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Removing Oxalate Anions from Bayer Process Ligquors

Abstract

Hydrotalcite and thermally activated hydrotalcites were examined for their

potential as methods for the removal of oxalate anions from Bayer Process liquors.

Hydrotalcite was prepared and characterised by a number of methods,
including X-ray diffraction, thermogravimetric analysis, nitrogen adsorption analysis
and vibrational spectroscopy. Thermally activated hydrotalcites were prepared by a
low temperature method and characterised using X-ray diffraction, nitrogen
adsorption analysis and vibrational spectroscopy.

Oxalate intercalated hydrotalcite was prepared by two methods and analysed
with X-ray diffraction and for the first time thermogravimetric analysis, Raman

spectroscopy and infrared emission spectroscopy.

The adsorption of oxalate anions by hydrotalcite and thermally activated
hydrotalcite was tested in a range of solutions using both batch and Kkinetic

adsorption models.
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Chapter 1: Introduction

1.1 BACKGROUND

The Bayer Process is the most economical method of preparing alumina, which
Is further reduced to aluminium, from aluminium containing ores such as bauxite [1,
2]. However, there are a number of contaminants of concern found in the ores, the
more serious of which include the organic fractions [1, 2] including humic and fulvic
acids. Of the compounds found in the organic fraction, the oxalate anion is the
contaminant which has the most significant effect on the quality and quantity of

alumina refined from the Bayer Process.

Given the concern over the organic fractions, there is a need for their removal
from the Bayer liquor, which will improve the quality of the spent liquor, the
recyclability of the liquor and therefore improve the quality and quantity of the
alumina products. For these reasons, the applicability of a number of methods for

the removal of oxalate anions from Bayer liquors will be examined.

Some of the methods that will be examined include the use of ultra- and
nanofiltration, ion exchange, catalytic wet air oxidation, adsorption via hydrotalcite-
type materials, Fenton and Advanced Fenton-type oxidative methods. Each of these
methods has advantages and disadvantages (which will be discussed in more detail
later) which are going to affect the ultimate choice of method for the treatment of the

organic contaminants.

1.2 SCOPE

The scope of the project is aimed at a number of areas dealing with the removal
of oxalate from Bayer Process Liquors. The research into the use of hydrotalcites is

detailed as these are most likely to provide direction for future work.

Hydrotalcites

The hydrotalcite research focuses on the surface chemistry of the materials
prepared. There is a need to study the surface area and the adsorption/absorption
properties of the materials in relation to the hydrotalcites.
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Without an understanding of the surface structure of the hydrotalcite, it is
likely to be difficult to accurately model the surface adsorption behaviour of the
material and later modify the surface (or prepare a specialist material.) Furthermore,
it is vital to understand the adsorption/absorption interactions of the hydrotalcites,
including any equilibrium between oxalate and carbonate, the thermodynamics and

how these anions interact at the material’s surface.

1.3 OBJECTIVES

The main objective of this research project is to examine the applicability of
hydrotalcite as an adsorbent to remove oxalate from Bayer Process Liquors. This is
because oxalate is the most problematic of the organic contaminants found in the
stream (as noted previously). Given the complexity of the problem, it is likely that a
number of other aims will need to be achieved in order to successfully treat Bayer
Process Liquor for oxalate anions. These aims include:

1. Developing a hydrotalcite that has been successfully intercalated with

oxalate for characterisation and analysis;

2. Preparing and characterising hydrotalcite so that the adsorbent, absorbent

and ion exchange properties can be examined;

3. Testing the adsorption, absorption and ion exchange properties of these

materials to understand their physical behaviour; and

4. Modelling the behaviour of these materials in order to gain an
understanding of the surface chemistry of these materials for potential

further study into the preparation of future anion adsorbents.
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Developing a hydrotalcite intercalated with oxalate for characterisation and
analysis

It is important that a thorough understanding of the material properties of an
oxalate-intercalated hydrotalcite is determined. This is because very few researchers
have characterised oxalate intercalated hydrotalcite past the point of running X-Ray
Diffractions (XRD) of the materials [3].

This leaves gaps in the understanding of the surface properties of these
materials, particularly in the areas of surface morphology and how oxalate is
incorporated into the materials. In order to successfully determine the applicability
of hydrotalcite as a potential absorbent/adsorbent, it is important to understand the
mechanisms through which oxalate is absorbed/adsorbed by the materials and how
the surface morphology of these materials is affected by intercalation.

Preparing and characterising hydrotalcite so that the adsorbent, absorbent
and ion exchange properties can be examined

It will also be necessary to gain a thorough understanding of hydrotalcite as a
material. To ensure this, it will be necessary to understand the adsorption and
absorption of oxalate (if any) onto the material and the surface properties of
hydrotalcite.

Once an understanding of the surface properties of hydrotalcite is established,
tests of the sorption of oxalate will be performed in order to gain an understanding of
the oxalate pick-up of this material.

Testing the adsorption, absorption and ion exchange properties of these
materials to understand their physical behaviour

This aim will require extensive testing of adsorption and absorption behaviour
of prepared materials within oxalate solutions. Depending on the results, testing of
these materials in synthetic Bayer liquors may also be conducted to determine their

behaviour in more complex solutions.
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Modelling the behaviour of these materials in order to gain an
understanding of the surface chemistry of these materials for potential
further study into the preparation of future anion adsorbents

After the experimental data is collected, development of a model for the
surface chemistry of hydrotalcites will then be required. This model of hydrotalcite
surface chemistry will be developed by preparing isotherms of adsorption and also be
determining of thermodynamic properties of the oxalate absorption/adsorption

processes.

1.4 SIGNIFICANCE

Despite studies into the removal of the organic fractions of Bayer liquors, there
have been few studies that have noted anything more than moderate success. This is
despite the use of a number of different techniques and materials [1, 4-12].

The use of hydrotalcite and hydrotalcite-like adsorption processes could be
used as a gateway to the development of a number of new and innovative materials
which can be used for the removal of organic contaminants from Bayer liquors and
possibly other relevant applications (including the treatment of other contaminated

solutions, including industrial wastes and ground waters.)

1.5 THESIS OUTLINE

The removal of oxalate anions from Bayer Process Liquors is an important
stage in the treatment of the wastes generated in Alumina refining, which are harmful
to the environment and can be toxic to plants and animals in the areas surrounding
the waste deposition sites. This project looks to examine methods for the removal of

the more environmentally damaging organic fractions, namely oxalate anions.

Chapter One outlines the background and context of this research, as well as
outlining a number of objectives, before discussing the significance of this field of

research.

Chapter Two outlines the state of the current literature into the removal of
oxalate anions from Bayer Process Liquors, but first examines some of the major
contaminants found in the liquors and how they affect the process. Chapter Two also
sets out to establish the areas of study which have the most potential for the removal

of oxalate anions from the liquor.
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Chapter Three examines some of the theory when it comes to the adsorption
processes involved in the study, with a particular focus on the adsorption isotherms
and the information that they reveal about the processes involved. Furthermore,
there is also a discussion of the kinetics and thermodynamics which are applicable to
the study, as they will reveal a large amount of information about how the processes

occur.

Chapter Four examines the experimental processes that were used, whilst
Chapter Five examines the material properties and chapter Six discusses the
experimental sorption results and attempts to develop a thorough understanding of

the processes occurring during the adsorption studies.

Chapter Seven then draws conclusions from the results and discussion of the

experimental work and Chapter Eight suggests recommendations for future research.




Chapter 2: Literature Review

During the literature review, an initial examination of the current literature with
regards to the presence of oxalate anions in Bayer Process Liquors was conducted.
An examination of the available removal techniques, both physical and chemical was
also completed. Initially, the nature of the contaminants regularly found in Bayer
liquors was briefly examined, followed by an examination of the available physical
removal techniques and the available oxidative, or chemical, removal techniques.

Finally, the most appropriate removal technique was identified for further research.

2.1 INTRODUCTION

There has been a considerable amount of literature published on the treatment
of organic contaminants in Bayer Process liquors and there has been a considerable
amount of research conducted into the removal of these (and other) contaminants
from Bayer liquors [1, 2, 4, 7, 10, 13]. This examined some of the methods for
removing these anionic contaminants, in particular focussing on the oxalate anion

from spent Bayer liquors.

There are a number of removal techniques available for the treatment of Bayer
liquors [1, 2, 4, 7, 10, 13], including nanofiltration, ion exchange, catalytic wet air
oxidation, Fenton (and advanced Fenton-type) reactions, as well as adsorption using
anion-specific adsorbent materials. Each of these methods was examined in detail
before concluding which methods of oxalate removal were tested.

2.2 BAYER PROCESS

The Bayer Process is the most economic process by which Aluminium ores,
such as bauxite (which is a combination of aluminium hydroxides and assorted
impurities) are treated to recover/extract gibbsite (AI(OH)3) for reduction to
aluminium metal [1, 2]. A brief diagram showing a simplified flow of caustic

through the Bayer Process is shown below.
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Figure 2.1: Brief outline of the flow of caustic through the Bayer process

The process itself involves the digestion of ground bauxite ore in a solution of
hot sodium hydroxide with a concentration of approximately 3M [1] and a
temperature somewhere between 150-250 °C under high pressures [1], although the
exact conditions vary from refinery to refinery, due to different amounts of boehmite
in the ores. Larger boehmite concentrations increase the digestion temperature of the
ore, which in turn increases the decomposition of non-volatile organics to oxalate.
After the aluminium hydroxide compounds have been dissolved into the solution, the
slurry is cooled and diluted before the residues, containing mostly red mud [13], are
removed from the solution. This leaves behind the aluminium hydroxide compounds
(sodium aluminate [NaAl(OH),4]) which are then passed to the precipitation stage [2].

The next step in the process involves the precipitation of the aluminium
hydroxide compounds through the use of seeding with aluminium trihydroxide

(Al(OH)3) [2]. The Bayer liquor is then recycled and reused.

During the process, there is a build up of soluble organic compounds that
interfere with the precipitation of the aluminium trihydroxide. The organic substance
which is generally considered to be the worst contaminant of the Bayer liquor is the
oxalate ion. As a result, there have been in a number of studies as to not only the
effects that the presence of oxalate (and other organic acids) have on the process [1,
2, 14, 15], but also studies into methods for the removal of these compounds from
the liquor. These studies have included the use of oxidiation methods [1, 4, 7, 10]; as
well as some studies into the use of hydrotalcite-type compounds as other possible
options for the absorption of these organic compounds from the Bayer liquor [13].

The removal of these organic contaminants from spent Bayer liquors, with a

specific focus on oxalate anions is the main focus of this project.
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2.2.1 NATURE OF THE BAYER LIQUOR

The nature of Bayer liquors from different refineries varies to some degree as
different conditions, caused by differences in aluminium-containing ores, result in
different levels of contaminants in the spent Bayer liquor [1, 2, 14-23]. All Bayer
liquors contain a number of contaminants which have an effect on the efficiency of
the process. Shown below is a figure showing some of the major contaminants found

in the Bayer liquor and how they are later related to each other within the mixture.
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Figure 2.2: Brief outline of some Bayer liquor contaminants and their relationships to each other

2.2.2 MAJOR CONTAMINANTS AND THEIR EFFECTS ON THE PROCESS

There are several major contaminants that have an adverse effect on the

efficiency of the Bayer Process. For ease of reference, only the contaminants that
have more serious effects on the Bayer Process are discussed.
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2.2.2.1 OXALATE ANION (C,0,%)
The oxalate ion is considered to be a major issue in the Bayer Process because

it co-precipitates from solution with the aluminium trihydroxide, which results in
inferior quality product [2]. The current theoretical mechanism of action suggests
that the oxalate ions are poisoning the growth of aluminium trihydroxide crystals by
precipitating out as aluminium oxalate complexes; as well as adsorbing to the surface
of the aluminium trihydroxide crystals; which then prevents the bayerite crystals
from settling to the bottom of the tank during the precipitation stage. This results in
the non-precipitated crystals being recycled with the rest of the liquor with a

resulting loss in efficiency of the process [2].

The oxalate ion is generally found in the form of
sodium oxalate and can be found in concentrations
4 that vary from 2 g/L to as high as 3.5 g/L [1, 20, 21,
23] although the concentration will vary because of
the different bauxite ores used in the Bayer Process
by different alumina plants [23]. Guthrie, and

Figure 2.3: Ball and stick model of Improgno (as noted in Wellington & Valcin, 2007
the oxalate anion [1]) reported that oxalate anions, along with formate,
ethanoate and succinate formed up to 45% of the

total organic components of spent Bayer liquors [19].

2.2.2.2 SODALITE (NA,0.AL,0;.2510,.2H,0)
Sodalite is a compound that is formed in Bayer liquors during the Bayer

process which has the effect of leeching hydroxide from the solution and making it
less caustic. Furthermore, the sodalite deposits in the form of scale, which then

needs to be cleaned from the digesters and heat exchangers [2].
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2.2.2.3 ORGANIC CARBON

Organic Carbon compounds, in the form of carboxylic acids, fulvic acids and
humic acids are also found in the spent Bayer liquor, sometimes with concentrations
of up to 23.7 g/L [1]. These compounds have some effect on the precipitation of
aluminium trihydroxide from the Bayer liquor. Their presence should be noted and
methodologies for their removal should also be investigated with a view to

improving the efficiency of the process liquor.

2.2.2.4 IRON CONTENT

Iron is found naturally in most bauxite deposits and is a major component of
the “Red Mud” that is discharged as waste from the process [24, 25]. Palmer, Frost
and Nguyen [24] found evidence which suggests that the presence of iron (1)
complexes in the Bayer liquor may result in the adsorption of aluminium ions in a
process reported to be irreversible, which has a negative effect on the quantity of

alumina recovered from the ores.

2.2.2.5 SODIUM CONTENT

Sodium is naturally found in the Bayer liquor and it has been found to have a
positive effect on the aggregation and growth of the gibbsite [y-Al(OH)3] crystals
[26]. Furthermore, there is some evidence to suggest that the presence of the sodium
ions in the solution stabilises the aluminate ions in the solution [15, 18]. There has
also been some study into the use of Lithium and Potassium based caustic
compounds as the basis for the Bayer liquor, but Li, Prestige and Addai-Mensah
found that the presence of the sodium has greater positive effects than the presence
of potassium ions [27, 28] due to sodium ions providing a more favourable crystal

formation pathway than potassium ions.

It has to also be noted that the presence of sodium in the Bayer liquor has been

linked to the presence of impurities of sodium in the gibbsite products [15, 18].

10
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2.2.2.6 HYDROXIDE CONTENT

The hydroxide concentration helps to control the concentration of the oxalate
ion through various processes [2]. In industrial applications of the Bayer Process, the
hydroxide concentration is maintained at approximately 3 M, although this varies
with the aluminium concentration of the ore. It has been reported that the correct ore
to hydroxide ratio increases the growth rate of AI(OH); crystals due to interactions
between aluminium hydroxide super saturation, temperature, caustic, salt identity
and concentration as well as other factors through mechanisms which are not well
understood [26].

2.2.2.7 CARBONATE CONTENT

The presence of carbonate in the Bayer liquor is due to the Bayer Process being
performed under a normal atmosphere under increased pressure, which results in the
adsorption of carbon dioxide from the immediate environment. With an increase in
pH, the presence of more hydroxide anions results in an increase of the uptake of

carbonate ions into the liquor [24].

There is also evidence to suggest that the presence of carbonate ions in high
concentrations in Bayer liquors may reduce the precipitation of iron in red mud [29];
which would have the effect of slowing down the process and increase impurities in
the gibbsite precipitate. Zheng [30] found that high carbonate concentrations
decrease the precipitation of unwanted scale throughout the machinery of the refining
process. The formation of scale during the process results in a loss of hydroxide and

aluminium products.

2.2.2.8 SUMMARY

The Bayer process has found widespread use in the alumina industry as the
method of choice of producing alumina for further reduction to aluminium metal.
However the Bayer liquor, which is a highly caustic solution, suffers from a build up
of contaminants including soluble organic compounds and most notably oxalates,
which reduce the efficiency and quality of the process. The matrix of contaminants
in the system is quite complex and includes the presence of the mineral sodalite;
along with carbonate, iron and sodium ions as well as organic acids (including
oxalate) all of which have some impact on the quality and quantity of the yield

through a number of complex interactions.

11
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The use of oxalate as a marker for the contamination of the system is based on
the small quantity which is required to have an adverse effect on the crystal growth
of aluminium trihydroxide (as little as 3.5 g/L), which is used as a gauge for the

efficiency of the process.

2.3 PHYSICAL METHODS FOR THE REMOVAL OF ORGANIC
CONTAMINANTS

There are a number of physical methods that can be used for the removal of
materials from solution. However, it is important to keep in mind the properties of
the matrix as well as the contaminant to be removed when considering the
applicability of any particular removal method. For this reason, the physical
methods examined here are all methods which have been examined for the removal

of contaminants from Bayer liquors in the past.

The physical methods that will be examined here include nanofiltration (the
use of nanoscale membranes to filter out contaminants); ion exchange (physically
exchanging contaminant ions from the solution and replacing them with other, less
harmful ions) and the use of adsorption processes (where contaminants are adsorbed

onto the surface of a material which is then subsequently removed from the system.)

12
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2.3.1 NANOFILTRATION

2.3.1.1 INTRODUCTION

Nanofiltration, a technique using size and charge exclusion to remove
contaminant particles at sizes between around 10-100 Angstroms (A), has been
reported since the 90s. Since then, nanofiltration has found increasing use in industry
as a separation method, replacing other separation techniques such as extraction, ion
exchange, evaporation and distillation for the removal of selected species [31].

Modern nanofiltration methods are based upon a
' polyamide-type compound where the selective layer of
the filter is a three dimensional structure of polymer
chains [32]. The orientation of these polymer chains

determines the performance of the nanofilter, and the

Figure 2.4: SEM image of a
nanofiltration membrane orientation of the polymer chains is determined by the

temperature of solution [33], which is usually limited to
under 60 °C. The solution is run through the filter at pressures of between 5 and 50

bar [31] for maximum separation.

The mechanism through which nanofiltration works is based upon a
combination of both charge and size exclusion [34]. This makes it an ideal
separation method for separating small, charged ions from a solution containing a
mixture of charged and neutral solutes which cannot be easily separated by other
means. Despite being a very useful technique for separation of very small particles,
it still hasn’t found widespread use in industrial applications due to the limited
lifetime of the membranes, which is limited due to factors such as the viscosity and
pH of the solution, as well as its temperature and ionic strength [34]. The other
major factor contributing to the limited lifetime of the membranes is the regeneration
techniques used to clean the membranes are quite capable of irreversibly damaging
the membrane [34, 35].

2.3.1.2 ADVANTAGES

The major advantage of using nanofiltration as a technique for the recycling of
Bayer liquor is that it will remove oxalate from the solution [36]. The use of
nanofiltration is also suggested to remove most of the other contaminants in the
solution as well, some of these being iron, carbonate and organic carbon compounds
[1,2, 15, 19].

1. http://www.mindfully.org/Technology/2003/Nanomaterials-Sustainability-Risk22sep03.htm
Accessed 10 September 2009
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2.3.1.3 DISADVANTAGES

Unfortunately, there are also a number of disadvantages to the use of
nanofiltration in solutions such as Bayer liquors. The most prominent of these
disadvantages is membrane fouling, which is generally considered to be irreversible
[35].

Membrane fouling in Bayer liquors would most likely be caused by the
presence of larger organic materials, which occur naturally in the bauxite ore [37].
There are three major mechanisms for membrane fouling reported in the literature:
Pore blockage, pore restriction and cake formation [35, 37]. Van der Bruggen [35]

reports that the most common methods of dealing with membrane fouling are:
e Optimise solution pretreatment;

e Chemically clean the membrane (which is usually done with solutions that

are outside of the membrane’s chemical resistivity); and

o Physical cleaning using methods such as sonication, scrubbing and
flushing [35]

Van der Bruggen [35] also reported that the cleaning protocols utilised in the
treatment of nanofiltration membranes are dependent upon the nature of the feed
solution and that cleaning protocols are usually determined through the use of trial
and error [35].

It was also noted that the most commonly reported problems with the
nanofiltration membranes are dissolution, deformation and swelling of the
membranes [35]. These issues are caused by the high pH modifying the membrane

surface [32, 34] and elevated temperatures damaging the membrane [9, 34].

Another issue that needs to be seriously considered is the disposal of materials
caught in the filters. The retentate left from the filtering process is going to be high
in contaminants which then need to be disposed of. There are some options for the

disposal of these waste products, including [35]:
e Incineration;

o Direct or indirect discharge of the contaminants into surface or

groundwater; or

e Land filling.

14
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One of the possible solutions to the chemical stability of the nanofiltration
membrane is to look into the use of ceramic membranes, which are becoming more
and more popular given their thermal stability, reduced chemical reactivity and their
longer lifetimes [35]. However, despite these advantages, they are still expensive

and not yet readily available [35].

2.3.1.4 RECENT RESEARCH

Marciano et al. [6] recently published the results of a study into nanofiltration
of Bayer process solutions in which they used a polysulfone filter with 400 Da (amu)
cut-off to treat Bayer liquors. Although they found that the membrane that they used
was more than adequate for the filtration process, there is nothing to suggest that a
study has been conducted on the life-time of the membrane or on the costs associated

with nanofiltration of Bayer liquors for extended periods of time.

2.3.1.5 SUMMARY

There is little doubt that the use of a nanofiltration system could be very
effective in the removal of oxalate from Bayer liquors, with Marciano et al. [6]
reporting the successful application of a nanofiltration technique to a pilot-scale
study. However, there has been no further research into the application of this
methodology to the treatment of spent Bayer liquor focussing in particular on the
disposal of the filtrate, which contains high concentrations of oxalate, humic acids
and other organic materials. Given the issue of the disposal of the filtrate, and the
limited lifetime of the membranes due to the highly caustic nature and ionic strength
of the solution, the application of a nanofiltration system to the treatment of Bayer
liquors has some serious shortcomings which need to be resolved before this method

of treatment becomes economically viable.

15
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Figure 2.5: Polyacrylic anion exchange resin’ when it comes to removing organic

contaminants.
2.3.2.2 Advantages

The potential of using an anion exchange resin in the treatment of spent Bayer
liquor is based on the ability of a strongly basic anion exchanger to effectively
remove oxalate and carbonate ions from the solution. The ion exchangers can then
be recycled by treating with sodium hydroxide solution to regenerate them. The
other major advantage is that a strongly basic anion exchanger will replace other
anionic contaminants with hydroxide anions, replacing caustic lost during the process

as well as “cleaning” the liquor for future use.

2.3.2.3 DISADVANTAGES

Unfortunately, there are some major disadvantages to the use of ion exchange
resins. The first such disadvantage is that recharging the spent resin is never one
hundred percent effective [38, 39]. The second major disadvantage of using strongly
basic anionic exchangers is that they are subject to thermal degradation at
temperatures above 50 °C. The highly caustic nature of the spent liquor causes
irreversible damage to the substrate, which limits the lifetime of the ion exchanger

considerably.

The major disadvantage, however, is the deterioration of the resin through

various means [38]:

1. Physical movement of the beads in the resin, which reduces the number of

active sites for ion exchange.

2. http://www.novasep.com/Technologies/lon-exchange.asp Accessed 10 September 2009
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2. Thermal degradation, believed to be due to the loss of functional group
sites due to thermal hydrolysis. Generally, salt-form anionic exchangers
are more stable, but basic anionic exchange resins decompose above about
50-60 °C [40].

3. Organic contaminants can undergo chemical reactions within the ion
exchange resin, resulting in the production of compounds which may
interact with the resin further or may produce more toxic compounds.
Sucrose is one of the compounds that has been chemically reacted inside

an ion exchange resin [38].

4. Large organic molecules, such as humic and fulvic acids (and their anions)
can be non-selectively adsorbed onto the surface of the ion exchange resin,
removing exchange sites. This is related to the structure of the ion

exchange resin and is irreversible.

2.3.2.4 POTENTIAL
However, despite these disadvantages, there are some considerations which can
make the use of an anion exchange resin possible:

o Reillex HPQ anion exchange resin has been shown to be stable to chemical
and radiolytic degradation [41].

o Studies [42] have shown that it is possible to prepare anion exchange
resins based upon charge separation within the resin, functional group

mobility, flexibility and the presence of hydrophilic groups.

2.3.25 SUMMARY

Although the use of ion-exchange resins to treat spent Bayer liquors will ensure
almost complete removal of anionic contaminants, there are some serious issues
which need to be considered. The first of these issues is the possibility of
irreversible fouling of the ion exchange materials caused by interactions between the
resin and large organic anions; the fact that the recharge of the resin is never 100%
effective; There is also the possibility of thermal degradation as well as the
prohibitively high cost of maintaining an ion exchange system at an industrial scale.
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HYDROTALCITE AND HYDROTALCITE-LIKE ADSORPTION

2.3.3.1 INTRODUCTION

Hydrotalcites are a class of anionic clays that occur both naturally or may be
synthetically produced [43-45] which have attracted study since about 1944 [46]. In
spite of the extended period of their study, they are generally not as well known as

other clays such as the smectite group of minerals [44, 46].

Given the nature of hydrotalcites, there has been considerable amount of
research into the possible applications of hydrotalcites, including their use in
catalysis, pharmaceuticals and even in polymer chemistry [3, 47, 48]. There has also
been considerable research into synthesis procedures used to develop hydrotalcites
and hydrotalcite-type compounds [45, 48-55].

2.3.3.2 HYDROTALCITE STRUCTURE
Hydrotalcite compounds have a laminar structure similar to that of the
naturally occurring compound Brucite (Mg(OH),) which is constructed of sheets of

Mg(OH); structured as octahedral, resulting in hexagonal platelets [56, 57].

By substitution of trivalent metal ions (generally Aluminium [44, 46, 48]) for
divalent metal ions in the structure, these layers develop an overall positive charge,
which must be neutralised by anions (generally carbonate) being absorbed into the
interlayer spaces [46]. Different synthesis methods result in some differences in the
crystal structures of these hydrotalcite compounds and their resulting properties and
applications [50, 53, 54, 58].

A recent study of the structure of hydrotalcites with differeing aluminium
compositions by Sideris et al. published in Science in 2008 presented evidence which
is suggestive of a honeycomb ordering of aluminium and magnesium atoms in the
cationic sheets through the use of multinuclear NMR Spectroscopy [59].
Furthermore, they suggest that changing the prevalence of aluminium (or trivalent)
cations in the sheets affects the charge density, which would also have an effect on

ion-exchange capabilities, the bonding and orientation of the interlayer species [59].
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There have been a number of studies into
the structures of hydrotalcites carried out
through the use of X-Ray Diffraction (XRD) [3,
48-58, 60, 61]; Raman Spectroscopy [43, 46,
56]; Scanning Electron Microscopy (SEM) or
Transmitting Electron Microscopy (TEM) [50,
52-54, 57, 58, 60]; ThermoRaman Spectroscopy

[44]; Infrared Spectroscopy [3, 44, 49, 50, 52,
55, 56, 60]; Thermo-Gravimetric Analysis
(TGA) [3, 49, 52, 57, 60]; TGA-DSC (Differential Scanning Calorimetry) [61]; CO,
and/or N, Absorption/Desorption [50-52, 54, 56, 58, 61]; Electron Density Mapping
(which is a method of calculating crystal structure, based upon the X-Ray Diffraction
data) [57] and *’ Al MAS (magic angle spinning) NMR [55].

Figure 2.6: Structure of hydrotalcite

2.3.3.3 OCCURRENCE OF HYDROTALCITES IN NATURE
There are a number of hydrotalcite compounds that are found in nature. These

natural hydrotalcites include, but are not limited to [62, 63]:

Hydrotalcite: MgsAl2(CO3)(OH)16-4H,0
Stitchtite: MgsCra(CO3)(OH)16-4H,0
Pyroaurite: MgsFe®*5(CO3)(OH)16-4H,0

Desautelsite:  MggMn**,(CO3)(OH)16-4H,0
Takovite: NigAly(OH)15(CO3,0H)-4H,0
Reevesite: NigFe®*5(CO3)(OH)14-4H,0

Comblainite: Ni**¢C0%**,(CO3)(OH)16-4H,0

Given the highly caustic conditions required for hydrotalcites to form (greater
than pH 9), it is rare to find hydrotalcites occurring outside of serpentinites naturally

without being some of the by-products of industrial pollution [64].

