) 0-Fe,0; from NO** and C) H;0.Fe;(SO4),(OH)s from SO,*

6.3.3 Effect of reaction temperature on the particle characteristics

6.3.3.1 Transformation of p-FeOOH to a-Fe,O; in BuOH and PrOH

Temperature has a significant effect on the formation and transformation of B-FeOOH particles as shown in

Figure 6.7.
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent -FeOOH nanorod sizes

Figure 6.7 Reaction products obtained at different temperatures: a) f-FeOOH nanorods at 100°C, b) self-
assembly of nanorods at 135°C, c) formation of a-Fe,O; and pseudo cube at 135°C, d) d-spacing and SAED

patterns of the nanorods at 135°C and e) a-Fe,O; pseudo cubes and rhombohedral particles at 150°C.

Well crystalline f-FeOOH nanorods were synthesised in a temperature range of 90 — 120°C (Figure 6.7 a).
The average crystal diameters and lengths increases with increasing temperature. Figures 6.7 (b — ¢) chart
the transformation from an intermediate phase of f-FeOOH to a well-defined phase of a-Fe,0;. At 135°C
there is enough surface energy available for the nanorods to initiate fusing, resulting in the self-assembly of
the B-FeOOH nanorods. The d-spacing and the SAED patterns of the nanorods and pseudo cubes observed
at 135°C are presented in Figure 6.7d, which matches well with the standard akaganeite and a-Fe,O;

patterns. Both B-FeOOH and a-Fe,O; peaks were observed in the XRD pattern as presented in Figure 6.8,
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

complimenting the observations in TEM. Quantification of the two phases (Figure 6.9) shows that 60% of
the peaks in the XRD pattern represent a-Fe,Os; and the rest is B-FeOOH. Pure a-Fe,O; particles were

obtained at 150°C. The results are summarised in Table 6.6.
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Figure 6.8 XRD patterns of the particles
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Figure 6.9 Phase quantification of the particles at 135°C
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent -FeOOH nanorod sizes

Table 6.6 Effect of temperature on the particle characteristics

Solvent Temperature (],AV (nm) LAy (nm) Phase Morphology Average
aspect
ratio
90 543 25+5 B- Rods 5
FeOOH
100 9+5 38+ 8 B- Rods 4
FeOOH
g 120 12+ 5 53+8 B- Rods 4
é FeOOH
135 10£8 71+£10 B- Rods + pseudo cube 7
FeOOH
150 1200 + 70 - o-Fe,O; Pseudo cube -
90 4+3 19+3 B- Rods 5
FeOOH
100 7 +5 29+5 B- Rods 4
FeOOH
g 120 10£5 46+ 6 B- Rods 5
= FeOOH
135 8+6 58+£10 B- Rods + pseudo cube 7
FeOOH
150 1168+90 - o-Fe, 03 Pseudo cube -
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

6.3.3.2 Transformation of f-FeOOH to a-Fe,O; in EtOH and MeOH

Structural evolution of particles as a function of temperature in EtOH and MeOH is illustrated in Figure 6.10.

Figure 6.10 Morphological evolution of particles as a function of temperature, in a) self-assembly of the

B-FeOOH at 120°C in ethanol, b) d-spacing and SAED of nanorods at 120°C, c) pseudo cubes at 135°C

Pure B-FeOOH rod shaped particles could not be obtained at temperature higher than 100°C in EtOH and
MeOH contrary to particles synthesised in BuOH and PrOH. Fusing of nanoparticles (Figure 6.10 a) followed
by subsequent transformation of f-FeOOH to a-Fe,O; starts at 120°C in EtOH oppose to 135°C in BuOH and
PrOH. The B-FeOOH rods present at this temperature are well crystalline as can be seen from the d-spacing and
SAED of the nanorods. Figure 6.11 presents phase quantification of the particles, indicating that at 120°C 41%
of B-FeOOH has already been converted to a-Fe,O;. All the akaganeite particles were converted to large a-
Fe,05 particles at 150°C. A 100% conversion of B-FeOOH to a-Fe,Os;was obtained at temperatures higher than

100°C in MeOH. A summary of the findings are presented in Table 6.7.
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Figure 6.11 Phase quantification of the particles synthesised in EtOH at 135°C
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent -FeOOH nanorod sizes

Table 6.7 Effect of temperature on the particle characteristics

Solvent Temperature ¢ L,y (nm) Phase Morphology Average
Av(nm)
aspect
ratio
90 3+1 17+£3 B-FeOOH Rods 6
100 542 22+5 B-FeOOH Rods 4
120 T£2 30+7 B-FeOOH+ Rods 4
— (X—F6203
=
::f 135 6+ 3 36 £8 B-FeOOH+ Rods + pseudo 6
=
o-Fe,04 cube
150 1100 £56 - o-Fe,O; Pseudo cube/ -
rhombohedral
90 3+2 15+3 B- Rods 5
FeOOH
100 34+2 18+3 B- Rods 5
= FeOOH
g
g 120 349+ 3 - a-Fe,0; Pseudo cubes 5
>
135 384+3 - o-Fe, 04 pseudo cube 7
150 322+ 90 - o-Fe,04 Pseudo cube/ -
rhombohedral
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent -FeOOH nanorod sizes

6.3.4 Role of alcohol on the dehydration properties of -FeOOH particles
Thermal stability of f-FeOOH particles were evaluated using TGA (Figure 6.12 a), performed up to 300°C.

