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Exploratory study of single and multi-step
dissolution-precipitation syntheses of

carbonate-containing hydrocalumite

Synopsis

Hydrocalumite is a calcium/aluminium-based layered double hydroxide. This
material has a wide range of applications, such as polymer additives, basic
catalysts and water treatment agents. There are a variety of synthesis methods
available of which co-precipitation is most widely used. The negative aspects of
using most of the developed methods are use of high cost metal salts as reagents.
These materials are not only high in cost but are highly corrosive and result in

damage of production equipment.

A salt containing effluent is produced in these processes that can be harmful to
the environment, thus requires treatment before disposal. As the interest in the
use of hydrocalumite has increased, there is a need for environmentally friendly
and more cost effective synthesis procedures. The aim of this study was to
explore different reagents, time and temperature reaction conditions for the
dissolution-precipitation synthesis of carbonate-containing hydrocalumite. In
this method metal oxides/hydroxides reagents are used which are less corrosive

and do not lead to harsh effluent production.
This method has two distinct steps namely precursor formation followed by

intercalation. In the precursor formation step, it was found that for the reaction

between calcium oxide and aluminium hydroxide the conversion of both the
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calcium and aluminium sources increase as reaction time and temperature
increase. It was confirmed that the dissolution of aluminium hydroxide is the
limiting step. An aluminium conversion of ~90 % is reached at 80 °C at 6 h
reaction time. A further increase in temperature reduces the reaction time
immensely, with ~90 % aluminium conversion reached within 30 min at 100 °C
and 120 °C. Extending the reaction times beyond these points does not have a
significant influence on the conversion of aluminium as it remains constant at
~90 %.

Of the various carbonate sources tested for intercalation, sodium carbonate
showed the most crystalline hydrocalumite samples. Using sodium bicarbonate
as a carbonate source renders similar conversion results to sodium carbonate.
When reacting these carbonate sources with the precursor, the conversion to
hydrocalumite increased with increasing reaction time and temperature. There is
a significant spike in the intensity of the primary hydrocalumite diffraction peak
of the sodium carbonate samples at 60 °C and 70 °C for 10 h reaction time;
resulting in the highest yield of hydrocalumite. Use of air, CO, (g), calcite and

dry ice CO;(s) as carbonate sources resulted in poor formation of hydrocalumite.

Considering the results of the precursor formation and intercalation, the most
promising synthesis conditions is to react calcium oxide and aluminium
hydroxide at a temperature of 100 °C for 30 min, where after sodium carbonate
should be added to the mixture and reacted for a further 10 h between 60 °C and
70 °C.

Keywords: hydrocalumite, synthesis, layered double hydroxides, green

chemistry.
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1. Introduction

Layered double hydroxides (LDHSs) have attracted a large amount of attention in
recent years as a result of its wide range of possible applications. This is mainly
due to the ability to be tailored to a specific application due to their anion
exchange capabilities. LDHs have unique properties such as anion capture (as a
result of weak interlayer bonding), large surface area and thermal stability.
(Cavani, Trifiro & Vaccari, 1991)

The main synthesis method used for LDHs production is the co-precipitation
method. Metal salts are used as reagents which lead to several problems. These
reagents are highly corrosive and lead to damage of processing equipment. On
an industrial scale, large amounts of salt containing effluent is produced with this
method. This effluent requires costly treatment before disposal and treatment is
usually omitted. This is damaging to the environment (Duan et al., 2008). There

Is a need to develop methods that are more environmentally friendly.

Methods in which metal oxides/hydroxides are used have been developed as
greener alternatives to the co-precipitation method. One such a method is the
dissolution precipitation method suggested by van der Westhuizen (2011) and
van Graan (2012). This method is specifically aimed at the synthesis of
hydrocalumite. There are two distinct steps to this method namely the precursor

formation and intercalation.

The aim of this study was to investigate each step of the dissolution-precipitation
method for the synthesis of carbonate-containing hydrocalumite. Synthesis
parameters considered were reaction time, temperature and carbonate source with
the goal of determining a set of conditions most promising to implement on a

large scale commercial production facility.  Short reaction times, low

© University of Pretoria
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temperatures, waste reduction and ease of synthesis were the focus points of the
overall production. Lab scale experiments were conducted with use of a bench

top reactor and simple hotplate setups. Temperatures were kept below 120 °C.
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2. Literature

2.1 Layered double hydroxides

Layered double hydroxides (LDHSs) are a group of natural and synthetic anionic
clay materials. These materials have the general formula and layered structure
illustrated in Figure 1. They consist of a metal hydroxide layer (brucite like in
structure) that creates a net positive charge which is balanced with intercalated
anions. These materials also contain various amounts of water which are
hydrogen bonded to both interlayer anions and the hydroxide layers. Electrostatic
interactions along with hydrogen bonds between layers and interlayer anions hold
the layers together and form the 3D structure shown in Figure 1. (Auerbach,
Carrado & Dutta, 2004: 373, Forano et al., 2006: 1022).

It is possible to exchange interlayer anions and incorporate different metals into
the layered structure by selecting the appropriate synthesis parameters. This
property significantly increases the application possibilities of these materials.
Applications include use as waste water treatment agents, polymer additives and
basic catalysts. (Forano et al., 2006: 1022).

Figure 1 indicates the various metals and interlayer anions that are theoretically
possible and have been incorporated into LDHSs. It is possible to synthesise LDHs
with multiple cations in the layers expanding application possibilities even further
(Jiratova et al., 2002). The x in the general formula represents the molar fraction
of M""ions per total mole of metal ions which is suggested to be kept in a range
of 0,2 to 0,4. The X represents the interlayer anion with charge g and n is the
number of water molecules in the interlayer (Braterman, Xu & Yarberry, 2004:
391).

© University of Pretoria
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Figure 1: llustration of layered double hydroxide structure and general formula

(Forano et al., 2006: 1022).

2.1.1 Hydrotalcite

Hydrotalcite is the most representative materials of the LDHs group. It occurs

naturally as white, hydrous

powder

with a general formula of

MgsAl,(OH)16CO34H,0. Most of the synthetic LDHs resemble the natural

occurring hydrotalcite and are widely referred to as hydrotalcite-like materials

(HTIc) (Rousselot et al., 2002).

The octahedra of the magnesium ions share edges to form infinite sheets which

are stacked and held together by hydrogen bonds. These layers are a random

arrangement of the divalent magnesium ions and trivalent aluminium with a net

positive charge. The anion and water molecules are randomly located and free to

move around the interlayer region by breaking and reforming bonds. It has many

© University of Pretoria
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applications and is widely used as a basic catalyst and additive material in

polymers.

2.1.2 Hydrocalumite

Hydrocalumite share some common characteristics to hydrotalcite. In recent
years interest in hydrocalumites has increased as a result of the benefits such as
low cost, low toxicity and environmentally friendly preparation (Razvan et al.,
1993). Hydrocalumite consists of octahedra of calcium and aluminium
hydroxides that share edges to form layers which are bi-dimensional with general
formula of [Ca2M3+(OH)6]+[AIf;n ‘mH,0]" (Rousselot et al., 2002; Lopez-Salinas
et al., 1996).

The structure (Figure 2), is similar to that of hydrotalcite, except that the laminar
calcium and aluminium octahedra are not randomly arranged but orderly
accommodated in the layers (Allmann, 1970). The brucite-like, or rather
portlandite-like (Ca(OH),), layers are an ordered arrangement of Ca?*, seven
coordinated, and M** ions, six coordinated. The 7" apex or the Ca-polyhedron is
an interlayer water molecule. It is assumed that the ordered arrangement of
hydrocalumite like materials are due to the size difference between Ca?* and
typical M3* ions in a fixed ratio of 2:1. (Rousselot et al., 2002; Tatematsu et al.,
1995).

Hydrocalumites have attracted much less attention in literature compared to
hydrotalcite as a result of the relative difficulty in synthesising pure forms as well
as less efficient calcination and rehydration behaviour (Rosenberg & Armstrong,
2005). Earlier investigations into calcium aluminates has been done mainly by
the cement industry as a result of its importance in development and control of

cement’s chemical resistance and strength (Rosenberg & Armstrong, 2005).

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

Figure 2: General hydrocalumite structure with M representing the interlayer
anion (Wen et al., 2015).

In the production process of alumina, hydrocalumite is formed as an unstable
intermediate compound in Bayer liquors during the causticisation step
(Rosenberg, Wilson & Roworth, 2013). Hydrocalumite with carbonate anion is
also referred to as monocarboaluminate in studies regarding portlandite cement
(Matschei, Lothenbach & Glasser, 2007).

2.1.3 Interlayer water and anions

Anions generally incorporated into the layered structure of hydrocalumite include
for example CI-, NO3, NO3, OH", CO3, CO7. The carbonate ion is one of the
most stable intercalants especially in high pH solutions. Its preferential
intercalation can result in problems for cases where it is not the desired anion. In
these cases synthesis is commonly conducted in a nitrogen environment.
(Braterman, Xu & Yarberry, 2004: 380).

© University of Pretoria
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The localisation of water molecules to Ca-sites result in a well ordered structure
of the interlayer and yields a better defined anion structure environment with
sharper structural phase transitions than for hydrotalcite (Kirkpatrick et al., 1999).
The amount of water molecules in hydorcalumite is generally 15 or less and can

range up to 20 depending on their production method (Tatematsu et al., 1995).

2.1.4 Applications

LDHs have many potential applications in a wide range of areas such as
photochemistry, electrochemistry, catalysis, biomedical etc. Some of these
applications are summarised in Figure 3 below. These compounds can be used
as synthesised but are frequently calcined to fit the application. Calcination of
LDHs result in valuable properties such as high surface area, basicity, thermal
stability and allows for exploitation of the memory effect (Forano et al., 2006:
1029).

LDHs also have a wide range of environmental applications which is discussed
in detail in the Handbook of Clay Science (Forano et al., 2006: 1063-1065). Some
of these applications are summarised in Figure 4. The hydrocalumite structure is
very close to that of AFm (alumina, ferric oxide, monosulfate) phase which occur
in hydrated cement and has been proposed to be a potential concrete hardening

accelerator.

© University of Pretoria
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Catalyst Catalyst support
- anm -Z ler-Natta
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- steam reforming - CeO2
HYDROTALCITES
| Industry Medicine | Adsorbent
- flame retardant - antiacid - halogen scav.
- molecular sieve - antipeptin - PVC stabilizer
- ion exchanger - stabilizer - wastewater

Figure 3: LDH applications (Cavani et al., 1991).