2.3.3.4 APPLICATIONS OF HYDROTALCITES

Hydrotalcites are compounds that have been extensively studied because of
their properties as anionic clays (meaning that they contain anions between the
layers) which make them useful in a number of roles as compared to other porous

materials which are either cationic or charge neutral [44, 47, 50, 53, 57, 65]:
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2.3.3.4.1 Hydrotalcites as catalysts:
Hydrotalcites, due to their layered structure have anionic “bridges” between the

positively charged metal-hydroxide sheets, giving them a porous structure, which has
been meticulously documented through numerous studies by various instrumental
techniques, including XRD, SEM/TEM and Raman Spectroscopy, which are all

mentioned above.

Given the flexibility of the composition of hydrotalcite compounds [45] which
is due to the large variance in metal ions that can and have been used to modify the
surface charge [47], it is possible to vary the anion acting as the pillar and therefore
effectively tailor the interlayer space of the hydrotalcite to suit [49, 54, 56]. Given
this ability to effectively tailor the hydrotalcite to meet the needs of various
applications, gives materials scientists a number of potential uses for these materials

[48]. Some of which include:
e Uses in Fluidised Catalytic Cracking Units (FCCUs) [45]
e Supports for noble metal (Pd, Pt) catalysts [45, 48]
o  Precursor materials for catalysts through calcining [45, 48].

There have been some studies into tailoring the catalytic properties of
hydrotalcite compounds, in which it has been found that increasing the crystal
structure and the size of the interlayer spacing tends to increase the catalytic activity
of the hydrotalcite [49, 54].
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2.3.3.4.2 lon Exchange and Adsorption
Li and Duan [47], in their extensive review on the applications of hydrotalcite-

like compounds noted the potential uses for hydrotalcites in ion exchange and
adsorption [47], which has extensively studied and reported [56]. In particular, when
dealing with ion exchange and adsorption, they noted that hydrotalcite like
compounds had a high uptake of anionic species. However, they noted that if the
charge density was too high (due to the presence of trivalent cations) then the uptake
of anions decreased. They also observed that the nature of the original anion
intercalated between the layers had an effect on ion exchange with carbonate being
the most difficult ion to replace. In fact, research presented by Frost and Musemeci
[43, 66] found that the presence of atmospheric carbon dioxide may result in the re-
adsorption of carbonate into the interlayer and possibly replacing the exchanged

anionic pillar.

Li and Duan [47] also noted that there were three main methods of ion
exchange and adsorption for hydrotalcites. The first method was ion adsorption onto
the surface of the material, which is due to the ionic character of the anion. The
second method was direct ion-exchange within the interlayer anions, which can be
done either in situ or after the hydrotalcite has been synthesised. The third method
discussed was the use of the memory effect of hydrotalcites, which is hydrotalcites
reforming their original structure after being calcined and then being placed into a
solution containing excess anion [47]. Frost and Musemeci [43, 66] noted that there
was some concern that carbonate was the preferential interlayer anion species and
that a dry state reaction may result in the readsorption of carbonate into the

interlayer.

2.3.3.4.3 Other Applications
Li and Duan [47] (as well as other authors) [3, 43, 45, 47, 54, 56, 60, 61, 66-

68] also examine other applications of hydrotalcite materials. Some of these
applications include using hydrotalcite compounds as additives in photochemistry,
electrochemistry and in functional polymer materials. They have also noted that
hydrotalcites are extremely flexible in terms of composition and can be used as drug
delivery systems as well as in other applications within the pharmaceutical and

biochemical industries [47].
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2.3.3.6 SUMMARY

Hydrotalcites are a class of materials with a myriad of applications. The use of
a hydrotalcite intercalated with oxalate anions may allow for the selective adsorption
and absorption of oxalate from spent Bayer liquors. However, the synthesis of the
hydrotalcite may become complicated, with synthesis likely to require the use of a

nitrogen atmosphere to prevent the preferential intercalation of carbonate ions.

There is also the probable need for post-treatment of the hydrotalcite in order
to regenerate, recycle or dispose of the hydrotalcite material. However, there is
enough evidence to suggest that an investigation of the ability of an oxalate-

intercalated hydrotalcite to pick up oxalate from Bayer liquors is warranted.

2.4 CONCLUSIONS

Although a number of processes have been considered, some of them (such as
ion exchange and nanofiltration) are completely inappropriate for use and others
have potential but have serious issues that need to be dealt with before they can be
considered as viable alternatives for the treatment of Bayer Process Liquors.
Hydrotalcite adsorption/absorption has distinct possibility as a starting point for more
advanced adsorption materials for the removal of oxalate anions from Bayer process

solutions.

lon exchange has been noted as being inappropriate for use due to humic and
fulvic acid anions masking exchange sites through irreversibly binding to active sites
on the resin; as well as issues of membrane solubility whilst under Bayer-type
conditions. Nanofiltration was found to be inappropriate due to similar stability
issues as well as membrane fouling by humic and fulvic acid anions getting inside

the pores and irreversibly blocking them.

Adsorption using hydrotalcites or hydrotalcite-like materials shows promise as
adsorption is one of the most commonly used methods to treat contaminated
industrial waste waters. As hydrotalcite is an anionic clay, it has the potential to
remove most of the anionic contaminants from the solution. Hydrotalcite could also
be used as the starting point for more advanced adsorption materials which are

specifically designed for the adsorption of oxalate from the spent Bayer liquor.
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Chapter 3: Background

3.1 HYDROTALCITE PREPARATION

3.1.1 INTRODUCTION

There has been a wealth of papers published in which hydrotalcites and
hydrotalcite-like compounds have been prepared. From an analysis of these papers,
it is clear that there are several common (and simple) techniques that can be used to
synthesise hydrotalcites and hydrotalcite-like compounds. These techniques range
from simple, one-pot synthesis techniques to some more novel methods, including
the use of sol-gel techniques [56] and even combustion techniques [55] have been

reported.

3.1.2 CO-PRECIPITATION METHOD

The co-precipitation technique for the synthesis of hydrotalcites is reported as
the most common [45, 56]. This is due to the co-precipitation method being most
compatible with a range of cations, as well as the ease of scaling the synthesis

procedure up to industrial scales [45].

6Mg(NO3), + 2Al(NO3)3 + 16NaOH + Na,C,0,4 + 4H,0
N
= MgeAl,(0H)14(C,0,) - 4H,0 + 18NaN O,

Equation 3.1: Preparation of oxalate intercalated hydrotalcite using the co-precipitation method

Preparing hydrotalcites using this method involves the addition of metal
cations as their nitrate or chloride salts in the appropriate ratios to a hydroxide
solution that has been buffered to a pH of 9. After the hydrotalcite has been formed,
the second step in the process is to thermally treat the mother liquor to increase the

crystal size and yield of the product.
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The first method, which is commonly used, is to heat the mother liquor up to
373 K and allow the solution to stir for a few days in order to promote Dalton Aging;
(which is where crystals grow together along edges rather than crystals taking
material from other crystals as in Ostwald ripening) whilst the second method
involves putting the mother liquor into a hydrothermal bomb and subjecting it to heat

and pressures of between 10 MPa and 150 MPa for several days [56].

3.1.3 STRUCTURAL MEMORY EFFECT

Hydrotalcites undergo a number of decomposition steps when heated,
eventually forming mixed metal oxides, which are impossible to form through other
methods [45]. Hydrotalcite can be reformed by exposing the mixed metal oxide to
aqueous solution. The hydrotalcite reforms into its original layered structure, which

is where the terminology “structural memory effect” comes from.

It is possible to intercalate any number of anions into the structure of
hydrotalcite by the use of the structural memory effect, which is one of the big
applications of this method. The major advantage of this method for intercalating
hydrotalcites is that almost any anion can be inserted into the interlayer spacing,
provided that there is no competition from carbonate, which is by far the preferred
interlayer anion and has been suggested to leach into the hydrotalcite over time [43,
66].

A
N.
5MgO0 + MgAl,0, + 13H,0 + C,02~ = MgeAl,(OH)14(C,0,) - 4H,0 + 20H~

Equation 3.2: Formation of oxalate intercalated hydrotalcite using the structural memory effect

In order to minimise the intercalation of carbonate back into the hydrotalcite
structure, it is common to reform the hydrotalcite structure under an inert atmosphere
and using degassed solutions [43, 56, 68]. The use of the structural memory effect is
considered to be the optimum method when the anion used is rather large [45, 68],
but is not recommended when the intercalating anion is a strong chelator, such as
tartrate [45].
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3.1.4 10N EXCHANGE METHOD

When a desired anion is not stable in an alkaline solution or a direct reaction
between the anion of choice and one of the metals is favoured (for example, a
strongly chelating anion such as tartrate), the use of ion exchange in order to
intercalate the hydrotalcite is the preferred option. It has also been suggested that the
use of the ion exchange method is ideal for the preparation of an intercalated
hydrotalcite without the presence of carbonate [45, 56].

A premade hydrotalcite which has monovalent anions such as chloride or
nitrate in the interlayer is preferred, but nitrate-intercalated hydrotalcites are more

preferred (due to the low charge density of the nitrate anion) [45, 56].

Mg6Alz (0H)16(N03)2 4‘H20 + Na26204
A
> MgeAl,(0H)414(C,0,) -4H,0 + 2NaNO;

Equation 3.3: Preparation of oxalate intercalated hydrotalcite using ion exchange

It is vital to consider the conditions under which the ion exchange is going to
take place. For example, careful consideration of the pH at which the ion exchange
will occur is important, as the metal hydroxide sheets of the material will start to
dissolve if the exchange media is too acidic [56]. It is also important to consider the
charge density at the surface of the hydrotalcite (which is related to the identity of
the metal ions) as well as selecting a temperature that is not going to affect the
structural integrity of the sheets, but also allow for the mobility of the anions in the
solution [45, 56]. Furthermore, it is vital to also select the appropriate solvent for the
exchange, as exchanging organic anions using an aqueous medium will not result in

an optimum ion exchange [56].

3.1.5 RE-CO-PRECIPITATION METHOD

The re-coprecipitation method of making hydrotalcite-type materials is a novel
approach to making hydrotalcites intercalated with organic acid anions which was
first reported in 2002 [45, 69, 70].
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This method involves making a hydrotalcite precursor in the normal manner
and then dissolving the hydrotalcite in an excess of aqueous acidic solution of the
desired anion at a slightly elevated temperature (usually 323K) until the hydrotalcite
has dissolved, followed by re-precipitation in an alkaline solution and reflux to form
crystals [45, 69, 70].

Mg6Alz(0H)16(CO3) " 4H20 + 8H2C204,
- 6Mg?* + 2413+ 4+ COZ™ + 8C,02 + 20H,0

6Mg*t + 2A13% + CO%™ + C,07 + 160H™ + 4H,0
- MgeAl,(0H)16(C;0,) - 4H,0 + CO5™

Equation 3.4: Formation of oxalate intercalated hydrotalcite using re-co-precipitation
The reported advantage of this technique is that there is no need to take special
precautions to prevent the incorporation of carbonate into the interlayer spaces as the
carbonate is converted to carbon dioxide during the dissolution stage due to the high
pH of the solution while an overwhelming excess of anion during the re-precipitation

process appears to prevent the intercalation of carbonate ions [69, 70].

This option may prove to be useful for the industrial scale preparation of
anion-intercalated hydrotalcites for use as catalysts, as there is no need to prevent

carbon dioxide (and therefore carbonate ions) from being present during the reaction.

3.1.6 SUMMARY

The most viable options for the preparation of the hydrotalcite materials in this
study are using the co-precipitation method to prepare the hydrotalcite starting
materials, along with the use of co-precipitation and re-co-precipitation methods for
the preparation of the oxalate intercalated hydrotalcites. Although the use of the
structural memory effect can be used for the intercalation of oxalate into the
hydrotalcite structure, the requirement that it be prepared at elevated temperature,
followed by intercalation under a nitrogen atmosphere is likely to cause some
problems. Furthermore, the use of ion exchange to prepare oxalate intercalated
hydrotalcites is not likely to show very good results unless it too, is done under a

nitrogen atmosphere at set conditions of temperature and pH.
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3.1.7 SURFACE PROPERTIES

There are two surface properties which are of importance in this study, being
specific surface area and surface charge density. Understanding these two properties
is going to allow the formation of an understanding of how adsorption occurs

between the contaminants in Bayer liquors and hydrotalcite.

3.1.8 SPECIFIC SURFACE AREA

The specific surface area is the first surface property to be examined and it has
been linked to the adsorption capacity of materials. As such, it can be considered to
be important to examine the specific surface area of the materials during the
adsorption studies. Developing an understanding of specific surface area, and
linking this property to the adsorption capacity of the materials may provide clues to

maximising adsorption capacity of future materials.

The specific surface area is found by [71] using:

S =q.NQ
Equation 3.5: Specific surface area
Where: S = Specific Surface are (m%/g)
Qe = Target Species adsorbed at equilibrium (mol)
N = Avogadro’s number (6.02X1023)
Q = Area occupied by one molecule of the target species

3.2 ADSORPTION PROCESSES

3.2.1 INTRODUCTION
Adsorption is the process of sorbing atoms, ions or molecules onto a surface by
either chemical or physical interactions [72]. There are two major types of

adsorption: physical and chemical adsorption.

Physical adsorption (physiosorption) is adsorption occurring by physical
means, usually Van Der Waals interactions between the sorbent and sorbate (target
molecule). These interactions generally occur at long range but are weakly binding

[72], meaning that the process is easily reversible.

Chemical adsorption (chemisorption) is based upon chemical bonds forming
between sorbent and sorbate, which are usually covalent in nature. Until recently, it

was thought that chemisorption could only occur through exothermic processes [72].
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In recent years, the body of literature into the use of adsorbents for the
treatment of contaminated waters has grown as adsorbents have generally be found

to be more applicable than other techniques, cheaper and as efficient [71, 73-79].

Despite the increase in the number of studies into using various materials as
adsorbents, the number of studies examining the adsorption processes has not
progressed much further than the assumptions of monolayer adsorption suggested in
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) adsorption models
[74, 80-86].

Erin and Afsin [87] in their study of metal adsorption onto bentonite
suggested that ion exchange reactions occur at the active sites as well as the
possibility of metal complexes being formed with surface hydroxyl groups of the

material.

3.2.2 LANGMUIR ADSORPTION

The Langmuir adsorption model (Suggested by Irving Langmuir in 1916) is
the simplest explanation of adsorption processes onto the surface of a material, and it

is built around four base assumptions [72, 83]:
5. Each active site can only accept one molecule;
6. Sorbed molecules form a monolayer;
7. All active sites are energetically equivalent; and
8. There is no interaction between sorbed molecules.

This allows for the calculation of the adsorption capacity of a material at
equilibrium (ge) through the use of the Langmuir adsorption isotherm [72, 85]:

KL Ce
Q=717 aC,
Equation 3.6: Langmuir adsorption isotherm
Where: g = adsorption capacity at equilibrium (mg/g)
KL = Langmuir constant
a = energy of adsorption
Ce  =concentration of target species at equilibrium

28



Removing Oxalate Anions from Bayer Process Liquors

However, in practise, the adsorption capacity (ge) is found by measuring
concentration change as the solution comes to equilibrium with the adsorbent and the
solution containing the target species and by comparing that concentration change to
the concentration of the adsorbent slurry in the system [85]:

Ci — Ce

qe = S

Equation 3.7: Adsorption capacity

Where: Qe = adsorption capacity
Ci = initial concentration of target species in solution (mg/L)
Ce = equilibrium concentration of target species in solution
(mg/L)
S = slurry concentration of adsorbent (g/L)

By knowing the adsorption capacity (ge) of the adsorbent and the equilibrium
concentration (ce) of the target species it is possible to find the Langmuir constant
(Kp) and the Langmuir energy constant (a) by plotting [74, 85]:

e vs. C,
de
Where: ¢, = equilibrium concentration of the target species
Qe = adsorption capacity of the material

This should give a linear plot according to the relationship [74, 85]:

c. 1 a

—=——+—0C
q. K. K
Where: ¢, = equilibrium concentration of the target species
Qe = adsorption capacity of the material
KL = Langmuir constant
A = energy of adsorption

From this relationship, the slope of the plot being Ki and the intercept being Ki
L L

It is also possible to find the maximum adsorption capacity of the material by
the relationship [84]:
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1 1 1

qe a dm KLque

Equation 3.8: Theoretical maximum adsorption capacity

Where: Qe = adsorption capacity at equilibrium
On = maximum adsorption capacity
KL = Langmuir constant
Ce = concentration of target species at equilibrium

1

This is done by plotting qi vs.clwhich gives an intercept of .

It is also possible to use the Langmuir model of adsorption to determine the
favourability of adsorption according to the relationship [77, 80]:

K 1
R 1+ KLCi
Equation 3.9: Separation factor
Where: Kg = separation factor
KL = Langmuir constant
Ci = initial concentration of target species

The separation factor (Kg) tells us if adsorption is:
o Unfavourable (Kg is greater than one);
o Favourable (Kg is between 0 and 1);
e Linear (Kg equals 1); or

o lrreversible (Kg equals 0).
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3.2.3 FREUNDLICH ADSORPTION

The Freundlich adsorption isotherm is based on the assumption that the
number of active sites available for adsorption is dependent upon the concentration
of sorbate particles. That is, as the concentration of the target species increases, then
the number of available active sites increases until the point of surface saturation is
reached [74, 80, 81] and is of the form:

1
qde = Krce /n
Equation 3.10: Freundlich adsorption isotherm
Where: Qe = adsorption capacity
Kr = Freundlich constant

Ce = concentration of target species at equilibrium
1/, = adsorption intensity

That makes it possible to determine Kg (intercept) and 1/n (slope) according to the
relationship [74, 85]:

logq, = logKy + 1/n logc,

Where: Qe = adsorption capacity
Kr = Freundlich constant
n = adsorption intensity
Ce = equilibrium concentration of target species

When 1/n is less than 1, it is suggestive that the active sites are heterogeneous

and thus have different energy levels. If 1/n is equal to or greater than one, it is

suggestive of homogeneous active sites (all active sites have the same energy levels.)

3.2.4 DUBININ-RADUSHKEVICH ADSORPTION
The Dubinin-Radushkevich (D-R) isotherm can be used to determine the
adsorption energy (E) of the material as well as predict the maximum adsorption

capacity (qm) of the material.

From the calculated adsorption energy, it is possible to determine if the
adsorption process is a physical or a chemical reaction between active sites on the

adsorbent and the adsorbate.
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The D-R isotherm is generally given as [88, 89]:

e = qme(_Bsz)

Equation 3.11: Dubinin-Radushkevich adsorption isotherm

Where: Qe = adsorption capacity at equilibrium
Onm = maximum adsorption capacity
B = a constant related to the energy of adsorption
€ = Polanyi potential:

While the Polanyi potential is generally given as:

1
&= RT1n<1 +—)
Ce

Equation 3.12: Polanyi potential

Where: ¢ = Polanyi Potential
R = gas constant (8.3145 J/mol/K)
T = temperature (K)
Ce = equilibrium concentration of the target species

It is possible to work out q, (intercept) and B (slope) from the linear plot of g, vs. &2

[88, 89]. From there, it is possible to determine the energy of adsorption through the
relationship [88, 89]:

E =+v2B
Equation 3.13: Energy of adsorption
Where: E = energy of adsorption (kJ/mol)
B = constant related to the energy of adsorption

From E, it is possible to determine if adsorption is a physical process (E is less
than 8 kJ/mol); chemical ion exchange (E is between 8 and 16 kJ/mol) or by

chemical bond formation between the adsorbate and adsorbent [88, 89].
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3.25 TOTH ADSORPTION

The Toth isotherm is an adsorption isotherm that assumes that they distribution

of available active sites is skewed towards lower energies and is of the form [86]:

_ KT Celm
- 1

(1 + (Krc)™) /n
Equation 3.14: Toth adsorption isotherm

de

Where: Qe = adsorption capacity at equilibrium
Kr = Toth constant
Ce = concentration of target species at equilibrium
gn = maximum adsorption capacity
n = intensity of adsorption

As most adsorption studies involving clay-type minerals find that the
Langmuir isotherm most accurately models the adsorption processes involved in
adsorption treatment of contaminated waters, it can be assumed that the energy
distribution of active sites in the clay materials are uniform and therefore the Toth

isotherm is not applicable.

3.3 HYDROTALCITE AND HYDROTALCITE-LIKE ADSORPTION

3.3.1 INTRODUCTION

Hydrotalcite adsorption has become more and more popular in recent times as
an adsorbent for anion-contaminated waters due to the ability of these materials to
adsorb anions. Goh, Lim and Dong [90] as well as Wang et al. [91] suggest that

there are three reasons for the study of hydrotalcite materials for adsorption studies:
9. High surface area of the hydrotalcite;

10. Flexible interlayer region (allowing for intercalation with different

anions); and

11. High anion exchange capacity (although this point is refuted in Mandal
and Mayadevi [92].)
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As there are these advantages to the use of hydrotalcite adsorbents, there have
been several studies into the adsorption behaviour of these materials with three

mechanisms being proposed [90]:
1. Surface adsorption;
2. Interlayer anion exchange; and

3. Reconstruction of calcined hydrotalcite-like materials. (This will be

covered later in more detail.)

Furthermore, kinetic studies have shed more light on the likely processes of

adsorption have suggested that the process occurs through the following stages [90]:
o  External mass transfer;
e Intra-particle diffusion; and
o  Chemisorption reactions at phase boundaries.

Although it is discussed later, it is suggestive that the fast step of adsorption is
most likely to be the mass transfer stage, with intra-particle diffusion being the rate-

limiting step to equilibrium.

3.3.2 DESCRIBING ADSORPTION

Goh, Lim and Dong [90] noted that there have been a number of adsorption
isotherms used to describe the adsorption process onto hydrotalcites, with the most
popular adsorption isotherm being the Langmuir isotherm, followed by use of the
Freundlich isotherm before the use of modified Langmuir isotherms [90, 93], which
can be considered as a function of their applicability to real-world adsorption

systems.

The use of Langmuir adsorption isotherms to explain adsorption processes is
suggestive of the formation of a monolayer of adsorbed particles around the
hydrotalcite’s active sites (areas where there is a localised partial positive charge
which allows interactions between sorbate and sorbent molecules). The use of
Freundlich adsorption isotherms to describe the behaviour of hydrotalcite adsorbents
suggests that there is a narrow distribution in energy levels of the active sites, which

is a basic tenant of the Freundlich adsorption isotherm.
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3.3.3 KINETICS OF ADSORPTION

The general kinetics of adsorption, as reported by Goh, Lim and Dong [90] in
their review of hydrotalcite adsorption suggest that initial adsorption proceeds quite
quickly (sometimes as quickly as 15 minutes for initial adsorption to complete)
which is suggestive of external mass transfer and the time to equilibrium (which has

been reported as being up to three days) is indicative of intra-particle diffusion.

Goh, Lim and Dong [90] also noted that there have been a number of kinetic
models used to describe the kinetics of adsorption, with studies showing a variety of
kinetics models, such as first order kinetics [94]; second order kinetics [95]; as well
as intra-particle diffusion and other models used to describe the adsorption
behaviour of these materials.

3.3.4 FACTORS AFFECTING ADSORPTION
There are a number of factors that can have an effect on the rate of adsorption
onto hydrotalcites. The major influences include pH; the presence of competitive

anions and interlayer ion charge. Each of these factors has a different effect.

Effect of pH

The effect of pH, as described by Goh, Lim and Dong [90], is generally
dependent upon both the species of the anion as well as the species of hydrotalcite
used in the tests, as shown in nearly all of the studies recorded here [92-96].
However, it is generally considered that increasing pH results in a decrease of
adsorption efficiency, and this has been linked to increased competition between the
target anion and hydroxide anions. This perception is supported by Das et al. as
well as Lv et al. [94] although Mandal and Mayadevi [92] found little correlation

between pH and absorption efficiency for the uptake of fluoride ions from water.

Competitive Anions

Das et al. [96] in their study of phosphate pickup in solution found that the
presence of competing anions decreased the adsorption efficiency of the hydrotalcite.
Furthermore, they went on to suggest that the competitive adsorption of anions onto
hydrotalcites was dependant on the charge density of the anions is a significant

contributor to the competitive adsorption of anions.
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Goh, Lim and Dong [90] in their review of hydrotalcite adsorption only
commented in general about the competitive adsorption of anions, noting that
divalent anions were more likely to be adsorbed than monovalent anions, with the
general order of competitive effect being along the order of:

HPO;~ >S0;~ >(C05~ >F~ >Cl” >Br~ > NO;3
Interlayer lon Charge
Although it is generally accepted that the carbonate form of hydrotalcite is the
overwhelmingly favoured product, hydrotalcites with chloride and nitrate in the
interlayer have been prepared through the use of special conditions, including

synthesis under nitrogen atmosphere.

Goh, Lim and Dong [90] postulated that the overwhelming favour for the

formation of a carbonate intercalated hydrotalcite is most likely due to:

e Strong electrostatic forces of attraction between the metal hydroxide layers

and the carbonate anions; and

e Formation of a prismatically-structured interlayer in which the planes of

the CO3 anions are parallel to the interlayer.

3.3.5 STRUCTURAL MEMORY EFFECT

It has been suggested that strong interactions between metal oxides and
carbonate ions contribute to the low adsorption capacity of hydrotalcite-type
compounds [96]. As a result of this, the use of the structural memory effect ( in
which hydrotalcites reform their structures after being added to water) has been
shown to improve the efficiency of contaminant anion pickup and become the major

method of anion removal in hydrotalcite adsorption in recent times.

Goh, Lim and Dong [90] found that thermogravimetric analysis (TGA) of
hydrotalcite-type materials showed:

e Loss of water below 200 °C;
e Loss of water and carbon dioxide between 250 °C-450 °C;
e Loss of hydrotalcite structure between 450 °C-500 °C; and

o lrreversible structural change over 800 °C.
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Furthermore, studies into hydrotalcite adsorption have shown that calcined

hydrotalcites have:
e Highly active mixed metal oxides [90];
e High thermal stability [90];
o Larger surface area than uncalcined hydrotalcite [90, 92];
o Alkaline properties [90];
e Small crystal size [90];
o Stability against sintering (formation of metal powder) [90];
o Reformation of structure upon hydration [90]; and
« Better anion adsorption than normal hydrotalcite [90, 96].

The better adsorption capacity of calcined hydrotalcites has been suggested to

be caused by 3 factors:
1. Increased surface area [90, 92];
2. Higher porosity [90]; and
3. Fewer carbonate anions in the interlayer spaces [90].

However, Wang et al. [91] hypothesised that the improved efficiency of the
calcined hydrotalcite is due to the processes of dehydroxylation, decarbonation and

formation of mixed metal oxides.

Goh, Lim and Dong [90] go on to further suggest that the mechanism by which
the anion adsorption is increased via the memory effect is due to the anion being
incorporated into the structure during reformation, rather than through ion exchange

after the structure has formed.

3.3.6 GENERAL CRITICISMS OF HYDROTALCITE ADSORPTION STUDIES

Goh, Lim and Dong [90] performed a review of hydrotalcite adsorption studies
and noted that there were several factors that needed to be taken into account when
considering the applicability of hydrotalcite adsorption methods, most importantly:

e The researcher’s use of single-component systems to simulate wastewaters
(that is, the oversimplification of the adsorption matrix to an unrealistic

system); and
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e The use of inert atmospheres (typically nitrogen) during adsorption tests
(once again oversimplifying the adsorption system matrix to an unrealistic

representation of the wastewater system).

3.4 KINETICS

Kinetic studies of adsorption processes have found that adsorption occurs in

three distinct phases [81]:

Phase 1: Fast adsorption; which occurs when all of the active sites are free and

fixing anions to the material is easy.

Phase 2: Slow Adsorption; which occurs after the main adsorption sites have
been occupied and repulsive forces start acting between adsorbed ions and ions in
the surrounding solution. This results in further adsorption interactions requiring

more energy in order to force the process to continue.

Phase 3: Equilibrium; which occurs when all of the available adsorption sites
have been filled and equilibrium has been established between the adsorbed ions and

ions in solution.

A study of the kinetics behind the adsorption processes involved in the
adsorption of anions from Bayer liquors should yield some information on how the
adsorption occurs, including how adsorption is affected by the concentration of
various contaminants within the liquor as well as potentially providing some clues as

to the possible mechanisms behind the adsorption process.