B-FeOOH particles, lose 12%, 14%, 15% and 18% of mass at 300°C, synthesised in BuOH, PrOH, EtOH and
MeOH respectively. The % mass loss, as shown in Figure 6.12 b, is linearly dependent on the number of carbon
present in the linear alkyl chain of the solvent. Verdon et al. (1995) have reported that EtOH enhanced the
dehydration properties of the CeO, nanocrystallite. The improvement of dehydration of akaganeite
nanoparticles with increasing carbon number is related azeotrope formation. MeOH — H,O does not form any
azeotrope, however EtOH - H,O, PrOH - H,O and BuOH - H,O form azeotrope, increasing the dehydration
properties of the synthesised akaganeite nanoparticles. However, the underlying mechanism has to be further

evaluated.
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Figure 6.12 a) Thermogravimetric analysis of the synthesised nanorods and b) relationship between % mass loss

and carbon number in the linear alkyl chain of the solvents
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6.3.5 Magnetic properties of the p-FeOOH nanorods

The magnetic properties of the B-FeOOH nanorods were measured in lightly compressed powders using an
Oxford Instruments Vibrating Sample Magnetometer (VSM) from 4 to 290 K and with a sensitivity of 50
pemu.As prepared B-FeOOH nanorods do not show ferromagnetism at any temperature down to 4 K but they
have a high positive linear susceptibility of about 1.3x10™ constant up to 5 T, giving a magnetic moment per
unit mass of about 1 — 1.5 Am%*/kg at 5 T (Figure 6.13). The zero field cooled curve measured (inset Figure
6.13) at 100 mT does not show a blocking temperature, which is different from previous measurements in long
akaganeite amorphous nanowires (Zhang et al., 2006). This high susceptibility and the absence of a
ferromagnetic phase at low temperatures are probably due to the small size of the particles and the presence of
anti-ferromagnetic interactions. However solvent nature had no effect on the magnetic properties of the

B-FeOOH particles.

1.5 1 | | | | | |
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0.5-

0.0
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0 100 200
Temperature (K)
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Figure 6.13 Magnetic moment per unit mass of the B-FeOOH nanoparticles in fields up to 5 T. The samples
have a large linear susceptibility without hysteresis down to 4 K. Inset: zero field cooled curve measured at

100 mT
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Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

6.3.6 Mathematical relationship between experimental conditions and particle size

The effects of three different parameters (Effect of [FeCls], T and t) were evaluated using a two level factorial
trial experimental design. Particle aspect ratios were used as response for the two level factorial trials to keep
consistency and simplicity in the analysis. Figure 6.14 presents the effect of the parameters and interaction
effect between parameters on aspect ratio obtained for the particles. Evaluation of the effect of principal factors
revealed that these parameters have positive effects on the aspect ratios. Alcohol-to-water ratio and time shows

the most significant effect to achieve maximum aspect ratio.

BC
1924
A: [Conc)
8: Solvent ratio
C:Time
B Fositive Effects
B Negative Effects
14.43 — B
C
Bartemoni Limid 11,768/
Qg2 —
481 —
1A/ alue Limin 4 X064
A
0 m -
000 — = —_—
I I I I I | I

Figure 6.14 Estimated effects of factors on particle aspect ratio using factorial design
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A generalized correlation is proposed based on the significance of effects of the parameters and relationship

between solvent surface tension and particle characteristics on the particle growth.

Y=BOU+ZB1X1 +Z ZBinin+8 Equation 6.1
i=A

i=A j=A=i
Where, Y, is the predicted response (aspect ratio in this case), Xj, the un-coded or coded values of the factors

(concentration denoted by A, % alcohol to water ratio is denoted by B and time is denoted by C), B , a

constant, o, the surface tension of alcohol used, B; the main effect coefficients for each variable and B; ; the

interaction effect coefficients. The corresponding response model for the aspect ratio of the particles which are

valid for un-coded factor is:
Y =0.250 +[A]-0.29B]-0.50[C]+ 0.07[AB] + 0.009BC] Equation 6.2

Statistical analysis performed in design-expert® software revealed that Equation 6.2 has an F-Test / Model F-
value of 141.91, implying that the model is statistically significant and there is a 0.70% chance that a Model F-
value this high is due to data noise. The P-value of the model was found to be less than 0.05 indicating model
terms are significant. The term B, C and BC in Equation 6.2 is statistically the most significant model terms.
Figure 6.2 presents the comparison between predicted and actual aspect ratio obtained. The average percentage

uncertainty between the predicted and the actual aspect ratio was found to be between = 2%.
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Predicted aspect ratio

12
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14 y =0.9991x + 0.0106

R?=0.9972 4
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Actual aspect ratio

Figure 6.15Comparison between experimental and predicted aspect ratio

Independent experiments at random sequence were conducted to further validate the model. BuOH, PrOH and

EtOH were used as solvent for validating the relationships between solvent surface tension and particle growth.

