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ABSTRACT

The bauxite, a mineral rich ore, is an important source of metallic aluminum in industry.
The Bayer process, developed in 1888, involves the extraction of alumina (AlOs3) from
bauxite. One of the key stage of Bayer process is the crystallization of aluminum
trihydroxide (Al(OH);), an intermediate product from which alumina is obtained by
dehydration. Crystallization behavior and the morphology of aluminum trihydroxide
depend strongly on the reactor temperature, the supersaturation defined by the
concentration ratio of soluble [Al;O;]/[Na;0], noted as A/C ratio, and the presence of
impurities. This crystailization behavior of aluminum trihydroxide was examined at
various temperatures, initial concentration ratios of [Al20;]/[Na;0] and concentrations of
titanium oxide and ferric oxide as impurities. The X-ray diffraction analysis showed that
only gibbsite, a polymorph of AI(OH);, was produced at the end of all the experiments.
An increase in the temperature, as well as an increase of the initial A/C ratio, resulted in
an augmentation of the slurry density and the particle size distribution. The Scanning
Electron Microscope (SEM) images of aluminum trihydroxide crystals revealed that the
presence of titanium oxide favored the production of the small singie crystals minimizing
agglomeration. In the case of ferric oxide, the agglomerates were formed but showed a
decrease of the average diameter as compared with the crystals formed without any
impurities. Zeta-potential and settling velocity of aluminum trihydroxide in the presence

and absence of impurities were also measured.
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RESUME

Le bauxite, un riche minerai, est une source importante d’aluminium dans I’industrie. Le
procédé Bayer, développé en 1888, permet d’extraire I’alumina du bauxite. Une des
étapes importantes de ce procédé est la cristallisation du trihydroxide d’aluminium
(AI(OH);), un produit intermédiaire a partir duquel on produit I’alumina par
déshydratation. L’évolution de la cristallisation et de la morphologie d’Al(OH);
dependent fortement de la température du réacteur, la supersaturation définie par le
rapport des concentrations soluble de [Al;0;] et de [Na;O], noté A/C, et de la présence
d’impuretés dans la solution. Dans ce mémoire, I’évolution de la cristallisation d’
Al(OH); a été étudiée a différentes températures, différents rapports des concentrations
initiales de [Al20s] soluble et [Na,0] soluble et différentes concentrations en impuretés
(oxide de titanium et oxide de fer). L’analyse par diffraction des rayons X a montré que
seul le gibbsite, un polymorphe de AI(OH);, a été produit a la fin de toutes les
expériences réalisées. Une élévation de la température, de méme qu’une augmentation du
rapport des concentrations initiales A/C, ont conduit a une augmentation de la densité des
particules dans la solution et du volume moyen des cristaux. Les images des cristaux
d’Al(OH); prises avec un microscope a balayage électronique ont révélé que la présence
d’oxide de titanium minimise l’agglomération et favorise la formation de simples
cristaux. Dans le cas de I'oxide de fer, les cristaux d’Al(OH); aggloméraient mais le
diamétre moyen diminuait comparé au cas sans impuretés. Le potentiel z€éta et la vitesse

de sédimentation d’ AI(OH)s, en présence et absence d’impuretés, ont été aussi mesurés.
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NOMENCLATURE

A: Alumina concentration, expressed as g/L. Al,O;, abbreviated as g/L A.

C: Caustic concentration (sodium hydroxide plus sodium aluminate), expressed as g/L
Na,O, abbreviated g/L C.

A/C: Alumina / Caustic ratio, using above units.

Alumina supersaturation: Concentration above equilibrium solubility, expressed as A/C
ratio.

R: Alumina/ Caustic ratio at any time, using above unit.

Reg: Equilibrium Alumina/ Caustic ratio, using above unit.

S: Supersaturation of the solution corresponding to the ratio R/Req.

T: Temperature in °C.

o: Specific surface free energy. It represents the work spent to create reversibly and
isothermally a unit area of a new surface.

CSD: Crystal Size Distribution.

AA: Atomic Absorption.

Ppm: Part per million.

LOI: Weight loss due to heating from 110 to 1100°C.

V/V: Volume / Volume.

2-D nucleus: Two- dimensional nucleus.



INTRODUCTION 1

Chapter 1
INTRODUCTION

Aluminum is the third most commonly found element in the earth’s crust, which
consists of 9% aluminum. It is found prevalently in rocks and minerals such as clay
where it is combined with the oxides of silicon. The properties of metallic aluminum
depend to some extent on its purity. This may vary from the ordinary aluminum at 99.2%
purity to super-purity aluminum at 99.99% or higher purity (Varley, 1970). High purity
aluminum is soft and lacks strength, but its alloys, containing a small amount of other
elements have high strength to weight ratios. Depending on their properties, aluminum
compounds have been used in various applications for over 4000 years (Evans, 1996).

The characteristics of aluminum are well known. Its main properties are its low-
density (2700 kg/m’), good reflectivity, and electrical and thermal conductivity. It is also
protected from the atmospheric corrosion by a thin oxide film resulting from the
instantaneous reaction of aluminum with oxygen (Varley, 1970). Due to its desirable
physical, chemical, and metallurgical properties, aluminum is the most widely used non-
ferrous metal. For example, due to its high conductivity, aluminum is used in electrical
transmission lines, and, due to its low density, in aeronautics along with other light
metals.

Aluminum does not occur in the metallic state because of its strong affinity to
oxygen. Thus, bauxite, a mineral rich in aluminum oxide (alumina), is the most important

source of the aluminum metal. The Bayer process, which was discovered in 1888 by the



INTRODUCTION 2

German scientist K. Bayer, has been used to extract and puﬁfy the alumina (Al,O3) from
bauxite. Any changes in the process conditions result in alumina having different
physical and chemical properties. One of the critical stages in the Bayer process is the
crystailization of aluminum trihydroxide, AI(OH);, which is an intermediate product.
Aluminum trihydroxide is then converted to alumina to make the final product. One of
the key steps in the Bayer process is the crystallization of aluminum trihydroxide
(Al(OH),).

Crystallization is one of the most commonly used methods to purify a chemical
solid. The production of basic crystalline commodity in the world exceeds 1Mt/year.
Thus, better understanding of the process represents an enormous economic importance.
In the past, fundamental research on crystallization was focused mainly on understanding
and predicting the particulate nature of the crystalline phase. The recent advances in the
electronic microscopy contribute to expand such knowledge and to further improve the
understanding, by obtaining a direct relationship between the crystal structure and the
processing conditions (such as temperature and impurities). The crystal properties such as
the size, shape, purity, structure strength and resistance to abrasion determine the
suitability of the crystals for industrial applications (Zaknich, 1997). These properties of
the produced crystals depend on the processing conditions.

In the present study, the crystallization process and the morphology of aluminum
trihydroxide, AlI(OH)3, was studied under various processing conditions. The reactor
temperature, the initial concentration ratio of alumina to sodium oxide, [Al,0;3]/[Naz0],

and the concentration of the two impurities, titanium oxide and ferric oxide, were varied.
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Note that the concentration ratio of [Al,03;]/[Na;0] defines the ratio of aluminum and
sodium dissolved in the solution and is commonly used in literature and industry (See
Appendix A). The crystal morphology was observed under Scanning Electron
Microscope (SEM). X-ray diffraction was used to characterize the various polymorphs of
AlI(OH); as well as the impurities present in the crystals. Furthermore, the zeta-potentials

and the settling velocities were measured to confirm the effect of the impurities on the

agglomeration of AI(OH);.

1.1 Bayer Process

There are various hydroxides of aluminum with different physical and chemical
characteristics. Their production is an intermediate stage in the production of alumina
(Al;0O3). Figure 1.1 shows the different aluminum hydroxides. From this classification,

the crystalline forms of aluminum trihydroxide are the most-well defined.

Aluminum Hydroxides —® Gelatinuous

‘

Crystalline
Trihydroxides Oxide-Hydroxides
Al(OH)3 AlOOH
I
| | L I
Gibbsite Bayerite Nordstrandite Boehmite Diaspore

. Figure 1.1: Different compounds involved in the production of alumina (Misra, 1986).
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The difference in the stacking order of the [Al,(OH)¢], double layers defines the

three main polymorphs of the aluminum trihydroxide: gibbsite, bayerite and nordstrandite

(Misra. 1986). Figure 1.2 shows all the polymorphs of AI(OH); produced as a function of

the temperature and the pressure of the reactor. For a temperature lower than 100°C. only

gibbsite or bayerite are stable. Bayerite. however. is unstable at a temperature higher than

20°C. In an aqueous solution it is converted to gibbsite in the presence of Na™ ions

(Misra. 1986).

Ervin & Osborn: Boehmite Diaspore Corundum
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- { ]
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Figure 1.2: Different polymorphs of the aluminum trihydroxide formed as
a function of the temperature and pressure in the reactor (Misra. 1986).

The Bayer process, developed by Karl Josef Bayer over 100 years ago. involves
the production of aluminum trihydroxide and alumina. A flow chart of the Baver process
is shown in Figure 1.3. The process involves four basic steps: digestion. clarification.

. crystallization and calcination (Weiss. 1993).
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Figure 1.3: The production of alumina by the Bayer process (Misra, 1986).
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* Digestion
The crushed and powdered bauxite is digested in a strong caustic soda solution at
atmospheric pressure and at a temperature up to 240°C to dissolve the gibbsite (Al(OH)3)
contained in the ore. The advantage of using bauxite as an aluminum source is that it can
be digested at a relatively low temperature and pressure compared to other aluminum
ores. The chemistry of the digestion process can be written as the reactions of gibbsite
with the sodium hydroxide solution (Misra, 1986).
For the gibbsite (represented by AI(OH)s3):
Al(OH), (solid) + NaOH(aq) < NaAlO,(ag)+ 2 H ,0(aq) (1)
s  (Clarification
Upon digestion, aluminum trihydroxide is dissolved in the caustic solution. Any
insoluble residues of iron oxide, silica or insoluble AI(OH);, remain as solid particles.
These are removed from the caustic solution by settling in the clarification step.
®  Crystallization
The critical step of the Bayer process is the crystallization of aluminum
trihydroxide from the caustic solution. The hydrate-rich solution, afier the clarification
stage, is cooled, seeded with small AI(OH); crystals and cooled again. At the end of the
process, the precipitate is washed in order to remove the final traces of caustic soda and
other impurities. Aluminum trihydroxide is then recovered from the sodium aluminate
solution. One disadvantage of this process is that it is very slow despite the high
supersaturation and heavy seeding. A large fraction of soluble Al(OH); remains in the

spent liquor.
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At the high temperature and the high concentration of caustic solution used in the
digestion process, the reaction in the equation 1 proceeds from left to right. After the
liquor is cooled and diluted, the overall reaction of the crystallization of AI(OH);
proceeds from right to left :

NaAlO,(aq)+2 H ,0 (aqg) < Al(OH), (solid)+ NaOHfag) (2)
* Calcination

After washing and filtering, the hydrated AI(OH); crystals are calcined (or
'roasted’) at high temperature to dehydrate the Al(OH); crystals to form the final product,
alumina (ALOs). The final product with more than 99% purity is in a form of fine white

powder (Misra, 1986).

1.2 Crystallization process

The important step in the Bayer process, as explained in the previous section, is
the crystallization process, which consists of two steps: nucleation and growth.
Nucleation is the formation of small crystals (nuclei) which subsequently undergo many
transformations (such as crystal growth, agglomeration or recrystallization) until they
reach their final state at the end of the crystallization (Sohnel and Garside, 1992). Figure
1.4 shows the crystallization process as a function of time. The particie-size distribution
of the final crystalline product depends on the nucleation and growth. As observed in this
figure, when AI(OH); is supersaturated in a caustic solution, primary nucleation
(nucleation without seed) takes place. The formation of nuclei crop depends on the
reactor’s temperature, the initial relative concentration of aluminum to sodium ratio and

the impurities contained in the solution.
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Upon the formation of the first precipitate. precipitation proceeds by three

different methods:

e Secondary nucleation, which involves the formation of a new solid phase in a seeded
solution.

e Secondary changes of the crystals (ripening, aging, agglomeration and coagulation) if
the precipitated crystals are sufficiently small.

e Growth of the crystals.

Secondary nucleation

<4— —P

=1
2
s
= .
3 Primary Secondary changes
& nucleation —»
s 4> (recrystallization. aggregation. etc)
§
x
45

< —»

/ Growth
T Time
Creation of
supersaturation

Figure 1.4: The different processes involved in the production of a crystal (S6hnel and
Garside. 1992).

In a batch reactor. initially seeded with AI(OH);. the crystallization process starts

immediately by a secondary nucleation. All these processes (secondary nucleation.
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secondary changes and growth of the crystals) are closely related and can occur
simultaneously.

Depending on the reactor conditions and the precipitation time, the crystal size
distribution can vary. For example, more rapid precipitation can be induced by a high
supersaturation of AI(OH);. Thus, the degree of supersaturation of AI(OH); in the
caustic solution is a very important parameter in this process. High supersaturation favors
the production of a large number of crystals by primary nucleation. In contrast, the
decrease in the supersaturation level in the batch process limits the precipitation process

and thus reduces the average crystal size (Sohnel and Garside, 1992).

1.3 Crystal morphology and structure of Al(OH);.

A crystal consists of a rigid lattice of molecules or atoms; their locations are
characteristics of the substance. For example, AI(OH); crystallizes in the face-centered
cubic system. The regularity of the internal structure gives to the crystal smooth surfaces
or plane faces, which allow the crystal growth. The planes of these faces are parallel to
atomic planes in the lattice. Generally, each growing crystal is unique in its conception,
and has completely different size and external shape.