3.4.1 FIRST ORDER KINETICS

The first model of kinetics that will be examined is the applicability of first
order kinetics to the rate of adsorption of contaminant upon Bayer liquors. This
relationship will be explored by developing Lagergren plots (In(q, — q;) vs.t)
according to the relationship [77, 97]:

In(q, — q¢) =Inqge — k;t

Equation 3.15: First order kinetics model

Where: Qe = amount of target species adsorbed at equilibrium
ot = amount of target species adsorbed at time t
t =time
ki = first order rate constant
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From the Lagergren plot, the first order rate constant (k;) is found from the
slope of the graph.

3.4.2 SECOND ORDER KINETICS
Testing for second order kinetics will initially be performed by preparing plots

t
of — vs.t
qt

The formation of a linear plot shows that the reaction follows second order
Kinetics [77, 97] according to the relationship:

t_ 1 +(1>t
q:  k.q%  \qe

Equation 3.16: Second order kinetic model

Where: t =time
Gt = amount of target species adsorbed at time t
Qe = amount of target species adsorbed at equilibrium
ko = second order rate constant

However, the application of the Elovich equation [97] and plotting g, vs.Int
will give the initial adsorption rate (o) (from the intercept) as well as the desorption
constant () (from the slope) due to the relationship:

qe = BIn(ap) + BInt

Where: o = initial adsorption rate
B = desorption constant
t =time

Which comes from the Elovich equation for second order kinetics [77]:

% ] ae(_ﬂqt)
dt
Where: o = initial adsorption rate
B = desorption constant
ot = amount of target species adsorbed at time t
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3.43 INTRA-PARTICLE DIFFUSION
As there is the possibility that adsorption of the contaminants found within the
Bayer liquor may be controlled by intra-particle diffusion, it is essential to determine

that this is not the rate limiting step. This will be done by drawing a plot of
q. vs.\t.

If the plot passes through the origin and is linear, then it can be assumed that
intra-particle diffusion plays a significant role in the rate of adsorption for the
material and the rate constant can be determined from the slope of the plot according
to the relationship [77, 97]:

qe = kiV't
Equation 3.17: Intra-particle diffusion model
Where: g; = amount of target species adsorbed at time t
ki = rate constant for intra-particle diffusion
t =time
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Chapter 4: Experimental Procedures

4.1 ADSORBENT PREPARATION

4.1.1 HYDROTALCITE
All hydrotalcite and precursor hydrotalcite materials were prepared using a co-
precipitation method.

Initially, a metal ion solution containing 0.25 M aluminium chloride and
0.75 M magnesium chloride was prepared by dissolving the appropriate amount of
metal salt into ultrapure (18.2 MQ) water. In addition to the metal salts, a small
amount of sodium carbonate (1.5 g) was also added to ensure the intercalation of

carbonate into the hydrotalcite.

A 50 % wi/v sodium hydroxide solution was prepared be adding the appropriate
mass of anhydrous sodium hydroxide to the appropriate volume of water slowly.
The solution was allowed to cool before being diluted to the appropriate volume.

The metal ion solution was then added to the sodium hydroxide solution at a
rate of 10 cm® per minute via the use of a peristaltic pump with care being taken to
ensure that the pH was maintained over 10. After the metal ions had been added to
hydroxide solution, the hydrotalcite was aged at a temperature of 75 to 80 °C for 18

hours.

After the sample had been aged for twenty four hours, it was vacuum filtered
and washed with boiling water until the addition of a small amount of silver nitrate
solution to the filtered liquor indicated that there was no chloride present. The

sample was then dried under vacuum and crushed using a mortar and pestle.
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4.1.2 THERMALLY ACTIVATED HYDROTALCITES

Thermally activated hydrotalcites were prepared by taking the appropriate
amount of hydrotalcite precursor material; placing it into a ceramic crucible and
heating it at 280 °C for a period of 24 hours. A temperature of 280 °C was selected
from examination of the TGA data for the temperature of maximum weight loss (see
section 5.1.5 on page 60) and the optimum treatment time was determined by
examining the mass loss as a function of time at the temperature of maximum weight

loss (see section 5.1.8 on page 64)

After the sample had been heated, it was immediately placed under vacuum to

ensure minimum contact with atmospheric carbon dioxide before use.

4.2 OXALATE INTERCALATED HYDROTALCITES

As hydrotalcite has a very high affinity for carbonate (intercalating carbonate
before any other ion) special preparation techniques were required to minimise the
possibility of carbonate being incorporated into the hydrotalcite material. For this
reason, two methods of preparation were used: in-situ intercalation and re-co-

precipitation.

42,1 CO-PRECIPITATION METHOD

Initially, a metal ion solution containing 0.25 M aluminium chloride and
0.75 M magnesium chloride was prepared by dissolving the appropriate amount of
metal salt into ultrapure (18.2 MQ) water along with an excess of sodium oxalate.
The solution was then degassed using a Schlenk line with repeated vacuum cycles
and maintained under an inert atmosphere for two hours before being added to the

hydroxide solution.

A 50 % w/v sodium hydroxide solution (used in order to minimise presence of
carbonate in the solution) was prepared by adding the appropriate mass of anhydrous
sodium hydroxide to the appropriate volume of water slowly. The solution was
allowed to cool before being diluted to the appropriate volume and being degassed as
above by using a Schlenk line and being stored under an inert atmosphere for a

minimum of two hours before further use.
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The sodium hydroxide solution had metal ion solution added to it at a rate of
10 cm?® per minute via peristaltic pump with the pH maintained above 10. After the
addition of the metal ions, the hydrotalcite was aged at 80 °C for 18 hours under an

inert atmosphere.

The hydrotalcite was vacuum filtered and washed with boiling water using a
Schlenk filter. Chloride was then tested for using dilute silver nitrate solution before
being dried under vacuum using the Schlenk filter and crushed using a mortar and

pestle under an inert atmosphere in a glove bag.

4.2.2 RE-CO-PRECIPITATION METHOD

The use of the re-co-precipitation method does not require the use of inert
atmosphere (as previously noted), and as such makes this method worth testing. A
modified re-co-precipitation method was used as dissolution of the hydrotalcite
precursor using oxalic acid resulted in magnesium oxalate precipitating out of the

solution.

Initially, slurry was prepared using 100 cm?® of ultrapure water for every 10 g
of precursor hydrotalcite, followed by heating to 75 °C. The hydrotalcite sample

was then dissolved by the drop-wise addition of concentrated nitric acid.

After dissolution, an oxalic acid solution (9.0 g in 100 cm® water) was added to
the dissolved hydrotalcite, followed by the slow addition of 50 %w/v sodium
hydroxide solution until a pH of 10 was maintained. The material was then allowed
to age for 24 hours at 75 °C before being vacuum filtered and washed with a

minimum of boiling water and being dried under vacuum.

After the sample was dried, it was crushed using a mortar and pestle and

immediately stored under vacuum.
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4.3 MATERIAL CHARACTERISATION
4.3.1 X-RAY DIFFRACTION (XRD)

X-ray Diffraction of the powdered samples was performed using a Phillips
PANalytical X’pert PRO using a copper anode at 40 keV and 40 mA without a
monochromator. All samples were analysed using a parallel beam configuration
with a step size of 0.02 °20, with 0.5 seconds between steps on a continuous scan
between the angles of 3 and 75 °26 in order to ensure that changes in peak position

were not an artefact of variations of the height of the sample stage.

The instrument was set up with a fixed divergence slit of 0.4354 ° and a
specimen length of 10 mm and a receiving slit size of 0.100 mm. The distance to the
receiving divergence slit from the sample was 100 mm and the overall Goniometer

radius was 240 mm.

Figure 4.1: Inert atmosphere XRD stage
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In order to prevent carbon dioxide from the air reacting with the prepared
materials (either thermally activated hydrotalcites or oxalate intercalated
hydrotalcites and including the precursor hydrotalcites), a special inert atmosphere
XRD stage was used, as shown above in Figure 4.1. Each sample was placed into
the stage whilst under a nitrogen atmosphere and the stage was then sealed. The
sample was then placed into the XRD and analysed within thirty minutes of being

prepared.

4.3.2 INFRARED SPECTROSCOPY (IR)

Infrared spectra were collected using a Nicolet 870 FTIR equipped with a
Smart Endurance ATR accessory with a diamond window. The spectrum was taken
over a range from 4000 cm™ to 565 cm™ with 64 scans being co-added at a

resolution of 4 cm™ and a mirror velocity of 0.6329 m/s.

After collection of the background spectrum, a small amount of powdered
sample was placed onto the sample window and analysed before ATR correction was

then applied.

4.3.3 RAMAN SPECTROSCOPY

Raman spectra of the samples were collected using a Renishaw micro-Raman
system using a 633 nm Laser between wave numbers 100 and 4000 cm™ with a
resolution of 4 cm™ with 100 scans being coadded together to form the sample

spectrum.

Spectra collection was performed by placing a small amount of powdered

sample onto the sample stage and focussing the laser beam.

4.3.4 INFRARED EMISSION SPECTROSCOPY (IES)

Infrared emission spectroscopy was carried out on a Nicolet Nexus FTIR
instrument over a temperature range of 100-600 °C with 1024 scans being co-added
below 200 °C, 512 scans being co-added to 300 °C; 256 scans being co-added to
400 °C for the and 128 scans co-added from 400-600 °C over the spectral range
650-4000 cm™.  Temperatures were stepped in 50 °C steps with a 600 second

equilibrium time between measurements.
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Background measurements using a graphite sample and the titanium stage
were analysed before a small amount of powdered sample was then placed onto the

stage and analysed.

435 BRUNAUER, EMMETT AND TELLER (BET) SURFACE ANALYSIS

BET analysis was performed on a Tristar 3000 BET machine which used a
liquid nitrogen bath, and 3/8 inch diamater sample tubes. After the tube had been
weighed, approximately 100 mg of sample was placed inside the tube and dried at
105 °C overnight under flowing nitrogen to accurately determine the dry sample
weight.

The sample was then analysed using a 99 data point analysis method of a range
of nitrogen gas pressures, which was used to determine the BET surface area, the

Langmuir surface area and average pore diameter.

4.3.6  SCANNING ELECTRON MICROSCOPY (SEM)
Samples were prepared for SEM imaging by placing a small amount of
powdered sample onto an SEM stub and coating the sample with gold before

analysis.

The instrument used was an FEI Quanta SEM operating at conditions of 25 kV
with a spot size of 3.5. The current was not recorded as EDX patterns were not
collected.

4.3.7 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Samples were prepared for TEM imaging by dispersing a very small amount
into ethanol by sonicating for 15 minutes at low power. A drop of the sample was
then dispersed onto the copper sample grid with a holey film and the ethanol was
allowed to evaporate.

The instrument used was a Phillips CM200 operating at 200 kV with a

lanthanum boride (LaBg) cathode and a nominal camera length of one metre.
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4.3.8 THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis was performed by accurately weighing
approximately 30 mg of sample onto the platinum pan. The sample was allowed to
equilibrate at room temperature for 10 minutes before being heated at 5 °C per
minute up to a temperature of 1000 °C under a nitrogen atmosphere using a Q500
TGA instrument. At the end of the run, the temperature of the pan was allowed to
equilibrate to 300 °C before the furnace was opened to the atmosphere.

44 ADSORPTION STUDIES

4.4.1 SAMPLE PREPARATION
Hydrotalcite Adsorbents

Adsorbents were prepared by washing hydrotalcite samples with freshly boiled
water and filtering the solution to eliminate any contaminants on the surface of the
material. The hydrotalcites were then dried and the appropriate amount was placed
into a sample tube and stored.

Thermally Activated Adsorbents

Thermally Activated Hydrotalcite samples were prepared from the previously
prepared hydrotalcite samples and heating in a furnace at 280 °C for 24 hours. After
thermal treatment, the samples were placed in a dessicator and allowed to cool until

use.

4.4.2 SAMPLE ANALYSIS
TOC ANALYSIS
TOC analysis was performed on samples using a Shimadzu TOC with TN

attachments and an ASI 5000 autosampler using 40 mL sample tubes.. The carrier

gas was zero grade air to ensure no carbonate interference.

Full TOC analysis was performed using a total carbon (TC) and inorganic
carbon (IC) analysis. Plots were prepared of detector response vs. carbon
concentration using sodium oxalate/sodium carbonate standards and these were used
to determine the concentrations of the carbonate and oxalate in the adsorption

solutions.
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CARBONATE ANALYSIS BY TITRATION
Due to instrument failure, the carbonate concentrations in the carbonate
adsorption study were determine by the use of titration against 0.1 M hydrochloric

acid using methyl orange indicator.

The hydrochloric acid was standardised against a 0.0978 M sodium carbonate
solution which was prepared by dissolving 1.0361 g of anhydrous sodium oxalate in

100 cm® ultrapure water.

3 cm® Samples from the adsorption solutions were taken and titrated against
the standardised hydrochloric acid. All titrations were replicated until there was less
than 0.05 cm?® variation between samples. The carbonate concentrations were then

calculated using the titration data.

OXALATE ANALYSIS BY TITRATION
Due to an issue of oxalate being Kkinetically hindered under thermal
decomposition during TOC analysis, the oxalate concentrations were determined by

titration using potassium permanganate solution.

The potassium permanganate solution was prepared by dissolving 0.8 ¢
potassium permanganate into a 500 cm?® volumetric flask before a 20 cm?® aliquot was
taken and diluted into a 2000 cm® volumetric flask. This solution was then

standardised against 1.000 g/dm?® sodium oxalate

5 cm® sample aliquots were taken from the adsorption solutions and 5 cm®
concentrated sulphuric acid was added to the sample to ensure that the samples were
acidified. Samples were then heated using an electronic hot plate to boiling before

being titrated against the standardised potassium permanganate solution.

4.43 ANHYDROUS SODIUM OXALATE AND SODIUM CARBONATE PREPARATION
Anhydrous sodium carbonate and sodium oxalate used as the primary
standards for this research were prepared by weighing out approximately 50 g of
each chemical into an evaporating basin and placing in an oven at 150 °C for three
hours to drive off any water. After being removed from the furnace, the sodium
oxalate and sodium carbonate samples were then allowed to cool to room

temperature underneath vacuum and stored until use.
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444 OXALATE STANDARD SOLUTION PREPARATION

Standards were prepared by accurately weighing out the appropriate mass of
pre-dried and dehydrated anhydrous sodium oxalate and sodium carbonate to make a
stock solution of 15 g/L sodium carbonate and 2.5 g/L sodium oxalate and dissolving
them in water that had been freshly boiled for 15 minutes. After the standards had
been dissolved, the solution was allowed to cool before being made up to the mark
using ultrapure water that had been boiled and allowed to cool.

The other standards were then prepared by serial dilution of the stock solution

to make the standard solutions shown in Table 4.1 below.

Standard Carbonate Oxalate Togcl)rig;t:on
ppm COs” | ppm C | ppm C,0,” | ppm C ppm C

0 0 0 0 0 0

1 170 34 33 9 43
2 340 68 66 18 86
3 510 102 99 27 129
4 679 136 132 36 172
5 849 170 164 45 214

Table 4.1: Standard Concentrations for both lons and Carbon in PPM

Calibration curves were prepared by preparing the standards outlined in Table
4.1 above and being analysed for total carbon (TC) and inorganic carbon (IC)
content. From the data collected, a graph of detector response against concentration
was prepared and checked for linearity before being used to determine the
concentration of the sample solutions. The standard solutions were exposed to the
same sample handling techniques as the sample solutions.

445 OXALATE TEST SOLUTION PREPARATION

The oxalate test solution was prepared by accurately weighing and dissolving
1.05 g of sodium oxalate that had been dehydrated into a 500 cm® volumetric flask
and dissolving in freshly boiled (and degassed) ultrapure water. The solution was
allowed to cool to room temperature before making up to the mark with ultrapure

water.
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4.46 ADSORPTION TESTING PROCEDURES
A number of adsorption studies were performed using both an equilibrium
approach (for hydrotalcites) and a kinetic approach for the thermally activated

hydrotalcites. A summary of the experiments is shown in Table 4.2 below.

Adsorbent Solution Type of Study
Hydrotalcite C,04” Equilibrium
TAHT C,0,° Kinetic
Hydrotalcite C,04°/CO5” Equilibrium
TAHT C,0,4°/CO5” Kinetic
Hydrotalcite CO5” Equilibrium

Table 4.2: List of adsorption study experiments

Equilibrium Study Approach: Hydrotalcites

Equilibrium studies were performed by preparing a stock solution containing
2.000 g/l sodium oxalate and then serial diluting to the concentrations required (see
Table 4.3 below). Samples were then placed in sealed Schott flasks and 1.000 g of
hydrotalcite adsorbent was then placed into the solution. A blank experiment

without any hydrotalcite adsorbent was prepared using the same methodology.

Adsorption Oxalate Carbonate
solutions concentration Concentration

(ppm) (ppm)

A 131.35 141.99

B 114.93 124.24

C 98.51 106.49

D 82.09 88.74

E 65.67 71.00

F 49.96 53.25

G 32.84 35.49

Table 4.3: Initial oxalate solution concentrations for
equilibrium studies

A carbonate solution adsorption study was also prepared using initial sodium
carbonate concentrations as shown in Table 4.3 above. These solutions were
prepared by serial dilution of a stock carbonate solution. A mixed oxalate/carbonate
adsorption study was also prepared using the concentrations outlined in Table 4.3

above for both oxalate and carbonate.

50



Removing Oxalate Anions from Bayer Process Liquors

Once the hydrotalcite adsorbent had been placed into the sample and the Schott
flask was sealed, the experiments were placed in a shaking water bath at 25 °C and
shaken at 50 rpm for three and a half hours in order to allow the experiment to reach

equilibrium. Each experiment was repeated three times.

SAMPLING METHODOLOGY

At the end of the studies, 10 cm® of sample was taken from each vial using a
syringe with a 0.45 um filter and placed in a labelled, sealed glass sample vial for
storage until analysis. The adsorption isotherms were then prepared and compared
against Langmuir (Equation 3.6) and Freundlich (Equation 3.10) adsorption models
in order to determine the theoretical maximum adsorption capacity (Equation 3.8)

and the energy of adsorption (Equation 3.13).

Kinetic Study Approach: Thermally activated hydrotalcites

Adsorption studies were carried out by placing the appropriate amount of
adsorbent (5.1570 g thermally activated hydrotalcite) into 500 cm® of oxalate test
solution whilst being stirred. Samples were then taken at 10 minute intervals until an
elapsed time of three hours. The carbon concentration (and therefore the amount of
oxalate adsorbed) was then determined through the use of total carbon analysis and
inorganic carbon analysis. Each Experiment was repeated 3 times.

SAMPLING METHODOLOGY

Samples were taken for analysis by using a syringe to extract 10 cm® of
solution from the slurry. After the sample had been taken, it was placed into a glass
centrifuge tube and centrifuged at 4000 rpm for 1 minute to separate any particulate

materials from the supernatant liquor.

The sample was then poured off from the particulate dregs and placed into a
labelled sample tube and stored until analysis, where the data was tested against the
first order kinetics model (Equation 3.15), the second order kinetics model

(Equation 3.16) and the intra-particle diffusion model (Equation 3.17).
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4.4.7 SAMPLING METHODOLOGY
All glassware used in the sampling method was treated in an acid bath (10 %

nitric acid) to remove any particulates and organic contaminants.

For TOC analysis, the samples were diluted by pipetting 1.25 cm® into a 25
cm® volumetric flask and diluting to the mark in order to achieve a 1:20 dilution.
The samples were then placed into clean TOC sample tubes and immediately
analysed for total carbon (TC) content and inorganic carbon (IC) content and
compared against the calibration curves prepared using the standards prepared in
Table 4.1 above in order to determine the TC and IC content, and from there the

TOC content, which was then related back to the oxalate concentration.
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Chapter 5: Results and Discussion:
Materials preparation and
characterisation

5.1 CHARACTERISATION OF HYDROTALCITE

After preparation, the hydrotalcite samples were analysed using a number of
methods in order to gain an understanding of the structure of the material. These
methods included X-Ray diffraction (XRD), thermo-gravimetric analysis (TGA),
infrared (IR) and Raman analysis, along with infrared emission spectroscopy (IES);

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Nitrogen adsorption isotherms were analysed with the BET equation to
determine the surface area and the pore volume was calculated using the BJH
method. X-ray diffraction patterns, infrared, Raman and infrared emission spectra,

along with thermogravimetric analysis all show that the sample was a typical

hydrotalcite-like material.

5.1.1 XRD ANALYSIS

No. Pos. d-spacing Rel. Int.  Matched by
[°26] [A] [%0]
1 11.35 7.79 100 01-089-0460
2 22.40 3.96 24.58 01-089-0460
3 34.34 2.61 13.42 01-089-0460
4 38.49 2.33 6.01 01-089-0460
5 60.40 1.53 10.18 01-089-0460
6 61.72 1.50 8.86 01-089-0460
7 65.41 1.42 1.33 01-089-0460

Table 5.1: Powder XRD peak list of hydrotalcite
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From the XRD data, it can
be seen that the material
analysed matches well
with synthetic hydrotalcite
(PDF 01-089-0460 see
Table 5.1), with most
peaks being detected in

Intensity

| | | (PDF 01-089-0460)

15 25 35 45 55 65 75

Angle (°20)

the pattern (Figure 5.1).

The peaks that are absent

Figure 5.1 XRD pattern of hydrotalcite sample with PDF In the samples diffraction
hydrotalcite standard 01-089-0460 pattern are a consequence

of the hydrotalcite crystals

having a preferred orientation which results in an increased signal for some
reflections which are specific to certain orientations. This results in an over-
representation of these preferred directions which flood out other reflections present

in the diffraction pattern of the sample.

A Rietveld refinement was done on the sample in order to determine the lattice
parameters using the R3m space group and starting cellages of 3.054 A for a and b
and 22.81 A for the ¢ parameter. With the Rietveld refinement it was determined
that the a and b parameters of the material were as expected for carbonate
intercalated hydrotalcite, while the ¢ axis parameter was determined to be 23.55 A
which is larger than is expected for a carbonate hydrotalcite. This enlarged spacing
can be rationalised in terms of the water content which is supported from the

examination of the IR and Raman spectra and TGA data.

5.1.2 IR ANALYSIS

The band component analysis of the recorded spectrum (see Table 5.2, below)
shows quite good agreement with literature reports of Infrared spectra of hydrotalcite
samples. This includes clearly identifying the metal-oxide and metal-hydroxide
vibrations through comparison with studies involving deuteration and intercalation
of various anions into synthetic hydrotalcites [98-100]. There is close correlation
between the sample and reported peaks of Costa et al. [99] over in the 1350-1380
cm™ range which may be ascribed to the v carbonate antisymmetric stretch which

indicates the hydrotalcite has carbonate between the layers.
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Reported Peak

Sample Peak [98] Assignment
594 M-O Bonding
634 635 M-O Stretching mode [98]
733 759 M-OH Translation mode [98]
877 870 M-OH Deformation and v, CO3” [98]
1369 1365 vz CO5” [98]
1401 1401 v3a CO3” [98]
1629 1642 H,0O OH Bending mode [98]
3074 3063 CO;" -H,0 Bridging mode [98]
3336 3318 MgAl,-OH Stretch [98]
3477 3467 Mg,Al-OH Stretch [98]
3606 3597 Mgs-OH Stretch [98]

The table of peaks (Table 5.2 above) and the IR spectrum (Figure 5.2)

Table 5.2: Infrared peaks for hydrotalcite

demonstrate a typical hydrotalcite Infrared spectrum seen in this study.

Absorbance

1369

1401

1629

733

877

N,

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-?)

Figure 5.2: ATR-IR spectrum of hydrotalcite with band

component analysis

5.1.3 RAMAN ANALYSIS

The spectrum for hydrotalcite can be seen in Figure 5.3 below and the peaks
have been recorded in Table 5.3 below. It can be seen that there is close agreement

between the peaks in the Raman spectrum and the peaks that have been reported in

the literature for a carbonate intercalated hydrotalcite [98, 101, 102].
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Raman Shift | Reported Position .
(cm'l) (cm'l) Assignment
200 Hydrogen bonding
345 M-O Bonding
377 M-O Bonding
Al-O-Al- and Mg-O-Mg linkage
470 470 [103]
549 551 Mg-OH [98, 103]
808 COs™
999 980 Al-OH deformation [103]
1060 1068 v1 CO3~ [98, 103]
3239 3250 Interlayer H,O [103, 104]
3389 3354 MgAl,-OH
3498 3485 Al3-OH
3609 3615 Al-OH stretch [104]
3660 3673 Mg-OH stretch [104]

Table 5.3: Raman shifts of hydrotalcite

There is some peak shifting to higher wavenumbers for the metal hydroxide

stretching vibrations which occur at 3660 cm™ and 3609 cm™ as reported in the

literature [98, 103, 104]. Furthermore, there is also a upward shift for the interlayer

water/water-carbonate bridging mode at 3239 cm™. This is suggestive of some

restriction of freedom for these atoms due to hydrogen bonding (which is seen

around 200 cm™). The metal-oxygen linkages at 470 cm™ and the magnesium

hydroxide deformation at 549 cm™ are at the same wavenumber as has been reported

in the literature. This is suggestive of the metal-oxygen and metal hydroxide bonds

forming in a similar manner as those in the other reported hydrotalcites [98, 103,

104].
There are also a number
of very weak bands in the
] fingerprint  region  at
- - 200 cm?, 345 cm?
£ 79 377 cm™ 808 cm® and
= 549
: N " 999 cm™ which have not
& 193 999 345 .
J : j@nx /fﬂn previously been reported
oS U S A in the literature. These
4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100
Wavenumber (cm) peaks are most likely

background peaks.

Figure 5.3: Raman spectrum of hydrotalcite
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However, the Raman spectrum corresponds to those previously reported in
the literature and it can be confirmed through XRD, IR and Raman spectroscopy that

the sample is hydrotalcite.

5.1.4 IES ANALYSIS
Infrared emission spectra are recorded in Figure 5.4 below and a band fitting
analysis for the spectra at each temperature was completed, with the results recorded

in Figure 5.4 below.

Temperature (°C)

100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600

781 | 789 | 782 | 772 | 711 | 722 | 751 | 715 | 717
(129) | (131) | (121) | (176) | (306) | (254) | (227) | (156) | (142)

809
B B B B B B B B B ] (180)
882 | 886 | 881 | 878 | 851 | 856 | 854 | 845 | 838 | 849
(113) | (115) | (111) | (198) | (199) | (169) | (144) | (165) | (157) | (205) |
871
B B B B B B B B B | (140)
990 | 995 | 987 | 1037 | 1021 | 1001 | 966 | 980 | 957 967
(153) | (180) | (182) | (146) | (161) | (176) | (201) | (179) | (196) | ~ | (146)
1063
B B B B B B B B B | (40)
~ 1173
£l B B B B B B B B ] (393)
| 1363 | 1360 | 1365 1378 | 1367 | 1363 | 1364
S (129) | (125) | (137) | B B ] (106) | (93) | (86) | (96)
£ 1408 | 1419 | 1415 | 1409
S| B 1 (163) | (139) | (134) | (130) | B B B
@ | 1527 | 1532 | 1539 | 1557 | 1552 | 1547 | 1530 | 1495 | 1484 | 1478 | 1479
= | (161) | (145) | (146) | (131) | (138) | (141) | (142) | (162) | (160) | (148) | (158)
1579
B B B B B B B B B | (67)

1951 | 1958 | 1957 | 1959
(63) | (73) | (80) | (83)

3049 | 3153 | 3154 | 3074
(435) | (503) | (470) | (388)

3365 | 3381 | 3384 | 3381 | 3215 | 3217 | 3401 | 3450 | 3451 | 3421 | 3444
(298) | (242) | (266) | (336) | (445) | (448) | (283) | (196) | (195) | (174) | (222)

3523 | 3513 | 3527 | 3554 | 3444 | 3443 | 3540 | 3567 | 3572 | 3563 | 3568
(188) | (170) | (192) | (191) | (284) | (276) | (180) | (145) | (152) | (165) | (157)

3633 | 3632 | 3639 | 3648 | 3589 | 3583 | 3629 | 3644 | 3647 | 3652 | 3655
(112) | (134) | (127) | (111) | (167) | (163) | (113) | (101) | (96) | (101) | (95)

3705 | 3707 | 3705 | 3705 | 3676 | 3670 | 3688 | 3690 | 3688 | 3691 | 3691
(52) | (51) | (54) | (53) | (94) | (©4) | (B4) | (42) | (41) | (45) | (45

Table 5.4: IES peaks of hydrotalcite (with peak widths (FWHM) in brackets)
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The hydroxyl stretching region (3000-4000 cm™) shows a number of

interesting changes occur as the sample is heated. The first of these changes is the
disappearance of the H,O-CO3* bridging mode around 3050-3070 cm™ after 250 °C.