Pure hydrocalumite, with no CaCO3 contaminant, containing cements proved to
have enhanced performance with regard to early compressive and flexural
strength when compared to pristine concrete samples. Based on these results
Wongaiyakawee et al.(2012) prepared hydrocalumite/polymer nanocomposites
to improve physical properties in the matrix, to determine if the same effects

would apply.

LDHs are also being explored as second generation flame retardants in polymers
due to its capability of high smoke suppression and low/non toxicity. This makes
it preferable compared to the halogen-based counterparts (Kuang et al., 2010).
Hydrocalumite has also been proven to be a precursor for calcium aluminium
mixed oxide used as a catalyst in biodiesel production (Kocik, Hajek & Troppova,
2015).

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

+ Removal of toxic metals by
precipitation or substitution

‘Removal of hydrophobic
contaminants

» Buffer effect
« Diadochy
[Decontaminants]

Organophilic
modification
[Adsorbents]

» Conversion to mixed oxides
« Support of catalysts
[Environmental catalysts]

. - . LDHs
* Decomposition of NO,, SO,, N,O
« Solid base catalysts \t I
« Support for water-soluble catalysts
lon exchange
(including capture through
Gas iidSOI'ptiOIl reconstruction)
[Adsorbents] [Adsorbents]
*Recovery of CO, « Removal of ionic contaminants and ionic
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Figure 4: Environmental applications of LDH (Forano et al., 2006: 1064).

2.2 Analysis and characterisation

2.2.1 X-ray diffraction (XRD)

2.2.1.1 Qualitative XRD

X-rays can interact with a crystalline phase and produce a diffraction pattern.
Each crystalline phase has its own unique pattern and in a mixture each phase
will produce its own pattern independent form others. X-ray diffraction patterns
serve as a fingerprint and is ideal for characterisation of phases present in a
crystalline sample. (Cullity, 1956) XRD is the main tool for identification of
LDH structures. The general XRD patterns of LDHs are a strong series of basal
reflections conventionally indexed which correspond to the successive orders of
the interlayer spacing (Auerbach, Carrado & Dutta, 2004: 400).
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XRD patterns for LDHs are usually generated from randomly orientated powder
samples. A typical LDH XRD pattern is shown in Figure 5 below. Here one can
see the characteristic XDR pattern for LDH materials. At low 20 values it has
sharp or broad reflections which become less intense at higher 20 values. (Goh,
Lim & Dong, 2008).

(003)

Intensity (a.u.)

HI-J

] L | | i L | ] L | ] ] L l

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta

Figure 5: Typical X-ray pattern for LDHs (Goh, Lim & Dong, 2008).

Phases are identified by comparing the spectra to standards. Relative estimation
of proportions of different phases in multiphase systems are calculated by
comparing peak intensities of the identified phases. The intensity of the peaks
are an indication of the total scattering from each plane in the crystal structure.
This is directly dependent on distribution of a specific atom in the structure.
(Connolly, 2012) Difficulties in X-ray data interpretation are a result of poor
crystallinity and disordered stacking of the layers causing the diffraction lines to

be broad and asymmetric (Cavani, Trifirdo & Vaccari, 1991).

10
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Figure 6 illustrates XRD patterns of crystalline, amorphous materials and
monatomic gases. Monatomic gases are not relevant to this study. XRD patterns
for LDH materials of low crystallinity are a combination of the crystalline and

amorphous spectra.

crystal

INTENSITY

hgud or amorphous solid

INTENSITY

monatomic gas

INTENSITY

[ M) " lﬁﬂ
DIFFRACTION (SCATTERING)
ANGLE 28 (degrees)

Figure 6: XRD patterns for crystalline solid, amorphous solid/liquid and

monatomic gas comparison (Cullity, 1956: 101).

Bragg’s law (Equation 1) can be used to calculate the inter layer spacing of LDH
layers. Bragg’s law is geometrically illustrated in Figure 7. The distance between
atomic layers in the crystal is represented by the d variable, lambda () is the
wave length of the incident X-ray beam and n is an integer.

11
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When an X-ray beam incident on a pair of parallel planes, separated by an

interplanar d spacing, the two beams make an angle 6 with the planes.

Bragg’s law: n A=2dsin(0)

8, 28 - Braps anples

§FF 9 = 3y, 5in6 - path difference 2, “ﬁ%
F & 2A = nj - constructive mterference a0
& s
e - o e
& =
(BT}
s
(BT}

Brages’ law: mh.=2ely; smBp;

1)

Figure 7: X-ray diffraction Bragg’s law geometrical illustration (Pecharsky &

Zavalij, 2009: 143).

The brucite like sheets of LDH can stack in three different orientations, either

rombohedral, monoclinical or hexagonal. Hydrocalumite generally has a

rombohedral space group with R-3 symmetry. The parameters of the unit cell and

layer spacing, shown in Figure 8 and Figure 9, are a and ¢ = 3c’, and C’

corresponds to the thickness of the layer and one interlayer, it is dependent on the

anion size and orientation. The M2*/M?* ratio can be derived from the a parameter

which is calculated with a = 2 di10. The di10 required to calculate a, corresponds

12
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to the d spacing of the 110 reflection. The approximate chemical formula can be

calculated form these parameters along with elemental analysis.

Figure 8: Unit cell axis with h,k,l indices indicated (Scintag, 1999).

LIDH Structure

Basal spacing (c”)

Interlaver
region

AT anions
W ater molecules

Brucite-like
sheet

@ »> or MP* metal cation

O OH anion

Figure 9: LDH structure indicating basal spacing and unit cell illustration (Goh,
Lim & Dong, 2008).

13

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

2.2.1.2 Quantitative XRD analysis

Quantitative phase analysis is a powerful method with which the quantities of
multicomponent crystalline materials can be determined. A successful
guantitative analysis requires precise and accurate identification of the positions
and intensities for a given diffraction pattern. There are a few variations of
methods available to conduct a quantitative analysis based on peak intensity
ratios. (Connolly, 2012).

The most successful of these methods result from addition of an internal standard
where the area ratios of standard and present phases are then calculated. The full
pattern analysis or Rietveld refinement method determines gquantities not only
form the intensities but the entire diffraction pattern, thus it is capable of much
greater accuracy and precision. This method requires information regarding the

crystal structure of all phases present in the sample. (Connolly, 2012).

2.2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis entails heating a sample at a constant rate and
recording the mass as it changes. Different types of water and hydroxyl groups
and other volatile complexes in the clay matrix are liberated with increase in
temperature. TGA can be used to qualitatively estimate the binding energies of
the various waters and hydroxyls to characterise the mineral. (Auerbach, Carrado
& Dutta, 2004).

The thermal behaviour of LDHs are characterised by two main endothermic

transitions. At low temperatures the reversible loss of interlayer water without

the collapse of the structure along with loss of hydroxyl groups from the layer.

This is followed by a loss of anions at higher temperatures. These transitions

depend on many factors such as the ratio of divalent and trivalent ions in the layer,

anion type, hydration, drying and other heat treatments. LDHs containing
14
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aluminium have the first transition in the range of 97 °C to 297 °C and the second
347 °C to 477 °C (Cavani, Trifirdo & Vaccari, 1991).

1040
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- \ I water |
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\?‘"—t water
o0 4 [ J
= B0 x\\\“&f’
2 ] Ca-bounded water — :
— 1 7 elimination, ‘\\\ ]
"§1:. dEhydrcxilI;ltiDn "-._\_ Dehydroxilation
:g T a”d‘_’“"'f“r." N, and anion
decomposition decompaosition
a0 -
50 I I

T T T T T T T T T T T T T T T
100 200 300 4010 500 00 TO0 BOO SO0
Temperature (“C)

Figure 10: TGA results for hyrdocalumite, top: hydrothermal method (HC-SM),

bottom: co-precipitation method (HC-COP) (Sanchez-Cantu et al.,
2013).

Two TGA graphs are shown in Figure 10 for hydrocalumite produced with an
environmentally friendly method, discussed in section 2.3.5, and the conventional

co-precipitation method. There are three main regions of significant mass loss

15
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for both of the samples. These regions are indicated and it is clear that there is
not a significant change in mass loss of each region when the two synthesis
methods are compared except that the transitions of the hydrothermal sample are
more defined. (Sanchez-Cantu et al., 2013).

2.2.3 Scanning electron microscopy (SEM)

SEM allows one to observe the shape of LDH crystallites and the manner in which
they aggregate. Crystalline growth for inorganically intercalated LDHs, is along
the a and b axes, perpendicular to stacking direction. This maximises the
exposure of hydroxyl groups to the aqueous phase since the hydroxides of the
metal hydroxide layer are found in the ab plane. In general LDHs containing
inorganic anions have hexagonal platelet shape and those containing carbonates
have a diameter of about 1 um. (Auerbach, Carrado & Dutta, 2004: 418).

Figure 11 shows the general hexagonal platelet morphology which is expected
form LDHs that are hydrothermally produced. Figure 12 shows the morphology
of hydrocalumite produced by two methods. The co-precipitation product shows
low crystallinity compared to the product of the green synthesis method as

discussed in section 2.3.5.

16
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Figure 11: Scanning electron microscopic (SEM) image of general hexagonal

platelet morphology of hydrotalcite (Kuang et al., 2010).

Figure 12: SEM micrographs of hydrocalumite. Left: co-precipitation product,
right: green synthesis method (Sanchez-Cantu et al., 2013).

2.3 Synthesis of LDHSs

Production of LDHs is affected by many variables such as type of reagents,
reaction time, temperature, pH, stirring speed and solution concentration.
Altering any of these parameters can significantly change the physical and
chemical properties of the product. Parameters need to be tailored to the specific

application and characteristics required.

17
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Most methods are based on the concept of mixing together soluble metal salts in
a basic environment and incorporation of the selected anion which then results in
precipitation of the desired phase. Main LDH synthesis methods include co-
precipitation, urea hydrolysis and sol-gel synthesis. Co-precipitation is most
widely implemented for the synthesis of hydrotalcite and hydrocalumite type
LDHs. (Messersmith & Stupp, 1992).

2.3.1 Co-precipitation

There are two main co-precipitation methods that are used to prepare LDHs
namely the constant pH titration and buffer precipitation. These methods involves
mixing the relevant metal salts in a base solution, in the presence of the desired
anion (Auerbach et al, 2004:376). Supersaturation of the precipitating agent is
rapidly reached and maintained which leads to continuous nucleation and
simultaneous growth of the particles. This results in a wide particle size
distribution (Forano et al, 2006). It has been proven to be one of the most reliable

and reproducible methods of synthesis (Cavani et al, 1991).