The growth rate of the AI(OH); crystals, mostly the slow-growing faces, has a
strong effect on the strength and the morphology of the crystal. The latter is governed not
only by the crystal structure and crystal defects but also by the environmental conditions
of the crystal growth. For instance, new scanning electron microscopic (SEM) studies
reveal that the crystals generated in a batch reactor and in a continuous stirred tank

reactor can have different growth patterns and crystal structures (Roach ez al., 1998). The
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chemisorption of an impurity can cause also chemical changes in the crystal surface
resulting in a new structural appearance and thus new crystal properties. The other main
parameters controlling the properties of the AI(OH); crystal growth will be discussed in

detail in section 2.4.

1.4 Imperfections and impurities in crystals
Perfect crystals with homogeneous physical and chemical properties are rare and in
many cases they are not required. In fact, the lattice imperfections and other defects
confer important chemical and mechanical characteristics on crystalline materials. There
are three main types of lattice imperfection (Zettlemoyer, 1969):
. Point (zero dimensional): resuits of interstitial, substitutional

impurity, vacancy.

) Line (one-dimensional).
. Surface (two-dimensional): due to mechanical thermal stresses or
irregular growth.

These surface defects are believed to be due to the change in the crystal growth
pattern, which is greatly influenced by many factors including the presence of impurities
in the crystal (Zettlemoyer, 1969). Thus, a better understanding of the effect of soluble
and insoluble impurities on the crystal structures is necessary to optimize the process.
The imperfections can be caused, for example, by the presence of chlorides, phosphates,
sulphates, fluorides carbonates, calcium, iron and silica in the pregnant sodium aluminate
liquor (Patnaik and Vidyasagar, 1998). Some of the main impurities originating from

bauxite and caustic soda are listed in Table 1.1.
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Table 1.1: Example of impurities present in
produced by the Bayer process.

the row bauxite and the purified Al;Os

Jamaican bauxite (Blankenship, 1999) Alumina produced by NAPCO
Chemistry Typical Chemistry Typical
AlLOs 48.2% AlLOs 96.34%
TiO, 2.38% TiO, 2.65%
Si0; 0.70% SiO; 0.56%
Fe;03 19.60% Fe;0; 0.08%
Ca0 0.60% CaO 0.15%
L.OlI 27.30% MgO 0.50%

The physical properties of the final product (aluminum) produced with the
alumina depend on the purity of the aluminum (Table 1.2). Noticeable changes in the

electrical resistivity and thermal conductivity are observed at lower purity.

Table 1.2: Physical properties of different aluminum (Varley, 1970).

Purity
Property
99.99% 99%
Melting point, °C 660.2 657
Latent heat of fusion, cal/g 94.6 93
Density at 20°C, g/cm’ 2.7 2.71
Electrical resistivity uQQ—-cm at 2.68 2.87
20°C
Reflectivity (total) 90% Less than 86%
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1.5 Objectives : the research Project

The production of alumina by the Bayer process has been practiced since 1888 and
research has been going on since then; however, there has been a renewed interest in the
study of the relation of growth and morphology due to the recent refinements in the
techniques for the analysis of crystal. The main objective of this work was to study some
of the main factors that affect the crystallization of AI(OH);. The specific objectives
were:

(1) To determine the influence of temperature and concentration on the
concentration of the particles (slurry density), the dissolved aluminum and
sodium concentration and the morphology of the crystals formed.

(2) To determine the effect of insoluble impurities (TiO; and Fe;Os) on the
concentration of the particles (slurry density), the dissolved aluminum and
sodium concentration and the morphology of the crystals formed.

(3) To propose the different mechanisms involved in the evolution of the crystal.
Experiments at different temperatures and different initial concentration of dissolved
aluminum and sodium as well as impurities were performed. Analytical techniques, such
as x-ray diffraction analysis, zeta-potential analysis and settling velocity measurements

were used to examine the effect of impurities on the properties of the produced crystais.
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Chapter 2
LITERATURE REVIEW AND TECHNICAL BACKGROUND

2.1 Supersaturation conditions.

The rate and the mechanism of crystal growth in solution depend on
supersaturation. Unless the mother solution is supersaturated, crystals can neither form
nor grow. The supersaturation refers to the quantity of solute present in the solution
compared with the quantity that would be present in the solution at the equilibrium (Perry
and Green, 1997). The equilibrium solubility in the aluminum trihydroxide solution can
be determined from an empirical model developed by Misra (1970):

24867 +1.08752 x ¢

T+273 T+273

3)

InR__ =62106-
eq

where Req : the equilibrium ratio (Al;03/Na;O by wt).

T : the temperature of the reactor (°C) (between 25 and 100°C).
C : the caustic concentration (g/L.) in the solution expressed by Na,O (in a
range between 30 and 230 g/L).

This correlation has the advantage of being simple and representative of the
driving force by subtracting it from the actual Al;03/Na;O ratio present in the mother
liquor. As discussed in p. 2, all the aluminum and sodium concentrations are expressed as
a function of Al;O3 (noted A) and Na,O (noted C) respectively. The ratio is thus noted

A/C ratio and is commonly used in literature and industry.
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2.2 Description of the aluminum trihydroxide crystal.
The aluminum trihydroxide has a hexagonal (rhombic) crystal shape (Figure 2.1).
The agglomerated particle consists of many individual crystals fused together. During the

growth process, the deposition of fresh hydrate increases the size of the AI(OH); particle.

(ron)
(100)

(110) (112)
Figure 2.1: Typical morphologies of the AI(OH); (Seyssiecq et al.. 1999).

Bigger particle sizes can be obtained by agglomeration. Agglomeration is favored
by minimal agitation and high precipitation rate. From the first appearance of a new
particle as a nucleus, the particle undergoes growth and secondary change like
agglomeration. These fines. obtained at a specific agitation level. originate from
nucleation rather than attrition (crystal breakage). The nuclei are called lamelar dendrites.
which form and easily separate from the largest hydrate particles. Nucleation increases
exponentially with supersaturation. The crystals have various shapes and surface textures.
Zaknich (1997) categorizes the crystal properties in terms of particle shape. single crystal,

texture, crystal size, agglomeration, susceptibility to breakdown and type.
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2.3 Crystal growth mechanism

In general, a new surface can be created by three different ways (Sohnel and
Garside, 1992):

A Two homogeneous phases are cleaved into two parts and then the halves

formed are put into contact.

B. The transfer of atoms or molecules from one phase to another (growth of
Al(OH)s).
C. The stretching out of an old surface.

In the first two cases A and B, the chemical bonds are broken during the
formation of the new surface. The sum of all the broken bonds for a unit area
corresponds to the specific surface free energy, o. In the case of C, only the surface
energy of the crystal changes, the number of broken bonds remains unchanged. The
resulting crystals will be the most stable state possible. The crystallization of aluminum
trihydroxide in a well mixed reactor is achieved by the surface integration process; the
transfer of atoms in case B. The growth takes place at the crystal ambient phase interface
in a caustic solution. The growth rate is simply proportional to the flux of atoms from the
ambient phase and the density of the growth sites (half crystals or kink positions) which
the faces offer to the building units. This density is related to the crystallographic
orientation of the face and to the temperature of the system.

The group of atoms, which integrate on to the crystal surface during the
crystallization process, is called the growth unit (Sohnel and Garside, 1992). Figure 2.2

shows a planar representation of the gibbsite growth unit. It is formed by two aluminum
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atoms surrounded by ten hydroxyl groups of which two of them are shared by the
aluminum atoms. This growth unit can be directly placed into the gibbsite growth sites

called kinks as in Figure 2.3.

JWA
245A —H—. 236 A

" OH OH\

uo\!/o\ __-OH
”“IHO‘/ ' \O/M\OHI 2,

~.ou__H_ 0 OH /r

2ISA
3.U3A

Figure 2.2: A planar representation of Gibbsite growth unit (Seyssiecq et al..
1999).

The atomically rough face of a crystal or dislocation. for example. offers a great
number of kink positions. Building particles from the mother solution are easily
incorporated to the crystal lattice. When the chemical potential of the solution is greater
than that of the crystal (supersaturation), the growth units of the crystallizing material
(atoms, ions or molecules) are adsorbed to kink positions. They become part of the
crystal. In any other position they are connected more weakly to the crystal surface than
the atoms at the kink positions. The surface of a crystal. however. is more complicated
and differs from this ideal plane surface. The growth units move in a random manner,
colliding with one another. In some cases. the formation of a critical two-dimensional
nucleus can result from these collisions. The 2-D nucleus steps initially appear randomly

on the surface (Figures 2.4 and 2.3).
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_.- Growth step

e

Crystal Growth unit

surface

Figure 2.3: Attachment of a growth unit from the adsorption layer on the
crystal surface into a kink site (S6hnel and Garside, 1992).

The nuclei are in metastable equilibrium with their surrounding and have an equal

probability of growing or dissolving. They are very unstable and tend to dissolve into the

caustic solution. However, when they reach a critical size their growth is

thermodynamically favored.

Crystal surface 2-D nuclei
|

: o (

Lo "
£ o =
| Crystal
: / = / surface
Growth step on edge L —~
of nucleus ‘

Figure 2.5: Growth of a crystal by a polynuclear
mechanism (S6éhnel and Garside. 1992).

Figure 2.4: Two-dimensional
nucleus on a crystal surface (Sohnel

and Garside. 1992).
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In the case of a multinuclear layer by layer growth. the face restores the initial
surface plane. The growth is a periodic process involving successive 2-D nucleation and a
slow lateral growth as shown in Figure 2.6. However. the formation of 2-D nuclei and the
rate of growth are functions of a critical supersaturation. Some energetic difficulties can
also appear during the layer formation resulting in a polynuclear mechanism. A bilayer

growth is then observed with states of higher and lower total step densities (Figure 2.7).
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g 0=05

—

Py
— 0=075
/
/
/
/ / 8=1.0
ﬁ,/

Figure 2.6: Theoretical crystal Figure 2.7: Theoretical different stages of a
formation by multinuclear layer- bilayer formation (Markov, 1995).
by-layer growth (Markov, 1995).
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Another mechanism, the spiral process, results from a continuous growth at low
supersaturation. This mechanism is observed in a batch reactor after the step of “first
nucleation”. The supersaturation is lower and favors the growth process. However. as
shown in Figure 2.8. the presence of crystal defects like screw dislocation offers
nonvanishing monatomic steps (Markov, 1995). The kink positions available make the 2-
D nucleation unnecessary in this case. As a result, a growth hillock around the screw

dislocation is formed.

Point of emergence of
dislocation on surface

v”—-__. /"
/-'. '/.'
}/// ,.’,"’/'/; // |
¢ —A_S<{______ Dislocation
? ithin crystal
| Step l within ery

Figure 2.8: Growth step originating at a screw dislocation (S6hnel and Garside. 1992).
Markov (1995) explains this phenomena in more detail. As shown on Figure 2.9.
at the initial moment for a given supersaturation, the dislocation offers a single step with
a lower terrace. The growth units join the kink sites along the initial step (a) and favor the
formation of a new step (b). The step, assimilated to a two dimensional cluster. is then
between a two dimensional nucleus and a spiral growth process. When the length of the
second step exceeds the edge of a two-dimensional nucleus. the cluster becomes
thermodynamically favored. The crystals in the second step begin to grow. From the
growth of the second step proceeds to the third step, (c), and continues further (Markov.

1995).
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Jf%

¢ d

Figure 2.9: Formation of a spiral with a square shape around the screw dislocation
(Markov. 1995).

Since the crystal can grow with different mechanisms. the relative sizes of its
faces must have different translational velocities. The overlapping principle is based on
these variations of velocity (Perry and Green. 1997). Following this principle, in the case
of a crystal growth, the faces with the lowest translational velocities survive while the
others slowly disappear. In contrast, during the dissolution of a crystal. the faces with fast
translational velocities survive. This principle is illustrated on the following drawing of

the cross section of a growing crystal.

Figure 2.10: Growth of a crystal under the overlapping
principle (Perry and Green. 1997).
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Each polygon represents different times in the growth of a crystal on this figure.
The initial hexagonal crystal is delimited by the dashed line. The faces A have high
translational velocities and can grow fast. In contrast, the faces B have slow translational
velocities and grow slowly. As denoted in the Figure 2.10, only the slower B face
remains in the case 1 giving a uniform flat surface. In the case 2, the hexagonal structure

still exists. During the growth process, the faces B overlap the faces A.

2.4 Parameters affecting the crystallization of Al(OH);

The physical characteristics of the aluminum trihydroxide crystals as well as the
impurity levels need to be controlled during the crystallization process to meet product
specification. In view of the large-scale operations involved in the industry, any
variations in the process can have considerable repercussion on the final product. Thus,
such variations need to be determined at their early stages and corrected. Several studies
have been carried out to define the parameters influencing the crystallization process and
their effect on the final crystal (Armstrong er al, 1996, Scott, 1963; Patnaik and

Vidyasagar, 1998, Dianfeng et al., 1997). The main factors are:

1. Precipitation time and the ageing of the aluminate solution.
2. Temperature

3. Supersaturation

4, Seed

5. pH

6. Stirring rate

7. Impurities
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During the crystallization process of Al(OH);, the growth rate of the crystal is

very slow. Satapathy and Vidyasagar (1990) reported a growth rate of 0.4 to 1 um/ day

and a temperature of 60°C to 64°C respectively. In this case. the mother liquor was

composed of 151 g/L. of Na,O and 108 g/L of ALO;3, corresponding to an initial A/C ratio

of 0.71. A review of literature shows the predominant effect of the temperature and the

supersaturation on the crystallization process compared to the others parameters.