Figure 6.163 presents a comparison between experimental data and the model. It can be seen from Figure 6.16

that the model predicts the particle aspect ratio very well, and the uncertainty range is within £25% in all cases.

Considering the nanoscale of the materials this model should be considered reliable under the reported

conditions.

———

‘ Cape Peninsula

115

University of Technology



Chapter 6: Prediction of hydrothermally synthesised solvent-dependent p-FeOOH nanorod sizes

--------------------------

Aspect ratio obtained using
propanol as solvent
- L3 - - M
Aspect ratio obtained using
methanol as solvent
=] — (] - S

0
| | I n I |
Time Time
= Experimental| ] 8 k) 4 s Experimental 4 4 s
------ Predicted | & 5 f 4 seees Predicted 4 4 4
8 7 d
C ’ . .

2 7|9 2 <9

7 1 1 o

2 o 61 | e i = e & |  odassceccscsscogandanassssscstenscsds

8 5 ™™ =E 5| BT

E S 8| e i 22 | BB B 4420 v

s = : c= 4 -

a 3 4 ‘= ©

% z - W 3

£3 33

= —

g ZE

T o = 1
& 52,
. 005 | o1 | 02 | o3 | os 5 : | 4« | 6 [ n
{concentration] [M] < Time

ws Experimental] S K K s o mmm Experimental] ) s 4 k]
------ Predicted | 5 5 6 6 6 seenss Predicted | 5 5 5 4

Figure 6.16 Comparison between experimental and predictive data

6.4 Conclusion

The effect of HS processing parameters on the B-FeOOH particle characteristics have been evaluated and
presented. The effect of alcohol nature on the particle morphology was found to be more pronounced at higher
FeCl; concentrations (>0.5M). Selective choice of solvent can initiate crystal splitting of f-FeOOH nanorods.
Surfactant-free synthesis of nanoribbon is not reported widely in the literature and therefore, their synthesis
under supersaturation in selective solvent might be an alternative approach. Significant reduction (98%
reduction compared to literature) in synthesis time for hydronium iron jarosite was achieved by controlling
solution pH. Transformation of B-FeOOH to a-Fe,0; is strongly dependent on the nature of solvent. In addition,
the nature of the solvent affects the dehydration property of the particles. Required transformation temperature
and dehydration property increases with the increase in carbon chain length in the solvent. A generalized

correlation was developed from statistically designed experiments for the first time to predict B-FeOOH
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nanorod growth empirically. The developed correlation takes three different process parameters into account to

predict particle aspect ratio with acceptable confidence.
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Chapter7

Summary and conclusions

7.1 Introduction

Solvent dependent morphological evolution and growth mechanisms of the B-FeOOH nanorods were
investigated in depth and the findings are reported in this study. A summary and conclusions are presented

here.

7.2 Summary

In Chapter 4, the main aspects concerning the effect of alcohol-to-water ratio are discussed. The use of a
controlled ROH/H,O to control particle size is new approach in the synthesis and processing of materials. Prior
literature always utilized the dielectric constant properties of the mixed solvent only, to relate particle
nucleation and growth. In this study by means of kinetic equation it was illustrated that the solvent surface
tension can also be used to relate to particle growth. It was found that there is a linear relationship between
surface tension and particle size that holds approximately independent of the nature of the alcohol used to
synthesise the particles.

The effect of solvents on the growth kinetics of the B-FeOOH nanorods was evaluated in Chapter 5. Lacunae
still exist regarding the growth mechanism of nanoparticles under mixed solvent conditions. Time evolution
experiments were conducted under different mixed solvent conditions to investigate the growth of the
akaganeite nanorods. A mechanism for the growth of nanorods via the OA mechanism is also presented. The
shape of the particle size distribution was linked with the growth mechanism of the nanorods. A quantitative
and / or qualitative relationship was established between particle growth rate constants and surface tension and

was further validated by an independent study.
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In Chapter 6, the effect of HS processing parameters on the morphological and structural evolution of f-FeOOH
particles were evaluated to delimit the boundaries for f-FeOOH precipitation. The particle morphology as well
as dehydration properties were strongly dependent on solvent nature. A generalized correlation derived from

statistically designed experiments predicted particle sizes with acceptable confidence.

7.3 Conclusion

This study relates the role of solvent surface tension with the growth of the particles, which is original.

It revealed that:

Particle morphology is strongly dependent on the solvent nature;

e the growth kinetics of the B-FeOOH nanorods are solvent dependent;

e selective choice of solvent can give control over particle sizes and

e a quantitative and / or qualitative relationship exists between solvent surface tension and particle

growth.