2.3.1.1 Constant pH titration

This method as described by Miyata (1980) entails the simultaneous and gradual
addition of metal cation solution and base solution to a flask under vigorous
stirring. The titration tempo of the solutions is adjusted to keep the mixed
solution at a relatively constant pH typically around 10. The synthesis pH
selected should be higher than the pH at which the desired LDH precipitates. The
LDH phase is preferentially precipitated as the metal cations and anion disperse
into the basic medium. The precipitation occurs close to the region of the metal
saltinlet. In this area the pH is not constant and the formation of the least soluble
metal hydroxide is rapid. (Auerbach et al, 2004:376).

18
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2.3.1.2 Buffer Precipitation (Varying pH)

This method entails slow titration of a base solution, typically NaOH, into a

solution containing metal salts and anion (it is fully described by Boclair &

Braterman (1999)). This method gives insight into the influence of pH on LDH

systems. The resultant titration curve which is generally observed for LDH has

two distinct plateaus as seen in Figure 13 with sharp transitions in between.

Each transiton represents conversion form one stable phase to another.

12 —

10 —

pH

T T T T T T T T
0 2 4 6 8 10
mol equivalent OH added

Figure 13: CusAl,-CO3-LDH titration curve (Wiid, 2013).

12 14

The first plateau corresponding to the formation of the metal hydroxide with the

lowest solubility and the second one represents the formation of LDH. For

aluminium containing systems the first plateau is the formation of aluminium

hydroxide (AI(OH)3) approximately at a pH of 4. The divalent metal and

additional hydroxide ions cling to the precipitated Al(OH)s. This is followed by

rearrangement, hetero nucleation of LDH and dissolution of the AI(OH);

19
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precipitate between the first and second plateau regions. (Auerbach et al,
2004:376).

2.3.2 Urea hydrolysis

Urea is a weak Brgnsted base which is highly soluble in water and has a number
of properties that makes it a good agent for precipitating from a homogeneous
solution. The use of a base retardant separates the nucleation from the growth
steps and aging is prevented from the start. Urea hydrolysis occurs in two steps.
The first step is the rate determining step which is the formation of ammonium
cyanate. The second step is the hydrolysis of cyanate into ammonium carbonate
which can be controlled by temperature. (Forano et al., 2006: 1028-1029).

These two reactions, depending on the temperature, gives a pH of around 9 which
Is suitable for precipitating a large range of metal hydroxides. The LDHs formed
with this method have large well crystallised hexagonal platelets with a narrow
particle size distribution. Particle size is controlled by the reaction temperature

and concentration of reagents. (Costantino et al., 1998).

2.3.3 Sol gel

This process involves formation of a mobile colloidal suspension by dissolving
metal alkoxides in an organic solvent under reflux. Water is slowly added causing
internal cross linking to form a gel. The resultant product has good homogeneity,
stoichiometry control, high surface area and porosity. (Auerbach, Carrado &
Dutta, 2004: 376).

2.3.4 Post synthesis treatment

LDHs synthesised with conventional methods tend to have poor crystallinity and
the metal hydroxide layers are disordered. Post synthesis or in situ treatments are
generally used to improve these characteristics. Post synthesis methods include

20
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aging through Ostwald ripening where smaller particles dissolve, reform and
grow to larger more perfect particles. Hydrothermal, microwave and ultrasonic
treatments are also used to increase crystallinity and particle size. (Auerbach et
al, 2004:386).

After the desired LDHs has been prepared with the traditional methods discussed
above the products are generally filtered to remove excess anions that could lead
to possible further reaction. This washing process results in an effluent stream
typically containing sodium salt that needs to be treated before disposal as it is
harmful to the environment. Due to high energy cost of evaporation the salt
containing mother liquor is generally discharged directly which leads to

environmental pollution. (Duan et al, 2008).

2.3.5 Synthesis from oxides/hydroxide

LDHs can be synthesised by hydration of metal oxides and/or hydroxides in the
presence of an anion source, where LDHs form through a dissolution-
precipitation process (Auerbach, Carrado & Dutta, 2004: 382-383). The main
distinguishing factor of hydrothermal synthesis is that one does not start with pre-
dissolved metal cations as in other methods. The metal oxides and hydroxides
have low solubility in water at ambient conditions. To allow for dissolution of
the reagents higher temperatures, longer reaction times and possible pre-

treatment of reagents are required for successful synthesis (Duan et al., 2008).

Another approach as explained by Goh, Lim & Dong (2008), is the reconstruction
method which exploits the memory characteristic of LDHs. The calcination of a
LDH with a thermally liable anion in the interlayer results in an amorphous oxide
mixture. The calcined material is then rehydrated in the presence of the anion to

be intercalated.
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This method is limited to the use of a starting materials that contain a thermally
liable anion and limiting the calcination temperature to below the point where
spinel formation occurs which are resistant to rehydration. (Auerbach, Carrado
& Dutta, 2004: 376).

A number of methods have been developed for the production of hydrocalumite
from oxides and hydroxides. One of the earliest methods was developed by
Carlson and Berman (1960) where calcium aluminate, calcium hydroxide and
alumina reagents were mixed in solution along with sodium carbonate and
allowed to react for two months. The hydrocalumite product formed contained
small amounts of calcite, gibbsite and tricalcium aluminate hexahydrate (katoite).
Great care was taken to pre-treat the oxide/hydroxide reagents by heating calcite
to form calcium oxide. The anhydrous aluminate used was prepared by heating
calcite along with alumina at 1250 °C for several hours. This is a high energy

consumption process.

Duan et al. (2008) patented an environmentally friendly method in which metal
hydroxides are mixed with water in a reactor with addition of CO; in the form of
gas or dry ice. The filtration and washing stage of synthesis is omitted and
samples dried at 70 °C. In the patent examples, hydrocalumite was synthesised
with this method within 12 h at 250 °C,

Sanchez-Cantu et al. (2013) used an environmentally friendly method for
synthesis of nitrate containing hydrocalumite. Calcium hydroxide and boehmite
(AlIO(OH)), a more reactive aluminium hydroxide species, are used to synthesise
hydrocalumite. The boehmite is dissolved in an acid solution of HNO3; and
reagent mixtures pH was adjusted with ammonium hydroxide. This method is
claimed to be green in the sense that the final slurry does not require washing to
eliminate the unreacted ions as in the conventional co-precipitation method.
22
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Water use is also reduced to a minimum. This material showed similar catalyst
activity to the co-precipitation product and can be considered as a viable method

of production.

Both van der Westhuizen (2011) and van Graan (2012) proposed a two-step
dissolution-precipitation synthesis route. The main differences between this
method and those already established is that the synthesis occurs in two distinct
steps and requires no pre-treatment of reagents. The first step is the dissolution
of calcium oxide and aluminium hydroxide, in the absence of a carbonate source,
with subsequent precipitation of a mixed metal hydroxide precursor (katoite
(CasAly(OH)1,) and portlandite (Ca(OH).)). The second step entails dissolution
of the precursor in the presence of the anion source followed by precipitation of
the desired LDH material. It was concluded that the dissolution of aluminium
hydroxide is the limiting step in the synthesis and high conversions where reached
after 2 days at 70 °C with similar results within 1 hour at 180 °C.

Similar work was done by Wen et al. (2015), who synthesised hydrocalumite
form A.R. grade calcium hydroxide, aluminium hydroxide and sodium carbonate
In a two-step process. The first step is the reaction step between calcium- and
aluminium hydroxide and the second step is the addition of the carbonate source
which they called the crystallisation step. They investigated the reaction time of
each step and found for both 4 hours was required to produce hydrocalumite. The
product compounded with PVC increased the thermal stability significantly. No
indication was given about the temperature at which the two steps were

conducted. They stated that the reaction products were aged for 20 hours at 60 °C.
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2.3.6 Industrial scale production

It is clear that a wide range of applications are possible and the popularity of
hydrocalumite is constantly increasing as a result of their versatility and
environmentally friendly characteristics. With this increase of interest it is of
value to investigate environmentally friendly synthesis methods which can be
implemented on an industrial scale. With regards to the synthesis of hydrotalcite
the environmentally friendly synthesis procedure suggested by Labuschagne et
al. (2015) is illustrated in Figure 14. This process entails use of run of the mine

materials as reagents with no pre-treatment required.

‘Water vapor

Feed
NIgO -—’ o M
Al(OH); LDH

Feed Co,
NaHCO,

Figure 14: Block diagram of effluent free hydrotalcite production (Labuschagne
etal., 2015).

All process water is recycled and the carbonate source is reused in the system. In
doing so it reduces the amount of raw materials required and overall water
demand. The energy requirement is significantly reduced compared to that
brought upon by high temperature pre-treatment of reagents required in many
other hydrothermal hydrotalcite productions. (Mitchell et al., 2007; Xu & Lu,
2005; Roy & Osborn, 1953).
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A similar process was suggested by Wen et al. (2015) for the production of
hydrocalumite for use as a thermal stabiliser in PVC (see Section 2.3.5 above).
The resultant effluent stream of NaOH is suggested to be directly used in the
production of aluminium hydroxide stripping allowing for a zero discharge
process. Kuwahara & Yamashita (2015) developed a method of using blast
furnace slag to produce hydrocalumite and in so providing a sink for the otherwise

underutilised by product of iron production.
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3. Experimental

Finding optimal reaction conditions for the synthesis of a desired LDH is very
complex as many factors need to be considered. Temperature and pH should be
In such a range that the metal oxides dissolve and re-precipitates as the desired
LDH. Reaction time should be sufficiently long to allow for dissolution of
reagents, re-precipitation and growth of the LDH crystals. Considering the
discussion in Section 2.3.5 it is evident that the interest in the use of
hydrocalumite-like materials is increasing and there is a movement towards more

environmentally friendly production methods.

The methods discussed in Section 2.3.5 show that a variety of starting materials,
reaction times and temperatures have been explored. All of them are however
not completely based on green chemistry principles. It is the aim of this study to
determine the effects of reagents, time and temperature on the synthesis of
carbonate-containing hydrocalumite based on the two step dissolution-
precipitation method described by van der Westhuizen (2011) and van Graan
(2012).

Environmental considerations and green chemistry synthesis principles are also
of great importance. Experimental setups were designed to generate as much
data, as quickly as possible to identify reaction paths and conditions that are most
viable for further optimisation and implementation in a large scale industrial
production facility. Important factors for industrial synthesis include fast reaction
rates at reduced temperature conditions whilst ensuring ease of synthesis and high

product yields.