Furthermore, there is a decrease in intensity of the metal hydroxide bands from

300 °C onwards, which suggests that dehydroxylation occurs from around 300 °C,
with it being almost complete by 550-600 °C; which correlates to the TGA data
(Section 5.1.5). The Mg-Al,-OH band at 3366 cm™ moves to around 3450 cm™
before disappearing in the spectra taken at 600 °C, while the Mg,-Al-OH and the

Mgs-OH stretches at 3523 cm™ and 3633 cm™ are still present (albeit very weak) at

600 °C, which is indicative of destruction of the hydrotalcite structure by that

temperature and the formation of degradation products.

Emission —————~

600°C

550°C

500°C

450°C

400°C

350°C

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)

Figure 5.4: Infrared emission spectra (IES) of hydrotalcite

Discussions of the thermal
decomposition of
hydrotalcites  in  the
literature [105-109] have
suggested that the
dehydroxylation of the

materials involve  a
collapse of the basal
spacing as carbonate

becomes incorporated into
the brucite-like layer and
that the dehydroxylation
involves the migration of
protons from the internal
structure  through  the
brucite-like layer to the
outer layer; which
manifests as this band

around 3707 cm™.
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The carbonate bands are initially three distinct bands around 1300-1550 cm™,
with peaks at 1343 cm™, 1415 cm™ and 1527 cm™. A band at 1644 cm™ is assigned
to the bending vibration of water. There is suggestion that the carbonate in the
sample migrates into the brucite-like layer at temperatures over 250 °C [105, 107]
which is shown by the activation of the previously inactive v; band at 1037 cm™ and
a band around 1557 cm™. This is caused by simultaneous dehydration and
decarbonisation of the hydrotalcite and the need for carbonate to balance the charge
loss during dehydration. It can be a little more difficult to identify this vs carbonate
band due to a possible overtone of the M-OH band around 780 cm™ centred around

1560 cm™ resulting in a constructive interference centered around 1550 cm™.

The presence of the carbonate band at all temperatures, albeit at weakening
intensity, is suggestive of the decarbonisation of the material is a function of time,
rather than temperature, which is indicated in the TGA data (Section 5.1.5) which
shows that decarbonisation peaks around 280-300 °C, decarbonisation then occurs at
a much reduced rate until around 600 °C [109].

The fingerprint region shows some interesting features, in that the spectra can
only be taken to 650 cm™ due to limitations in the instrumentation and therefore only
three relevant bands can be made out. There are bands at 781 cm™, 882 cm™ and
990 cm™. These are most likely the M-OH translation, the v, carbonate band and

also the M-OH deformation mode.

The M-OH translation at 781 cm™ and the M-OH Deformation mode at 990
cm™ both decrease in intensity after 400°C, which is indicative of decomposition of
the sample. Given that these reactions are at higher temperatures than the other
hydroxyl (3000 cm™ to 4000 cm™) and carbonate bands (1343 cm™ and 1415 cm™),
it is likely that these bands are related to hydroxyls and carbonates being hydrogen
bonded.
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5.1.5 TGA ANALYSIS

According to the mass losses recorded in the TGA plot in Figure 5.5, it is clear

that there are four major mass losses occurring in the sample. The percentage mass

loss and the calculated decomposition steps are shown in Table 5.5.

From the TGA data, the decomposition steps are the loss of surface adsorbed and

some interlayer water up to 155 °C. This is in contrast with Kloprogge and Frost

[110] and Palmer et al. [24], who suggested that water was eliminated by 70 °C.

Temperature | % Actual | Theoretical Proposed Formula
(°C) Mass Mass Mass
Loss loss loss
(AMU) (AMU)
25 0 0 0 MgsAl,(OH)16(C0O3).5H,0
280 7.78 48.1 54 MgsAl,02(0H)12(COs)
303 12.22 75.5 78 MgGAlzog(OH)lo
1000 12.22 75 74 5MgO + MgAl,O,
Table 5.5: Mass loss steps for hydrotalcite
The next
100 1.8
9 - Irlz'”“f” S 16 decomposition step occurs
o1 120-01% F14 | at 280 °C, in which a
07 ! oYz 129
£ 60 1 ! ) 12.22% . 3 | number of processes are
3 %07 085 | occurring.  The first of
g 401 i 5
30 ! 065 | these is the loss of the last
209 g5c a0 zz interlayer water through

10

N

o

30 130 230 330 430 530 630 730 830 930

Temperature (°C)

Figure 5.5: TGA analysis of hydrotalcite

the of the

brucite-like layer. This is

migration

then followed by a change
in the structure of the

material by a partial dehydroxylation of the brucite layer and the partial

incorporation of the carbonate group into the structure [105-107]. This in contrast

with by Kloprogge and Frost [110], who claim that decarbonisation occurs between
70 and 230 °C while Hutson [111] suggests that although decarbonisation begins at

approximately 100 °C, it does not become a significant process until approximately

200 °C, which is a view shared by Sharma et al. [112].
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The third decomposition step around 303 °C is the completion of the

dehydroxylation followed by completion of decarbonisation, which finishes around
600 °C [109].

16 The dehydroxylation peak
147 ” centered around 280°C

o112 0 .

4 e was analysed using band

< 1

) 277°C :

E component analysis and

Sos N P y

2 06 showed that there are

2

804 three simultaneous
02 - ’_&/(mu e processes occurring. The
0 : — ‘ ‘ . "

% 130 230 230 430 550 | Tirst two processes are the
Temperature (°C)

simultaneous

Figure 5.6: Band component analysis of major mass loss peak for .
hydrotalcite dehydroxylation of the
cation layers [113], while
a peak centred around 297 °C is most likely due to decarbonisation of the sample
along with the final dehydroxylation of the products to form a mixed metal solid
solution, followed by the formation of spinel and periclase at almost 1000 °C. Once
again, these conclusions are supported by the IES analysis, which shows that

dehydroxylation is almost complete at 600 °C.
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5.1.6 NITROGEN ADSORPTION/DESORPTION ANALYSIS

The summary of BET data (see Table 5.6 below) shows that the material has a

moderate surface area.

Hydrotalcite
Property Sample
BET Surface Area (m%/g) 34.6+0.1
Single Point Surface Area 339
(m°/g) '

Langmuir Surface Area (m?/g) 48+1

Total Pore Volume (cm®/g) 0.2
Average Pore Diameter (nm) 22.1

Table 5.6: BET analysis of hydrotalcite

When compared to values
reported in the literature [91,
114-119], which range from
5-100 m?/g, the hydrotalcite
material prepared could be
considered to not have a
very large surface area,
which is most likely due to
the preparation technique.

The large variation seen in

the materials reported in the literature are most likely due to a number of different

preparation techniques being used and a range of crystallite sizes being obtained.
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5.1.7 SEM/TEM ANALYSIS

Hydrotalcite is regularly reported in the literature to be a substituted form of
Brucite [Mg(OH,)] with a similar hexagonal crystal shape [3, 43, 48-50, 54, 58, 66].
It can be seen from the SEM and TEM pictures [see Figure 5.7; Figure 5.8; Figure
5.9 and Figure 5.10 below] that the hydrotalcite crystals are hexagonal in shape,
which correlates to what is reported by Bontchev et al. [60] who report hydrotalcite
to have a hexagonal/rhombohedral crystal shape.

The SEM images (Figure 5.7 and Figure 5.8 below) show definite hexagonal
platelets that appear to stack together rather well. However, there is also a number

of clumps (see Figure 5.7) in which platelets have a random arrangement of crystals;

particularly around the edges of the clumps (see Figure 5.8).

Figure 5.7: SEM image of hydrotalcite at a Figure 5.8: SEM image of hydrotalcite at a
magnification of 12 kx magnification of 50 kx

Figure 5.9: TEM image of hydrotalcite at a Figure 5.10: TEM of hydrotalcite at a
magnification of 400 kx magnification of 120 kx
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It can be seen in the TEM image in Figure 5.9 that the crystals are well
defined with evidence of Dalton ageing in the middle-right of the image (shown by
two crystals growing into each other). The TEM image in Figure 5.10 shows that

the average hydrotalcite crystal size is less than 200 nm.

5.1.8 THERMAL DECOMPOSITION STUDY

In order to determine the best time to thermally treat the hydrotalcite, a sample
was placed in the TGA and heated with the same thermal treatment regime as would
be used for the thermally activated hydrotalcites (see section 4.1.2) and the mass loss

recorded (see Figure 5.11).

100
90 | As can be seen in Figure
80 - .-
/Hxn,,;,g‘(,.,\-ma\-mm-y hours 5.11, the decomposition
70
£ o0 of hydrotalcite under a
Z 50 -
§ 0 //{ 84 % Conversion/17 hours 280 OC thel’mal treatment
30 regime appears to be
2 - -
0 exponential. ~ For this
10
0 ‘ — — — reason, a plot of time on
0 5 10 15 20 25 30 35 40 45 50 535 60 65 70 . . ;
Time (hours) mass at time against time

. . _ _ (t/mt vs. t, Figure 5.12) is
Figure 5.11: Plot of % conversion vs. time for hydrotalcite heated

to 280 °C strongly indicative of 2"

order kinetics

decomposition, with an
R? value of 0.9983.

0.8
E 006 -
0.4

0.2

0 10 20 30 40 50 60 70 80

time (hrs)

Figure 5.12: Plot of t/mt vs. t for hydrotalcite thermally treated to
280 °C
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100 The mass-time plot in
Figure 5.11 shows that the

93

90 - thermal treatment regime
85 -

(%3

of heating at 5°C per

80 -

s | minute to 280 °C gives

Sample Mass (%)
(S

Derivative value (%/ °C)

70 dehydration of surface

65

water for the first three

60

v hours before

0 5 10 15 20 25 30 35 40 45 50 355 60 65 70

Time (hours) decomposition begins after

) ) 3.5 hours as shown in the
Figure 5.13: TGA plot of mass loss at 280 °C vs. time for
hydrotalcite TGA  plot  derivative

(Figure 5.13).

From the mass loss vs time plot (Figure 5.11), a treatment time of 17 hours
suggests that approximately 84 % of the hydrotalcite decomposes given experimental
conditions including sample size, heat transfer and the assumption that 70 hours of

treatment time is maximum conversion.

Thermal treatment times of 17 and 70 hours were chosen as the sample
preparation times as 17 hours (see Section 5.2) would correlate to the sample being
prepared and heated during the morning and treated during the afternoon and
overnight; while 70 hours of treatment time (See Section 5.3) correlated with 3 days
worth of thermal treatment, allowing for sample preparation and cooling. Of which,

both timeframes would be convenient.

Based on the decomposition plot (Figure 5.11), it was determined that a 24
hour treatment time gave approximately 90 % decomposition of the sample
(according to the plot, it gives 88 % decomposition) which is between complete

decomposition and minimum treatment time
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5.2 CHARACTERISATION OF THERMALLY ACTIVATED
HYDROTALCITE (TAHT 17)

In order to prevent the thermally activated hydrotalcite reforming during
analysis, only small amounts of material were taken from the sample for each
analysis undertaken and kept under nitrogen until the analysis was completed. The
material was characterised using powder XRD, infrared and Raman spectroscopy,
SEM and TEM imaging as well as BET analysis in order to get an understanding of

how the structure of the material and its surface was changed by calcination.

Analysis of the X-ray diffraction pattern, coupled with infrared and Raman
spectral analysis indicates that there has been some change to the structure of the

material. There is also evidence of an increase in the BET surface area.

5.2.1 XRD ANALYSIS

The X-ray diffraction pattern was collected using the special stage shown in

Figure 4.1 and the peak list is shown in Table 5.7 below with the XRD pattern seen

in Figure 5.14.
No. [I:g;] e sp[)zt]nng R(’El(;/(:]nt. Matched by
1 11.70 7.56 100 01-089-0460
2 23.57 3.77 8.29 01-089-0460
3 34.41 2.60 4.46 01-089-0460
4 38.57 2.33 8.69 01-089-0460
5 60.34 1.53 12.73 01-089-0460
6 61.78 1.50 5.08 01-089-0460
7 65.75 1.42 0.95 01-089-0460

Table 5.7: Powder XRD peak list of thermally activated hydrotalcite (TA17)

Although there are similarities with the calculated hydrotalcite XRD pattern
(PDF 01-089-0460) there are some differences, including the presence of a region
around 33 to 44 °26 which appears as being quite broad (albeit slightly shifted)
which indicates a presence of magnesium oxide in the form of a solid

solution/periclase with a small crystallite size [108].
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When this region is considered with the position of the peaks when compared
to the hydrotalcite sample from which this material was prepared, there is evidence

suggestive of some contraction of the interlayer spaces.

A direct comparison
003 Peak 006 Peak
\__}k / Thermally activated hydrotalcite between the X'ray

diffraction patterns of

003 Peak both materials (see Figure
Y waoacie | 0-14) clearly indicates the

Intensity

differences in the two

/003 Peak 006 Peak

materials. In particular, as
| | | | Reference patltern: 01-089-0460

”5 a5 5 55 o s noted earlier, the

Angle (°26) differences between the

o
=
o

Figure 5.14: XRD comparison of hydrotalcite and thermally relative intensities between
activated hydrotalcite (TA17) the calcined and starting

materials, as well as the

broad reflections in the region between 33 and 44 °26, which are suggestive of the
formation of periclase. There is also clear evidence of asymmetry in the 003 peak,
which is biased to higher angles, which is what would be expected if the interlayer

spaces had started to collapse.

The Rietveld refinement shows that there has been decomposition of hydrotalcite to
periclase, with the composition of the sample (as per the Rietveld refinement) being
32.6 % periclase and 67.4 % hydrotalcite.

The Periclase cell parameters are 4.32 + 0.01 A for the a, b and ¢ axes, which
are larger than the 4.19A cell parameters given by the reference standard (PDF 01-
075-1525). For the hydrotalcite, the a and b cell parameters were determined to be
3.04 + 0.04A while the ¢ axis parameter was 22.5 + 0.2A. The shortened

hydrotalcite ¢ axis parameter is suggestive of layer collapse.

52.2 IR ANALYSIS
The recorded spectrum (see Table 5.8) shows some correlation between the
expected infrared peaks for hydrotalcite (see above) although there have been some

changes to the infrared spectrum, which can be seen in Figure 5.15 and Figure 5.16.
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Sample Peak

Reported Peak

(cm™) (cmD)[98] Assignment
580 M-O Bonding
601 M-O Bonding
635 635 M-O Stretching mode [98]
725 759 M-OH Translation mode [98]
869 870 M-OH Deformation and v, COs~ [98]
1023 CO5” [104]
1354 1365 v3 CO;” [98]
1418 1401 vza CO3° [98]
1527 H,O OH bending mode [98]
1577 H,O OH bending mode [98]
3374 3318 MgAl,-OH Stretch [98]
3509 3467 Mg,Al-OH Stretch [98]
3617 3597 Mgs-OH Stretch [98]
3707 Mg-OH Stretch [104]

Table 5.8: Infrared peaks of thermally activated hydrotalcite (TA17)

3617

Absorbance ——

4000 3600 3200 2800

1600

2400 2000
Wavenumber (cm-1)

band

component analysis, there

From the

have been a number of
changes to the material
upon heating. The first of
‘i these changes is the
l appearances of a number
of new bands centred at

o0 580 cm? 601 cm?

1200

Figure 5.15: Infrared spectrum of thermally activated

1023 cm?, 1527 cm? and
3707 cm™.

hydrotalcite (TA17) with band component analysis

Along with these new bands, there have also been a number of bands that have

disappeared with heating, in particular the water bands at 1642 cm™ and 3074 cm™.
The metal hydroxide bands at 3374 cm™, 3509 cm™ and 3617 cm™ have shifted to

higher wavenumbers due to a reduction in hydrogen bonding and the metal

hydroxide deformation mode around 735 cm™ has shifted to a lower wavenumber.
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The bands at
1642 cm™ and 3074 cm™

have been identified as
Thermally activated hydrotalcite (TA17)

v water absorbed into the

Intensity ———

interlayer of the material

and acting as a bridge

__Hydotalcite__~S\__/ between the carbonate

4000 3600 3200 2800 2400 2000 1600 1200 800 400 anions and the metal
Wavenumber (cm-1)

] ) ) hydroxide sheets [98, 100].
Figure 5.16: Comparison of hydrotalcite and thermally
activated hydrotalcite infrared spectra (TA17) After thermal treatment,

these bands are no longer
present in the IR spectrum, which is indicative of the hydrotalcite dehydrating during
heating.

The region around the carbonate vz anti-symmetric stretching vibration
(1200 cm™ to 1800 cm™) is of interest due not only to the loss of the water band at
1642 Cm'l, but also due to the movement of the wvs; carbonate bands at
1634 cm™ and 1401 cm™ and the appearance of new bands at 1527 cm™ and
1577 cm™. These changes in this region of the IR spectrum indicate that the
carbonate anions in the sample have undergone a change in symmetry (from C2v to
B2h) from acting as an interlayer anions to being incorporated into the metal ion
layer on heating due to the removal of water from the hydrotalcite [105, 107, 108].

There have also been several changes to the bands around the hydroxyl
stretching region of the spectrum. The first difference to be noted is that the peak
positions have all changed, with the bands at 3374 cm™ and 3509 cm™ having moved
to higher wavenumbers by around 30 cm™. Furthermore, the Mgs-OH stretch at
3617 cm™ has moved by around 9 cm™. These shifts are most likely caused by the

thermal treatment conditions.

A new, weak peak at 3707 cm™ has appeared. The appearance of this band has
been linked to the migration of protons through the metal cation layer and is related
to the dehydroxylation process [105, 107, 108].
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In the fingerprint region of the spectrum (the area below 1000 cm™) there have
been a number of minor changes that have occurred to the spectrum. The first is the
appearance of peaks at 580 cm™ and 601 cm™. The second is the movement of the
M-OH translation from 759 cm™ to 725 cm™. The third change to occur is the

appearance of a peak around 1023 cm™.

On direct comparison of the two spectra next to each other (Figure 5.16) it is
clear that the intensity of the infrared bands is greatly decreased and is suggestive of
partial decarbonisation and dehydroxylation of the hydrotalcite. Furthermore, there
is clear evidence that the carbonate in the interlayer has not only decreased, but has
changed in symmetry due to the change in the peak shapes between 1300 cm™ and
1700 cm™.

5.2.3 RAMAN ANALYSIS
The spectrum for the hydrotalcite can be seen in Figure 5.17 below and the

peaks have been recorded in Table 5.9 below.

. Reported
R&I’?;.;\_ghlft Po_slition Assignment
(cm™) [98]
113 H-Bonding
148 M-O Bonding
171 H-Bonding
H,0 intermolecular
188 stretch [120]
215 H-Bonded M-OH
287 H-Bonded M-OH
Al-O-Al- and Mg-O-Mg

467 465-475 linkage [103]
548 551 Mg-OH [98, 103]
1061 1068 v, CO3” [98, 103]
1083 CO3”
1100 COs”
1231 CO3”
1600 H,O v, bend[121]
3397 3354 MgAl,-OH
3531 3485 Al3-OH stretch
3619 3615 Al-OH stretch [104]
3669 3673 Mg-OH stretch [104]

Table 5.9: Raman shifts for thermally activated hydrotalcite (TA 17)
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Raman Intensity

4000 3700 3400 3100 2800 2300 2200 1900 1600 1300 1000 700 400 100

Wavenumber (cm™)

Figure 5.17: Raman spectra of thermally activated hydrotalcite
(TAL7)

As can be seen from
the table of peaks (Table
5.9) the spectra
(Figure 5.17); there have

and

been a number of changes
to the spectrum when
compared to that of the
original hydrotalcite
(Figure 5.18) including a
decrease in the spectrum’s
as well

intensity, as a

broadening of the metal-hydroxide peaks and some changes to the fingerprint region

of the spectrum,

CO;™> Peak

Thermally activated hydrotalcite (TA17)

CO,* Peak

1

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700

‘Wavenumber (cm™)

Raman Intensity

h\'d!’O((llCilC
+—

—

400 100

Figure 5.18: Comparison of hydrotalcite and thermally activated
hydrotalcite (TA17) Raman spectra

is comparatively more intense than in the precursor hydrotalcite.

The hydroxyl stretching
region shows a number of
differences to the
precursor hydrotalcite.
The first difference is that
the peak at 3397 cm¥,
which is  found at
3389 cm™ in the precursor
and is assigned as the
MgAl,-OH
moved slightly higher and

In addition, the

stretch  has

peak at 3531 cm™, which is found at 3485 cm™ in the precursor material has become

less intense and has been assigned to Als-OH stretching. Furthermore, the peak at

3619 cm™, which is assigned as an Al-OH stretch usually found at 3615 cm™ is also

much less intense.

3673 cm™) has become more intense.

The peak at 3669 cm™ (Mg-OH stretch usually found at

This is suggestive of dehydroxylation

occurring around the aluminium atoms in the metal hydroxide sheets.
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The bands around 1000 cm™ and 1300 cm™, which is the location of the
carbonate peaks in the spectrum are interesting in that the intense carbonate peak at
1068 cm™ has been shifted to 1061 cm™ and two more peaks have appeared at
1083 cm™ and 1100 cm™, acting as a shoulder. The presence of these two peaks,
coupled with a marked decrease in the intensity of the carbonate peak suggests that
there has been decarbonisation during thermal treatment as well as a change in the

symmetry of the carbonate between the layers.

The appearance of a low, broad peak at 1231 cm™ is probably due to carbonate
being absorbed into the metal ions layers of the material and reflects what has been
seen the in the infrared spectrum. The presence of a peak at 1600 cm™ is probably
water adsorbed to the surface of the material and can be attributed to the water —OH
bending modes [121]. The small peak at 188 cm™ is probably the intermolecular
water stretch (183 cm™) [120] and provides evidence that some free water has been

adsorbed onto the surface of the material.

There are a number of peaks which occur in the fingerprint region which are
not easily identified without band component analysis. These bands occur at shifts
of 113 cm™, 148 cm™, 171 cm™, 215 cm™ and 287 cm™. The band at 148 cm™ is
particularly intense, whilst the other bands are fairly weak. As these bands do not
appear in the Raman spectrum of the precursor material, it is most likely that they are
the product of the decarbonisation and dehydroxylation of the sample.

5.2.4 NITROGEN ADSORPTION/DESORPTION ANALYSIS

When the nitrogen adsorption data for the thermally activated hydrotalcite is
compared with the precursor hydrotalcite nitrogen adsoprtion data, it is clear that
thermal treatment has resulted in an increase of surface area and pore size. This can
be equated to the decrease in size of the hydrotalcite crystals as well as loss of a clear
hexagonal crystal structure casued by the thermal treatment process. Table 5.10
compares the surface properties of the thermally activated hydrotalcite and the

precursor hydrotalcite.
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Thermally
Hydrotalcite Activated
Hydrotalcite
BET Surface Area (m?/g) 346+0.1 47.0+£0.1
Single Point Surface Area 339 459
(m*/g) ' '
Langmuir Surface Area 48 + 1 64+ 1
(m*/g) - ~
Total Pore Volume (cm*/g) 0.2 0.4
Average Pore Diameter (nm) 22.1 37.6

Table 5.10: Comparison of nitrogen adsorption properties for hydrotalcite and thermally activated

hydrotalcite (TA17)

As can be seen by the data, thermal treatment for 17 hours increases the active
surface area by approximately 35 % while the total pore volume more than doubles
and the average pore area almost doubles. This is suggestive that thermal activation

at 280 °C for 17 hours has a definite positive impact on the surface properties of the

material.

5.2.5 SEM/TEM ANALYSIS

The scanning electron micrographs show that the sample material is physically
smaller than the precursor materials, SEM images of each are shown below (see
Figure 5.19, Figure 5.20 and Figure 5.21). There is also evidence that the crystal
structure of the material has broken down somewhat, which is supported by the

evidence of low broad peaks in the region between 33 °260 and 45 °260 in the XRD

data (see Figure 5.14 on page 67).
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Figure 5.19: SEM image of thermally activated Figure 5.20: SEM image of thermally activated
hydrotalcite (TA17) at a magnification of hydrotalcite (TA17) at magnification of 24 kx.
2500 x.

Figure 5.21: SEM image of hydrotalcite
precursor material at a magnification of 50 kx.

It can be seen from the SEM Image in Figure 5.19 that there is little evidence

of a structure being present at low magnification and low resolution.

At a higher a magnification of 24000x (see Figure 5.20), it can be seen that the
thermally activated hydrotalcite particles are very small (in the order of nanometres)
and it is extremely difficult to determine if there is a crystal structure to the thermally

activated hydrotalcite particles.

When the SEM images of the thermally activated hydrotalcite (Figure 5.19
and Figure 5.20) are compared with the SEM image of the precursor hydrotalcite
(see Figure 5.21) it is evident that there has definitely been a major decrease in the

size of the hydrotalcite particles.
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Figure 5.22: TEM image of thermally activated Figure 5.23: TEM image of thermally activated
hydrotalcite (TA17) at a magnification of 200 kx  hydrotalcite (TA17) at a magnification of 250 kx

@ %ng ) _ _! 3
Figure 5.24: TEM image of thermally activated Figure 5.25: TEM image of precursor
hydrotalcite (TA17) at a magnification 500 kx hydrotalcite at a magnification of 400 kx

It can be seen from the TEM images (see Figure 5.22, Figure 5.23 and
Figure 5.24) there have been considerable changes between the thermally activated
hydrotalcite sample and the precursor materials (see Figure 5.25 above) including
some condensation of the crystals, which is consistent with what could be expected
when the material has been dehydrated. The graininess of the crystals is also
consistent with the growth of new crystals of mixed metal oxides from within the

precursor crystals.

Furthermore, the crystals no longer have a clear hexagonal crystal shape as was
seen in the TEM images of the precursor material (see Figure 5.25) with the
appearance of fuzzy edges and an amorphous-looking region in Figure 5.22 (which
is shown in more detail in Figure 5.24) which is most likely small crystals of a solid
solution of aluminium and magnesium oxides. This correlates with what was seen in
the region between 33 and 50 °20 in the powder XRD pattern (Figure 5.14).
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5.3 CHARACTERISATION OF THERMALLY ACTIVATED
HYDROTALCITE (TAHT 24)

5.3.1 XRD ANALYSIS

The X-ray Diffraction data for the thermally activated hydrotalcite (see Table

5.11 and Figure 5.26) shows that there have been some significant changes from the

No Pos. d-spacing Rel. Int.

| [°26] [A] [%0]

1 11.15 7.90 7.83

2 13.32 6.68 100

3 26.30 3.42 2.33

4 33.94 2.60 1.2

6 36.57 2.44 15.82

7 43.45 2.08 7.19

8 60.27 1.53 19.18

Table 5.11: XRD peak list for thermally activated

hydrotalcite (TAHT 24)

precursor material. The first major
change is the movement of the major
reflection from around 11.2 °26 to
13.3 °20 which is a significant shift
from the precursor hydrotalcite and

may be due to almost complete

elimination of carbonate from the
sample resulting in collapse of the
interlayer spaces. The presence of a

very small peak at 11.15 °26 is evidence that some hydrotalcite has not completely

decomposed upon thermal treatment.

The region between 32 and 55 °26 corresponds to the formation of periclase

and brucite, which both have peaks in this region, along with other mixed metal

oxides. The broad peaks in this region indicative of very small crystallites, which is

similar to what was seen in the samples that had been thermally activated over 17

hours.

Intensity (counts/sec)

Thermally activated hydrotalcite (TAHT 24)

Periclase reference pattern

, Hvdrotalcite reference pattern
T T

35 45

Angle (°20)

55

75

Figure 5.26: XRD pattern of thermally activated hydrotalcite

(TAHT 24)
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5.3.2 IR ANALYSIS

The infrared spectrum of the material (see Figure 5.27) and the corresponding

peaklist (see Table 5.12) shows that there are some similarities and some differences

between the thermally activated hydrotalcite and the precursor material.