7.4 Significant contribution

The findings in this study obtained from both theoretical and experimental work, provides insight into solvent
surface tension and particle growth interactions, producing new vital information that will further promote

understanding of the formation mechanisms of B-FeOOH growth.

7.5 Future research contribution

The following comprise some suggestions for future work:
e [n situ observation of the growth kinetics of the f-FeOOH nanorods via ultrasound method
e The effect of H-bonding on the nanoparticle formation

e The use of polar aprotic and non-polar solvent in the synthesis of B-FeOOH particles
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Appendix A

Appendices

Mineralogical, chemical and structural information for f-FeOOH particles (JCPDS card no: 42-1315)

a) Name and formula

Reference code:

Mineral name:

PDF index name:

Empirical formula:

Chemical formula:

00-042-1315

Akaganeite-M

Iron Oxide Chloride Hydroxide

Cly sFegHg 7046

Feg,3 (O, 0OH)(Cly 5

b) Crystallographic parameters

Crystal system: Monoclinic
Space group: 12/m
Space group number: 12
a (A): 10.6030
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b (A): 3.0350
c (A): 10.5120
Alpha (°): 90.0000
Beta (°): 90.2200
Gamma (°): 90.0000
Calculated density (g/cm”"3): 3.68
Volume of cell (10”6 pm”3): 338.27
Z: 1.00
RIR: 1.32
c) Subfiles and Quality
Subfiles: Inorganic
Mineral
Corrosion
Quality: Indexed (1)
d) Comments
Color: Orange-brown

Sample source:

Analysis:

Additional pattern:

Specimen from corrosion rind on Campo del Cielo meteorite, Argentina.

Microprobe analysis: Fe; gNig 4Og 35 ( OH )g 5Cl4 o5 -

See ICSD 69606 (PDF 80-1770).
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e) References

Primary reference: Post, J., National Museum of Natural History, Smithsonian Institution,

Washington, DC, USA, ICDD Grant-in-Aid, (1989)

f) Peak list
No. h k 1 d [A] 2Thetafdeg] 1 [%]
1 1 0 -1 7.46800 11.841 100.0
2 2 0 0 5.30100 16.711 37.0
3 0] 0 2 5.25600 16.855 35.0
4 2 0 -2 3.74000 23.772 4.0
5 2 0 2 3.72500 23.869 4.0
6 3 0 -1 3.34500 26.628 74.0
7 1 0o -3 3.33400 26.717 74.0
8 1 1 0 2.91700 30.624 1.0
9 4 0 0 2.65000 33.797 14.0
10 0 0 4 2.62700 34.102 14.0
11 2 1 -1 2.55100 35.151 86.0
12 3 o -3 2.49200 36.011 6.0
13 4 0 2 2.35800 38.134 6.0
14 2 0 4 2.35300 38.218 3.0
15 3 1 0 2.30300 39.081 27.0
16 0 1 3 2.29400 39.241 27.0
17 3 1 -2 2.10600 42 .909 8.0
18 5 0 -1 2.07900 43.495 2.0
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19 1 0] -5

20 4 1 -1

21 1 1 -4

22 4 0 -4

23 4 0 4

24 6 0 0

25 0 0 6

26 5 1 0

27 3 1 -4

28 6 0o -2

29 5 1 -2

30 2 1 -5

31 0 2 0

32 6 1 -1

33 7 0 1

34 5 0 5

35 6 0 -4

36 4 0 6

37 5 1 -4

38 4 1 5

39 2 2 =2

40 3 1 6

41 7 0 3

42 3 2 -1

2.06300

1.96080

1.95290

1.86980

1.86270

1.76720

1.75200

1.73780

1.73290

1.67700

1.64940

1.64340

1.51750

1.51360

1.49840

1.48770

1.46420

1.45900

1.45190

1.44560

1.40590

1.39230

1.38840

1.38090

43.849

46.264

46.462

48.657

48.855

51.684

52.166

52.624

52.785

54.688

55.682

55.903

61.010

61.184

61.872

62.367

63.483

63.736

64.085

64.398

66.447

67.182

67.395

67.811

2.0

15.0

15.0

2.0

2.0

8.0

8.0

4.0

4.0

2.0

27.0

30.0

13.0

11.0

4.0

4.0

2.0

4.0

12.0

12.0

1.0

2.0

4.0

7.0
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g) Stick Pattern

© |RE Peman Seeganete TTMRG, IHM42-1312

k2
w
]

@
—

Minerological, chemical and structural information for a-Fe,0; particles (JCPDS card no: 33-0664)

a) Name and formula

Reference code: 00-033-0664
Mineral name: Hematite, syn
Common name: burnt ochre
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PDF index name:

Empirical formula:

Chemical formula:

b)

Iron Oxide

Fe,04

Fe,05

c) Crystallographic parameters

Crystal system: Rhombohedral
Space group: R-3c
Space group number; 167
a (A): 5.0356
b (A): 5.0356
c (A): 13.7489
Alpha (°): 90.0000
Beta (°): 90.0000
Gamma (°): 120.0000
Calculated density (g/cm”"3): 5.27
Measured density (g/cm”3): 5.26
Volume of cell (10”6 pm”3): 301.93
Z: 6.00
RIR: 2.40
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d) Subfiles and Quality