Experiments were based on the results obtained by van der Westhuizen (2011)
and van Graan (2012) who found that:
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e Hydrocalumite can be synthesised through two distinct dissolution-
precipitation steps with metal oxide/hydroxide reagents.

e Elimination of carbonate source in the first step allows for the formation
of katoite, a precursor material.

¢ Dissolution of the precursor in the presence of a carbonate source result in
yield of the LDH product. (An additional calcium source is needed for
complete conversion to LDH.)

e Aluminium dissolution was confirmed to be the limiting or rate

determining step in the synthesis.

The two steps of the dissolution-precipitation method entail the precursor
formation step followed by intercalation of the selected anion. Each step was
investigated separately with regards to time and temperature conditions.
Carbonate was the only anion incorporated and various sources were tested. An
additional experiment with the use of calcite as additional calcium and carbonate
source was conducted. Experimental conditions of these synthesis steps are

discussed blow.

3.1 Precursor: katoite synthesis

3.1.1 Apparatus

The first part of the synthesis, the precursor synthesis, was conducted in a
Biichiglasuster Versoclave pressure reactor fitted with a 1 L vessel, magnetic
drive and top mount mixing shaft and impeller. It was fitted with a sampling tube
that reaches a quarter-length from the bottom of the reactor which allowed for
insitu sampling. Two manual dosing pods were fitted on top of the vessel. The
reactor was connected to a Huber Petite Fleur Tango 1,5 kW heater and 0,48 kW
cooler. This unit used silicone oil for indirect heating and Refrigerant-R290 for
indirect cooling to control the sample temperature and was fitted with a

circulation pump. Figure 15 shows the set up and operating specifications. All
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the precursor synthesis experiments were conducted at the Leibniz-Institut fr

Polymerforschung Dresden e. V. under a collaboration agreement.

Operating Conditions

' Sampling tube + Temperature -40 °C to 200°C
Magnetic
drive mixing Ll
impeller pH controller  * Pressure: 0 bar to 40 bar max.
Dosing pods / ,
+ Stirrer speed :0 rpm to 1200 rpm
Stirrer speed
controller Hax
Shaft connected * pH probe: 0 °C to 120 °C max.
Py
i‘;n r;‘:ﬁgf (possible addition)

1 L reaction
vessel

Figure 15: Experimental setup of Buchiglasuster, Versoclave pressure reactor

with controllers and Huber Petite Fleur Tango heater.

3.1.2 Planning

Two calcium sources were tested (Figure 16). A temperature and time analysis
was conducted for calcium oxide. Calcium hydroxide was tested at high and low
temperature points based on initial experimental results obtained from calcium

oxide.
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CaO(s)
Calcium source
Ca(OH)(s)
Katoite precursor
Tt Ca;Al,(OH),,(s)
AI(OH); (s)

Figure 16: Katoite synthesis.

A full thermodynamic study on the components of portlandite cement was
conducted by Matchei, Lothenbach & Glasser (2007). The temperature stability
results for katoite (also known as hydrogarnet or C;AH;g) are shown in Figure 17.
The markers in the solubility figures below indicate experimental values and lines
indicate calculated results of the thermodynamic models. Katoite is thermally
stable over the range of temperature shown, 5 °C to 105 °C, considering that the
solubility and crystallinity does not change significantly. At low temperatures,
~5°C, some hydrocalumite, (also known as monocarboaluminate (Mc)) is present

in the sample due to contamination form carbonate exposure.

Wen et al. (2015) investigated the time effect of both the precursor and
intercalation steps and found 4 hours for each to be sufficient. A reaction time of
2 hours resulted in unreacted katoite and larger amounts of calcite formation. It
was not stated at which temperature each step was performed but it was indicated

that the products were aged at 60 °C for 20 hours.
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Figure 17: Temperature stability of katoite solubility and XRD results (Matschei,
Lothenbach & Glasser, 2007).

The combined effect of time and temperature of each step has not yet been
investigated thoroughly. Initial experiments were conducted by van Graan (2012)
at conditions shown in Table 1. An increase in time and temperature resulted in
an increase in conversion of reagents to katoite. Similar results were achieved at
120 °C and 180 °C. Considering these results a range of 60 °C to 120 °C for 5 min
to 24 h was selected for precursor formation based on the thermal stability

behaviour of katoite.

Table 1: Precursor reaction conditions (van Graan, 2012).

Temperature (°C) Time
70 2h,2d
120 5h
180 1 h
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3.1.3 Method

Aluminium hydroxide and calcium source powder reagents were added in
stoichiometric amounts, according to Equations 2 and 3, to water. This slurry
was mixed for 5 min on a magnetic stirrer in a 2 L glass beaker, before adding
the slurry to the reactor. A solids concentration, based on the expected product
yield, of between 20 % and 30 % was suggested by van der Westhuizen (2011).
An initial test resulted in insufficient mixing at 30 %. As a result, 20 % was
selected and kept constant throughout. This slurry was mixed for 5 min on a
magnetic stirrer plate in 2 L glass beaker, before adding the slurry to the reactor.
Stirrer speed of 450 rpm was selected. This was the maximum speed at which

the reactor could run for the precursor synthesis.

The rapid exothermal reaction of calcium oxide with water to form calcium
hydroxide, Equation 4, raised the slurry temperature to approximately 95 °C. The
reactor was preheated to 60 °C before the slurry was added. Reaction conditions
are summarised in Table 2. No pH adjustments were made since the naturally
high pH of calcium oxide and calcium hydroxide is sufficient for the dissolution

of the aluminium phase (van Graan, 2012).

CaO+H,0 — Ca(OH), )
3Ca(OH), + 2Al(OH), — Ca;Al,(OH),, (3)

Table 2: Precursor formation reaction conditions.

Calcium source Time Temperature (°C)
10 min, 30 min, 1 h, 2 h, 4 h,
CaO 60, 80, 100, 120
6h,8h,10h, 24 h
Ca(OH); 2h,24h 60, 120
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3.2 Carbonate intercalation
The ability to intercalate anions is one of the most important properties of LDHs.
Some anions are more likely to be intercalated than others and carbonate is the

most preferential (Forano et al., 2006: 1033).

3.2.1 Planning

A bulk batch of katoite/calcium hydroxide was synthesised as discussed in section
3.1.2 at 120 °C and 3 h. This was based on preliminary results which showed
high conversion of reagents to katoite at these conditions. Where possible
carbonate intercalation experiments were conducted in duplicate. Different
carbonate sources as intercalants were tested in this step (Figure 18). A time and
temperature analysis was done for sodium bicarbonate, sodium carbonate and
carbonation from air. High and low temperature experiments were conducted for
calcium carbonate and flow rate experiments were conducted with CO; gas. In
the case of carbonation with dry ice (CO, (s)) test runs were conducted with
varying loadings. Air and CO; (g) experiments were contributed to the study by
Schmidt (2015).

Na,HCO4 (s)
NaCO;(s)
CaCOx(s)
Carbonate source - Air, CO, (g)
Ca0(s) CO, (g)
Calcium source Dry ice CO, (S)

Ca(OH)y(s)

Katoite precursor Hydrocalumite product

Tt CayAl(OH),5 (s) Tyt Ca,Al(OH) ,CO;xH,0 (s)
AI(OH)4 (s) O,
a 5 (s

Figure 18: Carbonate intercalation.
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The stability results of hydrocalumite, over a temperature range of 5 °C to 110 °C
are illustrated in Figure 19. Hydrocalumite is relatively stable for temperatures
below 70 °C, at temperatures of > ~85 °C it breaks down into katoite and calcite
phases. It was found that as the temperature increases, the pH of the solution
drops and the LDH starts to decompose. It should be noted that the reaction time
for these results was 42 days. The effect of time is not illustrated in these results.
The carbonate concentration could not be detected since the concentration was
below detection limits and carbonate solubility was computed assuming a
saturation of the supernatant with regards to calcite. (Matschei, Lothenbach &
Glasser, 2007)
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Figure 19: Temperature stability of hydrocalumite, solubility and XRD results
(Matschei, Lothenbach & Glasser, 2007).

Initial experiments were conducted by van Graan (2012) at conditions in Table 3.
The intercalation reactions conducted at ambient conditions and 70 °C for 1 hour

showed low conversion where the 70 °C for 1 day reaction time resulted ina 73 %
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katoite conversion to hydrocalumite. A range of ambient temperature to 70 °C for
2 hours to 24 hours was selected. This was done to ensure that the reaction
temperature remained below the decomposition temperature of hydrocalumite

within reaction times that are short enough for commercial viability.

Table 3: Hydrocalumite reaction conditions (van Graan, 2012).

Temperature (°C) Time
Amb 2d
70 1h,1d

3.2.2 Apparatus

A basic setup of a hotplate magnetic stirrer and glass beaker was used for the
carbonate intercalation with air, CO, (g), NaHCO3; and NaCOs. Experimental
setup for these runs are shown in Figure 20. The hotplate on the left is a WiseStir
model MSH-20D with temperature control form Wisd laboratory instruments, the
hotplate on the right is a Agimatic model N with temperature control from Selecta
fitted with a Sensoterm electronic thermometer. Teflon coted magnetic stirrer

bars were used in all setups.
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Figure 20: Experimental setup for intercalation with sodium and CO; gas sources.
Left setup used for sodium bicarbonate, sodium carbonate and air. Right

setup used for carbonation with CO; (g).

Figure 21: Dry ice experimental setup.
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3.2.3 Method

Water was heated on a magnetic hotplate stirrer to the desired temperature in a
beaker. The precursor was added to the water and allowed to stir for 5 min where
after the carbonate source was added in stoichiometric ratio according to
Equations 4 to 7. Stirrer speed of 400 rpm was used. The speed for the
intercalation experiments were selected as it was the highest speed at which the

slurry seemed fully mixed and did not stir out of control.

The beaker was closed off with transparent film, for NaHCO3; and NaCO;
experiments, to prevent carbonation from air and evaporation of water. In the
case of intercalation by air the beaker was left open to the atmosphere,
temperature was controlled and water added to make up for evaporated water.
CO; (g) was bubbled through the slurry solution as shown in the Figure 20. Table

4 below shows the intercalation experimental conditions.