Seyssiecq et al. (1998) indicates that at high temperature (70°C rather than 55°C) and

high initial supersaturation of the mother liquor (1.8 rather than 1.4), the agglomeration

rate of gibbsite crystals was enhanced in a batch reactor.
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Figure 2.11: Effect of the initial sodium Figure 2.12: Effect of the temperature
concentration (expressed in Na;O) and of  on the crystallization (a seed charge of
the supersaturation on the growth rates of 40 g/L. initial concentration of 130 g/L
Al(OH); for a fixed temperature of 89.5°C  of Na,O and Al,O;. precipitation time
(Veesler and Boistelle. 1993). 0f 96 hours) (Scott. 1963).

The influence of the initial supersaturation was also discussed in the case of batch
experiments by Veesler er al. (1994). They concluded that the agglomeration and the

. crystal growth become negligible at low supersaturation. The supersaturation is necessary
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directly on the crystal growth. In the case of the effect of the temperature, Scott (1963)
that an increase of the temperature increased the growth rate and agglomeration but
decreased the amounts of new nuclei. The resulting crystals were coarser (Figure 2.12).
An industrial application of this effect is to increase the temperature, whenever there is a
rise in nucleation, to control it. Increasing the temperature favors the formation of bigger
particles of Al(OH); and thus favors their separation from the solution by settling. By
controlling the temperature and the pressure, different polymorphs of Al(OH); could also
be produced (Misra, 1986). Scott (1963) obtained bayerite at room temperature but by
increasing the temperature more gibbsite was produced.

The stirring rate, the seed and the others parameters have also effects on the
crystallization process as well. Stirring is necessary to have a homogeneous suspension of
the crystals and contributes to the attrition (Chan and Ang, 1996). Seyssiecq et al. (1998)
reported that an increase in the stirring rate from 330 to 520 rpm can decrease the degree
of agglomeration and favored the formation of fine crystals due to the attrition (Figure
2.13). In the same publication, Seyssiecq ef al. showed the influence of the size and the
mass of the seed at constant supersaturation and temperature. They obtained a variation
of the degree of agglomeration by increasing the mass of seed from 1 g/L. to 250 g/L. As
shown in Figure 2.14, the degree of agglomeration increased until a seed charge of
around 80 g/L, due to the decrease of the distance between the particles. Over this
optimum, the agglomeration decreased due to the attrition. A decrease of the size of the
seed showed the same type of curve but an augmentation of the degree of agglomeration

was observed.
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seed showed the same type of curve but an augmentation of the degree of agglomeration

was observed.
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Figure 2.13: Effect of the stirring rate on
the crystals (70°C. an initial
supersaturation Ca/Caieq of 1.5. seed
charge of 50 g/L) (adapted from Veesler
et al.. 1994).
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Figure 2.14: Effect of the charge
and the size of the seed and the
degree of aggiomeration (70°C. an
initial supersaturation Ca/Caieq Of
1.4. precipitation time of 2 hours)
(Seyssiecq er al., 1998).

The pH of the solution is also important for the crystallization. As AI(OH); is

amphoteric. the pH varies the solubility of AI(OH); in the liquor and then its precipitation

{Misra. 1986). As observed in Figure 2.15. the solubility increases for an acid pH (lower

than 4) and for a basic pH (higher than 10).

Another parameter affecting the crystallization process is the impurities present in

the liquor solution. Literature reported changing in the physical properties of the liquor,

the crystal morphology and the crystal habit (Seyssiecq et al., 1999; Scott. 1963; Lee et

al.. 1997). Thus, some impurities like oxalate and

chloride affect the kinetics of the

precipitation process by changing the properties of the liquor. In this case, the sodium
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oxalate enhances the nucleation and thus the formation of fine crystals. The chloride
decreases the particle concentration but the size of the fines is increased (Scott, 1963).
Other ionic impurities like sodium, carbonate, chloride and sulfate increase the solubility

of alumina.
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Figure 2.15: Effect of the pH on the solubility of A{OH); (Misra. 1986).
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Chapter 3
MATERIALS AND METHODS

3.1 Apparatus and experimental conditions

3.1.1 Batch reactor design

A batch reactor was used for the crystallization experiments. The reactor was
made of a cylindrical glass vessel with an inner diameter of 125mm. The working volume
was 1dm’. The crystallization was carried out in a constant temperature bath (Neslab, GP
500). The temperatures were varied from 40°C to 80°C (£ 0.1°C) for a precipitation time
of 24 hours.

In order to increase the mixing inside the reactor, and thus increase the
homogeneity of the suspension mixture, four removable baffles with flat vertical strips
were radially located along the reactor wall. The baffle had a diameter of 12mm
corresponding to the one tenth of the reactor diameter as recommended by the Weiss
(1995).

In order to minimize the accumulation of solids on the surface, the baffles were
placed one half of their width from the vessel wall. The mixture was agitated at constant
speed (300 rpm) by an impeller whose speed was varied depending on the vessel
configuration as well as the type of impeller. In order to ensure the homogeneous
suspension of the precipitate, a radial flow stainless steel impeller was used in the

experiment. The schematic diagram of the experimental set up is shown in Figure 3.1.
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Figure 3.1: Flow pattern in the baffled reactor with the turbine positioned at the center
(Perry and Green. 1997).

The flat-blade turbine had a diameter of 50 mm. 0.4 times the size of the tank
diameter as recommended in literature (Coulson and Richardson. 1996). The impeller
speed as well as the torque were controlled automatically by the stirrer (Caframo BDC
3030). The minimum impeller speed required for homogeneous suspension was
determined experimentally (section 4.1.1).

In order to examine the reproducibility of the experiments. two reactors were
operated together in parallel. and the reaction was carried out simuitaneously using the
same mother solution. At the end of each experiment, the components in the reactor were
washed with concentrated sulfuric acid (Reagent A300-P500. A.C.S. Fisher Scientific) in

order to remove any precipitate residues.

3.1.2 Preparation of the mother liquor

A synthetic supersaturated sodium aluminate solution was prepared according to
the method described by Addai-Mensah et al. (1998). Before each experiment. the

mother liquor was freshly prepared using aluminium powder (A559-500 supplied by
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Fisher Scientific), NaOH (30% w/w, SS255B-1, supplied by Fisher Scientific), and
distilled water. A fixed amount of NaOH was first dissolved in distilled water, followed
by a gradual addition of a known weight of aluminum metal. The reaction was
instantaneous and quite vigorous. Thus, extra care was taken to ensure the slow addition
of the aluminum powder. Upon complete dissolution, the mixture was filtered through a
0.45 um glass microfibre membrane (Whatman; 934-AH; Cat. No. 1827 055). After
filtration, the solution was optically clear. The solid residual, composed mainly of
aluminum and impurities, was washed with hot distilled water and air dried at 100°C for

later analysis.

3.1.3 Preparation of the precipitate.

The precipitates from each experiment were collected in glass vials. The samples
were taken rapidly but with care in order to avoid any fractures or phase changes in the
crystal structure. A known volume of the supersaturated sodium aluminate solution was
filtered through a 0.45 pum glass microfibre membrane (Whatman; 934-AH; Cat. No.
1827 05S5) to remove the crystals in suspension. The filtered solution was used for atomic
absorption analysis as explained below while the precipitate collected on the filter was
washed with hot distilled water before being air-dried at 100°C. The dried precipitate was
used to calculate the slurry density. Another sample of particles was used for crystal
analysis. This second suspension was centrifuged (RC-S superspeed, Refrigerated
centrifuge, Dupond instruments, Sorvall) at 5000 rpm for 5 minutes. The upper phase,
which was the caustic solution was removed and replaced with hot distilled water. The

crystals, in the bottom layer, were suspended and mixed with the solution. Then the
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mixed solution was centrifuged again. This procedure was repeated five times to remove
all the sodium (see section 4.1.3). A small representative sample of the powder in
suspension in the distilled water was air-dried at room temperature in a confined place.
The dried crystals were dispersed to separate them from each other and to obtain a crystal
density low enough to allow an image analysis. The crystals were glued on to a special
SEM support (Aluminum pin mount 12.7x3.2, Soquelec, No C10075) and analyzed. The
remaining crystals were stored in the final distilled water used for the washing. The
storage solution contained 1% of sodium meta-bisulfite (Fisher Scientific S$244-500,
Certified A.C.S.) to disperse the crystals and avoid the agglomeration of the small

particles.

3.1.4 Preliminary experiment on the stirring and the sampling position.

In order to determine the optimum impeller speed and sampling position, a
solution simulating the mother solution was prepared according to the method by Chan
and Ang, 1996. Aluminum trihydroxide crystals (A581-500 supplied by Fisher Scientific)
were suspended in a mixture of glycerol-water at 25°C. The crystals contained, 0.10 wt%
alkalies and earths, 0.0004 wt% Cl, 0.0015 wt% heavy metals, 0.0025 wt% Fe, 0.01 wt%
SO,, 34.05 wt% water of hydration and 0.16% water-soluble substances. Glycerol (99.5
wt%, G-33B, supplied by Fisher Scientific) was diluted in distilled water to prepare 28%
by weight solution in order to simulate the viscosity of caustic aluminate solution at an

operating temperature of 70°C.
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3.1.5 Reference case

A crystallization experiment, conducted without any impurities at a temperature
of 60°C and an initial alumina/caustic ratio of 1.38, was performed as a reference case. A
temperature of 60°C and a precipitation time of 24 hours were recommended by Alcan
International limited. These latter correspond to the conditions used to prepare an ultra
pure aluminum trihydroxide (Alcan H-10 Hydrate). During this experiment, 12 samples

were taken every 2 hours.

3.1.6 Main experiments

Main experiments having a duration of 24 hours were also conducted with a
variation in the temperature, the initial ratio of aluminum to sodium and for the two
different insoluble impurities Fe,O3 (I116-500, Fisher Scientific) and TiO, (T315-500,
Fisher Scientific). Two extreme conditions were analyzed in each case. For each
experiment, 1 g/L of pure gibbsite crystals with diameter less than 11 um was used as

seed (Warren and Armstrong, 1994).

Table 3.1: Main 24 hours experiments conducted for different parameters.

Parameters Experimental set-up values

Temperature (at a 1.3 initial A/ C ratio) 45°C
80°C
initial A/ C ratios (temperature of 60°C) 0.89
1.79

Impurities: Fe,O; (temperature 60°C) 0.2 g/L. (1.15 initial A/C ratio)

0.7 g/L. (1.23 initial A/C ratio)

TiO; (temperature 60°C) 0.20 g/L. (1.31 initial A/C ratio)

0.75 g/L. (1.31 initial A/C ratio)
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3.2 Sample analysis

3.2.1 Atomic Absorption

The supersaturated sodium aluminate solution was characterized using the atomic
absorption (Thermo Jarrel Ash, Smith-Hieftje II). A volume of 100 ul of the filtered
solution was diluted in 100 ml of distilled water to have a dilution of 1:1000. The

instrument was calibrated using:

e Aluminum reference solutions (Reference solution certified 1000 ppm +1%,
CSA 442-500, Fisher Scientific) stabilized with 4% HCI (A 144P-500, Fisher

Scientific Reagent A.C.S) at concentrations of 10, 30, 50 ppm.

e Sodium reference solutions (Reference solution certified 1000 ppm +1%, CSS
139-500, Fisher Scientific) stabilized with 4% HCI at concentrations of 10, 25,

30, 40, 50, 100 ppm.

Figure 3.2 shows a typical calibration curve for the absorbence versus Al total
concentration. The absorbence of the aluminum dissolved in the solution samples was

generally below 0.2, (i.e., below a concentration of SO ppm), for the wavelength used.
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Figure 3.2: Typical calibration curve for atomic absorption.

3.2.2 Image analysis: Scanning Electron Microscope (SEM)

The particles were first examined under a microscope (Laborlux S Leitz) coupled
with a digital video camera (Sony CCD-IR15 black & white video camera, model SSC-
M374). As shown in Figure 3.3 (a), due to the brightness of the crystal and the high
reflectance of the light, a Scanning Electron Microscope (SEM) JEOL 840 A was more
appropriate. By using the SEM, the grey-scale digital images with good resolution, depth
of field images, edge detail, surface texture and high contrast were obtained, as shown in
Figure 3.3 (b). The background and the noise were eliminated in order to obtain an image
background, which was as dark as possible with the only bright spots being the crystals.
Furthermore, in order to study the impurities on the crystals, a x-ray (EDAX Phoenix

Energy Dispersive X-ray) coupled with the Scanning Electron Microscope (SEM JEOL

840 A) was used.
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Figure 3.3: Pictures of AI(OH)s crystal with (a) a microscope (b) a SEM.

3.2.3 X-ray Diffraction analysis

The polymorphs of the aluminum trihydroxide (gibbsite in this study) and the
impurities present in the precipitate were analyzed by a x-ray diffraction (Philips
Diffractometer PW 1710). The spectra obtained were used to identify the impurities and
the aluminum trihydroxide by using a database (JCPDS- International Centre for

Diffraction Data. PCPDFWIN V.2.01. 1998).

3.2.4 Particle size analysis

The measurement of particle size varies in complexity according to the particle
shape and the precision necessary. Different instruments were used to calibrate the size of
the aluminum trihydroxide:

e Sieves to screen the precipitate at the end of the experiments. Mainly used

during the drying to avoid the formation of flocs.
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e Cyclosizer (Warman international PTY-LTD) to prepare a seed with a
diameter less than 11 um.

e Particle size analyzer (Brinkmann) to size the crystals after a 24 hours
precipitation where the amount of crystals produced was enough.

e Image analysis (Particle/phase analysis EDAX, Phoenix) used to analyze
images taken from the SEM. The diameter of the particle was measured by the
software using the Martin’s diameter, which is the simplest means of
measuring and expressing the diameter of irregular particles (Heimenz, 1997).
As shown in Figure 3.4, Martin’s diameter is the length of a line that bisects
the projected area of a particle. The direction of measurement is arbitrary and

subjective but consistent to avoid bias.
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Figure 3.4: Characterization of the size of irregular particles (Heimenz and Rajagopalan,
1997).
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e Particle size analyzer (Sedigraph 5000D, Micromeritics instrument
corporation) used only during the preliminary experiments due to the

limitation of the apparatus (maximum diameter of 100 um for the particles).