Subfiles:

Quality:

e) Comments

Color:

General comments:

Sample source:

Optical data:

Inorganic

Mineral

Alloy, metal or intermetalic
Corrosion

Common Phase
Educational pattern
Forensic

NBS pattern
Pharmaceutical
Pigment/Dye

Star (S)

Dark reddish brown

Opaque mineral optical data on specimen from Elba, R;R;=30.2,

RR,R,=26.1, Disp.=16, VHN=1038 (mean at 100, 200, 300), Color values=1

299, .309, 29.8, 2 .299, .309, 25.7.

Pattern reviewed by Syvinski, W., McCarthy, G., North Dakota State Univ.,

Fargo, North Dakota, USA, ICDD Grant-in-Aid (1990). Agress well with
experimental and calculated patterns.
Additional weak reflection [indicated by brackets] was observed.

Sample from Pfizer, Inc., New York, USA, heated at 800 C for 3 days.

A=2.94, B=3.22, Sign=-
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Additional pattern:

Melting point:

Temperature:

f) References

Primary reference:

To replace 13-534 and validated by calculated pattern 24-72.
See ICSD 64599 (PDF 79-7).
1350-1360°

Pattern taken at 25 C.

Natl. Bur. Stand. (U.S.) Monogr. 25, 18, 37, (1981)

Optical data: Dana's System of Mineralogy, 7th Ed., |, 529, (1944)
) Peak list

No. h k 1 d [A] 2Theta[deqg] 1 [%]
1 0 1 2 3.68400 24.138 30.0
2 1 0 4 2.70000 33.153 100.0
3 1 1 0 2.51900 35.612 70.0
4 0 0 6 2.29200 39.277 3.0
5 1 1 3 2.20700 40.855 20.0
6 2 0 2 2.07790 43.519 3.0
7 0 2 4 1.84060 49.480 40.0
8 1 1 6 1.69410 54.091 45.0
9 2 1 1 1.63670 56.152 1.0
10 1 2 2 1.60330 57.429 5.0
11 0 1 8 1.59920 57.590 10.0
12 2 1 4 1.48590 62.451 30.0
13 3 0 0 1.45380 63.991 30.0
14 1 2 5 1.41380 66.028 1.0
15 2 0 8 1.34970 69.601 3.0
16 1 0 10 1.31150 71.937 10.0
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17 1 1 9 1.30640 72.262 6.0
18 2 2 0 1.25920 75.431 8.0
19 3 0 6 1.22760 77.730 4.0
20 2 2 3 1.21410 78.760 2.0
21 1 2 8 1.18960 80.711 5.0
22 0 2 10 1.16320 82.940 5.0
23 1 3 4 1.14110 84.916 7.0
24 2 2 6 1.10350 88.542 7.0
25 0 4 2 1.07680 91.345 2.0
26 2 1 10 1.05570 93.715 7.0
27 1 1 12 1.04280 95.239 1.0
28 4 0 4 1.03930 95.663 3.0
29 3 1 8 0.98920 102.285 4.0
30 2 2 9 0.97150 104.914 1.0
31 3 2 4 0.96060 106.623 5.0
32 0 1 14 0.95810 107.025 4.0
33 4 1 0 0.95160 108.090 5.0
34 4 1 3 0.93180 111.518 2.0
35 0 4 8 0.92060 113.594 2.0
36 1 3 10 0.90810 116.045 5.0
37 3 0 12 0.89980 117.758 1.0
38 2 0 14 0.89540 118.697 3.0
39 4 1 6 0.87890 122.431 6.0
40 2 3 8 0.86480 125.929 1.0
41 4 0] 10 0.85430 128.758 3.0
42 1 2 14 0.84360 131.878 5.0
43 3 3 0 0.83920 133.241 3.0
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44 3

45 2

2 10 0.80890  144.457

4 4 0.80140 147.971

h) Stick Pattern

4.0

4.0

ket ochne, O0HOEC 0654

Fosiian [P2Theta]

Ll L
=0 1] Tl 1] 90

£ 6]
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I
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Minerological, chemical and structural information for hydronium iron jarosite particles (JCPDS card no:

21-0932)

a) Name and formula

Reference code: 00-021-0932

Mineral name: Hydronium jarosite, syn

PDF index name: Iron Sulfate Hydroxide Hydrate
Empirical formula: FezHgO15S,

Chemical formula: Fe; (SO4 ), (OH )g -2H,0

b) Crystallographic parameters

Crystal system: Rhombohedral

Space group: R3m

Space group number; 160

a (A): 7.3559

b (A): 7.3559

c (A): 17.0100

Alpha (°): 90.0000

Beta (°): 90.0000

Gamma (°): 120.0000
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Calculated density (g/cm”3): 3.00
Volume of cell (10”6 pm”3): 797.09
Z: 3.00
RIR: -

c) Status, subfiles and quality

Status: Marked as deleted by ICDD
Subfiles: Inorganic

Mineral
Quality: Indexed (1)

d) Comments

Deleted by: Deleted by 31-650.
Color: Golden yellow
General comments: Rhombohedral axes: a,=7.085, 0.=62.56.