Sample Peak | Reported Peak Assianment
(cm™) (cm™)[98] S1onme
762 759 M-OH Translation mode [98]
1031 870 M-OH Deformation
1352 1365 vz CO5” [98]
1526 COs™
2967 M-OH Stretching Vibration
3327 M-OH Stretching Vibration
3562 M-OH Stretching Vibration

Table 5.12: Infrared peak list of thermally activated hydrotalcite (TAHT 24)

The first of these differences is in the carbonate v3 anti-symmetric stretching

vibrations, which shows two bands at 1351 and 1525 cm™, which are significantly

different for the parent hydrotalcite. The appearance of the second carbonate band at

1525 cm™ is clear evidence of a major change to the chemical structure of the

material upon heating, which is the absorption of the carbonate into the metal ion

layer.

762

Absorbance ————

1352
1526
3562, 3327 031

2967

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-1)

Figure 5.27: Infrared spectrum of thermally activated hydrotalcite
(TAHT 24)

The second major
change is in the hydroxyl
stretching region, which
shows significantly
decreased intensity and
peak broadening, which
would be expected if the
had partly

rehydrated and started to

sample

reform.
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These differences

from the spectra of the

precursor hydrotalcite are
Thermally activated hydrotalcite (TAHT 24) most pronounced When the
two spectra are compared

against each other as in

/\ Figure  5.28. The
_ Hydrotalcite J __/ .|, | differences in the carbonate

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-)

Absorbance

and hydroxyl stretching

regions are obvious in this
Figure 5.28: Comparison of IR spectra for thermally activated ) o
hydrotalcite (TAHT 24) and hydrotalcite figure and clearly indicate
that the structure has
changed. The differences in the spectra in the fingerprint region of the sample are

most likely due to the use of a different instrument to collect the sample spectrum.

5.3.3 RAMAN ANALYSIS

Raman analysis of the
hydrotalcite was performed
and the results can be seen in
the figure and table below
(Figure 5.29 and Table 5.13).

Raman Intensity ———

The band component analysis
/e of the material (Table 5.13)
4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100

Wavenumber (cm!) ShOWS that there are some

Figure 5.29: Raman spectrum of thermally activated differences in the material

hydrotalcite (TAHT 24) when compared to the

precursor hydrotalcite. The most notable differences are the presence of two more
carbonate related bands (denoted as C-O vibrations) at 1092 cm™ and 1345 cm™,
which is indicative of a change in the chemical environment of the interlayer
carbonate ion. The most likely explanation of these vibrations is that the carbonate
has been pushed out of the interlayer spaces and is bonded to the metal cations of the
hydrotalcite [105, 107, 108].
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The presence of the band at 1064 cm™ is most likely caused by some
reformation of the hydrotalcite caused by exposure to the atmosphere during sample

preparation for Raman analysis.

. Reported
Raman_lshlft Pozition Assignment
e’ (cm?) [98]
107 H-Bonding
144 H Bonding
Al-O-Al- and Mg-O-Mg
455 465-475 linkage [103]
543 551 Mg-OH [98, 103]
1064 1068 v, CO3~ [98, 103]
1092 COs”
1345 C-O Stretching’
3223 3239 H,0 v, bend[121]
3379 3354 MgAl,-OH
3545 3485 Al3-OH stretch
3651 3615 Al-OH stretch [104]
3699 3673 Mg-OH stretch [104]

Table 5.13: Raman peak list for thermally activated hydrotalcite (TAHT 24)

The presence of the water band at 3223 cm™ is most likely due to small
amounts of water being adsorbed on the surface of the material. The other hydroxyl
stretching bands are suspected to be indicative of partial reformation of the

hydrotalcite upon exposure to the atmosphere.

5.3.4 NITROGEN ADSORPTION/DESORPTION ANALYSIS

The nitrogen adsorption analysis (see Table 5.14) of the material shows some
difference to the precursor hydrotalcite material. The surface area analysis is
consistently 212 % times bigger than the surface area of the precursor hydrotalcite,
which shows a decrease in crystallite size. This decrease in crystallite size is
supported by the broad series of reflections in the XRD diffraction pattern
(Figure 5.26).

There has also been a 203 % increase in the total pore volume whilst the
average pore diameter has decreased slightly to 96 % compared to the precursor
material. This is suggestive that not only has the crystallite size decreased, but the

material has become more porous.
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Thermally
Activated Hydrotalcite
Hydrotalcite Sample
(TAHT 24)
BET Surface Area (m?/g) 73.6+0.1 346+0.1
Single Point Surface Area 721 339
(m*/g) ' '
Langmuir Surface Area 101 + 3 48 + 1
(m*/g) ~ -
Total Pore VVolume (cm®/g) 0.4 0.2
Average Pore Diameter (nm) 21.2 22.1

Table 5.14: BET Analysis of thermally activated hydrotalcite (TAHT 24)

5.3.5 SEM/TEM ANALYSIS
SEM imaging of the material shows that there has been a marked decrease in
crystal size, as shown in Figure 5.30, Figure 5.31, Figure 5.32 and Figure 5.33

below.

Figure 5.31: SEM image of thermally activated
hydrotalcite (TAHT 24) at a magnification of
50 kx

Figure 5.30: SEM image of thermally activated
hydrotalcite (TAHT 24) at a magnification of
375x

It can be seen by the image at 375x magnification (Figure 5.30) that the
material forms large secondary particles. The image at 50 kx (Figure 5.31) shows
that the usually hexagonal platelets have started to fuse together with treatment. It is
also clear that there has been a decrease in crystallite size as shown by the TEM
images at 250 kx and 600 kx magnification (Figure 5.32 and Figure 5.33), with the
average crystallite size being less than 50 nm.
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Figure 5.32: SEM image of thermally activated Figure 5.33: SEM image of thermally activated
hydrotalcite (TAHT 24) at a magnification of hydrotalcite (TAHT 24) at a magnification of
250 kx 600 kx
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5.4 CHARACTERISATION OF THERMALLY ACTIVATED

HYDROTALCITE (TAHT 70)

5.4.1 XRD ANALYSIS

XRD analysis of the material was conducted and the results are shown in

Figure 5.34 and Table 5.15. It can be seen from the figure that there has been

considerable changes to the material properties, with clear evidence of collapse of

the basal spacing, which is shown by the changes in the major hydrotalcite peak,

which now sits at 13.49 °20 as compared to around 11.15 °20 of the precursor

hydrotalcite material (see Figure 5.34).

Thermally activated hydrotalcite (TAHT 70)

o e

| Per 1|clzi.\'c standard

Intensity (counts/sec)

| | Hydrotalcite standard
" L 1
T T

5 15 25 35 45 55 65 75

The peak at 11.59 °20 is in
a position expected for the
precursor hydrotalcite,
and the intensity of the
peak is most likely due to
some reformation of the
material through exposure
of the sample to the

Angle (°20)

atmosphere during sample

Figure 5.34: XRD of thermally activated hydrotalcite (TAHT 70)

preparation and handling.

The series of broad

reflections between 32 and 50 °20 are due to the formation of mixed metal oxides,

including, brucite (Mg(OH),) periclase (MgO) as well as other metal oxides and

hydroxides.
No Pos. d-spacing Rel. Int.
| [°26] [A] [%0]
1 11.50 7.696 22.74
2 13.32 6.646 100
3 22.94 9.876 2.23
4 26.89 3.316 2.68
5 33.88 2.646 1.27
6 36.62 2.452 4.74
7 44.59 2.031 0.8
8 60.40 1.533 21.17
9 61.85 1.500 6.58

Table 5.15: XRD Peaks for thermally activated hydrotalcite (TAHT 70)
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5.4.2 IR ANALYSIS

The table below (Table 5.16) shows a list of peaks for the thermally activated
hydrotalcite and the expected peaks for hydrotalcite. As can be seen from the IR
spectrum (see Figure 5.35) and the list of peaks (Table 5.16) the water bands are no
longer present in the sample. Furthermore, there is evidence of the carbonate being
drawn up into the metal cation layer by the splitting of the carbonate v; band into
two bands at 1349 cm™ and 1532 cm™.

Precursor
Sarrzsrls_f)’eak Hydprg;aklute Assignment
(cm™)

599 594 M-O Bonding
657 634 M-O Stretching mode [98]
749 733 M-OH Translation mode [98]
839 877 M-OH Deformation
1016 -- v, CO37[105, 107]
1349 1369 vz CO5” [98]
1532 1401 COz”
1577 1629 H,0O OH Bending mode [98]
2334 - Adsorbed CO,
2364 -- Adsorbed CO,
3217 3336 MgAl,-OH Stretch [98]
3426 3477 Mg,Al-OH Stretch [98]
3562 3606 Mgs-OH Stretch [98]
3648 -- M-OH Stretch
3716 -- M-OH Stretch

Table 5.16: IR Peak list for thermally activated hydrotalcite (TAHT 70)

There is some evidence which suggests that other reactions have occured in the
sample. The presence of M-OH stretches at 3706 cm™ and 3648 cm™, coupled with
the band at 1016 cm™ (which is most likely the v, carbonate vibration [105, 107])
and the movement of the M-OH deformation down to 839 cm™ from 877 cm™
suggest that there has been some formation of brucite within the sample. The two

peaks at 2334 cm™ and 2364 cm™ are atmospheric carbon dioxide peaks from the

background taken by the instrument.
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Further evidence of incomplete reformation of the material is the presence of

surface adsorbed water (the water bending mode at 1577 cm™ (as compared to

1629 cm™) but the lack of a band due to interlayer water-carbonate bridging (which

is typically around 3050 cm™) which would be expected if the sample had been able

to completely reform hydrotalcite.

1532 134

Absorbance

1577

2364

\ 2334

4000 3600 3200 2800 2400 2000 1600 1200
Wavenumber (cm-?)

800

400

Figure 5.35: IR spectrum of thermally activated hydrotalcite

(TAHT 70)

5.43 RAMAN ANALYSIS

The band at 657 cm™
IS most likely a metal-
oxygen vibration that is not
linked to the M-O
stretching mode which is
usually found at 635 cm™
in hydrotalcite.  This is
suggestive of the formation

of another metal oxide

within the sample material.

A Raman spectroscopy was performed on the thermally activated hydrotalcite

and the results can be seen in the spectrum (Figure 5.36) and peak list (Table 5.17)

below.
. Precursor
Raman_lshlft Material Assignment
(cm™) 1
(cm™)
144 Intermolecular H,O stretch [120]

464 465-475 Al-O-Al- and Mg-O-Mg linkage [103]

545 552 Al-O-Al Stretch [104]
1058 1068 v1 CO3~ [98, 103]
1354 C-O Stretching mode
1588 H,O OH Bend
3314 3354 MgAl,-OH
3483 3485 Al3-OH stretch
3617 3615 Al-OH stretch [104]
3675 3673 Mg-OH stretch [104]

Table 5.17: List of Raman peaks for thermally activated hydrotalcite (TAHT 70)

84



Removing Oxalate Anions from Bayer Process Liquors

Raman Intensity

From the peak list (see
Table 5.17) it can be seen
that there are a number of
peaks that can be linked to
the  typical  hydrotalcite
bands. The M-O-M linkage
vibration at 464 cm™ as well
as the AI-O-Al stretch at

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100 545 Cm'l |n the therma”y

Raman Shift (cm!)

) ) activated hydrotalcite is in
Figure 5.36: Raman spectrum of thermally activated

hydrotalcite (TAHT 70) similar locations to the

precursor materials. The v;

carbonate band is also present in the sample, although it has been shifted to a lower

wavenumber. The presence of the MgAl,-OH (3314 cm™), Al;-OH (3483 cm™),

Al-OH (3617 cm™) and Mg-OH stretches (3675 cm™) are all indicative of the

presence of some hydrotalcite within the sample.

There is a small, broad peak around 1354 cm™ in the sample which is a carbon-
oxygen vibration and may be caused by the presence of carbonate molecules
adsorbed to the surface of the material. There is also a band at 1588 cm™ which is a

surface adsorbed water vibration.

5.44 NITROGEN ADSORPTION/DESORPTION ANALYSIS

The nitrogen absorption/desorption analysis (Table 5.18) shows that there has
been a decrease in not only the surface area of the material but also in the porous
spaces of the material. This indicates that the thermal treatment has resulted in the
formation of materials which are slightly less porous and with a smaller surface area
than the precursor hydrotalcite. In fact, the material is much less porous with a much
smaller surface area (in the order of 50 %) than the thermally activated hydrotalcites
which have been treated for 24 hours, as well as a smaller surface area than the

sample that had been treated for 17 hours.
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Thermally
Activated Hydrotalcite
Hydrotalcite Sample
(TAHT 70)
BET Surface Area (m%/g) 30.8+0.1 34.6+0.1
Single Point Surface Area 303 339
(m’/g) ' '
Langmuir Surface Area 42+ 1 48 + 1
(m’/g) ~ ~
Total Pore Volume (cm®/g) 0.2 0.2
Average Pore Diameter (nm) 21.7 22.1

Table 5.18: BET analysis of thermally activated hydrotalcite (TAHT 70)

5.4.5 SEM AND TEM ANALYSIS

The SEM images show that the individual platelets (Figure 5.38) are much
smaller than the precursor hydrotalcite (and the other thermally activated
hydrotalcites) (see Figure 5.8) and that they also form larger particles which can be
distinguished at low magnification (Figure 5.37). The TEM imaging shows that the
crystallites are slightly larger than 100 nm in size (Figure 5.39), which is
comparable to the precursor material (but smaller than the other thermally activated
hydrotalcite samples) (Figure 5.10) and that they have started to lose their clear

hexagonal shape (Figure 5.40). This loss of hexagonal shape is indicative of

breakdown of the material from hydrotalcite to mixed metal oxides.
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-

Figure 5.37: SEM image of thermally activated Figure 5.38: SEM image of thermally activated
hydrotalcite at a magnification of 300x hydrotalcite at a magnification of 25 kx

Figure 5.39: TEM image of thermally activated Figure 5.40: TEM image of thermally activated
hydrotalcite at a magnification of 200 kx hydrotalcite at a magnification of 400 kx
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5.5 CHARACTERISATION OF OXALATE INTERCALATED
HYDROTALCITE (CO-PRECIPITATION METHOD)

The intercalation of oxalate into the structure of hydrotalcite shows a number
of differences to the precursor hydrotalcite. A number of these changes can be seen
in the XRD data, IR, Raman and infrared emission spectra, nitrogen adsorption and
thermogravimetric analysis of the oxalate intercalated samples.

5.5.1 XRD ANALYSIS

- . Relative | Predicted Position .
Number Pc(’fégg’” d's'?g‘)””g Intensity | (PDF 01-089-0460) (sr;;;
(%) (°26)
1 11.2 7.9 100 11.6 0.4
2 225 3.9 3256 23.4 0.9
3 343 26 11.52 34.9 0.6
2 38.1 24 3.42 39.4 13
5 447 2.0 203 469 22
6 60.2 15 9.70 60.8 05
7 615 15 853 62.1 0.6
8 653 14 168 66.0 0.7
9 715 13 0.52 716 0.1

Table 5.19: Powder XRD peak list for oxalate intercalated hydrotalcite

From the data in Table 5.19, it is clear that there has been a shift of the
measured peaks from the peaks that could be expected if the intercalated ion was
carbonate. As all of the peaks have been shifted to lower angle, it is an indication
that the interlayer spacing of the hydrotalcite has increased, which is what could be

expected if the interlayer anion was oxalate.

From the XRD pattern, it is clear that the material is highly crystalline, as

shown by the well defined peaks in Figure 5.41 below.
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Given the XRD peak
shifts, there is evidence to

suggest that oxalate was

P 003 Peak
)6 Peak - .
= y()[ of oxalate hvdrotalcite Intercalated into the
z material. Furthermore,
OO Pk given that the Infrared and
_ Raman spectra show clear
J\(““(‘ Peak hvdrotalcite
M - .
- ‘ ‘ Ly .| evidence oxalate being
5 15 25 35 45 55 05 75
Angle (°20) present in the material and

there are no peaks that may

Figure 5.41: Powder XRD of hydrotalcite and oxalate

intercalated hydrotalcite be associated with free

sodium oxalate present in
the powder XRD pattern which is suggestive that the oxalate was successfully
intercalated into the interlayer spaces of the hydrotalcite. However, as the peak
positions are not the same as has been reported in the literature [3, 45, 57], with the
exception of Prevot [3], it can be suggested that the oxalate has been intercalated into

the material in a preferred orientation along the metal hydroxide sheets.

When the oxalate intercalated hydrotalcite is compared to hydrotalcite that has
carbonate in the interlayer spacing, it is observed that the XRD peaks have been
shifted to slightly lower angle, which is evidence that the interlayer spacing has
increased slightly. As seen in Table 5.19, the shifts between the actual position of
the peak for the oxalate intercalated hydrotalcite and the calculated peak position for
the reference standard (PDF 01-089-0460) are all very slight and this is shown in the
comparison between the oxalate intercalated hydrotalcite and the prepared reference
hydrotalcite which was used as the precursor material for the thermally activated

hydrotalcites (see page 53).

5.5.2 IR ANALYSIS

The recorded spectra of the oxalate intercalated hydrotalcite (Table 5.20 and
Figure 5.42 ) and the infrared spectra for anhydrous sodium oxalate (Table 5.21) are
recorded below. When the peaks are compared (see Table 5.20 and Table 5.21) it is
clear that the oxalate has quite clearly been intercalated into the hydrotalcite
structure. The incorporation of oxalate into the structure is also confirmed by the

thermal analysis (IES and TGA, see below).
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Sample_feak Reported I?leak [98] Assignment
(cm™) (cm™)
579 M-O Bond
602 M-O Bond
637 635 M-O stretch [98]
712 733 M-OH Translation
858 870 M-OH Deformation [98]
1014 CO;”
1301 1313 vy; C-O Stretch [122]
1371 1365 CO5°[98]
1600 H,O OH Bend
1632 1640 C=0 Stretch
3401 3074 H,0-CO;” Bridging mode
3508 3318 MgAl,-OH Stretch [98]
3577 3467 Mg,AIl-OH Stretch [98]
3641 3606 Mgs-OH Stretch [98]
3677 Mg-OH

Table 5.20: Infrared Peaks of oxalate intercalated hydrotalcite

712

602
579,

Absorbance

1301
1371 858
1600
1632

When compared
to the infrared spectrum
and

of oxalate

hydrotalcite reference
materials (see Figure
543) a of

similarities between the

number

4000 3600 3200 2800 2400 2000 1600 1200
Wavenumber (cm-t)

‘ ‘ different materials
800 400

appear as well as the

differences which

Figure 5.42: Infrared spectrum of oxalate intercalated

hydrotalcite with band component analysis

The metal-hydroxide peaks present in
(3000 cm™-4000 cm™) are similar to the bands

correlate to the
presence of oxalate in

the interlayer spaces.

the hydroxyl stretching region

found in the precursor hydrotalcite

materials, albeit they have been shifted significantly to higher wavenumbers, which

is indicative of a change in the amount of strain present in the layers.

appearance of an extra band around 3677 cm™ i

stretching mode.

The

S probably a magnesium hydroxide
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The presence of the water stretching bands at 1600 cm™ is what could be
expected, particularly due to the presence of a water bridging mode at 3401 cm™ in
the hydroxyl stretching region. The appearance of a number of C-O stretches that
either correlate with carbonate or oxalate appear at 1632 cm™, 1371 cm™, 1301 cm™
and 1014 cm™. The expected peaks for carbonate in hydrotalcite are 1640 cm™,
1365 cm™ and 1313 cm™. Because of the similarities in carbonate and oxalate
stretches due to the carbon-oxygen stretching vibrations, it is difficult to accurately
assign bands to carbonate or oxalate in this situation. Confirmation of oxalate
intercalation had to be performed using another method, such as IES (Section 5.5.4)
or TGA (Section 5.5.5).

Sample_lPeak Reported P_elak [122] Assignment In the fingerprint
[Clity) (cm™) region of the
771 766 COO Deformation

1313 1319 vi1 C-O Stretch | spectrum  (below
1335 1000 cm™), there

1414 1405 C=0 Stretch . .
1630 1640 C=0 Stretch is close correlation
between the

Table 5.21: Infrared Peaks of anhydrous sodium oxalate

oxalate

intercalated  hydrotalcite

and the reference material,

with the exception of the

presence of a band at
M-OH Peaks CO4* Peaks Oxalate Peaks

712 cm?, instead of at
733 cm, which is the M-

Oxalate Peaks
hydrotalcite N\

Absorbance

OH translational mode,

oxalate intercalated hvdrolalcit

which has moved due to

sodium oxalate

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ changes within the layers
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-) caused by  hydrogen

. . . ndin h
Figure 5.43: Comparison of the infrared spectra of anhydrous bonding due to the
sodium oxalate, hydrotalcite and oxalate intercalated hydrotalcite  jntercalation of oxalate
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5.5.3 RAMAN ANALYSIS

The peak list is shown in Table 5.22 below, with the spectra of the oxalate
intercalated hydrotalcite being shown in Figure 5.44 below. Also shown below are
the Raman spectra of oxalate intercalate hydrotalcite as well as hydrotalcite, sodium
oxalate and sodium carbonate, which show the correlation between the oxalate

intercalated hydrotalcite, the reference hydrotalcite and the reference sodium oxalate.

Raman Shift (cm™)

Oxalate Hydrotalcite | Sodium Sodium .
intercalated F{eference carbonate oxalate UL
hydrotalcite | Material Standard | Standard

122 Hydrogen bonding
144 M-O Bonding [104]
Al-O-Al and
470 474 Mg-O-Mg linkage [98]
548 549 Mg-OH Stretch [98]
692 706 v4 CO3 Band [98]
878 887 &+ (0-C=0) [123]
1045 1061 1080 v3 CO3 Band [98]
1058 V3, Carbonate [98]
1107 Vas C-O [124]
1222 O-C-O Wag [124]
1255 O-C-O Wag [124]
1439 1451 1459 vs (C-0) [123]
1550 vs (C-0) [124]
1611 Water bend
1660 Water bend
Interlayer H,O [103,
3361 3239 104]
3504 3389 Mg,Al-OH [102]
3531 3498 MgAl,-OH [98]
3604 3609 Al3-OH[102]
3658 3660 Mg-OH Stretch [104]

Table 5.22: Peak list for hydrotalcite; oxalate intercalated hydrotalcite; sodium oxalate and sodium
carbonate reference materials
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In the hydroxyl stretching region (3000-4000 cm™) there is some variation
between the oxalate intercalated hydrotalcite and the hydrotalcite reference material.
The first of these variations is in the metal hydroxide bands, which have been shifted
to higher wavenumbers, which is suggestive of a variation in chemical environment,
caused by the presence of oxalate. This strain is likely caused by the presence of the

oxalate anions in the structure of the material.

There are a number of

bands present at
1107 cm®, 1222 cm®,
1255 cm™, 1439 cm™ (vs)
and 1550 cm™ which can

be tentatively assigned to

Raman Intensity ——

i carbon-oxygen bonds in

- [ ',Illl Il[\

the oxalate anions.

4000 3700 3400 3100 2800 23500 2200 1900 1600 1300 1000 700 400 100
Wavenumber (cm)
. _ . The expected
Figure 5.44: Raman spectrum of oxalate intercalated hydrotalcite
prepared in-situ with band component analysis carbonate peaks turn up,

but instead of turning up at
1061 cm™ and 1451 cm™, the peaks are present at 1045 cm™, 1058 cm™ and
1439 cm™. This variation in peak positions is most likely explained by the presence
of oxalate anions, which are competing with the carbonate anions within the
interlayers, constraining the available space and electrostatic repulsion changing the

vibrations.

In the lower wavenumber regions (from 100 cm™ to 600 cm™) there is little
difference between the metal-oxygen bands around 470 cm™ - 550 cm™, which
indicates that there has been little change to the metal hydroxide sheets.
Furthermore, there is a peak apparent at 156 cm™, which has been assigned as a
metal-oxygen band [104] and there is also a band at 135 cm™ which is most likely a
hydrogen bonding band [120, 121, 125]. The presence of these peaks suggests that
there is little difference between the metal cation layers of the oxalate and carbonate

intercalated hydrotalcites.
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5.5.4 IES ANALYSIS

The data for the infrared emission of oxalate intercalated hydrotalcite prepared in-

situ can be seen in Figure 5.45 and the band component analysis can be seen in

Table 5.23.

With the oxalate intercalated into hydrotalcite in-situ, there are some marked

differences compared to the reference hydrotalcite.

The first of these is in the

hydroxyl stretching region, where the water-carbonate bridging mode around 3000

cm™ is present until 400 °C, whereas it disappears around 250 °C in the original

hydrotalcite sample

S~ 600°C
N~ 550°C
_/\ 500°C
_/\ 450°C
400°C
c
o
2
(S
L

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)

Figure 5.45: Infrared emission spectra for oxalate intercalated
hydrotalcite prepared by in-situ intercalation

The next major change is
when the dehydroxylation
begins in the oxalate
intercalated sample. In
the hydrotalcite reference
material, dehydroxylation
has begun at 300 °C,
whilst the
dehydroxylation does not
become apparent until
350-400 °C in the oxalate

intercalated sample.
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The decomposition of the hydroxyl bands in the in-situ intercalated

hydrotalcite are otherwise similar to the reference material.

The hydroxyl bands

from 3371 cm™ to 3662 cm™ become less intense until they are almost gone by 600

°C. The magnesium hydroxide stretch around 3710 cm™ remains relatively constant,

resulting in the broad band from 3000 cm™ to 4000 cm™ at 100 °C to become much

less intense with a spike at 3706 cm™ at 600 °C, which is very similar to the

reference hydrotalcite material.

Temperature (°C)
100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600
903 | 891 | 891 | 855 | 849 | 874 | 885 | 894 | 893 | 883 | 876
(200) | (226) | (198) | (251) | (239) | (230) | (233) | (228) | (230) | (238) | (240)
1026 | 1030 | 1027 | 1025 | 1026 | 1036 | 1040 | 1041 | 1040 | 1038 | 1036
(121) | (133) | (134) | (136) | (139) | (138) | (135) | (136) | (140) | (151) | (154)
1288 | 1286 | 1263 | 1254
(19) | (30) | (43) | (45) | - - - - - -
1357 | 1354 | 1349 | 1335 | 1309 | 1296 | 1288 | 1287
(142) | (124) | (141) | (134) | (98) | (85) | (73) | (72) | - B
1543 | 1540 | 1556 | 1516 | 1459 | 1415 | 1367 | 1365 | 1358 | 1371 | 1364
o~ | (178) | (144) | (183) | (242) | (231) | (186) | (136) | (134) | (105) | (126) | (113)
£ | 1593 | 1590 | 1586 | 1639 | 1635 | 1586 | 1519 | 1507 | 1496 | 1507 | 1499
= | (53) | (28) | (32) | (121) | (147) | (196) | (234) | (187) | (158) | (173) | (181)
S | 1658 | 1650 | 1666 | 1689 | 1691 | 1690 | 1679 | __ B ~
£ 1.(88) | (94) | (90) | (72) | (73) | (78) | (72)
S | 2068 | 1996 | 1975 | 1987
= |(198) | (134) | (180) | (138) | B B B B B B
= [ 2384 | 2380 | 2379 | 2375
(34) | (46) | (56) | (57) | B B B B B B
3001 | 3055 | 3070 | 3102 | 3043 | 2934 | 3052
(508) | (515) | (519) | (475) | (376) | (239) | (389) | B B B
3371 | 3341 | 3380 | 3402 | 3376 | 3277 | 3404 | 3415 | 3435 | 3426 | 3431
(387) | (325) | (335) | (310) | (329) | (372) | (301) | (301) | (247) | (177) | (180)
3576 | 3507 | 3527 | 3561 | 3544 | 3485 | 3556 | 3558 | 3569 | 3566 | 3568
(129) | (217) | (183) | (184) | (197) | (235) | (185) | (180) | (161) | (162) | (157)
3662 | 3625 | 3636 | 3652 | 3639 | 3606 | 3645 | 3649 | 3655 | 3657 | 3658
(85) | (135) | (126) | (109) | (117) | (145) | (114) | (108) | (99) | (97) | (95)
3715 | 3701 | 3704 | 3705 | 3697 | 3681 | 3703 | 3705 | 3708 | 3708 | 3706
(45) | (r2) | (62) | (56) | (65) | (93) | (71) | (66) | (63) | (66) | (69)

Table 5.23: Table of infrared emission bands for oxalate intercalate hydrotalcite prepared by in-situ
intercalation with peak widths (FWHM) in brackets
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There are major differences between the carbonyl (1000-2000 cm™) regions of
the reference material and the in-situ oxalate intercalated hydrotalcite. The most
obvious one is the number of different peaks present in the oxalate intercalated
sample. At 100 °C, there are five peaks in the carbonyl region, compared to the
three in the reference material, which is caused by the intercalation of oxalate into

the interlayer spaces.