Ca;AL(OH),, + Ca(OH), + NaHCO; + 4H,0 — Ca,Al,(OH),,CO5-3H,0 + NaOH  (4)

Ca;Al,(OH), + Ca(OH), + Na,COs + 4H,0 — CayAl,(OH) ,CO5-5H,0 + 2NaOH  (5)
Ca;Al,(OH),, + Ca(OH), + COy (gors) +4H,0 — CayAl,(OH) ,CO5-5H,0 (6)
Ca;Al,(OH),, + Ca(OH), + CaCO3 +4H,0 — Ca;Al,(OH) ,CO5-5H,0 (7)

The use of sodium bicarbonate and sodium carbonate (Equations 4 and 5) result

in formation of sodium hydroxide according to Equations 8 and 9. This reaction

is highly unstable as a result of the reversible nature of bicarbonate. It is highly
pH dependent (IBT, 2003).
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NaHCO3 + Hzo < NaOH + H2C03 (8)
N32CO3 + Hzo «— 2NaOH + COz (9)

Dry ice experiments were conducted at different loadings (Table 4) and allowed
to sublimate to completion. The stoichiometric amount of dry ice needed in the
experiments were 1 g. All samples were filtered with a vacuum filter and dried
overnight in Memmert 100 Universal bench top lab oven at 140 °C for precursor
samples and 60 °C for intercalation samples. Dried samples were ground using a

mortar and pestle before being sent for analysis.

Table 4: Time and temperature reaction conditions for intercalation.

Carbonate Source Time (h) Temperature (°C)
NaHCO; (s), NaCOs (5) 2,6, 10,24 ~25 (ambient), 40, 50, 60, 70
CaCO0s (s) 0,25,0,5,1, 18 ~25 (ambient), 70
Air, CO; (g) 2,6,12,24 ~25 (ambient), 40, 50, 60,70, 80
CO; (g) @ 27 mL/min 2,24 ~25 (ambient), 60
CO2 (g) @ 47 mL/min 2,24 ~25 (ambient), 60
Loading (g)
Dry ice, CO; (s) 1,2,3,10 ~25 (ambient)

3.3 Use of calcite as combined calcium and carbonate source

An additional experiment was conducted in which calcite was use, in a one-step
synthesis, as both calcium and carbonate source. This was done with the same
experimental apparatus and method as discussed in Sections 3.1.1 and 3.1.2. The
reaction is shown in Equation 10. These experiments were conducted at the same

time and temperature conditions as the calcium hydroxide (Table 2).
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4CaCO; + 2AI(OH), + (3+ x)H,0 — CayAL(OH),,CO; - xH,0 (10)

3.4 Materials

All powdered chemicals used were chemically pure (CP) reagents grade. Calcium
oxide > 99 % (CAS no: 1305-78-8) and aluminium hydroxide > 99 % (CAS no:
21645-51-2). Calcium hydroxide > 95 % (CAS no: 1305-62-0) and calcium
carbonate > 99 % (CAS no: 471-34-1) form Sigma Aldrich. Sodium bicarbonate
(CAS no: 144-55-8) and sodium carbonate (CAS no: 497-19-8) from Merck
Millipore. CO; (g) >99 % supplied by Afrox and CO; (s) 16 mm pellets supplied

by Dry Ice International.

3.5 Analysis and sample preparation

X-ray powder diffraction patterns were recorded on an X pert-Pro Diffractometer
system from PANalytical with continuous scanning using a step size of 0,001°
between the ranges 5,00418° and 89,996178 ° 20. Co-Ka radiation was generated
with a wavelength of 0,1789 nm at 50 mA current and 35 kV voltage by a
diffractometer. The irradiated length was kept at 15 mm with a specimen length
of 10 mm. The distance Focus-diverge slit was kept at 100 mm and the measuring

time was kept At = 14,52 s for each point.

Thermogravimetric analysis was conducted on a Hitatchi simultaneous
thermogravimetric analyser TA7 000 Series equipment and TA7000 thermal
analysis software. Samples were loaded into alumina pans and run in a nitrogen

environment at 10 °C increase per minute form ~30 °C up until ~1 000 °C.

Some samples were characterised by scanning electron microscope (SEM) to
determine particle size and morphology. Samples for microscopic analysis were
prepared by loading the samples onto a transparent adhesive surface and applying

it to an aluminium platelet with double sided carbon tape. Excess sample was
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blown down by high pressure air, with care taken not to cross contaminate
samples. Samples were coated in an Emitech K950X carbon vacuum evaporator
with 8 layers of carbon to ensure conductivity. The samples were investigated
with ZEISS, SIGMA FE-SEM (field emission SEM). Micrographs were taken at
magnifications of 4 000, 10 000, 25 000 and at 40 000 in some cases and an

accelerating voltage of 1 kV was used for observation.
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4 Results and Discussion

Qualitative XRD analysis was used as the main analysis technique in this study
and was conducted for all samples. Primary and secondary peaks of detected
phases are indicated by markers on the qualitative patterns. Quantitative XRD or
Rietveld refinement and TGA analysis were conducted on selected samples to
support quantitative XRD results and are discussed where relevant. The molar

compositions of samples were calculated form the Rietveld results.

4.1  Precursor: katoite synthesis

4.1.1 Katoite formation with calcium oxide as calcium source

The XRD results of katoite samples reacted for different time intervals at 60 °C
are compiled Figure 22 and Table 5. The main phases present in these samples
are unreacted calcium hydroxide and aluminium hydroxide. Calcium carbonate
Is formed as an unwanted by product in this reaction. Negligible amounts of
calcium carbonate are present in the samples (less than 0,5 mol %). This indicates

that the formation of calcite is not a dominant reaction in this step.

The primary aluminium hydroxide peak at a 2 8 value of 21,3° is narrow and of
high intensity (Figure 22). This indicates that the aluminium hydroxide is of a
highly crysalline nature (showing large narrow peaks in the XRD patterns). This
will hamper dissolution of the aluminium source. At a reaction time of 4 h the
characteristic peaks of katoite (2 ¢ of 20,01° and 45,91°) become visible and
increase slightly in intensity as the reaction time increases. The quantitative
analysis, Table 5, shows that significant amounts (39,91 mol %) of katoite only

start to form at the extended reaction time of 24 h.
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Figure 22: Katoite synthesis for various time intervals at 60 °C.
Table 5: Rietveld analysis of samples formed at 60 °C.
Chemical Species (mol %)
Time CagAlg(OH)lz Ca(OH)z Al(OH)g CaCOe,
5 min 0,00 51,14 48,35 0,50
30 min 0,00 50,14 49,51 0,34
1h 1,56 51,46 46,75 0,23
2h 0,00 50,36 49,18 0,46
4 h 2,06 46,30 51,46 0,18
6h 2,89 41,78 55,21 0,12
8h 4,06 43,37 52,40 0,18
10 h 6,92 51,45 41,55 0,09
24 h 39,91 54,98 4,87 0,23
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Figure 23 shows the conversion of the calcium and aluminium to the desired
katoite phase, calculated from the quantitative analysis results. The trend shows
that as time increases, both calcium and aluminium conversions increase. The
conversion of aluminium stays below that of calcium by approximately 10 % up
until 10 h reaction time. This confirms the conclusion made by van Graan (2012)
that aluminium dissolution is the limiting or rate determining step in the synthesis.
At 24 h, the calcium conversion falls below that of aluminium. It is possible that
some of the aluminium has dissolved and is present in the amorphous phase. The
amorphous aluminium would not be taken into account by the XRD analysis.
Considering these results, it is clear that reaction at 60 °C is insufficient for the
dissolution of the aluminium phase which prevents reaction with calcium and the

subsequent precipitation of katoite.
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Figure 23: Calcium and aluminium conversion to katoite at 60 °C.
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Figure 24 and Table 6 shows the formation of reaction products at 80 °C. Here,
the characteristic peaks of katoite become more visible (2  of 20,01° and 45,91°).
The peak intensity of aluminium hydroxide relative to katoite is significantly
decreased compared to that of the 60 °C samples. This indicates an increase in
dissolution of aluminium hydroxide into boehmite (Al(O)OH) and subsequent
precipitation as katoite. The intensity of the aluminium hydroxide peak decreases
steadily with increasing reaction time. A sharp drop is observed between 4 h and
6 h followed by continuous decline thereafter. The primary katoite peak (20,01°)

shows a steady increase as the time is increased.
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Figure 24: Katoite formation for various reaction times at 80 °C.

In Table 6 it can be seen that at 2 h reaction time a significant amount
(55,49 mol%) katoite is already formed. This is a significant increase from the
reactions at 60 °C as the highest amount of katoite formed was 39,91 mol% when

reacted for 24 h at 60 °C. With a small increase in temperature, the reaction time
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can be significantly reduced. Calcite formation is still below 0,4 % for all
samples. There is a decrease in the katoite formation at 10 h and 24 h. This could

indicate that there is an optimum around 8.

Table 6: Rietveld analysis of the samples formed at 80 °C.

Chemical Species (mol %)

Time ~ CasAL(OH)s Ca(OH); AI(OH); CaCO;

5 min 2,04 48,51 49,27 0,18

30 min 2,66 43,18 54,02 0,13
1h 5,41 42,16 52,40 0,03
2 h 55,49 39,72 4,64 0,15
4h 56.74 23.08 19.64 0.03
6 h 61,76 17,28 20,62 0,34
8h 79,32 6,61 13,97 0,09
10 h 76,18 5,89 17,77 0,15
24 h 65,82 8,56 28,94 0,19

Figure 25 shows the conversion of the calcium and aluminium for the samples at
80 °C. The same trend is visible as in the 60 °C experiments, with conversion of
both species increasing with an increasing in time. Higher conversions are
reached more rapidly compared to the 60 °C samples. The two data points at 2 h
and 4 h seem to be out of place as they don’t follow the same trend. The
aluminium conversion is higher than that of calcium, which is not the case for the
other samples in this set. This may be due to experimental error. The conversion
of both calcium and aluminium increase rapidly and then plateau off above 2 h
reaction time, where it stays around 90 % for both species.
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Figure 25: Calcium and aluminium conversion to katoite at 80 °C.

Figure 26 and Table 7 shows the XRD and Rietveld refinement results of the
samples reacted at 100 °C. Unreacted calcium hydroxide and aluminium
hydroxide phases are still present in all the samples. Peak intensities of these
phases decrease with an increase in reaction time, as observed for samples reacted
at 80 °C. It should be noted that there is an increase in the formation of calcite.
At 60 °C and 80 °C, the calcite formation remained under 0,5 mol%, as shown in
Table 5 and Table 6. The calcite content goes above 1 % for the reactions at
100 °C (Table 7).