Synthesized by Mme. Walter-Levy (University Caen).

To replace 2-597 and 18-644.

Additional pattern: To replace 18-515, 18-653.

e) References

Primary reference: Technisch Physische Dienst, Delft, Netherlands., ICDD Grant-in-Aid, (1968)
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Unit cell: Dana's System of Mineralogy, 7th Ed., 2, 566
f) Peak list
No. h k 1 d [A] 2Theta[deg] I [%]
1 1 0 1 5.97000 14.827 16.0
2 0] 0] 3 5.67000 15.616 18.0
3 0 1 2 5.10000 17.374 100.0
4 1 1 0 3.68000 24 _165 10.0
5 1 0 4 3.54000 25.136 4.0
6 0 2 1 3.13000 28.494 90.0
7 1 1 3 3.09000 28.871 65.0
8 0 1 5 3.00000 29.757 2.0
9 2 0 2 2.98400 29.920 4.0
10 0 0 6 2.83500 31.532 4.0
11 0 2 4 2.54900 35.179 10.0
12 2 0 5 2.32500 38.697 2.0
13 1 2 2 2.31800 38.818 2.0
14 1 0 7 2.27100 39.655 10.0
15 1 1 6 2.24700 40.097 2.0
16 3 0 0 2.12500 42 507 2.0
17 2 1 4 2.09500 43.146 2.0
18 3 0 3 1.99000 45.547 20.0
19 0] 2 7 1.93300 46.969 4.0
20 0 0 9 1.89100 48.077 2.0
21 2 2 0 1.83900 49.526 30.0
22 2 0 8 1.76700 51.690 2.0
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23 2 2 3
24 3 1 2
25 2 1 7
26 1 3 4
27 1 2 8
28 4 0 1
29 0 4 2
30 2 2 6
31 0 2 10
32 4 0] 4
33 3 2 1
34 0 4 5

35 1 3 7

g) Stick Pattern

1.74900

1.73000

1.71100

1.63100

1.59400

1.58500

1.56600

1.54200

1.50000

1.49100

1.45600

1.44200

1.42900

52.262

52.880

53.514

56.366

57.796

58.155

58.930

59.940

61.799

62.213

63.883

64.578

65.238

4.0

4.0

2.0

4.0

2.0

4.0

4.0

8.0

6.0

2.0

2.0

4.0

2.0
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Appendix B
List of Conversation
Contact One:
Dear Mahabubur,

Unfortunately our pending drop apparatus that we have used to make the surface tension determinations that

you reference in your email operates only at ambient pressure. This means that we can go easily to temperatures

149
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around 100°C but we cannot go to pressures of 200-300 kPa (which in the case of alcohol or water mixtures are

necessary in order to establish liquid-vapour equilibria inside the chamber). [ am sorry that I can not help you.

Good luck with your wok,

Cheers

José Nuno

On Aug 26, 2013, at 1:13 PM, Mahabubur Chowdhury <chowdhurym@cput.ac.za> wrote:

> Good day prof. Lopes,

>

> [ hope this email finds you well. I am writing to you in regard of

> measurement of surface tension at high temperature and pressure. I have
> read your paper "High-temperature surface tension and density

> measurements of 1-alkyl-3-methylimidazolium bistriflamide ionic liquids,
>2010". My research field is in material science. I have submitted a

> paper in the Journal of crystal growth, which evaluates the functional

> relationship between solvent surface tension and particle growth rate.

> However the editor will only accept the paper if i show the surface

> tension of the solvents at hydrothermal conditions (at 100 degree ¢ and
>200-300 kPa. ) I would like to know if you can assist me with measuring
> the surface tension of 4 different alcohols, (Pure alcohol: 1. methanol,

> 2. ethanol, 3. propanol and 4. butanol: and also 50: 50 mixture of the

> same alcohol+water. ) at this specific temperature and pressure? You

> Can charge me with the cost to run the experiments or you can co-author
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> the paper as it will be accepted once the data is provided and the paper
> is revised. So you can decide how you would like to do this. Please let

>me know. I thank you in advance and hope to hear from you soon.

>
>

> With regards

> Mahabubur

>

>

> M.R.Chowdhury

> Chemical Engineering

> Flow Process Research Centre (FPRC)

> Cape Peninsula University of Technology (CPUT)
> P.0O. Box 652, Cape Town 8000 ,South Africa

> Tel: +27 837882309

> Office: +27 (-021)- 4603496

>Email (optional)fahadcapetown@yahoo.com

>http://www.cput.ac.za/flowpro/

>

> Disclaimer

> This e-mail transmission contains confidential information,
> which is the property of the sender.