3.2.5 Zeta-potential

The zeta-potential was measured according to the procedure defined by Vergouw
et al. (1998) using a Laser-Zee meter (model 501, Penkem, Inc.). The measurements were
made at room temperature (25°C) in less than one minute to avoid the excitation of the
particles caused by the laser. Each crystal sample was dried and screened to obtain a size
fraction less than 38 um necessary for a good reading. One-half gram of sample was
dispersed in S00 mL of 10 > M KCI (AC 7600T, Anachemia chemicals LTD.) for 5
minutes. The pH of the mixture was adjusted by a pH-meter (accumet Research ARS0,
Fisher Scientific). Sodium hydroxide was used as a pH modifier. The stirring was fixed at
1000 rpm for homogeneous mixing. A volume of 25 mL of the suspension was taken to
fill the sample chamber of the Laser-Zee meter. The zeta-potential was recorded
accordingly. The reproducibility of the measurements as determined by many replicates

of the samples was within =3 mV.

3.2.6 Settling velocity

The settling velocity was measured as suggested by Vergouw ef al. (1998) to
show an attractive interaction of the aluminum trihydroxide on impurities. A
conventional settling test cylinder was modified to relate the conductivity between two

rings, distant of 10 cm, to the settling velocity. A settling curve is thus obtained for each
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specific compound. The experiments were performed first by adjusting the pH with
sodium hydroxide. The solids (a minimum of 2% v/v) were suspended and dispersed in a
102 M KClI solution by an end-over-end rotation of the cylinder. When the solution was
homogenized, the cylinder was placed vertically and the time was set zero (the initial
time). The evolution of the conductivity between the two rings was recorded accordingly
by the computer software, called TableCurve (Jandel Scientific). These data were then
converted to obtain settling velocity by Microsoft Excel. The determination of the settling
velocity from this curve is shown in detail in Figure 3.5. The tangent of the settling curve
(noted B) and the time T necessary to pass through the conductivity cell (L= 10 cm) are
calculated for a defined pH (AT= T¢ -Ta with T4 and Tc¢ corresponding respectively to

the intersection of the tangents A and C with B). The settling velocity corresponds to the

ratio L/AT.

In this study, the change in the settling velocity of the aluminum trihydroxide was
measured in the presence/ absence of two insoluble impurities: ferric oxide and titanium
oxide. The samples were prepared in such a way that the solids analyzed were always
higher than 2% v/v as recommended by Vergouw e al. (1998). Aluminum trihydroxide
was ultra sonicated in distilled water before mixing with the impurities in order to remove

any adhering fines. The experimental conditions are tabulated in Table 3.2.
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Figure 3.5: Deriving settling velocity from settling curve (Vergouw et al., 1998).

Table 3.2: Mineral mixing conditions. Background electrolyte 500 mL 10 M KCL

Conditions

Fine

Mixing time Settling time
(minutes) (minutes)

Single
Fe;();

TiO,

Al(OH); Coarse (-45 um)

Mixed

Fe,03 + AI(OH); Coarse (-45 um)

TiO, + AI(OH); Coarse (-45 um)

5 5
5 5
5 5
5 5
5 5
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CHAPTER 4
RESULTS AND DISCUSSION

This chapter consists of seven sections. In the first section, the results of the
preliminary experiments regarding the reactor set up and the analysis of the aluminum
trihydroxide are presented. In the second section, the results of the reference case are
discussed in order to present the main parameters used in the third and fourth sections.
The effect of the temperature and of the initial A/C ratio on the Al(OH); crystals are
investigated, in the third and fourth sections, respectively. In the fifth section, impurities
(TiO; and Fe;03) were added to the mother solution to study their influence on the
Al(OH); crystals. In the last two sections of the chapter the morphology and the various

growth mechanisms of the crystals are presented in detail.
4.1 Preliminary experiments

4.1.1 Determination of impeller speed and sampling position in a batch reactor

The minimum impeller speed and sampling position required for homogeneous
suspension were determined experimentally. An attrition test (section 3.1.4) was
performed at the stirring speeds from 100 rpm to 450 rpm. The seed crystals (100 g/L)
were suspended in the glycerol-water mixture for a period of 24 hours. For an impeller
speed below 300 rpm, negligible attrition was observed in the tank when the initial and
the final particle size distributions were compared. Figures 4.1 and 4.2 show the variation

of the crystal size distribution between two different speeds: 300 rpm and 400 rpm. At the
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higher speed, there was more breakage and attrition of the crystals. This resulted in a
reduction of the crystal sizes. Comparing Figure 4.1 to Figure 4.2, region (1) shows the
size decrease of the big crystals from 60 to 50 um while the region (2) shows an increase
in the amount of small crystals. This was confirmed by SEM image analysis of the
crystals. Below a speed of 300 rpm, no noticeable change in the crystal shape was
observed. Thus, it was concluded that stirring at a speed below 300 rpm had a negligible
effect on the crystallization process.

Different concentrations of AI(OH); seed (from 10 g/L to 100 g/L) were
suspended in the glycerol-water mixture. All the samples were taken with a 10-ml pipette
at the same depth in the solution. Figure 4.3 illustrates the homogeneous suspension of
the different seed concentration for 300 rpm. In this figure, the maximum variation on the
slurry density obtained at 100 g/ was 9% with respect to the expected value, which was
the mass of AI(OH); seed added per volume liquid. The measurement of the slurry
density is thus unaffected by the concentration of particles.

For the stirring speeds where the attrition was minimal (less than 300 rpm), an
experiment was performed to determine the precision of the sampling position. Samples
from different positions in the reactor were taken to define the best position for the

sampling and to confirm the homogeneous dispersion of the slurry in the reactor.
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Figure 4.1: Crystal size distribution of the aluminum trihydroxide particles with minimal
effect of the attrition for a stirring speed of 300 rpm.
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Figure 4.2 Crystal size distribution of the aluminum trihydroxide particles with
apparition of the attrition for a stirring speed of 400 rpm.
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Figure 4.3: Representation of the consistent slurry density in a reactor stirred at
300 rpm.

Three positions were defined at two opposite sides in the vessel as shown in
Figure 4.4.a: two at the Top (1&2), two in the Middle (3&4), and two at the Bottom
(5&6). The error for a fixed slurry density (100 g/L) measured as a function of the
sampling position is plotted in Figure 4.4.b. On this figure, the uncertainty on the slurry
density of each sampling position (Top, Middle, and Bottom) was represented. The
sampling in the middle position resulted in the most consistent slurry densities. It was
subject to less variation compare to the bottom and top positions at which the errors are

higher. As shown in Figure 4.1 at the speed of 300 rpm, no significant variation of the

. crystal size distribution was detected.



' RESULTS AND DISCUSSION 42

a 4 b
1 s s
: , ED &
1 2 . w2 = -
N g 2 °
i L0 ST naa bt
T o = L2
M 1 &
5 [ 6 ]
\ﬁo D:J:U ﬁ/ 0,5 <
\ 5 0
1 2 3 4 5 6

Sampling position

Figure 4.4: Reproducibility of the slurry density as a function of the sampling position
(Experiences realized with an AI(OH); charge of 100 g/L ).

4.1.2 X-ray diffraction of the aluminum trihydroxide

X-ray diffraction analyses of all precipitated products were performed to establish
their crystallographic characteristics and categorize the polymorphs of aluminum
trihydroxide. As was shown in Figure 1.2, only gibbsite and bayerite can be produced by
crystallization at the experimental temperatures. The x-ray analysis was performed on the
precipitated products crystallized at various temperatures, Al,03/Na;O initial ratios and

amount of impurities. The spectra revealed that only gibbsite was present in all cases.

Figure 4.5 shows typical x-ray diffraction spectrum of gibbsite obtained after 24

. hours in the seeded reference case (section 4.2). This spectrum was obtained for a range



RESULTS AND DISCUSSION 43

204 : Y Al(OH);

of angles (20) between 0 to 100°, corresponding to the maximum angle deviation of the
apparatus. The results indicated sharp and narrow diffraction peaks expected for a
crystalline Al(OH);, regardless of the precipitation time or the nature of the particie
surface features. The dashed line (line 1 in the Figure) delimits the background noise as
given by the x-ray diffraction software. The sharp peak denoted as (2) is also believed to
be a part of noise due to its narrowness. The peaks with star symbols identify the
characteristic angles of gibbsite. These angles are listed in Appendix C. The pattern of the
crystals from the reference case matches the spectrum of a synthetic gibbsite produced by
Matheson et al. (1998) confirming the presence of synthetic gibbsite. The spectrum for a

synthetic gibbsite precipitated from hot sodium aluminate solutions produced by Stumpf
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Figure 4.5: Spectrum of a precipitate obtained after a 24 hours experiment
(temperature of 60°C and an initial A/C ratio of 1.38).
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(1998) also corresponds to the spectrum of this sample (see Appendix C). This agrees
with the fact that the crystals were formed in a synthetic solution.

While gibbsite was the only polymorph of AI(OH); produced in these
experiments, some impurities were also detected in the crystal samples. Despite the
repeated washings, the precipitates contained the impurities added intentionally (TiO;
and Fe;0s) at the beginning of the experiment (section 4.5). Also the sodium from the
mother liquor was not detected by the x-ray diffraction. The amount of soluble sodium
salt (concentrated on the surface of the crystals) and bound sodium (at the interior of the
crystal) was not sufficiently high in the analyzed samples.

The polymorphs of aluminum trihydroxide and the main impurities (TiO;, Fe203
and some sodium salt) can be defined by main diffraction angles with a high intensity. In
the case of the crystals produced in the presence of ferric oxide, as shown in Figure 4.6,
three additional angles appear: one small, at an angle around 22°, and two major at
33°~35° and at 50°~54° 20. Most of the important diffraction angles for gibbsite are
below 55°. The presence of ferric oxide in the crystals was also confirmed by the red
color of the Fe;O; embedded in the crystals.

As the main diffraction angles of the compounds are between 15° and 55°, reduced
spectra between these angles were studied to shorten the time of analysis. Figure 4.7
shows the spectrum of aluminum trihydroxide with no impurities added in this range. In

comparison, the crystals produced in the presence of TiO, showed the distinct TiO; peaks

at 25° and 32° (20) (Figure 4.8).
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Figure 4.6: Spectrum of gibbsite precipitated with 0.7 g/L of iron oxide as an impurity
(temperature of 60°C and an initial A/C ratio of 1.23).
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Figure 4.8: Spectrum of gibbsite grown in presence of TiO2 (0.1 g/L of TiOs,
temperature of 60°C and an initial A/C ratio of 1.31).

4.1.3 Sodium residual

The presence of soluble sodium in the samples, prepared for image analysis.
affects the crystal morphology during the drying procedure (Figure 4.9.a). The
evaporation of water concentrates the sodium dissolved in the solution. Branch crystals
are formed with a typical fractal shape and a sodium shell is observed on the dry crystals.
In order to remove all soluble sodium material from the crystal/ liquid samples (i.e.,
below a detectable limit), a test was conducted to determine the number of washing
necessary before the drying. For this test, two sizes of defined particles were selected:
one with a diameter smaller than 11 pm and the other with a diameter around 100 um. A

given amount of these particles (100 g/L) were suspended in a 30 g/L sodium solution. A
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sample of 30 ml of this mixture was centrifuged. After the first washing, 750 ppm of
sodium for the case of small particles and 633 ppm for the bigger particles were detected
by the atomic absorption. Six consecutive washings were performed and the sodium
content was plotted in Figure 4.10. The sodium concentration after first washing is not
plotted on the figure to scale up the lower concentration range. At least five washings
were found to be necessary to have the minimum amount of sodium in the solution. After
five washings, the crystal surface was clean giving SEM images of a good resolution
(Figure 4.9b). The detection of the sodium concentration below 5 ppm was difficult since
the distilled water used for the washing contained some amount of sodium; also. the

atomic absorption apparatus was not sensitive below this lower limit of 5 ppm.

- == 2000m

Figure 4.9: (a) Sample containing sodium, (b) Clean sample: the particles are well
defined.
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Figure 4.10: Effect of the size of the AI(OH); particles on the removing of the

sodium.

4.2 Reference case

4.2.1 Al;03/Naz0 ratio

The results presented in this section were obtained from the experiment carried

out at 60°C, and initial aluminum and sodium hydroxide concentrations of 29.43 g/L. and

52.33 g/L respectively. The soluble concentrations, reported here, are calculated from the

atomic absorption analysis of the mother solution. These conditions of temperature and

concentration were chosen as representing typical industrial crystallizer conditions.

The results for the soluble concentration of aluminum and sodium can be

combined by showing the change in the weight ratio of aluminum to the sodium
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expressed as the concentration ratio of [Al,03]/[Na;O](Appendix A). This A/C ratio of

aluminum to sodium dissolved in the solution will be used in all this study. Following
this notation, the reference case corresponds to an initial A/C ratio of 1.38.

In most experiments carried out at high temperature, the concentration of sodium
showed an increase although sodium was inert in the solution and its concentration was
supposed to be constant. The observed increase in the concentration was related to the
water loss due to evaporation, even if some sodium can be bound at the core of the
Al(OH); crystals (Patnatk and Vidyasagar, 1998). This effect of evaporation was
corrected using a mass balance of the soluble sodium, as shown in Appendix B. The
concentration of aluminum and the particles (i.e. slurry density) were appropriately
adjusted accordingly to the evaporation effect and the A/C weight ratio was calculated
using the estimated concentration of aluminum and by assuming that the sodium
concentration was constant at its initial value.