Bands at 1288 cm™, 1543 cm™ and 1593 cm™ can all be linked to the oxalate in
the sample, and they are present until 250 °C, where the band originally at 1288 cm™
disappears and the band at 1543 cm™ rapidly shifts to around 1460 cm™; whilst the
band at 1593 cm™ rapidly shifts to around 1635 cm™.

Because these frequency shifts occur around the temperature of decomposition
for sodium oxalate as noted in CAS 62-76-0; (one of the reagents in the preparation
of the sample,) it is suggestive of the breakdown of sodium oxalate on the surface. It
also explains why the carbonate bands at 1364 cm™ and 1499 cm™ are so intense at

600 °C when compared to the reference hydrotalcite.

However, bands that are linked to the presence of oxalate in the sample
1357 cm™, 1658 cm™ and 3001 cm™ are still present at 400 °C, which is suggestive

of oxalate still being present at that temperature.

The fingerprint region (less than 1000 cm™) shows two bands of interest in this
material. The first band of interest is the band at 1026 cm™, which gradually shifts to
1036 cm™ over the course of the heating and can be linked to the v; carbonate band.
As this v, carbonate band does not decrease in intensity like in the IES of the
reference hydrotalcite (Section 5.1.4), this band can be linked to the presence of
sodium carbonate in the sample which was most likely formed when the oxalate in

the sample decomposed.

The band at 903 cm™ is similar to the band found at 880 cm™ in the reference
hydrotalcite, and was previously linked to v, carbonate band (Section 5.5.2 above).
This band also exhibits the same behaviour of the v, carbonate band in the reference
hydrotalcite, suggesting that the structure of the oxalate intercalated hydrotalcite has

not completely broken down upon heating.
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555 TGA ANALYSIS
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Figure 5.46: TGA for oxalate intercalate hydrotalcite prepared by
in-situ intercalation

The  thermogravimetric
analysis of the sample
shows a number of
features that differ from
the reference material (on
page 57). The first of
these differences is a mass
loss step around 60 °C,

which corresponds to the

loss of loosely bound
surface water. The large

proportion of the mass loss

indicates that this sample was still quite wet when analysed, despite being stored

under vacuum for over a month.

Temperature | Mass | Actual | Theoretical Proposed Formula
(°C) Loss Mass Mass
(%) | (AMU) | (AMU)
25 0 743.2 743.8 MgsAl;(OH)16(C204).10H,0
60 20 594.6 599.8 MgsAl2(OH)16(C204).2H,0
200 9.5 532.3 545.8 MgsAl,0(OH)14(C,04)
388 17 397.6 393.8 MgsAl,02(0OH)s(CO3)
1000 6.7 343.8 343.8 5MgO + MgAl,O,

Table 5.24: Mass loss steps for oxalate intercalated hydrotalcite prepared by in-situ intercalation

The 9.5 % mass loss around 200 °C corresponds to the loss of water molecules

that are more tightly bound to the hydrotalcite and found in the interlayer spaces.
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The decomposition of the layered structure of the material is much different to
the reference material in that instead of a single decomposition step at 280 °C, there
are a number of simultaneous decomposition steps occurring from around 300 °C.
The quite obvious shoulder around 350 °C corresponds to the loss of carbon
monoxide and water from the sample and is indicative of a simultaneous
dehydroxylation and decomposition of the oxalate to carbonate. Furthermore the
second decomposition step at 388 °C is further dehydroxylation, balanced by the
simultaneous absorption of carbonate into the metal cation layer (see section 5.5.4,
above) followed by some decarbonisation of the sample. The mass loss tails to at

least 550 °C, which is completion of the decarbonisation step.

5.5.6 NITROGEN ADSORPTION/DESORPTION ANALYSIS

It can be seen that the surface area reported here is a much larger surface area
than standard hydrotalcite (in the order of 325 %). It is most likely that the crystals
are smaller than the hydrotalcite prepared as a reference material, which results in
the oxalate hydrotalcite having a larger surface area than the reference hydrotalcite,
and this can be seen in the SEM Images (see Figure 5.47, Figure 5.48 and Figure
5.49 below).

Oxalate .
intercalated Hyg;%ta:g'te
Hydrotalcite b
BET Surface Area (m?/g) 112.7+£0.2 34.6+0.1
Single Point Surface Area 110.7 339
(m°/g) ' '
Langmuir Surface Area 154 +4 18 + 1
(m°/g) ~ ~
Total Pore Volume (cm®/g) 0.8 0.2
Average Pore Diameter (nm) 27.3 22.1

Table 5.25: BET analysis of oxalate intercalated hydrotalcite
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5.5.7 SEM/TEM ANALYSIS

The SEM images (see Figure 5.47, Figure 5.48 and Figure 5.49 below) show
that the material has a definite crystalline structure, although individual crystals are
impossible to see on anything other than at 40 kx magnification, which shows that
there may be some crystals, but that they are so small that they cannot be

individually resolved without TEM imaging.

Figure 5.50 is a representative TEM image of the hydrotalcite crystals that are
found in the sample. The image clearly shows that the hexagonal brucite structure of
hydrotalcite has been retained; while Figure 5.51 shows layering in a region with a
high concentration of crystals and Figure 5.52 is a close up of the circles area in
Figure 5.51 showing that the layers in the crystal structure are irregularly spaced.
These layers have an average spacing of approximately 5.4 A in this sample, which
is most likely the basil spacing. It has to be remembered that the interlayer spacing
reported here is for that small area, whilst XRD is a bulk characterisation method,

which can result in differences in interlayer spacing between analysis methods.

S5um

Figure 5.48: SEM image of oxalate intercalated

Figure 5.47: SEM image of oxalate intercalated hydrotalcite at a magnification of 20 kx

hydrotalcite at a magnification of 2400x
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Figure 5.49: SEM image of oxalate intercalated Figure 5.50: TEM image of a single oxalate

hydrotalcite at magnification of 40 kx intercalated hydrotalcite crystal at a magnification
of 250 kx

o “ﬁ‘{, AHM
Figure 5.51: Hi resolution TEM image showing  Figure 5.52: Hi resolution image of circled area in

layers in oxalate intercalated hydrotalcite at a Figure 5.51
magnification of 390kx
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5.6 CHARACTERISATION OF OXALATE INTERCALATED
HYDROTALCITE (RE-CO-PRECIPITATION METHOD)

Characterisation of hydrotalcite intercalated by oxalate through the use of a
modified re-co-precipitation method shows some interesting changes when
characterised. Particular areas of interest include the vibrational spectroscopy and
the thermogravimetric analysis. BET and electron microscopy also show some

differences to the precursor hydrotalcite.

5.6.1 XRD ANALYSIS
The XRD pattern is shown in Figure 5.53 below with the major reflections reported
in Table 5.26.

L . Relative DGR (7
Number Position | d-spacing Intensit (CPM.) .Peak
o y
(°20) (A) (%) Position
(°20)
1 11.2 1.7 100 11.2
2 22.6 3.9 35.8 22.5
3 34.2 2.6 13.3 34.3
4 38.7 2.3 9.4 38.
5 45,7 2.0 4.2 447
6 60.2 15 11.1 60.2
7 65.3 14 2.1 61.5
8 72.1 1.3 15 65.3
Table 5.26: Powder XRD of oxalate intercalated hydrotalcite prepared by the re-co-precipitation
method

The XRD pattern is quite clearly defined which suggests that the material is
highly crystalline, which is shown in Figure 5.53. Furthermore, the peaks are

narrow, which is suggestive of larger crystal sizes.

A comparison between the XRD patterns for the oxalate intercalated
hydrotalcite prepared using the re-co-precipitation method and the reference
hydrotalcite (Figure 5.54) shows that there has been some shift in the 003 peak,
which is suggestive of the intercalation of hydrotalcite. Furthermore, there is some
variation in relative intensities for some of the other peaks, which is also suggestive

of intercalation of oxalate having occurred.
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Intensity

Angle (°20)

Figure 5.53: XRD of Oxalate intercalated hydrotalcite prepared by

the re-co-precipitation method

)03 Peak
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j\ hvdrotalcite
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5 15 25 35 45 55 65

Angle (°20)

Figure 5.54: XRD comparison of hydrotalcite and oxalate
intercalated hydrotalcite prepared by the re-co-precipitation
method

A comparison of the XRD
pattern of the oxalate
intercalated  hydrotalcite
to the precursor material,
it can be seen that there is
a very slight shift in the
003 This is some

indication that the

interlayer anion may be
something  other than

carbonate. This is
supported by the infrared
and Raman spectra.

A Rietveld refinement of
the unit cell size was
undertaken using the unit
cell parameters of the
hydrotalcite standard
material (3.054 + 0.002 A
for the a and b unit

parameters and

22.81 + 0.02 A for the c unit parameter.) The Rietveld refinement determined that

the a and b axis parameters of the material had increased very slightly to 3.068 +

0.001 A whilst the ¢ unit parameter had significantly increased from 22.81 A to

23.61 + 0.02 A, which is what could be expected upon the intercalation of oxalate

into the hydrotalcite material.
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5.6.2 IR ANALYSIS
The IR spectrum shown in Figure 5.55 below is very similar to the IR spectra
for oxalate intercalated hydrotalcite shown earlier in Figure 5.42. The peak list is

shown in Table 5.27 below.

Sa”zgr'rf_f)’eak Pigelf‘gfr?{) Assignment [98]
598 594 M-O-M Bridging mode
735 634 M-O Stretching mode
726 733 M-OH Translation mode
878 877 M-OH Deformation and v, CO3”
1301 oxalate
1368 1369 v3 CO5”
1398 1401 V32 CO3”
1601 H,O OH bending mode/oxalate
1633 1629 H,O OH Bending mode
1655 Oxalate
3095 3074 CO;” -H,0 Bridging mode
3371 Al3-OH Stretch
3492 3336 MgAl,-OH Stretch
3582 3477 Mg,Al-OH Stretch
3653 3606 Mgs-OH Stretch

Table 5.27: Infrared peaks of oxalate intercalated hydrotalcite prepared by re-co-precipitation

The hydroxyl stretching region from 4000 cm™ to 3000 cm™ shows a number
of peaks which correlate to the typical metal hydroxide bands present in hydrotalcite.
The peaks in the fingerprint region (575 cm™ to 1000 cm™) also show close
correlation to what is expected for hydrotalcite materials (as shown by the analysis
of the hydrotalcite precursor on page 53.)

The presence of oxalate in the sample is confirmed by peaks at 1301 cm™ and
1655 cm™. There is also a very large band at 1601 cm™ as well as another, less

intense band around 1633 cm™ which is also probably a water band.
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A comparison

between the two oxalate
intercalated hydrotalcites

shows that there are some
1301

g 1568 635 changes in the
§ 1601 9
z 726 spectroscopy of the two
59 . .
163 87 materials; with the most

1655 notable change being

4000 3600 3200 2800 2400 2000 1600 1200 800 400 around the 1600 Cm_1

Wavenumber (cm?)

band.

Figure 5.55: Infrared spectrum of oxalate intercalated
hydrotalcite prepared by re-co-precipitation

The peak at 1655 cm™ in the hydrotalcite prepared by re-co-precipitation is
much more intense than the same band in the hydrotalcite prepared by in-situ

intercalation.

5.6.3 RAMAN ANALYSIS
The Raman spectrum of the sample shown below is very similar to the other oxalate
intercalated hydrotalcite shown above (Section 5.5.3 on page 92) which is seen in

the spectrum (Figure 5.56) and the table (Table 5.28) below.

The bands in the hydroxyl stretching region (4000 cm™ to 3000 cm™) are very
similar, although the band around 3688 cm™ is now missing and a number of other
bands have been shifted to lower wavenumbers, which is suggestive that there has
been a change to bonding between the oxalate, water and the metal cation layer

within the crystals due to the change in preparation techniques.
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The next major change to

1440 the Raman spectrum of the

3663

\

sample is that the bands
around 2000 cm™ have

879
1060 ggs
012

disappeared, which is

Raman Intensity ——>

suggestive of the carbon-

carbon bonds being more

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100 ConStraInEd than In the

Wavenumber (cm!)

other oxalate intercalated

Figure 5.56: Raman spectrum of oxalate intercalated hydrotalcite sample.

hydrotalcite prepared by re-co-precipitation

In the fingerprint region of the spectrum (below 1000 cm™) a number of peaks
have had shoulders appear, most notably around 880 cm™, 540 cm™ and 200 cm™.
The shoulders appearing around 880 cm™ and 540 cm™ suggest that there has been a
change to the local environment for the vibrating units which correlate to those
stretches.

The band at 114 cm™ and the bands between 180 cm™-230 cm™ are most likely
hydrogen bonding stretches. The increased number of hydrogen bonding bands is
once again suggestive of a slight change to those vibrations; most likely due to
constraint of the oxalate anions in the interlayer space.
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Raman Shift (cm™)

Oxalate

Hydrotalcite

Sodium

Sodium

intercalated | Reference | carbonate | oxalate Assignment
hydrotalcite | Material Standard | Standard
114 Hydrogen Bonding
145 Hydrogen Bonding
156 M-O Bonding [104]
188 Intermolecular H,O [120]
208 Hydrogen Bonding
233 Hydrogen Bonding
Al-O-Al and
470 474 Mg-O-Mg linkage [98]
530 Al-OH Stretch
549 549 Mg-OH Stretch [98]
692 706 v4 CO3 Band [98]
879 C-O Bond
885 887 &+ (0-C=0) [123]
912 C-O Bond
1060 1061 1080 v; CO; Band [98]
1225 O-C-O Wag [124]
1440 C-0O
1460 1451 1459 vs C-0O [123]
1476 vs C-0 [124]
1554 vs C-0 [124]
1589 vs C-0 [124]
1637 H,O OH Bend
3331 3239 Interlayer H,O [103, 104]
3422 3389 Mg,Al-OH [102]
3517 3498 MgAl,-OH [98]
3602 3609 Al;-OH [102]
3665 3660 Mg-OH Stretch [104]

Table 5.28: Raman peaks for oxalate intercalated hydrotalcite prepared by re-co-precipitation
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5.6.4 IES ANALYSIS

The oxalate

intercalated hydrotalcite (see
Figure 5.57 and Table 5.29)

prepared by re-co-

precipitation shows some

differences compared to the

precursor material in the
hydroxyl stretching region
(3000 cm™ to 4000cm™).

400°C

M/ The first of these is that the
3$0°C dehydroxylation  of  the
300° material does not begin to

occur until approximately
400 °C. This is shown by a

rapid decrease in the

..
Emission —>

intensity of the metal

hydroxide stretches around
3350 cm™® (MgAl,-OH),

-1
4000 3600 3200 2800 2400 2000 1600 1200 800 | 3570 cm™ (Mg.Al-OH) and
Wavenumber (cm-t) 3662 cm™ (Mgs-OH). The

) o _ Mg-OH Stretch around 3712
Figure 5.57: Infrared emission spectra of oxalate intercalated
hydrotalcite prepared by re-co-precipitation cm™ becomes a clear band

and then the most intense
peak in this region after 450 °C, indicating the migration of protons from the
interlayer to the outside of the layers as the structure breaks down to allow
dehydroxylation to occur [105, 107].

The carbonate region shows the presence of two bands that are related to the
presence of oxalate around 1330 cm™ and 1630 cm™. The band at 1328 cm™
migratess to 1306 cm® as the sample decomposes at around
400 °C and the band at 1632 cm™ migrates to

1626 cm™ as the oxalate decomposes to carbonate.
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The fingerprint region of the spectrum (less than 1000 cm™) shows two bands
of interest. The first band is around 930 cm™, which disappears at 450 °C and could
be linked to the presence of oxalate in the sample (as the other oxalate bands
disappear at the same time).

Temperature (°C)

100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600

783 | 747 | 775 | 809 | 849 | 856 | 865 | 871 | 869 | 866 | 861
(210) | (244) | (233) | (236) | (252) | (240) | (220) | (204) | (239) | (268) | (238)

926 | 910 | 926 | 944 | 1005 | 1013 | 1009 | 992
(154) | (178) | (179) | (174) | (111) | (108) | (104) | (100)

1028 | 1029 | 1033 | 1035 | 1073 | 1082 | 1078 | 1067 | 1042 | 1038 | 1034
(121) | (141) | (135) | (133) | (88) | (81) | (87) | (99) | (135) | (138) | (142)

1278 1264 | 1263 | 1262
(57) - (54) | (57) | (57)

1290 | 1287 | 1290 1301 | 1306
(17) | (51) | (27) - - (92) | (76)

1328 | 1332 | 1321 | 1314 | 1311 | 1313
(53) (28) (55) (61) (60) (40)

1367 | 1370 | 1378 | 1388 | 1396 | 1404 | 1392 | 1373 | 1386 | 1386 | 1383
(59) | (112) | (110) | (132) | (139) | (151) | (146) | (137) | (136) | (136) | (135)

1423 1451

(111) (60)

1551 | 1542 | 1537 | 1535 | 1523 | 1519 | 1533 | 1520 | 1534 | 1528 | 1522
©7) | (169) | (141) | (162) | (124) | (111) | (152) | (185) | (182) | (176) | (177)

1592 | 1593 | 1586 | 1584
(45 | (46) | 37 | (32

Wavenumber
(FWHM) (cm™)

1632 | 1634 | 1634 | 1629 | 1638 | 1636 | 1634 | 1626
@5) | (35) | (73) | (78) | (123) | (152) | (99) | (107)

1665 | 1662
(83) (85)

1683 | 1688 | 1699 | 1701 | 1697 | 1688
(60) (76) (60) (54) (65) (53)

3007 | 3066 | 3188 | 3190 | 3173 | 3132 | 3163 | 3230
(451) | (413) | (377) | (366) | (286) | (238) | (269) | (387)

3340 | 3325 | 3414 | 3416 | 3393 | 3382 | 3398
(300) | (311) | (259) | (250) | (245) | (274) | (245)

3484 | 3547 | 3547 | 3533 | 3533 | 3528 | 3463 | 3387 | 3408 | 3467
(17) | (179) | (172) | (174) | (189) | (190) | (245) | (270) | (281) | (227)

3570 | 3591 | 3636 | 3633 | 3622 | 3620 | 3610 | 3583 | 3554 | 3570 | 3586
(144) | (154) | (123) | (118) | (121) | (131) | (121) | (158) | (182) | (195) | (149)

3662 | 3673 | 3690 | 3686 | 3677 | 3671 | 3669 | 3660 | 3657 | 366 | 3669
@3) | @®7 | @4 | @1 | @6) | (81) | (86) | (103) | (101) | (85) | (76)

3712 | 3714 | 3717 | 3713 | 3708 | 3707 | 3716 | 3714 | 3712 | 3712 | 3712
(32) (42) (32) (35) (40) (47) (49) (52) (52) | (51) | (52)

Table 5.29: IES peak data of oxalate intercalated hydrotalcite prepared by re-co-precipitation
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The second band of interest is the v, carbonate band at 1034 cm™ which
becomes clearly present after 250 °C. This band is linked to the movement of
carbonate from the interlayer spaces into the metal cation layer as dehydroxylation
begins. The appearance of this band corresponds with the start of the decomposition
of oxalate. This suggests that a number of simultaneous processes are occurring in
this sample. These simultaneous processes are:

o Decomposition of oxalate to carbonate;
o Dehydroxylation of the metal cation layer; and
« Migration of carbonate anions into the metal cation layer.

These last two steps are the same as in the decomposition of hydrotalcite,
which was first proposed by Stanimirova et al. in 1999 [105].

5.6.5 TGA ANALYSIS

The TGA data (Figure 5.58) shows significant differences to the precursor
hydrotalcite sample and the oxalate intercalated hydrotalcite prepared by in-situ
intercalation (Figure 5.46). The first difference is in the water loss steps below
200 °C, which is significantly lower than the in-situ intercalated oxalate hydrotalcite
and slightly lower than the precursor hydrotalcite. These mass loss steps can be
attributed to the loss of water that has been absorbed into the interlayer spaces. The

reason for the elevated temperatures is most likely due to a lack of escape routes for

100

04 interlayer water molecules
1)5.
o | due to the small pores

L o5 found in the nitrogen

801 adsorption analysis

(Section 5.6.6).

L 0.2
75

Mass Loss (%)

F0.15

Derivative Value

70 1°

o - Lol

The second mass loss step

60 F 0.05

occurs as a large band

T T T T T T T T T T T T 0
25 100 175 250 325 400 475 550 625 700 775 850 925 1000 Centred around 400 OC

Temperature (°C)

Figure 5.58: TGA of oxalate intercalated hydrotalcite prepared
by re-co-precipitation
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This mass loss can be attributed to the tree simultaneous process outlined
before: dehydroxylation, decomposition of the oxalate to carbonate and the
migration of the carbonate into the metal cation layer. The mass loss then tails off
slowly to approximately 775 °C, and this is linked to decarbonisation and

dehydroxylation of the sample (which is supported in Section 5.6.4 above.)

5.6.6 NITROGEN ABSORPTION/DESORPTION ANALYSIS

Oxalate Reference
intercalated Hydrotalcite
Hydrotalcite Material
BET Surface Area (m%/g) 54.4+0.1 34.6+0.1
Single Point Surface Area 534 339
(m’/g) ' '
Langmuir Surface Area 74+ 9 48 + 1
(m’/g) ~ ~
Total Pore Volume (cm*/g) 0.2 0.2
Average Pore Diameter 15.3 291
(nm) ' '

Table 5.30: BET analysis of oxalate intercalated hydrotalcite prepared by re-co-precipitation

Calculations from the nitrogen isotherm data of the material shows that there
has been an increase in the BET, Langmuir and single point surface areas (which
have increased to about 155 % of the precursor material), as well as the average pore
diameter (which has increased to 109 % of the precursor hydrotalcite) although the
total pore volume has decreased slightly (down to 69 % of the precursor hydrotalcite
material). This is consistent with what could be expected by the intercalation of
oxalate instead of carbonate into the interlayer spaces, as oxalate is a larger anion
than carbonate, which in turn prevents access of N, molecules into the interlayer

spaces.

5.6.7 SEM/TEM ANALYSIS

The SEM images (Figure 5.59 and Figure 5.60) show that the particles in the
sample are moderately sized, but are too small to be accurately resolved using SEM
imaging. Furthermore, the SEM images show that the individual crystals show some

evidence of being arranged into a preferred orientation when agglomerated.
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The TEM Images (Figure 5.61 and Figure 5.62) show obvious signs of
preferred orientation as small groups of crystals are all aligned in the same way,
being either showing their hexagonal face or their edges in the image. From the
images, it is clear that the crystals are hexagonal with a crystal size somewhere
between one hundred and two hundred nanometres across; the measurement is

however biased towards larger crystal sizes.

Figure 5.60: SEM image of oxalate intercalate
hydrotalcite prepared by re-co-precipitation at a
magnification of 30 kx

Figure 5.59: SEM image of oxalate intercalated
hydrotalcite prepared by re-co-precipitation at a
magnification of 5000 x

b

100 nm

[ —

Figure 5.61: TEM image of oxalate intercalate Figure 5.62: TEM image of oxalate intercalated
hydrotalcite prepared by re-co-precipitation at a hydrotalcite prepared by re-co-precipitation at a
magnification of 380 kx magnification of 415 kx

111



Removing Oxalate Anions from Bayer Process Liquors

Figure 5.63 shows the layers inside one of the crystals at a size of 20 nm and
calculations show that the average size of the layers is around 0.47 nm, which is

consistent with the basil spacing of the hydrotalcite (which is around 0.45 nm).

Figure 5.63: TEM image of oxalate intercalated
hydrotalcite prepared by re-co-precipitation at a
magnification of 540 kx
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57 HYDROTALCITE RE-CO-PRECIPITATED IN SYNTHETIC BAYER
LIQUOR

In order to test the theory that hydrotalcite dissolved in acid could be reformed
in synthetic Bayer liquor to adsorb oxalate, a sample of 100 g of hydrotalcite was
dissolved in the minimum amount of concentrated nitric acid possible. The
dissolved hydrotalcite was added to a synthetic Bayer liquor of the same
composition as the adsorption experiments and allowed to settle overnight before it

was filtered.

An infrared

spectrum of the filtered

3490 1386 and dried hydrotalcite was

1360
then recorded. From the

359 737. 639

3367 infrared spectrum

3060 867, . -
1636 recorded below, it is clear

835,

Absorbance

that the material is a

ol LR

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-?) has intercalated carbonate

typical hydrotalcite that

rather than oxalate. This
Figure 5.64: Infrared spectrum of hydrotalcite reformed in
synthetic Bayer liquor can be shown by the
peaks at 1360 cm™, 1386
cm™ and 835 cm™. The last two peaks most likely being due to the presence of free

carbonate on the sample surface.

This experiment shows that the reformation of dissolved hydrotalcite into
synthetic Bayer liquor will not result in the intercalation or adsorption of oxalate into

the material and further research into this area was not undertaken.
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5.8 MATERIALS PREPARATION AND CHARACTERISATION

5.8.1 XRD ANALYSIS

An analysis of the X-ray diffraction patterns (Figure 5.65) reveals that there is
little change in the 003 peak positions for the hydrotalcite and oxalate intercalated
hydrotalcites. However, there is a change of the 003 peak position from 11.15 °26 to
around 13.3 °260 with thermal treatment.

A r‘ a A A N The thermal treatment
~ . Y N XRD patterns show that
24 Hours
i S etiation there is little shift in the
£ 17 Hours
§~___)k . | it | 003 peak between the
% }L - 1 | Jeoprecipitation | PrECUTSOr hydrotalcite and
E I 9
s ) ‘ B the sample that had been
L treated for 17 hours. This
A 4 Hydrotalcite
510 15 20 25 30 35 40 45 50 55 60 65 70 75| 1S suggestive that
Angle (°20)

dehydroxylation had not

. . . significantly advanced in

Figure 5.65: XRD comparison of hydrotalcite, oxalate
intercalated hydrotalcite and thermally activated hydrotalcites this time. However,
between 17 and 24 hours
of thermal treatment, there is a significant shift in the 003 peak position from 11 to
13 °26, which is suggestive of dehydroxylation occurring, resulting in a collapse of

the interlayer space.

Further evidence of decomposition of the hydrotalcite with thermal treatment
is shown by either the loss of, or change in shape of the typical hydrotalcite peaks
shown in Figure 5.65 as the vertical lines labelled A. There is also evidence of
metal oxides forming with thermal treatment shown in the region shaded blue.
However, it is difficult to determine what these metal oxides are due to band overlap
and poor peak intensity, which is suggestive of very small crystallites (due to the

peak broadening).
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Hydrotalcites

1: Hydrotalcite
236 42 In-situ intercalated hydrotalcite
3: oxalate intercalated

2358 hydrotalcit‘e _prepared by
re-co-precipitation

Axis length (A
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(2]
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N
w
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Figure 5.66: C-axis cell parameters for oxalate intercalated
hydrotalcites and hydrotalcite

The oxalate intercalated
hydrotalcites are interesting
in that there is no major
shift of the 003 peak when
compared to the precursor
When a

Reitveld refinement was

hydrotalcite.

performed on these

samples, the unit cell

parameters where shown to

be similar (see Figure 5.66)

with the difference in the c-axis parameter most likely being caused by differing

levels of interlayer hydration between the samples.

Further evidence of varying

hydration of the samples was shown in the TGA analysis of the materials, which

showed that the in-situ oxalate intercalated hydrotalcite and the precursor

hydrotalcite had significant hydration, while the re-co-precipitated hydrotalcite was

not as highly hydrated.