> The information in this e-mail or attachments thereto is

> intended for the attention and use only of the addressee.

> Should you have received this e-mail in error, please delete
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> and destroy it and any attachments thereto immediately.

> Under no circumstances will the Cape Peninsula University of
> Technology or the sender of this e-mail be liable to any party for

> any direct, indirect, special or other consequential damages for any

> use of this e-mail.
> For the detailed e-mail disclaimer please refer to

>http://www.cput.ac.za/email.php or call +27 (0)21 460 3911

>

> Email secured by Check Point

Email secured by Check Point

Contact two:

Hi,
We do not have the means to measure against pressure.
Kind regards.

Luis Paulo Rebelo

At 13:13 26-08-2013, Mahabubur Chowdhury wrote:
>Good day Prof. Rebelo,

>

>I hope this email finds you well. I am writing to you in regard of
>measurement of surface tension at high temperature and pressure. I have
>read your paper "High-temperature surface tension and density

>measurements of 1-alkyl-3-methylimidazolium bistriflamide ionic liquids,
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>2010". My research field is in material science. I have submitted a
>paper in the Journal of crystal growth, which evaluates the functional
>relationship between solvent surface tension and particle growth rate.
>However the editor will only accept the paper if i show the surface
>tension of the solvents at hydrothermal conditions (at 100 degree ¢ and
>200-300 kPa. ) I would like to know if you can assist me with measuring
>the surface tension of 4 different alcohols, (Pure alcohol: 1. methanol,
>2. ethanol, 3. propanol and 4. butanol: and also 50: 50 mixture of the
>same alcohol+water. ) at this specific temperature and pressure? You
>can charge me with the cost to run the experiments or you can co-author
>the paper as it will be accepted once the data is provided and the paper
>is revised. So you can decide how you would like to do this. Please let
>me know. I thank you in advance and hope to hear from you soon.

>
>
>With regards

Mahabubur

>M.R.Chowdhury

>Chemical Engineering

>Flow Process Research Centre (FPRC)

>Cape Peninsula University of Technology (CPUT)
>P.0. Box 652, Cape Town 8000 ,South Africa
>Tel: +27 837882309

>Office: +27 (-021)- 4603496
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>Email (optional)fahadcapetown@yahoo.com

>http://www.cput.ac.za/flowpro/

>

>Disclaimer

>This e-mail transmission contains confidential information,
>which is the property of the sender.

>The information in this e-mail or attachments thereto is
>intended for the attention and use only of the addressee.
>Should you have received this e-mail in error, please delete
>and destroy it and any attachments thereto immediately.

>Under no circumstances will the Cape Peninsula University of
>Technology or the sender of this e-mail be liable to any party for
>any direct, indirect, special or other consequential damages for any
>use of this e-mail.

>For the detailed e-mail disclaimer please refer to

>http://www.cput.ac.za/email.php or call +27 (0)21 460 3911

>

>Email secured by Check Point

>

> Information from ESET NOD32 Antivirus, version of virus

>signature database 8729 (20130826)

>

>The message was checked by ESET NOD32 Antivirus.

>

>http://www.eset.com
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Email secured by Check Point

Contact three:

Dear Sir:

I am sorry to say that I have retired and my lab has been dismantled.
The surface tension equipment has been moved to the lab of Dr Michael
Pegg. I am not sure if he has an available technician to do this work

for you.

I am copying this email to him and he will get back to you if he is

able to do this for you for a fee.

Chris Watts

Quoting Mahabubur Chowdhury <chowdhurym@cput.ac.za>:

> Good day prof. watts,

>

> I hope this email finds you well. I am writing to you in regard of

> measurement of surface tension at high temperature and pressure. I have
> read your paper "Surface tensions of petro-diesel, canola, jatropha and
> soapnut biodiesel fuels at elevated temperatures and pressures, 2013".

> My research field is in material science. I have submitted a paper in

> the Journal of crystal growth, which evaluates the functional
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> relationship between solvent surface tension and particle growth rate.

> However the editor will only accept the paper if i show the surface

> tension of the solvents at hydrothermal conditions (at 100 degree c and
> 200-300 kPa) I would like to know if you can assist me with measuring
> the surface tension of 4 different alcohols, (Pure alcohol: 1. methanol,
> 2. ethanol, 3. propanol and 4. butanol: and also 50: 50 mixture of the

> same alcohol + water) at this specific temperature and pressure? You
> can charge me with the cost to run the experiments or you can co-author
> the paper as it will be accepted once the data is provided and the paper
> is revised. And also this experiment will provide novel data as high

> temperature and pressure surface tension measurements of these four

> alcohol is not presented in the literature. So you can decide how you

> would like to do this, either co-authorship or charge me for your

> service. Please let me know. I thank you in advance and hope to hear

> from you soon.