Figure 4 11 shows the decrease of the weight ratio of [Al,0;]/[Na,O] during the
precipitation for the reference solution. After seeding the solution at time O, the
crystallization started immediately with no primary nucleation. At the end of the
experiment, 24 hours later, the A/C ratio approached a plateau. Due to the reduction in
the concentration of aluminum and thus a lower A/C ratio, the crystal growth rate was
slow resulting in a low rate of decrease in the soluble aluminum concentration. Also
shown in the Figure is the equilibrium A/C ratio for the condition defined using the
model developed by Misra (1970) (Equation 3). As observed, the equilibrium A/C ratio
was constant because all parameters of the Misra equation (temperature and caustic

concentration) were maintained constant.
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The difference between the equilibrium A/C ratio curve and the reference A/C

ratio curve represents the driving force for the crystallization. As shown in Figure 4.11,
the highest driving of the crystallization process was at the beginning of the reaction. As
the driving force decreased, the crystallization rate decreased and a slow growth rate of
the crystals took place (confirmed later by the analysis of the slurry density). At the end
of the 24 hours period, the difference between the equilibrium A/C ratio and the reference
A/C ratio was only 0.3, 85% less than the initial driving force. These results correspond

to the findings described by Veesler and Boistelle (1993).

4.2.2 Supersaturation

A different and more conventional way of depicting the driving force is by
plotting the supersaturation (Figure 4.12), which is defined as:

S=R/Req (4)
where R is the A/C ratio at any time and R.q is the equilibrium A/C ratio.

The advantage of S was to remove the small variations of the equilibrium ratio
induced by the sodium concentration and by the variation of the temperature.

Figure 4.13 illustrates the expected interrelation between the decrease of the
supersaturation in the solution and the increase of the slurry density (particle
concentration), during the crystallization of the AI(OH); in the reactor.

As shown in this figure, the curve of the supersaturation in the solution and the
curve of the slurry density can be separated into three phases. The lag phase can be
induced either by low supersaturation or by an insufficient seed. In the Figure, during the

first six hours corresponding to the lag phase, the slurry density was constant with a small
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variation of only 2.5%. This plateau is related mainly to insufficient seed. However, in

this particular case, it is also partially due to the uncertainty in the method for the
measurement of the slurry density, having a relative small value (sampling of 0.08 grams
of small particles can be corrupted by the soluble sodium not removed from the surface,
as explained in section 4.1.3). The second phase is characterized by a fast increase in the
slurry density and decrease in the supersaturation. This is caused by the increase in the
surface of the produced crystals promoting nucleation and growth. Finally, in the third

phase, the crystallization slows down due to the depletion of aluminum from the solution.
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Figure 4.11: Decrease of the dissolved aluminum concentration in the caustic solution,
expressed by the ratio A/C, during the precipitation process (temperature of 60°C).
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4.2.3 Morphology

Some SEM images of Al(OH); produced in the solution during the experiments
are illustrated in Figure 4.14. Particles obtained after 2 hours during the lag phase and
after 24 hours at the end of the experiment are shown. As observed in Figure 4.14, the
agglomerate and the crystals formed on the particles after 2 hours (Figures 4.14 ¢ and e)
are smaller than those obtained after 24 hours (Figures 4.14 d and f). The first hours of
the experiment correspond to a fast production of crystals favored by the high amount of
dissolved aluminum. The weight and the surface of the crystals formed during these
hours are very small but their total surface offers a large surface for the growth and
secondary processes (like agglomeration). Thus, fast growth and nucleation rates are
taking place generally at the beginning of the experiment (Sohnel and Garside, 1992).
However, as observed in Figure 4.14, the particles did not contain a lot of small single
crystals. As reported by Scott (1963), while the nucleation and the crystal growth occur at
the same time in a reactor, the nucleation is favored by the addition of seed. For a small
amount of seed, the nucleation is slow. The amount of dissolved aluminum in the solution
decreases mainly due to the crystal growth giving coarser crystals. At the beginning of all
the experiments in this study, only 1 g/L of Al(OH); seed was added to the supersaturated
solution. The small amount of seed used in this reference case was insufficient to initiate
the nucleation resulting in the formation of coarser particles, as explained above. Thus,
the lag phase observed in the slurry density (Figure 4.13) corresponds to the time
necessary to have a primary nucleation as shown in Figure 1.4 section 1.2. Also, as fewer
single crystals were formed in this experiment, the total exposed surface of the crystals

was less important than expected resulting in a slower decrease of the dissolved
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aluminum concentration. In this crystallization process, the formation of the

agglomerated crystals, which increased the size of the particles, does not affect the
dissolved aluminum concentration as much as the growth process. The agglomeration is
just a secondary change of the existing crystals.

The detailed characterization of the crystals will be given in the following
sections. Note, however, the difference between the Figures 4.14 ¢ and e. In Figure 4.14
c, small crystals appeared on the surface of a large particle, certainly formed from the
seed or a secondary change (breakage...), while in Figure 4.14.¢ the single sharp crystals

are agglomerated together.



RESULTS AND DISCUSSION 55

Figure 4.14: Shape and growth of the precipitate in the solution (a,c.e) after 2 hours,
. (b,d.f) at the end of the experiment after 24 hours.
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Finally, a mass balance of the system was also calculated for each experiment to

detect any imprecision or error in the experimental procedure. All the masses were
expressed in gram of elemental aluminum. As illustrated in Figure 4.15, the total amount
of aluminum measured at the end of the reference experiment was 27.9 grams. This value
represents an uncertainty of 6% compared to the initial amount of aluminum introduced
to the reactor. The variation in the mass balance at the beginning of the experiment is due

to the imprecision of the siurry density method, as mentioned above.
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Figure 4.15: Mass balance of the aluminum in the reactor for a 24 hours experiment.
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4.3 Effect of temperature

4.3.1 Evolution of the crystallization in the reactor

The effect of the temperature was studied in the range between 45°C and 80°C,
corresponding to the crystallization temperature range in a Bayer plant (Chaubal, 1990).

Figure 4.16 shows that the solubility of aluminum increases with the increase in
temperature as reflected by the increasing equilibrium A/C ratio. Thus for a given initial
condition, the lower temperature gives a higher supersaturation (driving force) for the
crystallization. This curve of the equilibrium A/C ratio was calculated from equation 3,

for a fixed sodium concentration of 29.79 g/L (expressed as Na,0).
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Figure 4.16: Effect of temperature on the equilibrium A/C ratio for a fixed
concentration of sodium of 29.79 g/L. (expressed by Na,O).

Figure 4.17 represents the results obtained for the two extreme temperatures 45°C

‘ and 80°C. Also shown in the Figure 4.17 is the equilibrium A/C ratio as defined by Misra
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(1970). To avoid any possible variations in the initial A/C ratio, the two solutions were
prepared with the same mother solution, and the experiments were run in parallel. The
initial concentrations of aluminum and sodium hydroxide were 29 g/L and 54.43 g/L,
respectively, giving an initial A/C ratio of 1.3. The A/C ratio at 45°C varied more slowly
than that at the higher temperature. For example, the A/C ratio at 45°C decreased by 20%
in 15 hours, while the A/C ratio at 80°C decreased by around 45%. After 18 hours, the
experiment at 80°C reached a plateau where the A/C ratio varied only by 5% in the last 6

hours of the experiment.
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Figure 4.17: Influence of temperature on the precipitation process and the equilibrium
ratio.
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In the case of the experiment performed at 45°C, after 18 hours, the crystallization
was not completed. At the end of the experiment, the supersaturation at 45°C was 70%

higher than the supersaturation at 80°C.

Based on the results shown in Figure 4.17, Figure 4.18 shows the decrease in the
calculated supersaturation for the two temperatures at 45°C and 80°C as well as at 60°C
where the initial ratio was 1.38 (reference case). Also, while the supersaturation at low
temperature was consistently higher than at the higher temperature, the lower temperature
showed a slower rate of crystallization. Clearly, the crystallization process,
thermodynamically favorable at low temperature, was kinetically limited. The
crystallization rates were faster at higher temperature, but the process was limited by the
supersaturation. This is used in the industry to optimize the crystallization process. Batch
reactors with different temperature are used in series; the precipitation starts with the
reactor having the highest temperature and finishes with the reactor with the lowest
temperature to precipitate the maximum amount of aluminum trihydroxide. An example
is the process developed by Yamada ef al. (1982) resulting in an increase in the yield of
5.6% and in coarse grains of AI(OH); which have a high resistance to disintegration.

These observations regarding the weight ratio and the supersaturation were
consistent with the slurry density of AI(OH); in the reactor (Figure 4.19). Although, there
is some scatter in the data at 80°C, fewer particles were produced at a low temperature
for a specific time than at a higher temperature. The amount of AI(OH); produced in 10

hours at the temperature of 80°C was reached in 18 hours at a temperature of 45°C. After
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Figure 4.18: Effect of the temperature on the supersaturation for a 24 hours experiment.
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Figure 4.19: Increase of the slurry density with the temperature for a 24 hours experiment.
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this time, as the weight ratio of the temperature of 80°C reaches a plateau, the differences

in the slurry density slowly decreased.

4.3.2 Short term increase of temperature

To confirm the effect of the temperature on the crystallization process, an
experiment was carried in parallel with the reference case. The same mother solution was
used. The temperature was fixed at 60°C and the initial ratio at 1.38. After 4 hours, the
temperature was increased to reach 90°C for 2 hours and then was decreased immediatly
to 60°C (Figure 4.20). There were no other variations in temperature. Figure 4.20 shows
the effect of this temperature step on the A/C ratio. While the two curves followed the
same trend, the increase of temperature to 90°C favored the crystallization as shown in
the decrease of the soluble A/C ratio. A decrease of 10% in the soluble A/C ratio
appeared in two hours as the equilibrium A/C ratio of the step solution was brought back
to its original value. Figure 4.21 shows the variation of supersaturation with time. At the
end of the temperature step, the supersaturation decreased by 15%. This caused the
crystallization of AI(OH); and the soluble aluminum was removed from the solution as
shown by the decrease in the supersaturation. Figure 4.22 represents the increase in the
amount of AI(OH); produced. After the step increase in temperature with time at 6 hours,
an increase of 70% of the particle concentration was obtained. Furthermore, the same
amount of particles was produced in only 16 hours in the step solution instead of 24 hours

for the reference.
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Figure 4.22: Augmentation of the slurry density by a short increase of the
temperature (initial temperature of 60°C, increase step of 30°C).
4.3.3 Image analysis of the Al(OH)s crystals

Figure 4.23 provides some information on the change in the morphology of the
crystals during the temperature step. Six different pictures were taken by a scanning
electron microscope: two at a magnification of 80 x to obtain a general view of the
precipitate, and four at a magnification ranging from 550 x to 1400 x to study the effect
of temperature on the crystals.

As observed in Figures 4.23 a and b, the particles formed in the early stage of the
experiment were small. The Martin’s diameter of the particles shown in Figures 4.23 b
and ¢ varied from 5 um to 16 um for the single crystals and the small crystals on the

surface of the particle matrix (Figure 4.23 c). The diameter of the larger particles, formed
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by different crystals (due to agglomeration or growth for example) reached 50 um. The
edge of these crystals was smooth due to the high attrition caused by the small particles.
After two hours within which the temperature was increased from 60°C to 90°C, the
single crystals showed sharper edges, and the shape became close to a long hexagonal
tube. The length and the width of these crystals could reach up to 45 pm and 16 um
respectively (Figures 4.23 e and f). As shown in these two figures, most of the single
crystals disappeared and bigger agglomerates were observed. An agglomerate with a
spherical shape was also observed in Figure 4.23 f. It is believed that such agglomerate
evolved from the earlier particle shown on picture 4.23 c. The crystals formed on its
surface, with sharp edges and plane surfaces, were shorter than the new particles formed
by the single crystal. The surface area of this agglomerate was thus bigger than the
agglomerates formed with bigger single crystals, but its Martin’s diameter was in the
same order than the single crystal agglomerates.

The different processes of the growth will be discussed in the following section.
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Figure 4.23: [nfluence of an increase of the temperature on the precipitate:
(a), (b) and (c) at initial temperature of 60°C after 4 hours; (d), (e) and (f) after 2
hours at 90°C (6 hours after the beginning of the experiment).



RESULTS AND DISCUSSION 66

The increase of the size of the particles with the temperature, noticed by the image
analysis (Figure 4.23), was correlated by the size distribution of the crystals. As shown in
[Figures 4.24 a and b. the particle size distribution of crystals produced at 60°C is bigger
than those produced at a lower temperature 40°C. The average diameters of the particles
formed at 40°C was 28 um, while at a temperature of 60°C, the average diameter was 66
um. The particles are smaller at 40°C because at this temperature. the rate of growth was
slow. However, the slurry density at the end of these experiments was in the same order
confirming that even though the particles were smaller at 40°C, more particles were

formed.
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Figure 4.24 a: Density chart of the precipitates formed at a temperature of 60°C (initial
A/C ratio of 1.38 and precipitation time of 24 hours).
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Figure 4.24 b: Density chart of the precipitates formed at a temperature of 40°C (initial
A/C ratio of 1.38 and precipitation time of 24 hours).

4.4 Effect of the initial soluble A/C ratio

During an experiment, the growth and the nucleation rate depend on the initial
A/C ratio. Different initial A/C ratios will give different size distributions. Thus the effect
of the initial A/C ratio was studied between the range 0.89 and 1.79. The corresponding
amount of aluminum and sodium hydroxide dissolved in the mother solution is
represented in Table 4.1. The concentrations reported here are from the atomic absorption
analysis of the mother solution. The aluminum concentration was kept constant: just the

sodium hydroxide concentration was varying in all the experiments.