115



Removing Oxalate Anions from Bayer Process Liquors

Orientation of the oxalate anions

The intercalation of
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Angle (°20)

larger d-spacing and is a

Figure 5.67: XRD comparison of oxalate intercalated L. ]
was shown in previous
work [3, 70, 126]. The 003 and 006 peaks of this material have been highlighted by
the lines marked A in the figure (Figure 5.67) above and correspond to the
intercalation of oxalate across the interlayer spaces, as can be seen in the
representative Figure 5.68, which shows a simplified hydrotalcite layered structure

with the oxalate anions intercalated into the material.

The carbonate hydrotalcites all showed a similar d-spacing, with slight
movement of the peak being determined by the amount of hydration in the interlayer
space. The representative 003 and 006 peaks for a carbonate hydrotalcite have been

highlighted with lines marked as B in Figure 5.67.

Despite the use of two different synthesis methods, the intercalation of oxalate
into the hydrotalcite structure showed a similar diffraction pattern to the carbonate
hydrotalcite (see Figure 5.67, representation Figure 5.69), which lead to suspicion
that oxalate had not been incorporated into the structure. This was disproved using
vibrational spectroscopy and TGA. The has lead to the hypothesis that the oxalate
intercalated into the hydrotalcite is orientated along the interlayer space rather than

across it, and this is shown in representative Figure 5.70.
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Mg/Al(OH)

n

!

Figure 5.68: Representation of ~ Figure 5.69: Representation of

carbonate within the interlayer an oxalate intercalated
space of hydrotalcite hydrotalcite with oxalate M g / Al ( OH )
orientated along the interlayer n

space

Figure 5.70 Representation of
an oxalate intercalated
hydrotalcite with oxalate
orientated along the interlayer
space

Thermally activated hydrotalcites

A Reitveld refinement of the thermally activated hydrotalcites shows that there
was a significant change in the composition of the material between 17 and 24 hours
of hydration, with almost complete loss of the hydrotalcite structure between 17 and
24 hours of thermal treatment. This is supported by the XRD patterns (Figure 5.65)
which shows that the layer structure has collapsed significantly between 17 and 24
hours by the movement of the peak to around 13 °26. The presence of hydrotalcite
after both 24 and 70 hours of treatment is most likely due to the reformation of

hydrotalcite upon contact with carbon dioxide and water vapours in the atmosphere.
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Figure 5.71: Phase composition of thermally activated
hydrotalcites

The 70 hour
thermally treated material
has a similar phase
composition to the 24 hour
treated  material  (see
Figure 5.71). However,
there is a difference in
surface area (see Section
5.8.4) which is most likely

a change in morphology
over thermal treatment

time. The presence of

around 5 % hydrotalcite in each sample is most likely due to atmospheric contact

during sample handling, which is a good indicator that the thermal treatment of the

hydrotalcite does not result in a permanent change.

5.8.2 IR ANALYSIS

Infrared analysis of the various hydrotalcites can be seen in the Figure 5.72,

which shows some interesting bands, which have been highlighted and labelled.

The first of the interesting regions is in the hydroxyl stretching region of the

spectra (3000 cm™ to 4000 cm™), which shows considerable changes in the Mgs-OH

stretch (band A) between the precursor hydrotalcite and the oxalate intercalated

hydrotalcites.
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Furthermore, there is a significant change to the Mg,AI-OH stretch (band B),

N f— on /\ which is more prominent in

T TAHT 70 AN ;3 the oxalate intercalated
TAHT 24 A\

g
\ TAHT 17 | N

L/ ey
I 4
I P

y precursor hydrotalcite;
J/\WJUUL,// while the MgAl>-OH band

hydrotalcites  than  the

Absorbance ——

o / . .
/| eunecdied )\ (band C) is most prominent

in the precursor hydrotalcite

»
_ Hydrotalcite, ‘,J AL rather than the oxalate

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-?)

intercalated  hydrotalcites.

. _ _ This is suggestive that the
Figure 5.72: Infrared comparison of hydrotalcite, thermally

activated hydrotalcites and oxalate intercalated hydrotalcites inclusion of oxalate into the

interlayer spaces has

modified the order of the metal ions in the metal-hydroxide sheets.

In the thermally activated hydrotalcites, the hydroxyl stretching bands have
significantly decreased which is expected with thermal treatment. The bands have
overlapped enough that it is difficult to distinguish the individual bands from each
other. There is also evidence of a new band appearing around 3700 cm™, which is
most likely a Mg-OH band caused by the migration of protons through the metal-
hydroxide layers.

The C-O bands in the region of 1200 cm™ to 1600 cm™ also show some
interesting features. The oxalate intercalated hydrotalcites two extra C-O bands
(bands D and F) in addition to the vz carbonate band (band E). All three of these
hydrotalcites also show water bands around 1550 cm™ to 1600 cm™, which are lower
than expected due to the effect of oxalate anions (which are not marked here). There
is also evidence of extra C-O bands in the thermally activated hydrotalcites, with
bands appearing around 1500 cm™. This is suggestive of the carbonate becoming
integrated into the metal-hydroxide layers due to thermal treatment.

In the fingerprint region of the spectrum (less than 1000 cm™) there are three
bands of interest. These are the v, carbonate band around 877 cm™ (band G); the
M-OH translation around 733 cm™ (band H) and the M-O Stretching band around
634 cm™ (band ).
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In the oxalate intercalated hydrotalcites, the fingerprint region of the spectrum
is similar to the precursor hydrotalcite, which is what could be expected as the
materials are very similar, although there is evidence that the bands have been
shifted to slightly lower wavenumbers. The in-situ intercalated hydrotalcite shows

an extra C-O band at 1014 cm™ (which is not shown here).

The thermally activated hydrotalcites show considerable differences to the M-
OH bands (bands G and H) which are decreased in all three thermally activated
hydrotalcites. The major difference in the thermally activated hydrotalcites is in the
sample that had been treated for 24 hours (TAHT 24), which has an M-O stretch that
is significantly higher than the other samples and is suggestive of the material
undergoing significant structural changes. This is supported by the BET analysis of
the material.

5.8.3 RAMAN ANALYSIS

A comparison of the Raman spectra for all of the samples shows some
interesting features and can be seen below (Figure 5.73). There have been a number
of changes to the materials with thermal treatment and the insertion of oxalate into
the material.

Thermally activated hydrotalcites

ABCT EFGOHITE LM N There are some
M= thermally activated . -
"~ hdrutalcite (TAHT 70) N LN interesting changes (and
[ thermally activated
W N Ldsie (TAHT 24 A~ L some constant features)
\.‘— Fmally acl i\il (<4
= \ 1I:\'llruri:rcltn:I(T.\lHEl']7’1 A LA When |t comes tO the
% \ re-coprecipitated
£ M b drotaleite ,-.JL_, J N Raman spectra of the
E \“‘ in-sifi intercalated _’.\JU J\ H
5 N ™~ ndrotolete / A thermally activated
™
\ - | hydrotalcites. With the
| LN : “unmlcn:; ; ‘ : L
4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400 100 M-O-M Iinking bands at
Wavenumber (cm™)

470 cm™ (band M) and

Figure 5.73: Raman spectral comparison of hydrotalcite, oxalate the M-OH

intercalated hydrotalcites and thermally activated hydrotalcites stretching

modes around 549 cm™
(band L) there has been little change between the bands except for some peak
broadening with thermal treatment.
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The presence of carbonate (1060 cm™, band J) in the samples was also detected
in the 24 and 70 hour treated samples, although this is most likely due to some
reformation of the hydrotalcite precursor material upon atmospheric contact during
handling. There is also some evidence of hydrogen bonded water appearing in the

samples due to the peaks in the region below 300 cm™ (shown as region N).

By far, the biggest area of change in the samples was within the metal-
hydroxide stretching region (3000 cm™ to 4000 cm™) where there were some
changes to the Mg-OH stretch around 3660 cm™ (band A), the Al-OH stretch around
3609 cm™ (band B), the Al;-OH stretch around 3498 cm™ (band C) and the
MgAl,-OH stretch 3389 cm™ (band D).

Band C, the Als-OH stretch shows a big decrease upon thermal treatment, with
the samples treated for longer showing the greatest decrease in intensity for that
band. There is also an increase in the intensity for band D, which is the MgAl,-OH
stretch, which is suggestive of some reorientation of the atoms within the structure as
the material decomposes. The Mg-OH stretch (band A) at 3660 cm™ has become
better defined and has maintained intensity throughout the thermal treatment process,
which is a strong indication of no major changes to Mg-OH bonding within the
samples, which would be consistent with the formation of brucite. The metal-
hydroxide stretching region has also broadened at lower wavenumbers, which is
suggestive of an Mg,Al-OH band becoming more intense and broadening (although

it is not shown in Figure 5.73).

Oxalate intercalated hydrotalcites

The oxalate intercalated hydrotalcites show some interesting changes in the
hydroxide stretching region (3000 cm™ to 4000 cm™), mostly with decreases in
intensity for the Al3-OH (band C) and MgAIl,-OH (band D) stretches, which
indicates that the inclusion of oxalate has changed the bonding between the metal

ions in the brucite-like sheets.
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There have also been some changes in the region between 1000 cm™ and
1500 cm™, where a number of new carbon-oxygen bonds appear in positions around
1550 cm® (band G), 1440 cm? (band H), 1220 cm™ (band ),
1060 cm'l (band J) and 880 cm™ (band K). Apart from the C-O band around
1060 cm™ (band J), which is present in the precursor hydrotalcite and can be linked
to carbonate, the other bands (bands G, H, I and K) are unique to the presence of the

oxalate anions within the sample.

The two oxalate intercalated hydrotalcites also show clear evidence of
interlayer water molecules being present through the two bands centred around
1600 cm™ (bands E and F). The much higher intensity of the two water bending
modes (bands E and F) for the in-situ oxalate intercalated hydrotalcite is suggestive
of a higher level hydration within that sample, which is supported by the TGA data

for the two samples.

5.8.4 NITROGEN ADSORPTION/DESORPTION ANALYSIS
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Figure 5.74: Surface area comparison of hydrotalcites, thermally ~ larger size of the oxalate
activated hydrotalcites and oxalate intercalated hydrotalcites .

anion when compared to

the carbonate anion. The in-situ intercalated hydrotalcite has a higher surface area

than the re-co-precipitated hydrotalcite, which is also suggestive of some oxalate

being adsorbed onto the surface of the material.

The thermally activated hydrotalcites show an increase in surface area when
compared to the precursor hydrotalcite for up to 24 hours of treatment, while the 70
hour thermally treated sample shows a decreased surface area when compared to the
precursor material. This suggests that the 24 hour thermally treated samples would

make better adsorbents than materials treated for 70 hours at 280 °C.
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Chapter 6: Results and Discussion:
Adsorption Studies

6.1 CHEMISTRY AT THE HYDROTALCITE SURFACE
6.1.1 HYDROTALCITE STRUCTURE

Hydrotalcite has a unit cell that conforms to the rhombahedral R3m space
group which group together to form
hexagonal crystallites, such as those
seen in Figure 6.1. This structure is
similar to the brucite (Mg(OH),) crystal
structure; however some of the
magnesium atoms in the structure are

dislocated by aluminium to give a net

200nm

positive charge for the metal hydroxide

Figure 6.1: TEM image of hydrotalcite precursor

material at 120 kx magnification sheets.

STRUCTURE ON THE FACE OF THE CRYSTALS

The distribution of adsorption sites across the face of the hydrotalcite crystal
is going to be a regular, repeating pattern across the hexagonal face, as determined
by Sideris et al. [59] by multinuclear NMR. This regular distribution of adsorption
sites results in an evenly distributed positive charge across the layers allowing for the
formation of a regular adsorption surface and adsorption sites with a uniform
distribution. This can be seen in Figure 6.2 below, which shows the ordered
arrangement of the aluminium cation disorders in the hydrotalcite structure which
forms the basis for a regular, repeating pattern of hexagons similar to that of
honeycomb (red hexagon).
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STRUCTURE OF THE CRYSTAL EDGES
The hydrotalcite structure at

the edge of the crystals is

significantly different and has an
impact on the availability of

..A..

YY YO
AA

I YY 1

: AA

T NEDY O Y

500 00X
Y

adsorption sites. The electrostatic
interactions  between  hydroxide
groups bonded to the metal atoms
results in hydroxide groups hanging
off of the edge of the crystal. This in

turn leads to hydroxide groups to be

-
@ uminium ion hanging off the edge of the crystal
Omiagnesium ion into empty space and results in a

partial negative charge at the edge of

Figure 6.2: Diagram showing cation ordering in

hydrotalcite the crystal.

IMPLICATIONS FOR ADSORPTION

When the crystal structure of hydrotalcite is considered there are some
significant implications for adsorption. This first consideration is the uniform
distribution of aluminium dislocations throughout the surface. This uniform

distribution of aluminium atoms results in a uniform distribution of adsorption sites.

6.1.2 ADSORPTION AT THE HYDROTALCITE SURFACE

SORBATE ORIENTATION

When considering surface area calculations using the adsorption data
(S = q.NQ) (Equation 3.5), sorbate orientation is an important consideration.
With oxalate anions, there are three possible orientations in which they can be
adsorbed. The first orientation is for the oxalate to be lying flat along the

hydrotalcite surface, as shown in Figure 6.3.
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Figure 6.3: Diagram depicting oxalate adsorbed
on hydrotalcite lying flat
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Figure 6.4: Diagram representing oxalate
adsorbed to hydrotalcite lying on its side

CO@OC@OO

@Aluminium ion  @Carbon atom
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Figure 6.5: Diagram representing oxalate
adsorbed to the surface of hydrotalcite in a
“standing” orientation

This orientation is going to give
the largest possible surface area when
The
second possible orientation is for the

the surface area is calculated.

oxalate anions to be lying on their sides
along the surface of the hydrotalcite
(Figure 6.4) while the third possible
orientation is for the oxalate anions to
be standing upright at the surface of the
material (Figure 6.5), which gives the

smallest possible surface area.

When
orientation that oxalate is most likely to
take it

considering the likely

during  orientation, was
considered to be most appropriate to
consider the orientation that would give
the largest possible surface area, the
oxalate anions lying flat along the
hydrotalcite surface. This is based upon
the assumption that laying the oxalate
flat does not

anions mask any

adsorption sites.
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In reality, all three orientations are going to
be represented although a random orientation is
unlikely. The more likely scenario is that all three
orientations are going to be represented given the

following considerations:

1. On the hexagonal surface of the

hydrotalcite (area 1 on Figure 6.6), the oxalate

Figure 6.6: 3D representation ofa  anions are most likely to be orientated so that they
hydrotalcite crystal highlighting ) . )

possible adsorption areas are standing up (Figure 6.5), with the second

negative charge being cancelled by sodium ions.

2. On the edge of the hydrotalcite
crystal (area 2 on Figure 6.6), there is likely to be no adsorption at all due

to negative hydroxyl groups hanging into space.

3. On the surface of the hydrotalcite crystals near the edge (area 3 on
Figure 6.6), the orientation of the oxalate anions is most likely to be a
combination of oxalate lying flat or on its side (Figure 6.3 and Figure 6.4).

SOLUTION PH

There has been substantial debate on what effect solution pH has on adsorption
capacity, however Goh, Lim and Dong [90] suggest that adsorption capacity
generally deacreases as the solution pH increases. This is an effect caused by
competitive adsorption of hydroxide anions onto the positive surface of the

hydrotalcite.

At the point of zero charge (pzc) the surface charge of the hydrotalcite is
cancelled out by the hydroxide ions binding to and smothering the charged areas,
resulting in no adsorption. Although the pzc varies for different hydrotalcites, the
pzc of hydrotalcite is generally accepted to be around pH 12 for an Mg/Al ratio of
3:1 [127]. For this reason, the pH of the adsorption solutions becomes a factor. For
solutions with a higher pH, the adsorption capacity of hydrotalcite is likely to
decrease as they hydroxide concentration increases and provides more competition to

the sorbate anions for adsorption sites.
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6.2 HYDROTALCITE ADSORPTION STUDIES

6.2.1 OXALATE ADSORPTION ONTO HYDROTALCITE

The oxalate adsorption studies showed a couple of interesting points. The plot

of ge Vvs. C. (See Figure 6.7) shows a gradual increase in adsorption. The Langmuir

adsorption isotherm shows the first anomaly, as it is curved and impossible to

determine a reasonable fit (Figure 6.8). This was seen as a clear indication that the

adsorption of oxalate by hydrotalcite definitely is not driven by an equilibrium

process and that adsorption sites are not equivalent [72, 74, 83-85].
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Figure 6.7: Plot of g, vs. ¢, for the adsorption of oxalate

by hydrotalcite
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Figure 6.8: Langmuir adsorption isotherm for the

adsorption of oxalate by hydrotalcite

The application of the
Freundlich adsorption isotherm
to the data (Figure 6.9) shows a
good fit (R* = 0.9421) and is a
clear indication that the
adsorption of oxalate onto the
surface of hydrotalcite is a
concentration driven  process
[74, 80, 81] and that there is a
distribution of energy levels for

the adsorption sites.

It was possible to use the
Freundlich model to calculate
the  Freundlich  adsorption
constant  (kg), which  was
determined to be 1.52 + 0.08 and
also to determine the adsorption
intensity  (1/n) which  was
calculated to be 1.43 £ 0.08 and

is indicative of homogeneous adsorption and indicative of the adsorption sites being

energetically equivalent.
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y = 1.4305x - 1.5184
R2=0.9421
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Figure 6.9: Freundlich adsorption isotherm for the
adsorption of oxalate by hydrotalcite
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Figure 6.10: Polyani plot for the adsorption of oxalate by
hydrotalcite
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Figure 6.11: Plot of 1/q. vs. 1/c, for the adsorption of
oxalate by hydrotalcite

It was possible to calculate
the adsorption capacity using the
Polyani potential plot (Figure
6.10) which had a
correlation factor (R* = 0.9892)

and gave a theoretical adsorption

strong

capacity of 63.6 + 0.7 mg/g.
The adsorption energy was also

calculated from the D-R
isotherm to be
3.82 + 0.04 kJ/mol, which

indicates that the adsorption of
oxalate by hydrotalcite is a
physical rather than a chemical
process [88, 89]. This indicates
that the oxalate anions are very
weakly bound to the surface of

the hydrotalcite.

When the adsorption data

for the equilibrium
concentrations above 60 mg/L
are fitted to the Langmuir model,
it is possible to use them to
determine the theoretical
adsorption capacity using the
plot of 1/qe vs. 1l/ce, (Figure
6.11)

correlation

which  has a good

coefficient

(R? = 0.9693) and gives a calculated theoretical adsorption capacity of 57 + 2 mg/g.

From the theoretical adsorption data (using the Polyani potential calculations)

it was possible to determine the active surface area of the hydrotalcite using

Equation 3.5, which was calculated to be 101 + 1 m?/g
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6.2.2 CARBONATE ADSORPTION ONTO HYDROTALCITE

The use of fully included hydrotalcite (hydrotalcite that has carbonate in the

interlayer spaces) for the adsorption of carbonate was also examined (Figure 6.12).

The initial data showed that there was an anomalous result around 80 ppm carbonate

equilibrium concentration (c,), resulting in that particular data point being removed

as an outlier and the models being fitted accordingly.
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Figure 6.12: Plot of g vs. ¢, for the adsorption of

carbonate by hydrotalcite
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Figure 6.13: Langmuir adsorption isotherm for the

adsorption of carbonate by hydrotalcite

The Langmuir adsorption
isotherm (see Figure 6.13) is
similar in nature to the oxalate
adsorption data (Figure 6.8) in
that there is no fit to a linear
trend. This is a clear indication
that in this case, the adsorption
sites are not energetically
equivalent and other models,
such as the  Freundlich
adsorption model need to be

considered.

The Freundlich adsorption
isotherm (see Figure 6.14)
shows a good fit to a linear trend
(R? = 0.9452). (The apparent
curvature of the plot is a
common  artefact of the
treatment of the data [74, 80, 81,

85]). From the fit of the Freundlich adsorption model, the Freundlich constant was

calculated to be -3.9 + 0.2 and the adsorption intensity was determined to be 2.4 +

0.1, which is again indicative of homogeneous adsorption, which means that there is

essentially no energy distribution of adsorption sites.
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Figure 6.14: Freundlich adsorption isotherm for the
adsorption of carbonate by hydrotalcite
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Figure 6.15: Polyani plot for the adsorption of carbonate

by hydrotalcite
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Figure 6.16: Plot of 1/q. vs. 1/c, for the adsorption of
carbonate by hydrotalcite

The Polyani plot was used
to calculate the adsorption
capacity (Figure 6.15) and the
plot showed a good correlation to
a linear trend (R®> = 0.9499) and
gave a theoretical maximum
adsorption capacity of 34 + 2
mg/g. Although there was a good
fit of a linear trend to the plot of
1/9e vs. 1/ce, (see Figure 6.16, R
= 0.9796) the intercept was
negative and the theoretical
adsorption capacity was
calculated to be -5.0+£0.1 mg/g.
This is most likely due to the plot
of 1/qe vs. 1/c. being related to the
Langmuir adsorption isotherm.
Due to the non-fit of the
Langmuir model, the theoretical
maximum adsorption capacity of

-5.0 mg/g can be disregarded.

The active surface area was
calculated from the theoretical
maximum adsorption capacity
calculated by the Polyani plot and
it was determined to be 44 + 2
m?/g using Equation 3.5 and a
cross sectional area of 1.9x10™°

m? for carbonate. The Polyani plot was also used to determine the energy of

adsorption, which was found to be 2.6 £ 0.1 kJ/mol, which is clearly indicative of

physiosorption being the dominant process, which suggests that carbonate anions are

loosely adsorbed to the surface.
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6.2.3 ADSORPTION FROM MIXED OXALATE/CARBONATE SOLUTIONS ONTO

HYDROTALCITE

The use of hydrotalcite as an adsorbent for mixed oxalate/carbonate solutions

(such as a Bayer liquor) is a novel application for adsorption. The combined plot of

40
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Figure 6.17: Plot of g, vs. ¢, for hydrotalcite adsorption
from a combined oxalate/carbonate solution
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Figure 6.18: Langmuir adsorption isotherm for
hydrotalcite from a combined oxalate/carbonate solution
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Figure 6.19: Freundlich adsorption isotherm for
hydrotalcite from a mixed oxalate/carbonate solution

disregarded.

Je VS. Ce (Figure 6.17) shows
that the adsorption of a mixed
oxalate/carbonate  solution s
complex. The first point of
interest that it shows is that the
adsorption of oxalate slowly
increases as the overall solution
concentration increases.  The
second thing that it shows is that
the initial  adsorption  of

carbonate (and consequently

overall  adsorption) is not
consistent until around 220
mg/L, after which the adsorption
rapidly increases. An

examination of the error
(standard error, represented by
red bars) of these points shows
that it is possible that for the
concentrations under 220 mg/L
that the adsorption may be

consistent.

The combined Langmuir
isotherm (Figure 6.18) shows
that the oxalate adsorption is not
to fit the

likely Langmuir

adsorption model unless the

point around 80 mg/L is

It also suggests that the carbonate and overall adsorption isotherms

show a possible fit to the Langmuir adsorption model.
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Figure 6.20: Polyani plot for hydrotalcite adsorption from
a mixed oxalate/carbonate solution
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Figure 6.21: Combined plot of 1/ge vs. 1/ce for
hydrotalcite adsorption from a mixed oxalate/carbonate
solution
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Figure 6.22: Langmuir adsorption isotherm for the
adsorption of oxalate from an oxalate/carbonate mixture
by hydrotalcite

The combined Freundlich
isotherm (Figure 6.19) shows
that once again, with the
exception of the point at lowest
concentration,  the  oxalate
isotherm is likely to have a good
fit, while the carbonate and total
adsorption isotherms show a
distinct “kick” upwards at higher
concentrations, making the
applicability of the Freundlich
adsorption isotherm doubtful in

those cases.

The combined Polyani plot
(Figure 6.20) shows that none of
the adsorption plots are very
likely to fit, due to their “kick”
upwards at higher concentration.
Meanwhile,  the  combined
1/ge vs. 1/ce plot (Figure 6.21)
shows that the total adsorption
and carbonate adsorption are
likely to fit a linear trend, while
the low concentration point of
the oxalate adsorption line

appears to be an outlier.

132



Removing Oxalate Anions from Bayer Process Liquors

x
-
[y = 2.2523% - 4.3717] _-7
R2= 0.9376 "
7T %
1.
-7 X
_-
rd - -
rd - -
200 205 210 215 220 225 230 235 240
Logc,

Figure 6.23: Freundlich adsorption isotherm for the
adsorption of oxalate from an oxalate/carbonate mixture

by hydrotalcite
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Figure 6.24: Plot of 1/ge vs. 1/ce for the adsorption of
oxalate by hydrotalcite from a mixed oxalate/carbonate

solution
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Figure 6.25: Langmuir adsorption isotherm for the
adsorption of carbonate by hydrotalcite from an

oxalate/carbonate mixture

The application of the
Langmuir adsorption isotherm to
the data
(excluding the outlying point at
80 mg/L,

shows a decreasing trend with a

oxalate adsorption

see Figure 6.22)

strong correlation to a linear
model (R® = 0.934). This
suggests that the use of the
Langmuir adsorption model to
explain the adsorption of oxalate
in this instance is not applicable
and this supports the theory that
the Freundlich model is a more
applicable explanation of the
by
hydrotalcite (see Section 6.2.1).

adsorption  of  oxalate
From the Langmuir adsorption
isotherm, it was also possible to
calculate  the energy  of
adsorption, which was calculated
to be -1.9 + 0.1 kJ/mol. This
value implies that adsorption is
an endothermic process in the
from

case of competition

carbonate ions.
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When the Freundlich adsorption isotherm is applied to the adsorption data
(with the exception of the point at 80 mg/L, see Figure 6.23), there is a strong
correlation to a linear model (R? = 0.9376). The Freundlich adsorption constant (kF)
was calculated to be -4.0 + 0.3 and the adsorption intensity (1/n) was calculated to be

2.3 = 0.1, which clearly indicates that the adsorption sites have little or no energy

distribution.

02 The plot of 1/ge vs. 1/ce for
0.18 4
016 1 oxalate (Figure 6.24), once the
0.14 4 R?=0.5234 .
o2 1% X outlier was removed showed a
2 M ARy T e — o i(___

= 000'; 1 + """ very strong correlation
006 1 (R? = 0.9839) to a linear model
0.04 1
002 | and allowed the calculation of a

0.004 0005 0006 0007 0008  0.009 0.01 theoretical adsorptlon capacity
1/c,

of 3.61 £ 0.06 mg/g, using the
Figure 6.26: Plot of 1/g. vs. 1/c, for the adsorption of .
carbonate by hydrotalcite from a mixed oxalate/carbonate  absolute value for the intercept.

mixture
For the carbonate
16
* P adsorption data, there is an
14 4 ’,’
e * outlier around 240 mg/L. Once
12 4 P
" x /’l‘/’ the outlier is removed, there is a
S e V= 0.0516% + 2.4347 .
N e very strong adherence to a linear
N + trend (R®> = 0.9568) for the
. Langmuir adsorption isotherm
100 125 150 175 200 225 250 . .
¢, (mg/L) (Figure 6.25). This allows for
Figure 6.27: Langmuir adsorption isotherm for the calculation of the Langmuir

hydrotalcite adsorption from an oxalate/carbonate mixture .
v P constant  (k.), which was

determined to be -0.47 £+ 0.02 and the energy of adsorption, which was calculated to
be -36 £ 2 kJ/mol. This indicates that the adsorption of carbonate onto the
hydrotalcite surface is chemisorption rather than a physiosorption and that it is
endothermic. This chemisorption is most likely an effect of the presence of oxalate
in the adsorption solution. The separation factor (kr) was also calculated and it was
found to be -8.9 + 0.3 x10%, which suggests that adsorption may be irreversible.
There was poor fit to a Freundlich adsorption isotherm (R? > 0.5) which is strongly

suggestive of Freundlich adsorption not being applicable in this case.
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Figure 6.28: Freundlich adsorption isotherm for
hydrotalcite adsorption from a mixed oxalate/carbonate
solution
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Figure 6.29: Plot of 1/qg. vs. 1/c, for total adsorption of
hydrotalcite from a mixed oxalate/carbonate solution
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Figure 6.30: Polyani plot for adsorption by hydrotalcite
from a mixed oxalate/carbonate mixture

The plot of 1/ge vs. 1/ce
6.26) for the
adsorption of carbonate showed

(see Figure

a poor fit to a linear trend (R? =
0.5234).
for the

However, it allowed
calculation of a
theoretical adsorption capacity
of the hydrotalcite, which was
calculated to be 7 = 3 mg/g,
which is much lower than was
expected. This may be due to a
pH effect, which is discussed

further below.