> With regards

> Mahabubur

> M.R.Chowdhury

> Chemical Engineering

> Flow Process Research Centre (FPRC)

> Cape Peninsula University of Technology (CPUT)
> P.0O. Box 652, Cape Town 8000 ,South Africa

> Tel: +27 837882309

> Office: +27 (-021)- 4603496
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>Email (optional) fahadcapetown@yahoo.com

>http://www.cput.ac.za/flowpro/

>

> Disclaimer

> This e-mail transmission contains confidential information,

> which is the property of the sender.

> The information in this e-mail or attachments thereto is

> intended for the attention and use only of the addressee.

> Should you have received this e-mail in error, please delete

> and destroy it and any attachments thereto immediately.

> Under no circumstances will the Cape Peninsula University of

> Technology or the sender of this e-mail be liable to any party for
> any direct, indirect, special or other consequential damages for any
> use of this e-mail.

> For the detailed e-mail disclaimer please refer to

>http://www.cput.ac.za/email.php or call +27 (0)21 460 3911

>
> Email secured by Check Point

Contact four:

Mahabubur,

Thanks for your interest in our interfacial tension analysis service. However, I regret to say that we do not have

capacity to help this autumn. Please, note also that although production of reference data for pure systems like

those mentioned is valuable as such, we work on a commercial basis and would have to charge for such

services. Our services are aimed at the oil industry and our instruments are designed for very much higher
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pressure than 200-300 kPa. If you can find some laboratory at a university doing interfacial tension
measurement at the relatively low pressures you request, I think that would be your best option. Such
instruments would probably be better suited for the requested pressure range, the work would be less expensive
(our services are maybe too expensive to be charged to a private person) and you might find someone who
could collaborate with you one the publication instead of charging for the service.

Best regards

Bard Bjorkvik

From: Mahabubur Chowdhury [mailto:chowdhurym@cput.ac.za]
Sent: 04 September 2013 15:58
To: Bard Bjerkvik

Subject: Interfacial tension measurement

Good day,

I hope this email finds you well. I am writing to you in regard of measurement of surface tension at high
temperature and pressure. I have read an article from SINTEF regarding the surface tension measurement (I
have attached the pdf), My research field is in material science. I have submitted a paper in the Journal of
crystal growth, which evaluates the functional relationship between solvent surface tension and particle growth
rate. However the editor will only accept the paper if i show the surface tension of the solvents at hydrothermal
conditions (at 100 degree ¢ and 200-300 kPa) I would like to know if you can assist me with measuring the
surface tension of 4 different alcohols, (Pure alcohol: 1. methanol, 2. ethanol, 3. propanol and 4. butanol: and
also 50: 50 mixture of the same alcohol + water) at this specific temperature and pressure? You can charge me
with the cost to run the experiments or you can co-author the paper as it will be accepted once the data is

provided and the paper is revised. And also this experiment will provide novel data as high temperature and
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pressure surface tension measurements of these four alcohol is not presented in the literature. So you can decide
how you would like to do this, either co-authorship or charge me for your service. Please let me know. I thank

you in advance and hope to hear from you soon.

With regards

Mahabubur

M.R.Chowdhury

Chemical Engineering

Flow Process Research Centre (FPRC)

Cape Peninsula University of Technology (CPUT)
P.O. Box 652, Cape Town 8000 ,South Africa
Tel: +27 837882309

Office: +27 (-021)- 4603496

Email (optional)fahadcapetown@yahoo.com<mailto:fahadcapetown@yahoo.com>
http://www.cput.ac.za/flowpro/

Contact five:

Good day Prof. Lamia and Dr. Piri,

I hope this email finds both of you well. I am writing to you in regard of measurement of surface tension at
high temperature and pressure. Your contacts were forwarded to me by Bard Bjerkvik from SINTEF Norway.
My research field is in material science. I have submitted a paper in the Journal of crystal growth, which
evaluates the functional relationship between solvent surface tension and particle growth rate. However the

editor will only accept the paper if i show the surface tensions of the solvents at hydrothermal conditions (at 100
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degree c and 200-300 kPa) I would like to know if you can assist me with measuring the surface tension of 4

different alcohols, (Pure alcohol: 1. methanol, 2. ethanol, 3. propanol and 4. butanol: and also 50: 50 mixture of

the same alcohol + water) at this specific temperature and pressure? You can charge me with the cost to run the

experiments or you can co-author the paper as it will be accepted once the data is provided and the paper is

revised. And also this measured experimental data will be novel data as high temperature and pressure surface

tension measurements of these four alcohol is not presented in the literature so far. So you can decide how you

would like to do this, either co-authorship or charge me for your service. Please let me know. I am in desperate

need as the date for the re-submission of the paper is the 6th of October 2013. I thank you in advance and hope

to hear from you soon.

With regards

Mahabubur

M.R.Chowdhury

Chemical Engineering

Flow Process Research Centre (FPRC)

Cape Peninsula University of Technology (CPUT)
P.O. Box 652, Cape Town 8000,South Africa

Tel: +27 837882309

Office: +27 (-021)- 4603496

Email (optional)fahadcapetown@yahoo.com

http://www.cput.ac.za/flowpro/

NO response
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