Table 4.1: Initial amount of aluminum and NaOH dissolved in 1 L. of mother solution.

; T T

; Initial A/C ratio i Aluminum (g) f Sodium Hydroxide (g)
| !

] ! | |

| 1.79 | 29 | 39.6 |

: —

Reference : 1.38 | 29.43 | 51.81 |

| 119 29.02 | 59.48 |

| 0.89 29.43 | 80.90 i

| S— 1 —
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Figure 4.25 shows that the solubility of aluminum increases with the increase in

the sodium hydroxide concentration as reflected by the increasing equilibrium A/C ratio.
The influence of the sodium hydroxide concentration was less important than the effect
of the temperature. While the equilibrium A/C ratio increased by around 180% for a
difference of temperature of S0°C, the equilibrium A/C ratio just increased of 30% for a

sodium hydroxide concentration varying from 0 to 100 g/L.
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Figure 4.25: Effect of sodium hydroxide concentration on the equilibrium A/C ratio
for different temperatures.

Figure 4.26 represents the decrease of the dissolved aluminum (expressed by the
A/C ratio) in the reactor during the crystallization process. In this Figure, a fast decrease
in the ratio was observed at the beginning of the reaction. As time elapsed, the ratios
stabilized at some value. The two extreme initial values of 1.79 and 0.89 showed

expected results. At initial A/C ratio of 1.79, the crystallization occurred immediately due
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to the high driving force. Because of the lack of appropriate equipment, the small particle

size in the initial first hour of the experiment was not measured. However Séhnel and
Garside (1992) reported that high supersaturation favors fast nucleation rate during this
stage. They also report that at this high supersaturation level, the rapid formation of
nuclei decrease the average nucleus size but increase the surface where the growth units
attach. Thus, the removal of aluminum from the solution is faster. As seen in the Figure,
the ratio decreased by 50% after 2.5 hours, 70% after 10 hours and then decreased by

12% until the end of the experiment, 24 hours later.
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Figure 4.26: Evolution of the crystallization for different initial ratios of A/C (temperature
of 60°C).

In contrast, in the case of the minimum experimental initial A/C ratio of 0.89, the

ratio decreased by 18% during the first 2.5 hours and then decreased slowly by 12% in 24
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hours. The supersaturation and thus the driving force were not sufficient enough to allow

the formation of a large number of nuclei. The main result of this was that the surface
area available for growth was not sufficiently large. Thus, while after 4 hours the ratio is
the same for the two graphs of the initial A/C ratios 1.79 and 0.89, the initial ratio of 1.79
decreased to a value of 0.47 compared to 0.67 for the latter due to the higher contact
surface available. As observed in Figure 4.26, there was also a small difference in the
equilibrium ratio between the initial A/C ratio 0.89 and 1.79. Figure 4.27 shows the
supersaturation for all four cases, which followed the same trend as that of the A/C ratio.
All the different initial ratios lead toward the approximately same supersaturation value
of 1.79 at the end of the 24 hours experiments. This value is about 40% higher than the
equilibrium. For the initial A/C ratio of 0.89, as the growth rate was very slow and the
contact surface area was low, the final supersaturation was 80% higher than the
equilibrium. Similarly at an initial ratio of 0.89 and a temperature of 45°C, no
crystallization was expected and none observed because as shown in Figure 4.18, the rate
of crystallization at 45°C is very small. In order to observe any important change in the
crystallization rate at this low temperature, the supersaturation has to be around 6 (Figure
4.18).

In Figure 4.27, the supersaturation for the initial ratio A/C ratios of 1.19 and 1.38,
illustrated an unstable crystallization. The growth rate for the reference case (initial A/C
ratio of 1.38) was slower than the growth rate of the initial A/C ratio of 1.19. This
resulted in a rapid reduction of the supersaturation for the latter and thus in the formation
of more crystals. This was confirmed by the results shown in Figure 4.28, where the

slurry density for the A/C ratio of 1.19 was higher by 34% than for the initial A/C ratio
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1.38. A replicate of the initial A/C ratio 1.19, prepared with the same mother solution and
ran in parallel with the same initial conditions, reached at the end of the experiment, 24
hours later, a slurry density of 40 g/L. This value was 27% lower than the other initial
A/C ratio of 1.19. The instability in the rate of crystallization was also observed with
replicates of the initial A/C ratio 1.38. This instability was mainly due to the small
amount of seed added. Since there was not sufficient seed present in the mixture for a

secondary nucleation (Figure 1.4), the lag time may vary due to uncontrolled primary

nucleation.
6
'Y o Ratio 1.79
s Reference: 1.38 |
5 x Ratio 1.19 I
a Ratio 0.89 '
- Equilibrium ¥
[ = 4 ]
S x " =
i o« . {
2 a !
g *] . .
°
7] X (]
- A a A
2 X : A & ® 8, u,
L ] ® ® » H
1 +—e — |
!
|
0 L v T T T T d
0 5 10 15 20 25 30

Time (h)
Figure 4.27: Effect of the initial A/C ratios on the supersaturation (temperature of 60°C).
Furthermore, as noticed above, the crystallization process of the initial A/C ratio
1.79 was fast. While the slurry density of the 1.19 ratio produced around 54 g/L in 24

. hours, the 1.79 ratio produced 42 g/L of precipitate in only 4 hours and around 52 g/L in
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10 hours. The main crystallization step in the initial A/C ratio 1.19 was during the first 8

hours with a decrease of the A/C ratio of 46% and a production of 27 g/L of AI(OH);. At
the end of the experiment, the slurry density reached a maximum limit concentration of
60 g/L corresponding to the minimal value of the supersaturation (around 1.3).

Figure 4.29 a and b show the crystal size distribution for two different ratios at the
end of the experiment after 24 hours. As observed, the average size of the particles was
bigger for a higher A/C ratio and smaller in the case of a smaller A/C ratio. For the initial
A/C ratio of 0.98 and 1.38, the average diameter was 37 um and 66 pum respectively.

At the end of the experiments, the mass balance for the initial A/C ratio 1.79, the
reference 1.38, the initial A/C ratio 1.19 and the initial A/C ratio 0.89 showed an

uncertainty of less than 7%.
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Figure 4.28: Effect of the ratio on the slurry density of AI(OH); at a temperature of
60°C.
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Figure 4.29 a: Density chart of the precipitates formed at 60°C with an initial
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Figure 4.29 b: Density chart of the precipitates formed at 60°C with an initial
A/C ratio of 0.98 (precipitation time of 24 hours).
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4.5 Effect of impurities

The purpose of this section was to present the effect of the soluble and insoluble
impurities on the morphology of the alumina crystals. To meet this objective, first the
morphology of the added and precipitated impurities is presented. Subsequently, the
results of the added impurities of TiO; and Fe;0; are discussed. Finally, the results are

explained in terms of the zeta-potential and settling velocity.

4.5.1 Definition of the different impurities in the precipitate

The soluble and insoluble impurities present in bauxite find their way into the
mother solution where they have an effect on the crystal morphology (Section 1.4, Table
1.1). To study their effect, experiments with the addition of TiO, and Fe;O3 (the most
common impurities in bauxite) were conducted up to a maximum concentration of 3 g/L.
In addition to these added insoluble impurities, there was a minor source of impurities in
the reactor from the sodium hydroxide solution and the aluminum powder used to prepare
the mother solution.

The impurities present in the mixture of aluminum metal and NaOH were, from
the highest to the lowest concentration, calcium, ferric and silicate ions. While silicate
originated only from the sodium hydroxide, calcium and ferric ions were detected in both
the sodium hydroxide and the aluminum powder. Compared to the two other impurities,
the amount of silicate ions was very low (less than 1 ppm in the pure sodium hydroxide)
and can be neglected. Also during the crystallization process without any added

impurities, the ferric ions in the solution were negligible and no precipitates were
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observed while the calcium precipitate was observed on the SEM image (Figure 4.30).

The crystal was identified as a calcium compound by x-ray analysis (EDAX).

Figure 4.30: Calcium salts formed in the reactor.

The formation of sodium salt (most likely NaOH) on the crystal surface was also
observed. Figure 4.31 shows an example of the fractal shape of the soluble sodium salt
crystallized on the aluminum surface during the drying of the samples. In this case. the
sample was not sufficiently washed and the presence of the soluble sodium salt was
confirmed by x-ray energy dispersive analysis. When the amount of sodium detected was
not important, traces of sodium salts were also observed between the crystals of

aluminum trihydroxide.

In the experiment with the intentionally added TiO, and Fe;O;, these impurities
were detected on the surface of the crystals. The particles of TiO, and Fe,O; added as
impurities had a diameter less than 1pum; however some of them formed agglomerates as
shown in Figures 4.32 a and b. These two impurities (TiO, and Fe;0;) were insoluble in

the solution. No trace of soluble titanium or iron was ever detected in the solution.
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— R
Figure 4.31: Sodium salt formed on the Al(OH); crystals during the drying process.

Figure 4.32: (a) Pellet of titanium oxide; (b) Iron oxide in pellet and stuck on the crystal
surface (confirmed by x-ray energy dispersive analysis).

4.5.2 Effect of titanium oxide
The effect of titanium oxide on the precipitation process is presented in this
section. Between 0.2 to 3 g/L of solid titanium oxide impurity were added to the solution

at the beginning of each experiment. This amount of impurity corresponds to a weight
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percént of 0.005 and 0.055 per gram of Al,Os calculated for a case of 1.31 initial A/C

ratio. The weight percentages used here are lower than the percentage of TiO; found in
the bauxite and in the industrial AI(OH); as reported in section 1.4 Table 1.1.

Figure 4.33 illustrates the decrease of the A/C ratio when 0.2, 0.75 and 3 g/L of
the Ti,0 impurity is added. To be consistent in the analysis of the effect of small impurity
amount and to avoid some initial variations of the A/C ratio, the same mother solution
was used for the experiment conducted under 0.2 and 0.75 g/L. The experiment
conducted under 3 g/L of TiO; was realized with a new freshly prepared mother solution.
As observed in Figure 4.33, the addition of 0.2 g/L of TiO; did not have a great effect.
The curve was close to the reference curve used. A maximum difference of 8% was
observed between the two curves. However by adding 0.75 g/L of TiO,, the soluble A/C
ratio was significantly decreased in 10 hours. The decrease was about 45% in the case of
the 0.75 g/L compared to only 30% for the reference and the 0.2 g/L of TiO,. After 10
hours, the rate of precipitation with 0.75 g/L of TiO, decreased as seen by the reduction
in the slope. In the case of the reference and 0.2 g/L of TiO, this reduction was noticed 4
hours later. The difference in the dissolved aluminum between the two impurity levels
was around 20% from 10 hours until the end at the experiment. It was also noticed that
the addition of 3 g/L of TiO, impurity affected the weight ratio in the same order than
0.75 g/L of TiO; impurity. In summary, the effect of TiO; is significant when added at or
above a concentration of 0.75 g/L.

Figure 4.34 shows the change of the slurry density during the crystallization. The
particle concentrations of the different amounts of TiO, were close during the first 6

hours of the crystallization. After this time, the slurry density of the 0.2 g/L of TiO; was
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lower than the slurry density of the higher amount of impurity (0.75 and 3 g/L of TiO,).

Also, the slurry density of the 0.2 g/L of TiO, was higher than the reference.

At the end of the experiment, with the convergence of the two weight ratios, the
final slurry density for all cases was around 36-40 g/L. Thus the addition of TiO:
increases the crystallization rate as noticed previously. The particle concentrations of the
0.75 and 3 g/L of TiO; have produced 15 to 30% more precipitate than the experiment

with 0.2 g/L of TiO;. The mass balance was closed with an error of 15% on the final

values.
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Figure 4.33: Influence of the titanium oxide impurity on the precipitation process
(temperature of 60°C).
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Figure 4.34: Increase of the precipitation of AI(OH); with the addition of TiO;
impurity (temperature of 60°C).

The image analysis of the precipitates by SEM is shown in Figure 4.35. As
observed in Figure 4.35 a and d, the crystals formed with 0.2 g/L. and 0.75 g/L of TiO,
were very different. While the size of the crystals formed under the former case was close
to those obtained without impurity, the crystals formed under the latter case were smaller.
Figures 4.35 b, ¢, e and f illustrate the main difference between these two conditions of
precipitation. The crystals formed with 0.2 g/L of TiO; corresponded mainly to
agglomerated particles. The Martin’s diameter estimated in Figures 4.35 b, c gave
particles with diameters of 80 um to 100 um. The smallest diameter observed was 40 um.
Furthermore, the particles shown in Figure 4.35 ¢ were agglomerates of smaller single

. crystals having a hexagonal and prismatic structure and a diameter of about 14 um. The
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Figure 4.35: Influence of the Titanium oxide on the precipitation process (temperature of
60°C. initial A/C ratio of 1.31, precipitation time of 24 hours):

(a), (b) and (c) with 0.2 g/L of TiOs; (d), (e) and (f) with 0.75 g/L of TiO..
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longer ones could have a length of 46 um and a width of 20 um. In contrast, Figures 4.35

e, f show single long hexagonal crystals with 0.75 g/L of TiO; added. In this case, there
were not many large agglomerates formed of various crystals as in the previous Figures.
Their dimension varied from around 17 um to 35 um for the length and 8 um to 17 um
for the width. In the case of the agglomerate observed in Figure 4.35 e, the crystals
formed on its surface have an average diameter less than 8 um, which was smaller than
the ones observed in Figures 4.35 b and c.

The previous observation on the decrease of the size of the particle with an
increase of the amount of TiQO, was confirmed by the particle size analysis of the final
precipitate. The size distributions of the AI{OH); produced after 24 hours, with and
without added impurity, were shown below in Figures 4.36 a, b, c. As observed on these
charts, the size distribution decreased with and without impurity. It was found that the
average size of the crystals was:

e 65 um for the reference.