For the overall adsorption
data, the fitting of the Langmuir
(R? = 0.8204) and Freundlich
(R> = 0.7719)

isotherms  were, at  best,

adsorption

moderate (see Figure 6.27 and
Figure 6.28). The fact that these
fits are only moderate is most
likely due to the oxalate and
carbonate
different

adsorptions  fitting

adsorption  models,
with oxalate fitting a Freundlich
adsorption model (Figure 6.23)
while carbonate fits a Langmuir
adsorption model (Figure 6.25).

This is most likely due to a co-

adsorption effect of using ions with similar sizes and charge densities, which might

result in variation in adsorption behaviour.
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It was also possible to calculate the theoretical maximum adsorption study of
the hydrotalcite using the plot of 1/ge vs. 1/c. (R? = 0.8018, see Figure 6.29) which
gave a theoretical maximum adsorption capacity of 32.57+6.46 mg/g while the
Polyani plot (R? = 0.7602, see Figure 6.30) gave a theoretical maximum adsorption
of 30.87+7.40 mg/g.

6.2.4 EFFECT OF pH ON ADSORPTION

From the theoretical maximum adsorption capacities (see Table 6.1), it is clear

that the adsorption of oxalate from an oxalate solution is most efficient while the

m adsorption of carbonate and the

1047 B/E_B\S\H\B overall adsorption from the

:Z /A\A/e\ mixed solution are similar.
9 When considering the pH of the

-Oxalate adsorption solution \A\_’A/A
k=2

Initial solution pH

8.5 1 -&-Mixed oxalate/carbonate

N aoonsouton initial ~ adsorption  solutions,

75 W shown in Figure 6.31(with the

! ' i ' ' i i ' initial  solution  concentration
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decreasing in series from A-G),

Figure 6.31: Plot of initial pH of adsorption solutions it is clear that the adsorption

capacity of the material decreases as the pH increases towards the point of zero
charge. However, it is also clear that the adsorption from the mixed solutions should
also be theoretically higher than the adsorption from the carbonate solutions. This
suggests that co-adsorption of oxalate and carbonate has an effect on not only the
way hydrotalcite adsorbs, but also on how much material the hydrotalcite can adsorb,

meaning that adsorption of oxalate from synthetic Bayer liquor is not viable.

6.25 HYDROTALCITE ADSORPTION SUMMARY

From the hydrotalcite adsorption studies, which are summarised in Table 6.1
below, it was found that the single solution adsorption studies followed a Freundlich
adsorption isotherm rather than a Langmuir adsorption isotherm, which is suggestive

of adsorption capacity being controlled by concentration.
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However, describing adsorption from the mixed oxalate/carbonate solutions

could be described almost as well by the Langmuir adsorption isotherm as the

Freundlich adsorption isotherm, with the exception of the carbonate component of

the solution which did not fit a Freundlich adsorption isotherm. This is indicative of

a change in adsorption as the solution becomes more complex.

Solution
Model/Plot | Parameter Oxalate | Carbonate oxalate/carbonate Mixture
C,0,” CO5” Total
S Fit (R?) No Fit No Fit 0.934 0.9568 0.8204
= k ~ ~ 0.011 | -047 = | 041+
S - +0.001 0.02 0.07
=z E Adsorption
; = Energy - -- -19+01| -36 £2 13 £2
g2 (kJ/mol)
% Separation B B 0.28 = -0.0089 | 0.010 +
- Factor (kgr) 0.02 =+ 0.0003 0.001
Fit (R%) 0.9421 0.9452 0.9372 No Fit 0.7714
5S¢ 152 + -0.35 +
? ELE ke 0.08 -39+02|-44+03 - 0.08
3378 1n 143 +
T 82 |(adsorption| 70~ | 24401 | 23%=01 - 0.7 +0.1
intensity) 0.08
& Fit (R%) 0.9693 - - 0.5234 0.8018
= & Theoretical
S - maximum
89 adsorption 57+2 -- -- 7+3 33+6
- (mg/g)
Fit (RY) 0.9898 0.9499 0.7718 No Fit 0.7602
= Theoretical
o Maximum | 636407 | 34+2 12+3 - 31+7
= adsorption
S (mg/g)
2 Adsorption 382 +
energy .O 04_ 2601 | 1704 -- 24 £ 0.6
(kJ/mol) '
Theoretical Surface | 1) 4 | 4449 |57+01| 11+5 | 50+ 10

Area (m?/g)

Table 6.1: Summary of hydrotalcite adsorption data

In general, the use of the plot of 1/ge vs. 1/ce (which is based on the Langmuir

adsorption model) was not a great method of describing adsorption capacity as the

carbonate adsorption solution data and the oxalate component of the mixed

oxalate/carbonate did not fit a Langmuir adsorption isotherm.
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The Polyani plots could be applied to all but the carbonate component of the
mixed oxalate/carbonate solutions and the -calculated theoretical maximum

adsorptions were reasonable in that they reflected the trends in the adsorption data.

From the adsorption data, it is clear that the single component adsorption of
oxalate and carbonate fits the Freundlich adsorption model and that the Langmuir
adsorption model is not applicable. When adsorption from mixed oxalate/carbonate
systems is examined, it is clear that the co-adsorption has a major effect, as neither
the Freundlich nor the Langmuir adsorption models fit very well.

The error bars for the adsorption plots were calculated by finding the standard
errors for material adsorbed (qe) and the analyte concentration at equilibrium (ce).
From the calculation of standard errors, it was found that the vertical error bars (ge)
was proportionally larger than horizontal error bars (c,) for carbonate adsorption. It
was determined that relationship of the vertical error to the horizontal error is
defined by:

Ce
Eq., = Ec, X (—)

de

Equation 6.1: Relationship between the vertical and horizontal error bars

6.2.6 THEORETICAL MODEL TO DESCRIBE ADSORPTION FROM
OXALATE/CARBONATE SOLUTIONS BY HYDROTALCITE

From the data it is possible to propose a model to describe the adsorption at the
hydrotalcite surface. The fact that both the Langmuir and Freundlich adsorption
models are in some way applicable to an extent implies that not only is there a
distribution of energy levels for the adsorption sites (governed by the applicability of
the Freundlich adsorption isotherm). However, the adsorption intensity of 0.7 + 0.7
suggests that adsorption is heterogeneous. Furthermore, the applicability of the
Langmuir adsorption model suggests that the energy distribution of the active sites is

Very narrow.

From this information, it is proposed that carbonate adsorption fills the lower
energy adsorption sites, which explains why the carbonate component of the solution
adheres to a Langmuir adsorption model. It is proposed that this occurs because

carbonate is slightly smaller and has a higher charge density.
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The adsorption of the oxalate component follows a Freundlich adsorption
isotherm, which corresponds to oxalate filling the higher energy adsorption sites, due

to the larger size and slightly lower charge density of the oxalate anion.

6.3 THERMALLY ACTIVATED HYDROTALCITE ADSORPTION
STUDIES

6.3.1 OXALATE ADSORPTION BY THERMALLY ACTIVATED HYDROTALCITES
Reformation studies of thermally activated hydrotalcites in oxalate solutions
show that there are a number of processes that occur in the reformation process,
which can be seen in Figure 6.32. The first of these processes is the reformation of
the hydrotalcite structure, which involves the rapid absorption of oxalate anions from
the solution, which occurs within the first 20 minutes of contact. The second phase
of the reformation is the adsorption of oxalate anions up until the time of maximum

uptake around 70 minutes, which is then followed by a process of desorption and

Time | Average | Time | Average replacement of the oxalate anions by

(Min) | gt (mg/g) | (Min) | g:(mg/g) | carbonate anions up until 170 minutes,
0 0 100 80.2

10 68.1 110 841 followed by what could be considered

20 72.7 120 80.5 the start of ion exchange between oxalate

30 71.6 130 79.0 and carbonate anions in the solution. It

40 76.8 140 80.7

50 80.3 150 77.2 could be expected that the ion exchange
60 | 839 [ 160 | 767 | will continue until equilibrium is
70 86.2 170 78.2

80 82.2 180 62.2 reached.

90 84.1

Table 6.2: Adsorption data for oxalate
adsorption by TAHT in air

The adsorption of oxalate at the
point of maximum uptake, as determined from the data (see and Table 6.2), is 86.2 +
0.4 mg/g thermally activated hydrotalcite after 70 minutes. The active surface area
was calculated to be 136 + 1 m?/g using Equation 3.5. This is slightly higher than

that calculated for hydrotalcite.

The kinetics of adsorption were studied in order to gain an understanding of
the adsorption processes involved. The Lagergren plot, which correlates to first
order kinetics (rate of adsorption is independent of concentration) does not fit the
expected linear model, which shows that the reformation of the thermally activated

hydrotalcite does not follow a first order kinetic model.
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Maximum uptake

The plot of qi vs t (Figure
t

120 4

6.33) shows excellent correlation
(R? 0.9932) between the plotted

data and the 2™ order Kinetics

100 4

80 1

g (mg/g)

60 4

f
Desorption/replacement
of interlayer oxalate

7 model
20 - [Rapid reformation/adsorption ] . 1 1
(— =—+ (—) t) which allows
0 - - - qc k207 \de
0 50 100 150 200 .
Time (minutes) for the calculation of g and k.

Figure 6.32: Plot of oxalate adsorption (q;) vs. Time for From the slope of the trendline,

thermally activated hydrotalcite in oxalate solution the theoretical adsorption capacity
12 at equilibrium is 78.7 £ 0.5 mg/g
1 while the intercept yields a k, of
08 1 - -1.4 + 0.1x102 mg/g/min.
506 - - ] .
% X The Elovich plot (Figure
0.4 1 . -
/,%" _ 6.34) for the first 70 minutes (to
o e the point of maximum adsorpti
. . . . . . . . p ption)
P e e | shows a moderate correlation (R*

0.8666) to the model and gives an

Figure 6.33: plot of o US t for thermally activated initial adsorption rate (a) of
hydrotalcite in oxalate solution ) .

45 + 6 mg/g/min and a desorption

130

constant (B) of 9 £ 1 mg/g/min.

120 A
110 A [y = 9.1294x + 44.994 -
100 - R? = 0.8666 From the Elovich and
S g9 t .
2 % y X — vst plots, the reformation of
;80- __—-)’-)(— qdt
0d l __--- -TT X .
- the thermally activated
60
50 - hydrotalcite appears, in oxalate
40 -
2 25 3 35 4 45| solution, to follow a second order

In(t)

kinetics model, suggesting that
Figure 6.34: Elovich plot to maximum adsorption of . .
thermally activated hydrotalcite in oxalate solution the rate of reformation is

dependent on concentration.

The plot of g.vs v/t does not form a linear relationship passing through the origin
showing that intraparticle diffusion does not play a part in the reformation of

thermally activated hydrotalcite in oxalate solutions.
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6.3.2 OXALATE/CARBONATE ADSORPTION BY THERMALLY ACTIVATED
HYDROTALCITE

From the adsorption data (Table 6.3 and Figure 6.35), it is clear that there is a
preference of thermally activated

60.0 6.0
00— - e L s hydrotalcite for carbonate, with
gm ] * ; >k . 2| the maximum adsorption capacity
5200 ***** ><' *,JP/ % 3,0'52”; with respect to carbonate being
; H Oxalate adsorption M ® .
£ 200 14 ’IL\.," “ x 08| 48 = 2 mg/g thermally activated
c i VSR N :
S a0 g F A xR X 10| hydrotalcite within a 20 minute
" \ / ! \ ! / - -
00 % X el X |, contact time and the adsorption
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (minutes) capacity for oxalate being

Figure 6.35: Plot of g; vs t for the adsorption thermally 3 £ 1 mg/g thermally activated

activated hydrotalcite in an oxalate/carbonate solution 90 minutes

hydrotalcite after
contact time. The overall active surface area for the thermally activated hydrotalcite
was calculated to be 97 + 14 m?/g, which is again slightly higher than uncalcined

hydrotalcite.

The maximum adsorption of the system was determined to be 49 + 3 mg/g at

20 minutes of contact time, followed quickly by establishment of equilibrium.

Time Oxalate | Carbonate Total Due to co-adsorption
(minutes) | Adsorption | adsorption | Adsorption | effects resulting in oxalate
(mg/g) (mg/g) (mg/g) . .

0 0.0 0.0 0.0 adsorption being extremely
10 0.7 46.0 46.7 variable, it was impossible to
20 0.7 48.4 49.1 . .
30 02 313 315 determine any of the Kinetic
40 1.3 33.7 35.0 parameters of the system.

50 0.3 32.3 325
60 0.9 34.0 34.9
70 0.1 33.9 34.0
80 1.3 42.9 44.2
90 2.8 32.0 34.8
100 1.9 35.1 37.0
110 0.2 27.4 27.7
120 1.3 30.3 31.6
130 2.0 41.3 43.3
140 1.5 29.8 31.4

Table 6.3: Adsorption data for thermally activated
hydrotalcite in an oxalate/carbonate mixture
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There are some differences between the adsorption of an oxalate/carbonate
mixture by thermally activated hydrotalcite and the adsorption of oxalate using the
same method. The first noticeable difference is that after fast initial reformation, the
adsorbed carbonate quickly appears to establish equilibrium around 33 £ 1 mg/g
adsorbed carbonate for the first 70 minutes (Figure 6.35). After this time, although
there is variation in the adsorbed carbonate, this is most likely random scatter. It was
impossible to determine the adsorption kinetics of the system with certainty due to
the rapid reformation of the thermally activated hydrotalcite to hydrotalcite and that

the sampling interval was ten minutes.

For the oxalate component of the system, the oxalate adsorption is low with the
maximum adsorption being 3 £ 1 mg/g oxalate at 90 minutes contact time. Because
the adsorption of oxalate is so low with such a high variance, the adsorption of
oxalate in this system is probably due to ion exchange and the establishment of

equilibrium.

142



Removing Oxalate Anions from Bayer Process Liquors

6.3.3 SUMMARY OF THERMALLY ACTIVATED HYDROTALCITE ADSORPTION

For the thermally activated hydrotalcites, it was possible to determine some
parameters for thermally activated hydrotalcites in contact with oxalate solutions.
However, when thermally activated hydrotalcites were placed in contact with mixed
oxalate/carbonate solutions, it was impossible to sample at intervals capable of

giving meaningful results.

Oxalate Mixed Solution
Oxalate | Carbonate | Total
MEPTLLR Aee e 862+04 | 3+1 48+2 | 49+3
__(mg/g)
Active Sugface Area 136 + 1 . . 97 + 6
(m“/g)
Lagergren Kinetic Model - - - --
_ R’ 0.9932 - - -
g < 78.7£0.5
o2 (mg/g) T
g Ko -14+0.1 _ _ __
(mg/g/min) x1072
R 0.8666 - - -
c 8- o
O .= O _ _ -
>%3 (mg/g/min) 45+6
V= p 9+1 - - -
(mg/g/min) B
Intraparticle diffusion kinetic . . _ .
model

Table 6.4: Summary of thermally activated hydrotalcite adsorption

However, it was determined that the use of thermally activated hydrotalcites
had an oxalate uptake of 86.2 + 0.4 mg/g hydrotalcite and adhered to second order
kinetic models, as shown in Table 6.4 above. For oxalate pick-up from a mixed

oxalate/carbonate  solution, maximum oxalate up-take was determined
experimentally to be 3 = 1 mg/g while the overall uptake was 49 + 3 mg/g, which is

significantly less than the uptake from an oxalate solution.

The error bars used in the kinetic adsorption plots were calculated using the
standard error method. The error bars were found to be relatively large due to
significant tailing of the oxalate TOC peaks, which is due to the decomposition of

oxalate in the TOC being kinetically hindered.
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Chapter 7: Conclusions and
Recommendations

7.1 AIMS & OBJECTIVES

7.1.1 DEVELOPING AHYDROTALCITE THAT HAS BEEN SUCCESSFULLY
INTERCALATED WITH OXALATE FOR CHARACTERISATION AND ANALYSIS

Oxalate intercalated hydrotalcites were prepared through the use of in-situ
intercalation (Section 5.5) and the use of the re-co-precipitation technique (Section
5.6). Both methods were shown to be successful at intercalating oxalate into the
interlayer spaces of hydrotalcite, and this is supported by the evidence of X-ray
diffraction and infrared analysis. For the first time, Raman analysis (Section 5.5.3)
and infrared emission spectroscopy (Section 5.5.4) have been used to characterise
hydrotalcite. Furthermore, the first theory to describe the thermal stability of oxalate
intercalated hydrotalcite has been proposed (Section 5.55 and summarised in
Section 7.2.1).

7.1.2 PREPARING AND CHARACTERISING HYDROTALCITE SO THAT THE
ADSORBENT, ABSORBENT AND ION EXCHANGE PROPERTIES CAN BE
EXAMINED

Hydrotalcite was prepared by the use of the co-precipitation method and
characterised using X-ray diffraction, infrared, Raman and infrared emission
spectroscopy; along with thermogravimetric analysis, BET Analysis, SEM and TEM
imaging (see Section 5.1). The analysis of these materials shows the typical

behaviour of hydrotalcites of the same composition reported in the literature.

7.1.3 TESTING THE ADSORPTION, ABSORPTION AND ION EXCHANGE PROPERTIES
OF THESE MATERIALS TO UNDERSTAND THEIR PHYSICAL BEHAVIOUR

The adsorption properties for hydrotalcite and thermally activated hydrotalcites
were performed on aqueous oxalate solutions and aqueous oxalate/carbonate
mixtures. From the adsorption data, it was determined that neither hydrotalcite nor
thermally activated hydrotalcites would be appropriate adsorbents for the removal of

oxalate anions from Bayer Process liquors.
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7.1.4 MODELLING THE BEHAVIOUR OF THESE MATERIALS IN ORDER TO GAIN AN
UNDERSTANDING OF THE SURFACE CHEMISTRY OF THESE MATERIALS FOR
POTENTIAL FURTHER STUDY INTO THE PREPARATION OF FUTURE ANION
ADSORBENTS

It was possible to test some of the adsorption models for the adsorption of
oxalate by hydrotalcite and thermally activated hydrotalcite. From the adsorption
data, it was shown that both Freundlich and Langmuir adsorption models can be used
to determine the adsorption properties of hydrotalcite. For thermally activated
hydrotalcite, it was possible to determine that the adsorption of oxalate from an
aqueous solution adhered to second order kinetics models. However, when
carbonate anions were added to the system, it was impossible to determine the
kinetics model that best fit the adsorption of oxalate due to the preferential uptake of

carbonate.

Furthermore, this is the first time in the literature that an oxalate/carbonate
adsorption mixture has been tested by hydrotalcite and thermally activated
hydrotalcites. From the batch adsorption studies, a simple model has been developed

to describe the adsorption behaviour of these adsorption systems (see Section 6.2.6).

7.2 MAJOR CONCLUSIONS: MATERIALS PREPARATION AND
CHARACTERISATION

7.21 OXALATE INTERCALATED HYDROTALCITES

From the analysis of the oxalate intercalated hydrotalcites it can be concluded
that oxalate was successfully intercalated into the structure of hydrotalcite using both
in-situ intercalation and re-co-precipitation intercalation methods. It was shown
through XRD analysis that there may be an intermediate structure for oxalate
intercalated hydrotalcite which has a 003 peak at an angle of around 9 °26 (although
this was not conclusively shown) and that XRD cannot be used for identification of
oxalate intercalated hydrotalcite as samples generally had a diffraction pattern very

similar to that of a carbonate intercalated hydrotalcite.

An IR analysis shows the presence of extra C-O bonds that are also present in
sodium carbonate and Raman analysis shows a number of C-O bands that can be
used to identify the intercalation of oxalate into the structure of the hydrotalcite as

well as variation to the metal-hydroxide bonding within the structure.
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Surface area analysis using nitrogen adsorption shows that there has been an
increase in the surface area for the oxalate intercalated hydrotalcites when compared
to the precursor materials. Nitrogen adsorption data also shows that preparation
method has an effect on surface area due to differences in crystallite size.

Thermal analysis, namely TGA and IES analysis, shows that there has been a
change in the thermal stability of the material upon the intercalation of hydrotalcite.

This is due to the oxalate decomposing at a higher temperature than carbonate.

From the TGA and IES data, it was possible to develop a novel model to
explain the decomposition steps of oxalate intercalated hydrotalcites (first explained

in Section 5.5.5), which proceeds in the following series of steps:
1. Removal of interlayer water from the interlayer spaces below 200 °C;

2. Decomposition of oxalate around 350 °C, followed by linkage of half of
the decomposed oxalate anion to the metal-hydroxide layer to form
bicarbonate by 400 °C;

3. Further dehydration of the metal-hydroxide layer, which results in the
carbonate anion pushing into the metal-hydroxide layer (similar to Section
5.1.5); followed by

4. Complete decarbonisation and dehydroxylation of the material to form

spinel and periclase by 1000 °C.
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1. Hydrated oxalate intercalated hydrotalcite 2. Dehydrated oxalate intercalated
hydrotalcite

s 94’

3. Decomposition of oxalate within the 4. Dehydration of the hydrotalcite layer to form
interlayer space bicarbonate within the interlayer space

Xt 2ok

5. Carbonate being pushed into the metal-
hydroxide layer

1 W‘
N\

Figure 7.1: Theoretical decomposition model for oxalate intercalated hydrotalcite
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7.2.2 THERMALLY ACTIVATED HYDROTALCITES
From the thermally activated materials analysis, it was shown that it is possible that a
thermal activation time of 24 hours at 280 °C was more efficient than thermal

activation at the same temperature over time frames of 17 and 70 hours.

XRD shows that the hydrotalcite layers collapse upon thermal treatment, due
to decarbonisation and some dehydroxylation of the material (although it maintains
its layered structure. This collapse is demonstrated by an increase in the diffraction
angle of the 003 peak from around 11 °26 to around 13.5 °26 for thermal activation
of hydrotalcite performed at 280 °C. It was also seen that thermally activated
hydrotalcites are very hydrophilic and are capable of reforming hydrotalcite upon
contact with a humid atmosphere, which has been shown in the XRD patterns of the
24 and 70 hour activated hydrotalcites, which provided evidence of some

hydrotalcite reformation upon contact with a humid atmosphere.

It was also shown that vibrational spectroscopy is excellent for determining
that carbonate has been lost from the material although dehydroxylation is harder to

determine using either infrared or Raman spectroscopy.

Hydrotalcite that has been thermally activated for 24 hours has a surface area
approximately double that of the precursor material, which is higher than 17 and 70
hours of thermal treatment. This also suggests that 24 hours of thermal treatment is
optimal for the activation of hydrotalcite. The large surface area of hydrotalcites that
have been thermally activated for 24 hours makes them better candidates for the

adsorption of anions from aqueous solutions.
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7.3 ADSORPTION STUDIES

7.3.1 HYDROTALCITES
7.4.1.1 Oxalate solutions

Hydrotalcite was shown to be a capable adsorbent of oxalate in aqueous
solution with a theoretical adsorption capacity of between 85 +2 and 63.6 = 0.7
mg/g. The adsorption was found to best fit the Freundlich adsorption isotherm (R?
0.9421), which is suggestive of a distribution of the energy of the adsorption sites,
whilst it was determined that the Langmuir adsorption isotherm was not applicable in

this case.

7.4.1.2 Carbonate solutions

Hydrotalcite was shown to be a suitable adsorbent of carbonate in aqueous
solution with a theoretical adsorption capacity of 34 = 2 mg/g. The adsorption was
found to fit the Freundlich adsorption isotherm (R? 0.9452), whilst it was determined

that the Langmuir adsorption isotherm was not applicable to this adsorption study.

7.4.1.3 Oxalate/carbonate solutions

With competition from carbonate, the oxalate adsorption capacity of
hydrotalcite was reduced to 12 + 3 mg/g hydrotalcite, with the overall adsorption
capacity also reduced to 31 + 7 mg/g hydrotalcite. This reduction in overall
adsorption capacity is most likely due to competition between oxalate and carbonate
anions hindering access of anions to less available adsorption sites in the
hydrotalcite.

In this case, the overall adsorption was best explained by the Freundlich
adsorption isotherm (R? = 0.8018) rather than the Langmuir adsorption isotherm
(R? = 0.7714), the relatively poor quality of the fit suggests that mixed adsorption is
more complicated than the adsorption models used here.
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Carbonate adsorption could not be described using the Freundlich adsorption
isotherm, but rather by the use of the Langmuir adsorption isotherm (R? = 0.9568)
which indicates that there has been a significant change to the adsorption process
when competitive carbonate anions are added to the oxalate adsorption solution.
Interestingly, the use of the D-R adsorption isotherm was not possible, as the Polyani
plot did not give a fit. This indicates that none of the simple adsorption models
considered here are applicable to describing the adsorption of oxalate and carbonate

from a mixture by hydrotalcite.

The preference of hydrotalcite for carbonate rather than oxalate shows that
hydrotalcite is not a good adsorbent for the removal of oxalate anions when there is
competition from carbonates anions and on the basis of this evidence, adsorption

testing on synthetic Bayer liquors was not conducted.

7.3.2 THERMALLY ACTIVATED HYDROTALCITES
7.4.2.1 Oxalate solutions

Adsorption of oxalate from an aqueous solution using thermally activated
hydrotalcite was shown to be possible with an observed maximum adsorption of

86.2 + 0.4 mg/g thermally activated hydrotalcite after 90 minutes contact.

It was also indicated that the adsorption of oxalate by a thermally activated
hydrotalcite followed a pseudo-second order kinetic model with k, = -1.4x10
mg/g/min, an initial adsorption rate of 45 + 6 mg/g/min and a theoretical adsorption
capacity of 78.7 = 0.5 mg/g thermally activated hydrotalcite. The Elovich model of
second order kinetics gave an initial adsorption rate of 45 + 6 mg/g/min and a

desorption constant of 9 £ 1 mg/g/min.

7.4.2.2 Oxalate/carbonate solutions

With competition from carbonate, it was shown that the adsorption capacity of
the thermally activated hydrotalcite was decreased, with an observed maximum
adsorption capacity being 49 £ 3 mg/g thermally activated hydrotalcite at a contact
time of 20 minutes. However, the maximum adsorption of oxalate was observed to
be 3 £ 1 mg/g thermally activated hydrotalcite. It was also shown that due to the
very quick establishment of equilibrium (30 minutes) it was impossible to determine

the kinetics of this system with the sampling timeframe used (10 minutes).
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On the basis of the adsorption data for the oxalate/carbonate mixture, it was
determined that hydrotalcite would not be an appropriate adsorbent for the removal
of oxalate from a synthetic Bayer liquor due to the thermally activated hydrotalcite
having a greater selectivity for carbonate.
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Chapter 8: Recommendations for further
research

8.1.1 HYDROTALCITES
From the results of the adsorption studies, one major recommendation can be made:
Studies should be performed into how the identity of the metal cation effects the selectivity of

hydrotalcite-like compounds for carbonate.

8.1.2 OXALATE INTERCALATED HYDROTALCITES

From the results of the characterisation of the thermally activated hydrotalcites, it is
recommended that studies should be performed into the structure of the oxalate intercalated
hydrotalcite to determine if the intercalation of oxalate into the structure of the material yields

a preferred orientation related to synthesis conditions.

It is also recommended that studies should be performed into modelling the atom
locations within the unit cell of oxalate intercalated hydrotalcites. This should serve as a tool
to identify changes in the material structure related to the insertion of other di-carboxylic

acids.

8.1.3 THERMALLY ACTIVATED HYDROTALCITES

From the research data, the following recommendations are being made with respect to
further research into thermally activated hydrotalcites to determine how low temperature
thermal activation effects the structure of the hydrotalcite and from there determine more

accurately the optimum thermal treatment temperature and time frame.

There is also some merit in finding Bayer liquor that has low carbonate and high
oxalate concentrations for testing with thermally activated hydrotalcites to determine their

applicability as adsorbents for that application.

8.1.4 ADSORBENTS
Due to the low adsorption of oxalate from the mixed oxalate/carbonate mixtures, it is
recommended that other adsorbents, such as activated carbon be investigated as potential

adsorbents for oxalate from Bayer Process liquors.
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