Within only 5 min, 47,98 mol% katoite has formed, and any a further increase in
reaction time does not seem to have a strong effect on the formation of katoite.
After 30 min, the katoite formation goes up to 61,44 mol% then remains between
60 mol% and 66 mol% up to 24 h reaction time. This indicates that, at this
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temperature, an increase in time does not have a significant effect on the increase

of katoite formation. .
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Figure 26: Katoite formation for various time intervals at 100 °C.

Figure 27 shows the conversion of the aluminium and calcium to katoite reacted
at 100 °C. Again the conversion of the aluminium specie is always slightly lower
that of calcium. The difference in conversion is much smaller than that the
reactions at lower temperatures, form ~10 % at 60 °C to ~2 % at 100 °C. Itis
clear that the conversion stays relatively constant over the entire time range. The
conversion of both species is much more consistent together at 100 °C than 60 °C
or 80 °C.
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Table 7: Rietveld analysis of the samples formed at 100 °C.

Chemical Species (mol %)

Time C&gA'z(OH)lZ Ca(OH)z Al(OH)3 CaCO3
5 min 47,98 30,42 20,52 1,08
30 min 61,44 18,64 18,58 1,34
1h 61,22 20,08 17,19 1,51
2h 61,22 19,06 18,23 1,49
4h 60,75 18,75 18,61 1,90
6 h 63,10 19,29 15,92 1,68
8h 62,26 18,79 17,13 1,82
10 h 65,50 15,92 17,34 1,23
24 h 61,71 21,01 15,60 1,68
100
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Figure 27: Calcium and aluminium conversion to katoite at 100 °C.
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The results for reactions at 120 °C are very similar to those at 100 °C. Katoite
peaks are present at each time interval (Figure 28). The aluminium hydroxide
and calcium hydroxide peaks are still present; however, they decrease in intensity,

relative to katoite, as the time increases.

{
f

Position [°26 ] (Cobalt (Co))

Figure 28: Katoite formation for various time intervals at 120 °C.

An increase in calcite content is noted from the quantitative results in Table 8. It
increases to above 2 mol%. Therefore, it can be concluded that calcite formation
Increases as temperature increases, but not to such an extent that it significantly
inhibits the formation of katoite. There is still unreacted calcium hydroxide
present in all the samples, which would have to dissolve and react with the

aluminium to form katoite. This is of larger concern than the small amount of
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calcite formation. After just 5 min of reaction time, a large amount (56,85 mol%)
of katoite had already formed. The amount of katoite increases and stays
relatively constant around 69 mol% for the rest of the temperature intervals. This
shows that for a higher reaction temperature, katoite formation is rapid and as
time increased conversion is more constant. Therefore, running reactions at

elevated temperatures could cut down production time significantly.

Table 8: Rietveld analysis of the samples formed at 120 °C.

Chemical Species (mol %)

Time ~ CasAL(OH)» Ca(OH), AI(OH); CaCO;

5 min 56,85 26,60 15,38 1,16

30 min 68,71 16,53 13,00 1,76
1h 67,48 12,29 18,59 1,64
2 h 67,67 12,66 18,27 1,40
4h 68,70 11,82 17,88 0,79
6 h 63,91 12,78 20,16 2,12
8h 66,28 17,75 13,73 2,24
10 h 68,90 17,18 11,61 2,30
24 h 68,15 16,44 12,75 2,65

Figure 29 shows the conversion of calcium and aluminium at 120 °C. It is clear
that there is no longer a difference between the conversion of calcium and
aluminium, and the conversion of both stay constant at around 92 %, after 30 min

reaction time.
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Figure 29: Calcium and aluminium conversion to katoite at 120 °C.

The conversion results in Figure 23, Figure 25, Figure 27 and Figure 29 indicate
that the dissolution of aluminium hydroxide is the limiting step in reaction. The
conversion of aluminium hydroxide for all the samples discussed above are
summarised as a contour plot in Figure 30. Itis clear that 60 °C is insufficient for
the complete dissolution of aluminium hydroxide, and a long reaction time is
required to get significant conversions. A temperature of 80 °C and reaction time
of at least 2 hours is required to reach conversions above 80 %. When the

temperature is increased to 100 °C, high conversions are reached almost instantly.
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Figure 30: Aluminium hydroxide conversion.

The calcium/aluminium ratios for all product samples discussed above are
summarised in Figure 31. The ratio of Ca:Al for successful katoite formation
should be 1,5. The ratio fluctuates between 1 and 0,8 for the 60 °C samples. A
temperature of 60 °C is not favourable for katoite formation, as the aluminium
does not dissolve enough to react with calcium and precipitate as katoite, rather
it seems to settle down in the mixture. Samples are taken from the bottom of the

reaction vessel as discussed in Section 3.1.1.

The aluminium content could be higher than desired as a result of poor dissolution
in the mixture and resulting in a low Ca:Al ratio. Itis interesting to note that the
outlier points (60 °C at 24 h; 80 °C at 2 h and 120 °C at 15 min) have ratios above
1,5, resulting in a much higher conversions of aluminium. The ratio seems to

stabilise at 80 °C and 4 h, which corresponds to the conversion in Figure 30.
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Figure 31: Ca:Al ratio of katoite synthesis reactions.

The general morphologies of katoite grown from a basic solution are 24-sided
deltoidal icositetrahedral, rhombic dodecahedral, octahedral and tetrakis
hexahedral. The resultant morphology is influenced by the presence of growth
modifiers in the reaction solution (Fogg et al., 2002a; Fogg et al., 2002b). The
morphologies of selected samples are shown in Figure 33 below. In Figure 32
the ideal deltoidal icositetrahedral morphology (Figure 32 (a)) is shown alongside
actual SEM micrographs of basic solution grown katoite (in NaOH solution for
24 h at 95 °C) (Figure 32(b)) and the dissolution-precipitation sample reacted for
24 h at 120 °C (Figure 32(c)). The 60 °C samples are not included in Figure 33,

but can be viewed in Appendix B, since the XRD results showed poor katoite
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formation. It can be seen, in Figure 33 moving down the columns, that as the
temperature increases, the morphology becomes more defined. In the first image,
at 80 °C and 15 min, the bulk of the sample morphology is ill-defined
agglomerates. At 24 h and 80 °C, the morphology starts to become visible but is
still unevenly formed (Whittington, Fallows & Willing, 1997). As the
temperature increases, the size of the particles decreases and become more
defined and more uniform. The morphology of the 120 °C samples do not differ
significantly with time, showing the formation of highly crystalline katoite

product within 15 min reaction time.

: . .

Figure 32: SEM images showing deltoidal icositetrahedral morphology of katoite.
a) 24-sided polyhedron bounded by (Fogg et al., 2002b) faces. b) Basic
solution grown katoite (Fogg et al., 2002b). c) Dissolution-precipitation

grown katoite.
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Figure 33: SEM micrographs showing precursor formation morphology.
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4.1.2 Katoite formation from calcium hydroxide

Four runs were done at high and low temperatures and time intervals to compare
the results to calcium oxide derived samples. The XRD results of these samples
are shown in Figure 34 and Table 9. It was hypothesised that the results would
prove to be similar to those of calcium oxide. The XRD results of the 120 °C are
similar to that obtained for calcium oxide. The katoite peaks are prominent and
In the same intensity range. The katoite primary peak intensity of calcium oxide
derived samples, ~10 000 counts, are higher than that of the calcium hydroxide
derived samples, ~7 000 counts. This indicates a more crystalline product was
formed during the calcium oxide reactions. The katoite molar contents of these

samples are also comparable.

The results of the 60 °C products are not in line with what was expected. The
reaction mixture was not exposed to any carbonate source during synthesis. The
only possible exposure to CO, in air was during post-synthesis treatment in the
filtration and drying steps, in the same way as all other precursor formation
experiments were conducted. The results indicate significant formation of
hydrocalumite, as indicated in Table 9, which was not observed for any of the
other samples. This indicates that there must have been carbonate exposure,

which was not detected during the experimental run.

No calcite or unreacted calcium hydroxide was detected either. Another
possibility is that hydroxide anions could have intercalated to form an LDH
phase. This needs to be further investigated. The high katoite yields compared
to calcium hydroxide, especially at 60 °C, makes this a very attractive option for
synthesis. Calcium oxide showed extremely low conversion at 60 °C, thus the
use of calcium hydroxide could significantly reduce the reaction temperature

required.
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Another observation is that there was no detection of aluminium hydroxide in any
of these samples. It is possible that the aluminium could be in the amorphous
phase, therefore, remained undetected. In calcium oxide samples, unreacted
calcium hydroxide, aluminium hydroxide and small amounts of calcite were

detected in all samples.

This could indicate that the use of calcium hydroxide is more favourable for the
dissolution of aluminium hydroxide. It is recommended that these experiments
be repeated, and a comprehensive time and temperature study be conducted with
calcium hydroxide. It is also worth determining the effect of the calcium oxide

vs calcium hydroxide slurry pH to determine if this could have an influence.

13000
— _60°C X Ca,AlL(OH),, [
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Figure 34: Katoite synthesis for at high and low time and temperature intervals.
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Table 9: Rietveld refinement of samples derived from calcium hydroxide.

Chemical Species (mol %)

Temperature Time CajAl,-
C&3A|2(OH)12 Ca(OH)z A|(OH)3 CaC03

(°C) (h) COs-LDH
2 76.03 - - - 23.97

60
24 55.01 - - - 44.99
2 78.86 19.80 - 1.34 -

120
24 67.52 31.43 - 1.05 -

4.2  Carbonate intercalation

4.2.1 Sodium bicarbonate as carbonate source

The XRD results for samples where sodium bicarbonate was used as carbonate
source are compared in Figure 35 and Figure 36. The general trend is that the
intensity of the hydrocalumite peaks increases as the temperature and time were
increased. The diffraction peaks become sharper and narrower, indicating
formation of more crystalline products. Aluminium hydroxide detected in the
samples is unreacted aluminium hydroxide from the precursor material. The
aluminium hydroxide peaks stay relatively constant up to 6 h where after they
decrease from 10 h and 50 °C.
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Figure 35: Hydrocalumite synthesis for 2 h and 6 h reaction times.
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Figure 36: Hydrocalumite synthesis for 10 h and 24 h reaction times.
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This could indicate possible dissolution of aluminium and may allow for further
reaction with calcium hydroxide present in the reaction mixture to form
hydrocalumite. Although these reaction conditions are not favourable for katoite

formation, as confirmed in Section 4.1.1.