¢ 35 pm for the solution with 0.75 g/L of titanium oxide.

e 42 um for the solution with 3 g/L of titanium oxide.

Although the average size of the higher concentration of titanium oxide (3 g/L)
appeared to be larger than the average size of 0.75 g/L, the addition of the titanium oxide
decreased the average size by at least 35%.

TiO; is believed to favor the nucleation by increasing the contact surface with the
solution and then by acting like a seed. This was confirmed by the increase of the amount

of AI(OH); formed with an increase of the total amount of TiO; added (Figure 4.34).
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Figure 4.36 a: Density chart of the precipitate formed with no impurities
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Figure 4.36 b: Density chart of the precipitate formed with 0.75 g/L of titanium
oxide (temperature of 60°C. initial A/C ratio of 1.31 and precipitation time of 24h).
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. Figure 4.36 c: Density chart of the precipitate formed with 3 g/L of titanium oxide
(temperature of 60°C. initial A/C ratio of 1.31 and precipitation time of 24h).
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The crystallization process was thus faster, but the particles obtained after 24 hours were
smaller. However, the uncertainty in the sample preparation method used could not
determine the real relation between the size of the particles and the amount of impurity.
Furthermore, as the titanium oxide did not dissolve in the caustic solution (confirmed by
ICP analysis of the final solution), it was observed to be attached on the crystals (detected
by x-ray energy dispersive analysis). This could explain the formation of smaller
Al(OH); agglomerates due to the competition between the AI(OH)s; (growth unit and

agglomeration) and the impurity to attached on the crystal surfaces to the kink sites.

453 Effect of ferric oxide

The effect of ferric oxide impurity on the crystallization process is described in
this section. Between 0.2 to 1 g/L of Fe;O3 were added to the solution at the beginning of
each experiment. This amount corresponds to a weight percent of 0.4 and 2 per gram of
Al O3 calculated for the respective case of the initial A/C ratio 1.15 and 1.38. The weight
percentages used here corresponded to the average amount of Fe;Oj; present in the
Al(OH); reported in the literature but was below the percentage of Fe;O; found in the
bauxite as shown in Section 1.4 Table 1.1.

Figure 4.37 illustrates the crystallization process with four different amounts of
Fe;0;. In order to avoid the influence of the initial A/C ratio, the two experiments with
0.5 g/L and 1 g/L of Fe;O3; were conducted in parallel. The same mother solution with
25.1 g/L of aluminum and 44.3 g/L of sodium hydroxide giving an initial A/C ratio of
1.38 was used for these experiments. In the case of 0.2 g/L. and 0.7 g/L of Fe,05 a new

freshly prepared mother solution was used with an initial A/C ratio of 1.15 and 1.23
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respectively. As observed in Figure 4.37, the ferric oxide did not have an effect on the
A/C ratio representing the crystallization of the AI(OH); dissolved in the solution. The
two solutions prepared with the same mother solution had exactly the same trend. While
their initial A/C ratio was higher than the two other initial A/C ratios with a maximum of
15%, the final A/C ratio at the end of the experiment was still higher with a maximum of
25%. As seen in the effect of the ratio (Section 4.4), the precipitation process could be
very unstable and a slight variation in the concentration could change the characteristic of
the crystallization. However the different ratio did not affect greatly the crystallization

process, as in this case.
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Figure 4.37: Influence of the Fe,O; impurity on the precipitation process
(temperature of 60°C).

In Figure 4.38, the slurry density confirmed that the ferric oxide did not affect the

‘ crystallization rate. All the different amounts of impurity reached a same maximum value
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Figure 4.38: Stability of the particle concentration in presence of Fe,O; impurity
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0.2 g/L of Fe;0; respectively and 1.38 for the reference, precipitation time of 24h).

Figure 4.39: (a) General view of the precipitates formed under the presence of 1 g/L
of ferric oxide (temperature of 60 °C, initia]l A/C ratio 1.38).

(b) Al(OH); from the same sample agglomerated with ferric oxide on
its surface.
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for the particle concentration. In the case of 0.5 g/L and | g/L, the final siurry density was

33 g/L and 39 g/L respectively, while for 0.2 g/L and 0.7 g/L, the final slurry density was
higher due to the lower weight ratio at the end of the experiment.

Figures 4.39 a and b show the typical SEM image of the precipitates formed in the
presence of the ferric oxide. It was observed that small particles of ferric oxide impurity
(confirmed by x-ray energy dispersive analysis) were stuck to the AI(OH); crystals.
However, while the ferric oxide did not have a significant influence on the precipitation
of the crystal, the particle size analysis revealed a decrease of the size of the crystals with
an increase of the amount of ferric oxide added. As observed in the Figures 4.40 a, b and
¢, the average size of the crystals decreased with the addition of ferric oxide and was:

e 65 um for the reference.

e  43.5 um for the solution with 0.2 g/L of ferric oxide.

e 50 um for the solution with 0.7 g/L of ferric oxide.

4.5.4 Zeta-potential
In the previous sections (4.5.2 and 4.5.3), it was observed that the addition of TiO; or
Fe,O; as an impurity decreases the size of the Al(OH); particles. However, while the
addition of TiO; was also increasing the slurry density in the solution, the Fe;O; had no
effect. In order to elucidate the effect of TiO; and Fe;O; on the crystals, the surface
charges of the AI(OH); under different concentrations of impurities were determined.
Figures 4.41 and 4.42 represent the variation in zeta-potential of an industrial
Al(OH); sample (obtained from Alcan) and TiO;, as a function of pH, reported by Hunter

(1987) and Singh et al (1999). The experiments in the present work confirmed this
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Figure 4.42: Zeta-potential of AI(OH);
(Singh et al, 1999).

Table 4.2: Experimental zeta potential of the aluminum trihydroxide and the
impurities TiO, and Fe;05 at 25°C.

Compound

Zeta- Potential (mV) for

Zeta- Potential (mV) for

pH 8.5 - pH 12 (NaOH)
Aluminum trihydroxide 43.7 0.5
Titanium oxide -32.5 -38
Ferric oxide 15.1 -42.2

dependence showing that the zeta-potential decreases with increasing the pH (Table 4.2).

In the case of the ferric oxide and the aluminum trihydroxide, a significant decrease in the

zeta-potential was observed in the experiments at the higher pH. The zeta-potential of the

Al(OH); was always higher than the zeta-potential of the two impurities. This may

explain the attraction of AI(OH); to Fe;0; and TiO,.

The main factors that govern the zeta potential appear to be the presence of the

H;0" and OH ions. For a caustic mother solution, the potential-determining ions in the
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aqueous media are OH. As the pH increases, the aqueous solution becomes more

conductive, reaching a limit for a pH greater than 12. The zeta-potential could not be
determined for the strong caustic solution of these experiments (pH 14). By extrapolation,
the zeta-potential of the three compounds seems to be negative for a pH 14. Thus, the
measurements strongly suggest that both TiO, and Fe;O; can be attracted to the surface

of the precipitated particles of AI(OH); and prevent their agglomeration (Figure 4.35).

455 Settling velocity

The settling velocity of a particle is related to its weight. Thus, an increase of the
settling velocity of the aluminum trihydroxide will confirm the hypothesis of the
attraction exercised by this latter on the ferric oxide and the titanium oxide.

Following the procedure developed by Vergouw (1998), about 2% v/v of solids
were suspended in a cylinder. The pH was adjusted to 14 with sodium hydroxide to
obtain the same experimental conditions (Section 3.2.6). 5, 10 and 20 grams of pure
aluminum trihydroxide, ferric oxide and titanium oxide were suspended separately in the
300 mL cylinder and gave the same settling velocity. The settling velocity was thus not
dependent on the amount of a same compound used. It was observed, however, that a
minimum mixing time of 5 minutes before the settling measurement was necessary for
the impurities to agglomerate and increase the settling velocity. If the impurities were left
in the solution for a longer contact time, the size of the agglomerates stabilized and no
effect on the settling velocity was observed.

Different concentrations of impurities mixed with aluminum trihydroxide were

also tested as detailed in the Figure 4.43. 5 grams of aluminum trihydroxide were mixed
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with 1, 3 and 5 grams of TiO; or Fe;0s, corresponding respectively to 17, 37.5 and 50%

of impurities. The settling velocity increased from 0.057 cm/s (pure Al(OH);) to a
maximum of 0.11 cm/s for the mixture of Al(OH);-Fe203 and 0.16 cnv/s for the mixture
Al(OH)3-TiO,. These maxima corresponded to 37.5% of impurities. The settling velocity
decreased above this amount of impurities to reach around 0.1 cm/s for the two impurities
(TiO; and Fez0s).

As observed on the graph, the curve of the mixture AlI(OH);- TiO; decreased
sharply for a higher amount of impurity. In contrast, the mixture AI(OH);-Fe;O; showed
a very small decrease above 37.5% of impurity. This can be explained by the effect of the
pH on the settling velocity.

As observed in Figure 4.44, the settling velocity of the pure compounds and the

mixtures decreased with increasing pH. The settling velocity of the AI(OH); was lower
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Figure 4.43: Effect of the amount of impurities on the settling velocity.
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than the settling velocity of the ferric oxide. When the two compounds were mixed, the

settling velocity of the mixture was higher by around 50% than the settling velocity of
Al(OH); but lower by around 60% than pure ferric oxide. An explanation of this lower
value can be that the particles of ferric oxide agglomerated to a greater extent than the
aluminum trihydroxide. Due to a zeta-potential near zero, the aluminum trihydroxide
when mixed with Fe,O; attracted the particles of ferric oxide charged with a negative
zeta-potential. Thus the settling velocity of the mixture is still higher than the settling
velocity of AI(OH); but lower than the settling velocity of the agglomerate formed by the
ferric oxide. In the experiment, the amount of impurities is lower than 5% of the total
amount of AI(OH);. Thus this percentage, lower than the limit of 37.5%, found
previously in Figure 4.43, corresponds to a constant influence of the impurity on this
compound.

In contrast, Figure 4.45 shows the decrease of the settling velocity of TiO; and
Al(OH); with an increase of the pH. The addition of TiO; increased the settling velocity
of Al(OH); by 65% at a pH 14 comresponding to the experimental conditions. When the
pH increased, the settling velocity decreased constantly for the mixture and the pure
compounds, due to the decrease of the zeta-potential with the pH. Thus the graph 4.43, on
the effect of the amount of impurities on the settling velocity, shows that the attraction of
the AlI(OH); affected by the TiO,. The maximum was reached, in the case study, for a

percentage of impurity of 37.5%.
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4.6 Morphology and crystal habit of aluminum trihydroxide

In this section, some of the morphological features of the produced crystals are
discussed. In the first section, the morphology of the AI(OH); is presented in detail. In the
last section, the growth mechanisms involved during the crystallization process of the

Al(OH); are discussed a related to the morphologies observed.

4.6.1 Particles and crystals

The aluminum trihydroxide agglomerates consist of small crystals of different
shapes and sizes, oriented in all directions. In each set of experiments, the crystals
appeared to have various morphologies. The regular external shape of these crystals
suggests that the crystals grow slowly without impediment. The sizes are controlled by
the environmental conditions within which they develop. However, under similar
conditions, an observation under the SEM revealed different growth shapes on the faces
of the crystals.

The typical morphology of the aluminum trihydroxide crystals observed in these
experiments was various kinds of polygonal prisms (Figures 4.46 a and b). The crystal
morphology can be classified into four categories: lozenges, hexagons, prisms and
spheres (Figure 4.47). This latter was rare and may have been due to the attrition in the
presence of impurities or very small particles. As shown in Figures 4.46 a and b, the
crystal shapes slightly deviated from the perfectly shaped lozenges, hexagons and prisms
structures. In these Figures (4.46 and 4.48), the x- ray diffraction analysis confirmed only

the presence of pure gibbsite (synthetic and industrial as explained in section 4.1.2).
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Figure 4.46: Examples of the aluminum trihydroxide crystal morphologies
(temperature of 60°C and initial A/C ratio of 1.38).
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Figure 4.47: Schematics of different crystal morphologies.

Lozenge

Spherical shape
from the abrasion
of an hexagon

Figure 4.48: Spherical and lozenge shapes
formed under high attrition and low
temperature (temperature of 35°C, initial A/C
ratio of 1.65 and 0.5 g/L of TiO»).



RESULTS AND DISCUSSION 95

Results of SEM and optical microscopic observations indicated that the
morphology of the crystals had a close relationship with the supersaturation level of the
aluminum in the mother solution. At high supersaturation, nucleation and growth take
place at the same time, the process is faster and the growth is thus more important. In
contrast at a lower supersaturation, the growth process is favored compared to the
nucleation process, but the process is significantly slow because of the small
concentration of dissolved aluminum. Thus, at a low supersaturation, shorter hexagonal
and prismatic crystals were observed compared to the ones obtained at a higher
supersaturation level (Figure 4.49). Also, at the same condition of high supersaturation, it
was observed that more hexagonal and prismatic (related to the hexagonal structure)
shapes were obtained. The hexagons and the prisms were more stable than the other
shapes because these crystals were relatively large (reaching 100 um) and could appear in
a single crystal structure (Figures 4.50 and 4.51). These single long crystals are the result
of attrition and other breakage on polygonal shapes. No single crystals with a lozenge
shape were observed in the experiments. In all the experiments, the size of the lozenge
was always shorter than the hexagonal and the prism crystals formed. Single crystals with
spherical shapes were rarely observed.

The shape of the overall AI(OH); particles varied from very smail polygona!
plates to very large spheres. The particles built up by the agglomeration or growth of
smaller particles tended to assume a more spherical shape as further precipitated particles
were deposited on the surface. In a similar experiment, the average size of the final

spherical shape was bigger than the single crystals formed during the same time. The
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tendency toward sphericity as the particle size increased was confirmed by SEM analysis

(Figure 4.32).