Calcite peaks also remained constant, indicating that more calcite was not formed
during this step of the synthesis. Unreacted katoite/calcium hydroxide precursor
was detected in all samples. These reaction conditions were not sufficient to
allow for complete dissolution of the precursor and precipitation of
hydrocalumite. A reaction temperature of 70 °C is the most favourable at each
time interval. The primary hydrocalumite peak intensity increases significantly
with increase in reaction time. Quantitative XRD results and SEM micrographs
of these samples can be found in Appendix A and Appendix B, respectively for

reference.

4.2.2 Sodium carbonate as carbonate source

The results of hydrocalumite formation with sodium carbonate are similar to that
of sodium bicarbonate. There is an increase in hydrocalumite peak intensity as
time and temperature increase. There is also a significant spike in the intensity
of the hydrocalumite peaks at 60 °C and 70 °C for 10 h reaction time. These

samples have the highest yield of hydrocalumite.

There are no other phases visible on the diffraction patterns of these two samples
and the Rietveld refinement show small amounts of unreacted katoite and calcite
remaining from the precursor material (see Appendix A). The calcite content is
much lower than any of the other carbonate intercalation samples where. It can

be concluded that some of the calcite dissolved and precipitated as hydrocalumite.
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The calcium hydroxide peak intensity reduces rapidly (Figure 37 and Figure 38)
and from 6 h at 40 °C onwards, no calcium hydroxide was detected in any sample
with Rietveld refinement (see Appendix A). This indicates that the calcium
hydroxide fully dissolved, along with most of the katoite and reacted with the

carbonate source to precipitate as the desired hydrocalumite phase.

When comparing these results to that obtained for the sodium bicarbonate
samples, it is clear that these samples are much more crystalline. This indicates
that reactions at the same time and temperature conditions are more complete for
this synthesis route. Allowing for higher dissolution of reagents and precipitation
of hydrocalumite. This could be due to the fact that the formation of sodium
hydroxide (Equation 7) aids in the dissolution of the aluminium hydroxide
(Panias, Asimidis & Paspaliaris, 2001).
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Figure 37: Hydrocalumite synthesis for 2 h and 6 h reaction times.
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Figure 38: Hydrocalumite synthesis for 10 h and 24 h reaction times.
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Figure 39: Hydrocalumite synthesis at 60 °C and 70 °C.

The XRD results for the 60 °C and 70 °C samples are compared in Figure 39.
The trend observed above is clearly illustrated. These results show that for time
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intervals up to 10 h there is an increase in the intensity of the primary
hydrocalumite peak which declines at 24 h. There is a significant increase in this

intensity from 6 h to 10 h This shows that there is an optimum around 10 h.

TGA analysis was done on various samples. All showed similar results thus two
samples were selected for discussion and are illustrated in Figure 40. TGA results
for samples at 60 °C and 70 °C show that up to 9 thermal transitions occur similar
to those of hydrocalumite produced by Sanches-Cantu et al (2013). There are
three main decomposition steps for LDH materials. Vieille et al (2003) reported

that for chloride containing hydrocalumite these steps occur in the ranges of:

e Dehydration 25°C <T <250°C
e Dehydroxylation 250 °C < T <400 °C
e Anion decomposition 400 °C < T <1200 °C

Sanches-Cantu et al (2013) reported an overlap of these events as discussed in
Section 2.2.2. The first three thermal transitions were reported to be due to
release of adsorbed surface water and intra-particle pore water between
hydroclalumite crystallites. Thermal transitions 4 to 7 are the simultaneous
release of calcium bounded water and dehydroxilation. The last transitions are

complete dehydroxilation and anion decomposition.

As these samples are not pure hydrocalumite but rather a mixture including
katoite, aluminium hydroxide and calcite, the resulting TGA data will deviate
from the suggested hydrocalumite only data mentioned above. The 4" transitions
also accounts for the decomposition of calcium carbonate and aluminium
hydroxide. These decompositions continue up to the 8" transition. Calcite is

completely decomposed in the last two transitions as shown in Figure 41.
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The TG data of katoite synthesised at 120 °C and 3 h is compared to the TG data
of the intercalation samples at 60 °C and 70 °C at 24 h in Figure 40. The three

main decomposition ranges of hydrocalumite are indicated by the vertical dashed

lines in the TG/DTG results. XRD confirmed the presence of katoite and calcite

phases in these samples. Both of these phases each have one major

decomposition range. Katoite has its decomposition between 250 °C and 300 °C
(Figure 40) and for calcite between 650 °C and 750 °C (Figure 41). Since these

samples are mixtures of these phases the TGA data will be a combination of all

phases. Because of this it is extremely difficult to calculate exact information

about the hydrocalumite phase.
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Figure 40: TG and DTG analysis.
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Figure 41: TGA data of CaCO3; (Oniyama & Wahlbeck, 1995).

4.2.3 Air as carbonate source

Quantitative results for air as carbonate source are summarised in Table 10. These
experiments were conducted by keeping the slurry solution open to the
atmosphere at various controlled temperatures. The formation of LDH does not
go above 10 mol%. This is a poor conversion and is not a viable method of
intercalation within these synthesis parameters. These conditions are not

sufficient for the dissolution of the precursor material.

The conversion of katoite to hydrocalumite is shown in Figure 42. The
conversion is extremely low, ranging between 5 % and 15 %. There is an increase
In conversion as time and temperature increase. The conversion reaches a slight
maximum around 12 h for all temperatures in this range. It should be noted that
the amount of calcite is low and thus exposing the reaction slurry should not lead

to an increase in calcite formation.
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Table 10: Quantitative results of carbonate intercalation from air.

Chemical Species (mol %)

Time Temperature  CajAl;-
C&3A|2(OH)12 Ca(OH)z A|(OH)3 CaC03

(h) (°C) CO;-LDH
~25 2,38 43,15 45,76 8,72 0,00
40 2,56 44,15 4299 10,30 0,00
’ 60 1,68 46,32 3933 1126 141
70 7,39 48,94 3147 1022 1,98
~25 2,02 44,87 4322 989 0,00
40 3,26 45,65 41,75 9,35 0,00
° 60 6,60 43,22 3901 11,17 0,00
70 9,80 55,56 2569 6,78 2,16
~25 6,36 40,59 3886 1419 0,00
40 3,04 46,82 4042 972 0,00
12 50 6,19 43,61 4005 10,15 0,00
60 5,85 43,28 3642 1176 2,69
70 9,16 53,37 2511 1044 1,92
~25 4,04 45,78 40,15 870 1,33
40 3,18 45,71 4008 11,02 0,00
24 50 2,82 50,14 3595 11,09 0,00
60 5,95 49,14 3483 7,39 2,69
70 6,38 64,90 16,88 489 695
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Figure 42: Katoite conversion for air experiments.

4.2.4 CO:2 (g) as carbonate source

XRD results of products formed with CO, (g) as carbonate source are summarised
in Figure 43 and Table 11. These experiments were conducted at high and low
temperature and time intervals with high and low gas flow rates. It is clear that
the only samples that show hydrocalumite formation are the two at 2 h reaction
time at the lower gas flow rate. The quantitative XRD results in Table 11 show
that all of these samples consist mainly of calcite. At these reaction conditions,
the katoite is broken down and calcium hydroxide is converted to calcite. The
main conclusions made from these results are that lower flow rate andshorter

reaction time seem to be the most promising conditions for possible formation of
hydrocalumite when using CO; (g).

It is believed that this is due to the drop in pH of the reaction solution. The higher

flow rate CO; (g) results in a higher concentration of carbonic acid formation and
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as a result a more rapid reduction of pH. When the pH becomes too acidic the
LDH starts to break down and calcite formation becomes more prevalent. It is
recommended that this carbonation method be further investigated and the
experimental setup changed to allow for more efficient contact between the
precursor slurry solution and the gas. This method is the most promising green

method since there are no outlet streams that require treatment before re-use.
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Figure 43: Hydrocalumite synthesis with CO, (g) as carbonate source.
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Table 11: Quantitative results of carbonate intercalation from CO, (g).

Chemical Species (mol %)

. C&4A|2-
Flow rate Time Temperature
. COs- C&3A|2(OH)12 C&(OH)Q Al(OH)3 CaCO;
(mL/min)  (h) (°C)
LDH
, ~25 3,76 20,32 - 8,35 67,56
60 4,65 15,99 - 11,63 67,72
26,82
~25 - - - 28,57 71,43
24
60 - - - 26,85 73,15
, ~25 - - - 30,17 69,83
60 - - - 28,07 71,93
46,65
” ~25 - 11,41 - 8,05 80,54
60 - - - 28,31 71,69

4.2.5 Dry ice as carbonate source

Dry ice experiments were conducted by adding increasing masses of dry ice into
the katoite/calcium hydroxide precursor mixture (with 1 g being the calculated
stoichiometric requirement). In each case, except for the 10 g addition, a small
amount of hydrocalumite formed (Figure 44 and Table 12). There are still large
amounts of unreacted katoite/calcium hydroxide precursor present in the samples.
This could be as a result of the short contact times between the carbonate source
and the reaction mixture, since the dry ice was added to an open glass beaker and

allowed to sublimes. The sublimation was complete within 10 min.
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Figure 44: Dry ice intercalation.
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Considering the Rietveld refinement results in Table 12, it seems that the calcium

hydroxide converts mostly to calcite, and the katoite is not broken down to form

calcite. The sample with the most excess carbonate, 10 g dry ice, did not form

hydrocalumite. It is recommended to modify the experimental setup to increase

contact time and stay within stoichiometric loadings to see if the results will be

more favourable. Based on these results this is not a viable method for

hydrocalumite synthesis.

69

© University of Pretoria

Intencity (counts)



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Table 12: Quantitative results of carbonate intercalation from dry ice.

Chemical Species (mol %)

Mass (q) Cal- CasAL(OH), Ca(OH), AI(OH); CaCOs
COs-LDH
1 3,79 57,53 1869 1230 7,69
2 3,82 56,51 11,79 1293 1495
3 4,15 65,37 503 9590 1587
10 0,00 50,99 332 000 4569

4.2.6 Use of calcite as carbonate and calcium source

XRD results for experiments where calcite was added as carbonate source are
shown in Figure 45. These results have been adapted from the study conducted
by van Graan (2012). It is clear that it is possible to synthesise hydrocalumite
with calcite as carbonate source. These experiments were only conducted at short
time intervals (up to 1 h) at ambient temperature. It was reported that the highest

katoite conversion for these experiments was 30 % in 1 h.

Figure 46 shows results of experiments where calcite was used as both a calcium
and carbonate source. Calcite was the only phase detected, which indicates that,
for these reaction parameters, it is not a viable method of producing
hydrocalumite. Aluminium hydroxide was only present in the 120 °C sample at

24 h and is assumed to be mainly in the amorphous phase for all samples.
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Figure 45: Hydrocalumite synthesis at varying time with calcite as carbonate

source (van Graan, 2012).
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Figure 46: Hydrocalumite synthesis with calcite as calcium and carbonate source.
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Considering both these set of results, it is concluded that calcite in a small
concentration could serve as a carbonate source. Even with short reaction times
at ambient temperatures, hydrocalumite formation is observed. When used in
large concentrations, there is no dissolution of calcite to precipitate as

hydrocalumite.

4.3 Overall synthesis

Based on the results discussed above it is concluded that for the first step of the
synthesis, with calcium oxide and aluminium hydroxide reagents, a reaction
temperature of 100 °C for 30 min is sufficient. This proved to be the lowest
reaction time at this temperature at which a high conversion of aluminium
hydroxide to katoite was achieved. In the carbonate intercalation step the use of
sodium carbonate resulted in the highest yield of hydrocalumite. The results

show the best hydrocalumite formation at 10 h reaction time at 60 °C.

Figure 47 illustrates how this synthesis method can be implemented on an
industrial scale. This is based on the same process described by Labuschagne et
al (2015). Calcium oxide, aluminium hydroxide and water should be added to
the reactor and reacted for 30 min at 100 °C. Thereafter the sodium carbonate
should be added to the precursor slurry mixture and reacted at 60 °C for 10 h. The
reaction products then go through filtration and drying steps. The filtrate contains
sodium hydroxide formed in the intercalation step which can be regenerated into
sodium bicarbonate/sodium carbonate by bubbling CO, gas into the solution
(IBT, 2003).
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As discussed with Section 2.3 conventional methods a salt containing effluent is

produced. With the use of oxide/hydroxide reagents in this method the effluent

stream contains sodium hydroxide instead of salts. The hydroxide can be treated

in a lower cost process than the salt effluent. This allows this stream to be

recycled back into the reaction system. In doing this sodium carbonate reagent

and water demand for the process is reduced. The resulting process is more

environmentally friendly.
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5 Conclusions and recommendations

5.1 Precursor: katoite synthesis

In the precursor formation step it was found that for the reaction between calcium
oxide and aluminium hydroxide the conversion of both the calcium and
aluminium source to katoite increases as reaction time and temperature increases.
It was confirmed that the dissolution of aluminium hydroxide is the limiting step.
A reaction temperature of 60 °C is insufficient to dissolve aluminium hydroxide.
Only after 24 h had a small amount of katoite formed and aluminium hydroxide
conversion was only ~60 %. An aluminium hydroxide conversion of ~90 % was

achieved at 80 °C within 6 h reaction time.

A further increase in temperature reduces the reaction time immensity with ~90 %
aluminium hydroxide conversion reached within 30 min at 100 °C and 120 °C.
Extending the reaction time beyond 30 min did not have a significant influence
on the conversion of aluminium hydroxide as it remains approximately constant
at ~90 %. An increase in the crystallinity of the products was observed for longer
reaction times at the high reaction temperatures. This was confirmed by an
increase in the intensity of the primary and secondary katoite peaks in the
diffraction patterns and morphology observed in FE-SEM micrographs. These

results also confirm that the effect of time is less significant than temperature.

An increase in calcite formation was observed as time and temperature were
increased but always remained below 3 %mol. Thus it does not inhibit the
formation of katoite in the first step of the reaction. Calcite formed despite of the
fact that the reaction mixtures were not exposed to a carbonate source. This could
be due to carbonate uptake from air during the filtering and drying steps or as a
result of the intercalation of hydroxide anions. This should be further

investigated. On a large scale production facility, reaction temperatures of 100 °C
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for ~30 min is suggested in the precursor step. The higher yields obtained by
using calcium hydroxide as calcium source will also be important for commercial
synthesis. It is recommended that the pH effect of calcium oxide vs calcium
hydroxide as calcium source be investigated to determine the effect on katoite

formation.

5.2 Carbonate intercalation

Of the various carbonate sources tested sodium carbonate results showed the best
yield of hydrocalumite. The results of sodium bicarbonate and sodium carbonate
were very similar in that as time and temperature increased the conversion of the
precursor material in the presence of the carbonate source to form hydorcalumite
increased. There was a significant spike in the hydrocalumite diffraction peak
intensity of the sodium carbonate samples at 60 °C and 70 °C for 10 h reaction
time. These samples showed the highest hydrocalumite yield. There are virtually
no other phases visible on the diffraction patterns and Rietveld refinement data
of these two samples. Only small amounts of unreacted katoite and calcite
remaining from the precursor material were observed. The calcite content was
much lower than any of the other samples. It can be concluded that some of the

calcite dissolved and precipitated as hydrocalumite.

The reason for this is not clear. It may be due to the sodium hydroxide formed
during the reaction of sodium carbonate. It is known that sodium hydroxide helps
with dissolving aluminium hydroxide through the formation of sodium aluminate
a highly soluble aluminium specie (Panias, Asimidis & Paspaliaris, 2001). The
sodium hydroxide enhances the dissolution of the aluminium hydroxide at an
acceptable rate and favourable pH, increasing the hydrocalumite yields.

This makes the carbonate intercalation from sodium carbonate and sodium
hydrogen carbonate in this two-step synthesis method well suited to large scale
production. The sodium hydroxide can be reacted with CO; to regenerate the
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sodium carbonate (Yoo, Han & Wee, 2013). This will lead to an environmentally
friendly synthesis route. Regarding the other carbonate sources the following

main conclusions were made:

Air: In the range of temperature and time reaction conditions the hydrocalumite
content of all samples stay below 10 %mol. This is not economically viable for

large scale synthesis.

CO, (9): Small amounts of hydrocalumite (~4 %mol) formed at the lower gas
flow rate and lower reaction time of 2 h. The precursor material gets broken
down and forms large amounts of calcitewith this carbonate source. Overall,
more work must be done to establish the value of this synthesis technique on
commercial scale. However, it may be easier to use sodium carbonate as a
carbonate source and then regenerate it by reacting CO, (g) with the produced
sodium hydroxide (Yoo, Han & Wee, 2013).

Dry ice: Small amounts of hydrocalumite formed and large amounts of unreacted
precursor material were present in all samples. The low conversion could be a
result of the short reaction time. This method does not appear useful for a large
scale synthesis of hydrocalumite. The production of CO; (s) is also energy
intensive making this synthesis route not the best option from a commercial point

of view.

5.3  The use of calcite as combined calcium and carbonate source

Hydrocalumite forms when calcite is used as carbonate source within short

reaction times at ambient temperature. When calcite is used in a larger

concentration as calcium and carbonate source, no dissolution occurs. The

reaction dynamics and chemistry behind this is not yet fully understood. The

solubility of the calcite at the reaction conditions (along with the low aluminium
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hydroxide solubility) may be hindering the reaction. The replacement of some of
the calcium oxide / calcium hydroxide as calcium source by calcite, will lead to
a lower overall reaction medium pH. This may be hindering the formation of

katoite.

More work is needed here to investigate the complex slurry chemistry of this
overall reaction. It is recommended to investigate the full effect of reaction time,
reaction temperature, reaction slurry pH and slurry solid concentration on the

formation of hydrocalumite.

54 Overall

Considering the results of the precursor formation and intercalation it is
concluded that the best synthesis conditions would be to react calcium oxide and
aluminium hydroxide at a temperature of 100 °C for 30 min, where after sodium
carbonate should be added to the mixture and reacted for a further 10 h at between
60 °C and 70 °C. These conditions resulted in the .highest conversion of reagents
in each step It is recommended that pilot scale testing of this synthesis method

be conducted to confirm its usability on a commercial scale.
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Appendix A: Rietveld refinement

Table 13: Quantitative results of sodium bicarbonate carbonate source.

Chemical Species (mol %)

T(ig)‘e Temg‘g;‘t“re c%a;ﬁgH CasAl,(OH), Ca(OH), AI(OH); CaCOs
25 14,31 14,40 1278 1676 41,76
40 22,07 8.18 1386 1467 4121
2 50 23,50 8,26 040 1223 4661
60 30,07 3,82 1496 1320 37,95
70 23,53 12,39 1074 1396 39,38
25 18,96 8.17 1564 1872 3851
40 20,26 5,88 1504 21,00 3772
6 50 25,26 5,38 1849 1303 37,83
60 34,75 5,67 2410 1136 2412
70 39,31 3,93 1038 1724 29,14
25 21,73 775 801 2364 3887
40 27,81 4,03 1684 1514 36,18
10 50 30,70 277 1700 2048 29,05
60 36,64 267 1436 2131 2503
70 32,02 7,01 842 1402 3853
25 41,32 3.33 1542 256 37,37
40 12,11 1,78 1004 2302 2306
24 50 50,56 1,23 1043 1811 19,67
60 45,41 2,60 1754 000 3445
70 43,39 6,13 2075 000 2974
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Table 14: Quantitative results of sodium carbonate intercalant source.

Chemical Species (mol %)

T(irr]';e Tem{(’%;‘t“re o, Cal(OH) Ca(OH), AIOH);  Caco:
-25 35,10 13,81 122 114 4872
40 29,05 11,48 047 000 59,00
2 50 20,00 7,49 000 043 72,08
60 21,61 4,56 000 053 7329
70 23,77 6,79 000 000 6944
-25 24,10 5,08 014 1,35 69,33
40 32,66 5,37 000 000 61,97
6 50 34,86 343 000 000 6171
60 31,19 2,89 000 000 6593
70 35,56 2,43 000 000 6201
-25 29,81 3,68 000 075 6576
40 60,16 9,83 000 000 30,01
10 50 81,84 5,41 000 000 1275
60 86,59 8,29 000 000 512
70 82,87 5,13 000 000 1200
-25 42,00 098 000 111 5590
40 41,54 1,43 000 013 5690
24 50 36,78 1,23 000 000 61,99
60 35,36 4,20 000 000 6044
70 34,64 2,39 000 000 62,97
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Appendix B: FE-SEM micrographs

Figure 48: FE-SEM micrographs of katoite formation at 60 °C for 24 h reaction

time.
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Figure 49: FE-SEM micrographs for intercalation samples with sodium

bicarbonate as carbonate source.
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ambient

2h

10 h

24 h

Figure 50: FE-SEM micrographs for intercalation samples with sodium carbonate

as carbonate source.
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