Figure 4.49: Small single crystals formed at a low supersaturation
(temperature of 60°C and initial A/C ratio of 0.8).

Figure 4.50: Single crystals shape Figure 4.51: Single crystal formed in
(temperature of 60°C and initial A/C ratio presence of | g/L of Fe,O; (temperature
of 1.38). of 60°C and initial A/C ratio of 1.38).
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Figure 4.52: Spherical particles and single crystals formed at the
same time (temperature of 60°C and initial A/C ratio of 1.38).

46.2 Mechanisms of growth

The growth of the aluminum trihydroxide crystals can be applied to the transfer of
atoms on its surface. As explained in the section 2.3, the growth takes place at the crystal
ambient phase interface. The different processes. discussed in this section, were observed
during the growth of the aluminum trihydroxide crystals.

The typical morphology of the aluminum trihydroxide crystals formed in this
study was various kinds of hexagonal prisms. These prisms were observed during all the
process. [t was noticed also that the growth of the (110) faces (as noted in Figure 2.1) was
faster than the growth along the (001) faces. giving a long hexagonal prism. Different
mechanisms were involved in the formation of these two faces.

Considering the overlapping principle (Figure 2.10), the growth of (110) faces can
be assumed to be the result of one high translational velocity face, noted A, with 2 slow
translational velocities on its side. noted B. Different theoretical evolutions of the growth

are shown in Figures 4.53 and 4.54. In these Figures. following the notations in section
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2.3, the high translational velocity faces and the slow translational velocity faces are

denoted as A and B respectively. Thus the growth of the crystal under the overlapping
principle can be decomposed into various mechanisms:

During the growth process as the faces B overlap the faces A, the hexagonal
structure can be maintained only when the growth rates of the faces are the same, A or B
(Figure 4.53 case 1). Otherwise, by a succession of the growth rates A and B, a polygonal
shape can be obtained. In Figure 4.53 case 2, the formation of a triangular prism is
shown. If the faces have different growth velocities A and B, pentagons and other prisms
can also be formed. In Figure 4.54, to avoid the succession of the growth rates A and B,
two identical translational velocities are located side by side. This scheme will lead to the
formation of a lozenge (Figure 4.54 case 1) or a stretched hexagon (Figure 4.54 case 2).
An example of Al(OH); crystals formed during the experiment is shown in Figure 4.55.

The 2-D nucleus processes (section 2.3) were also noticed during the formation of
the aluminum trihydroxide crystal on the (001) faces. In the experiments, the 2-D nucleus
had various but not well defined shapes, as shown in the Figures 4.56 a and b. The 2D
nucleus steps initially appeared randomly on the surface in theory. As observed on these
examples (Figures 4.56 a and b), the new crystal formed was centered in the middle of
the old face. The process of formation was believed to be an intermediate between a
multinuclear layer-by-layer growth and a bilayer formation (Figures 2.6 and 2.7 of the
layer by layer and the bilayer). However the initial step could be the result of a
dislocation (as noticed later in Figure 4.60 a, the dislocation appears in the middle of the
crystal surface). The 2-D process was not very commonly observed but still was more

pronounced in the presence of impurities (TiO2 and Fe,O3).
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The SEM images of aluminum trihydroxide crystals show also the formation of

multinuclear layer by layer growth and bilayer formation (section 2.3). In the case of a
multinuclear layer by layer growth, the face restores the initial surface plane. The growth
is a periodic process involving successive 2D-nucleation and a slow lateral growth. Thus,

due to the nature of the growth, the multinuclear layer-by-layer growth (Figure 4.57) was

more resistant than the bilayer growth (Figure 4.58). The formation of this latter was in

Figure 4.53: Growth of the aluminum trihydroxide under the overlapping principle,
(1) Formation of a hexagon; (2) Formation of a prism.

Figure 4.54: Growth of the aluminum trihydroxide under the overlapping principle,
no A-B succession (1) Formation of a lozenge; (2) Formation of a stretch
hexagonal.
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Figure 4.55: Shape of aluminum trihydroxide crystals
produced with 0.5 g/L of iron oxide (temperature of 60°C
and initial A/C ratio 1.38).

Figure 4.56: 2-D nucleus growth formed in a solution with respectively
(a) 1 g/L and (b) 3 g/L of TiO, (temperature of 60°C and initial A/C ratio 1.38).

consequence less common. Furthermore, the thickness of the layer was a function of the
supersaturation. At the beginning of the experiment, due to the high supersaturation. the

layers were thicker and they decreased slowly with the supersaturation (Figure 4.57).
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Another mechanism, the spiral growth of (001) faces, was noticed during the
formation of the aluminum trihydroxide crystals. As explained previously (Section 2.3),
the spiral process results from a continuous growth at low supersaturation. Depending on
the initial A/C ratio (which influences the speed of the “first nucleation™), the observation
of this mechanism increases while the supersaturation decreases.

The typical SEM images of the spiral formation process, obtained in this study,
exhibit the spirals forming only hexagonal or diamond shapes. As shown in the Figures
4.59 a and b, the spiral growth of hexagonal crystal was at higher angle than that of
diamond shape crystals. Following the polygonal shape of the initial crystal, the angles
were formed perfectly in the second and third steps of the spiral process. The hexagonal
spiral shape was the most common compared to the diamond shape. This result from the
fact that the aluminum trihydroxide has a hexagonal crystal shape. However. in presence

of Fe;0;, the diamond spiral shape was formed on the hexagons following the
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mechanism described in Figure 4.54 case 1 (Figure 4.60). As explained above, this

growth was believed to result to a diamond shape.

— ST

Figure 4.59: (a) Spiral growth on hexagonal and (b) diamond crystals formed at a
temperature of 60°C and initial A/C ratio of 1.38.

Figure 4.60: Diamond spiral growth formed in presence of 1 g/L of Fe;O; at a
temperature of 60°C and initial A/C ratio of 1.38.

Figures 4.61 a and b show different views of the spiral growth of aluminum
trihydroxide crystals. It was observed that the development of the dislocation was more
pronounced near the edge. The dislocation was then sloping with a lower thickness at the
point of emergence on the (001) faces. It was also noticed that the side faces (110) of the

pyramid formed were not vicinal surfaces. The spiral formation had effects on the side of
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the crystal. From the growth of the first dislocation on surface, dislocation appeared on
the side of the hexagonal. Following the same evolution than a multinuclear layer-by-

layer growth, the breakage on the side was smooth giving a constant thickness.

Figures 4.61: Different views of the spiral growth on aluminum trihydroxide
crystals (temperature of 60°C and initial A/C ratio of 1.38).
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Chapter 5
CONCLUSIONS AND RECOMMANDATIONS

5.1 Conclusions

The crystallization behavior of aluminum trihydroxide was studied as a function
of temperature, the concentration ratio of aluminum to sodium and the presence of two
particulate impurities, TiO; and Fe;O3;. A batch reactor was designed to obtain
homogeneous mixing and minimum attrition. The mother solution was prepared from
different amount of sodium hydroxide and aluminum dissolved in the solution. All the
experiments were carried out at atmospheric pressure and temperature varying between
40 to 80°C. X-ray diffraction analysis showed that the crystals of aluminum trihydroxide
produced in these experiments were only gibbsite. The reference experiment performed at
60°C and an initial A/C ratio of 1.38 revealed that the mechanisms of the crystallization
process consisted of an initial lag phase followed by an increase in the slurry density until
the crystallization rate decreased to a level where the supersaturation was low. The initial
lag phase was due to the fact that the amount of the seed used in the experiments was not
sufficient enough to initiate the nucleation. Also the rate of precipitation depended
strongly on the supersaturation acting as a driving force.

The effect of the reactor temperature on the crystallization of aluminum
trihydroxide was also studied. The crystallization process, which was favorable at low

temperature due to the high supersaturation, was kinetically limited. The increase in the
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temperature resulted in the production of coarser crystals and in an increase of the slurry
density.

The A/C ratio had similar effect on the crystallization process as the reactor
temperature. However, since the amount of seed introduced to the process was not
sufficient, during the first hour of the crystallization process, either primary or secondary
nucleation determined the precipitation rate. When the primary nucleation dominated, the
reaction was slower than the one dominated by secondary nucleation. The equilibrium
A/C ratio was not greatly influenced by the sodium concentration. The supersaturation
level depended only on the initial A/C ratio. At a higher A/C ratio, the driving force was
higher resulting in the faster nucleation and growth processes.

The presence of impurities had a strong effect on the size of the crystals. Titanium
oxide in the mother liquor acts as a seed resulting in more abundant but small single
crystals. The presence of ferric oxide did not have a strong effect on the precipitation
rate, but still decreased the size of the particles and increased the slurry density.

The analysis of the surface charge measured by zeta-potential explained that the
impurities, titanium and ferric oxides, adhered to the surface of aluminum trihydroxide
crystals. The zeta-potential measurements made up to the pH of 12 agreed well with the
literature values. At a pH greater than 12, the conductivity of the caustic solution was too
high to be measured by the zeta-potential analysis. Thus, at a pH 14, the settling velocity
measurements were performed to confirm the adhesion of titanium and ferric oxides on

the aluminum trihydroxide crystals. This adhesion could explain the production of small
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single crystals. The settling velocities of crystals varied with pH and the concentration of
titanium and ferric oxides.

The different evolutions of the crystal morphology were also described. A model
of growth using the overlapping principle gave prismatic shapes such as diamond and
hexagon as observed in the experiment. The other mechanisms of growth observed such

as bilayer and layer by layer growth were illustrated and commented.

5.2 Recommendations

The study of the crystallization of aluminum trihydroxide can be further extended
by the detailed study of the effect of other common impurities such as magnesium and
calcium oxides on the settling velocity of the crystals. The design of a continuous
process by operating the reactors in series is also recommended for the future work. The
use of the pressured vessels may be of interest for a better control of the evaporation and
to study the kinetics and the morphologies of the other aluminum hydroxides at elevated

pressures and temperatures.
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From the AA analysis, we obtained a concentration X of [Na"] in (g/L) and a
concentration Y of [AI’*] in (g/L). In the aluminum industry, the aluminum, AI(OH); and
NaOH concentrations are replaced by Al,O; and Na;O concentrations (Veesler and

Boistelle, 1994).

Following is defined the respective equivalent concentration of sodium hydroxide

[Na(OH)], [Na;0], and [Al20s] :
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It is assumed in these equations that the volume of the reactor was constant and
that the evaporation rate was linear. The sodium introduced in the caustic solution was
inert, i.e., it did not take part in the reaction. The dissolution of sodium in the crystal was
negligible (X-ray analysis). Thus the sodium concentration was assumed to be constant
throughout the process. However, due to the evaporation at the given temperature, the
concentration of sodium increased as a function of time (Figure B1). The condensate of
the water evaporated was taken for an AA analysis, and showed the same reading as

distilled water (blank).

43
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Figure B1: Effect of a non controlled evaporation on the sodium concentration
for a minimal temperature of 45°C (initial A/C ratio 0.7, and an evaporation of
20% of the total volume)
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In order to minimize the evaporation, the top of the reactor was sealed. However, the
evaporation of water was still observed. Thus, the change in the liquid volume was
measured periodically by noting the liquid level using a buoy. With and without the seal,
the change in the liquid volume was measured to be approximately 15% and 45%
respectively. These values varied slightly depending on the reactor temperature. Due to
this evaporation effect, the aluminum concentration and the concentration of particle
increased. Thus, a sodium mass balance was performed. The aluminum concentration
measured by AA and the concentration of particle were corrected accordingly (Figure

B2). The equations used in the calculations are shown as below.

e At the initial time t = tp, the initial amount of sodium is:
MNao = VoxCo
e Att=ty, V| is the volume after the first sampling of a volume A V). Assuming that

the concentration of Na is constant:

MNao = VoxCo = Mina = (V17A V)xCy

VOCO

—> |V, =——-AV
1 C 1

1 (1)

The evaporation can be estimated from this equation (1) knowing that:

Y evap Vo- (Vl * AVIJ
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(2)

e Att =t for the second sampling of a volume A V,, following the same procedure:
Mya; = ViXCy = Mg = (V2+A V2)xCy

and Vaevap = Vo- (Va+A Vy)

The new volumes are:

VIS
—> V2 = -AV,
2 (3)

CO Cl
@ Vzevap = VO l—c—7' +AV1-E-7—

(4)

From the calculation of these theoretical volumes, the theoretical amount of aluminum

noted N can be deduced:
Atthetimet=t; N=V;xCy
Using the equation (1) and the real concentration of aluminum analyzed by the AA:

v.C

_ - 070 _
N_CAIIXVI_[ Cl AVI]XCAII
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Vv.C C
C ., corrected = N —[ 0 O—AV}x—A“—

All - B 1 -
VO AVl C1 Vo AV1

with Vg=IL
N Can V1 _[ o Canl
C .. .corrected = = =| <2 -AV, |x—2
==>1%a11 1-av, " 1-AV, (¢ 1"1-AvI )

In the equation of the corrected aluminum concentration (equation 5), Vo - A V,

represents the volume without evaporation. The volume in the reactor decreases only due
to the sampling.

For the other time n, the volume V;, and the concentration C, are calculated in the same

way following the equations 6 and 7. An example of correction of the evaporation is

shown below (Figure B2).
v. C
_ _n-1"Na(n-1)
—3 Vrl = c AVn
Na(n) (6)
v C C
—>|C,, corrected = _| Al Na(n-l) v |,_"Aln
Aln 1- AV C n| 1-AV
total Na(n) total | (7)
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Figure B2: Compensation of the evaporation effect on the concentration of aluminum

and sodium. (temperature 60°C, initial A/C ratio 1.3, and a theore