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Abstract
Wastewater which primarily emanates from mining operations and manufacturing industries, has the
potential for re-use if treated effectively. These wastewaters, which are typically characterized by high
concentrations of dissolved inorganic salts are often disposed in evaporation ponds, which promotes the risk
of ground water pollution and land wastage. Moreover, this forfeits the potential benefits of valuable salts
recovered. The aim of this project was to investigate the treatment of multicomponent saline wastewater rich
in sodium and magnesium sulphates, since these salts are prevalent in most wastewater streams. The
intention was to treat the wastewater with a calcium hydroxide (Ca(OH)2) suspension in a laboratory scale
seeded fluidised bed crystallizer, thereby precipitating gypsum and magnesium hydroxide. The objectives of
this study were to investigate how the chosen reactor configuration, feed stream and reagent characteristics
affect the conversion and recovery of gypsum and magnesium hydroxide over a range of wastewater
concentrations. Particular focus was on reducing the formation of fines through the use of seeds and to get
an insight into the possible precipitation mechanisms. It was important that the resulting precipitate product
quality favoured effective separation from the treated water stream for re-use.
Preliminary experiments were conducted over a feed concentration ranging from 1.5 g/L – 120 g/L (total
sulphate salts) which was contacted with a stoichiometric amount of calcium hydroxide with respect to the
sulphates in the the stream, that is a Ca:SO4 ratio of 1:1 in the fluidised bed crystallizer. These experiments
identified a feasible feed concentration range for operation (8 000 -35 000 mg/L). High inlet concentrations
(≥ 50 000 mg/L) were not feasible due to rapid formation of a large mass of precipitates which disrupted
fluidisation and caused the reactor contents to be elutriated. These high concentrations resulted in high rates
of accumulation which necessitated the need for frequent intermittent product removal. The fluidised bed
crystallizer using silica seeds was found to be effective at reducing the formation of gypsum and magnesium
hydroxide fines by almost half. The study also found that feed concentrations of 35 g/L of total sulphate salts
yielded better conversions (± 75%) of sulphates to gypsum, compared to a feed concentration of 8 g/L yielding
a sulphate conversion of around 30%, due to the higher driving force and thus faster rate of crystallization. A
Ca:SO4 molar ratio of 1:1 did not yield equilibrium sulphate conversions, as a result of the incomplete
dissolution of calcium hydroxide for the given residence time of the reactor and calcium hydroxide suspension
PSD. However, it was possible to remove 99% of the magnesium in the wastewater stream under these
conditions for each concentration investigated, since the Mg:OH molar ratio was effectively in excess. Excess
calcium hydroxide (a Ca:SO4 molar ratio greater than 1) improved the supply of calcium ions for reaction and
thus sulphate conversions, and the equilibrium conversion of 88% was achieved at four times the amount of
calcium to sulphates in the feed stream, based on the characteristic suspension used. Residual sulphate
concentrations (2200 ppm at 15 g/L to 1400 ppm at 35 g/L), even after equilibrium conversions were achieved,
did not meet the maximum sulphate discharge levels (200-600 ppm). A crude separation of magnesium
hydroxide and gypsum could be initiated in the fluidised bed at 35 g/L. Gypsum crystals formed as needles
and progressed to plates at higher feed concentrations. Magnesium hydroxide produced nano-agglomerates
that were elutriated out of the bed or were imbedded in the product grain at higher concentrations. Overall
the ratio of product, both magnesium hydroxide and gypsum, retained in the bed increased as the
concentration increased.
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An alternative treatment process was also explored to recover products in separate stages. The process
involved two stages. The first step involved precipitation of magnesium hydroxide with caustic soda, since the
stream is rich in magnesium sulphate. The next step treated the sodium sulphate generated in the first stage,
by forming gypsum when dosed with a calcium hydroxide suspension. The second stage also regenerates
caustic soda that could potentially offset reagent costs in the first stage. Thermodynamic modelling found
that a 99% magnesium conversion was obtainable in the first stage. Only 18% sulphate conversion was
attainable in the second stage, due to the electrostatic effects of sodium that shield sulphate ions which would
otherwise react with calcium to form gypsum. This shielding effect resulted in a significant amount of sulphate
ions in solution that are unable to react, resulting in low sulphate conversions. In addition, this hindered the
consumption of calcium ions which drives the dissolution of calcium hydroxide, resulting in a large amount of
undissolved calcium hydroxide as predicted by thermodynamic modelling. Another process alternative to
explore is the use of cooling crystallization, which could potentially remove more sulphates than precipitation
with calcium hydroxide can.
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1 Introduction
1.1 Background
Industrial operations such as mining, metal plating, smelting and pigment manufacturing produce wastewater
rich in magnesium, calcium and sodium sulphates. Discharging these wastewaters without pre-treatment is
detrimental to the environment and substantial investment has been made towards developing effective
treatment methods. Figure 1.1 shows conventional methods used in the treatment of such wastewaters
(Baysal et al. 2013).

Figure 1.1: Heavy metal recovery technology (Adapted from: Baysal et al. 2013)

Chemical precipitation is the most common method of wastewater treatment because it is cost effective and
can remove ions from relatively large volumes of water to ppm levels (Baysal et al. 2013). Precipitation, also
termed reactive crystallisation, is the formation of a compound of low solubility, typically of the range 10-3 to
1 kg/m3 (instead of 10-300 kg/m3 in crystallisation) (Söhnel and Garside, 1992; Kind, 1999).
Alkaline addition via lime or caustic is the most common precipitation method for metal removal from
wastewaters (van Hille et al., 2005). However, this results in the generation of large quantities of sludge with
poor dewatering characteristics (Fajtl et al., 2002). Thus, separation of the precipitate from the residual stream
is difficult, which increases handling and disposal costs (van Hille et al., 2005; Fajtl et al., 2002; Karidakis et al.,
2005). Additionally, the presence of other components in solution leads to a mixed precipitate which limits its
applicability for reuse. These disadvantages have led to further research into more efficient precipitation
processes. A particular technological innovation is the use of seeded precipitation in a fluidised bed
crystallizer.
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Crystallization in fluidized bed reactors have been extensively used in industry for the softening of drinking
water (Aldaco et al., 2007) as well as heavy metal, phosphate and fluoride removal from wastewaters
(Seckler,1994). The use of fluidised bed crystallizers allows for controlled precipitation and has many
advantages over conventional stirred tank crystallizers. Fluidised bed crystallizers use seeds to minimise the
generation of fine particles by providing a large surface area for crystal growth or deposition and act as a site
for crystal attachment. This avoids large volumes of sludge streams and facilitates the separation process
(Guillard and Lewis, 2001; Heffels and Kind, 1999).

1.2 Problem statement
In the treatment of saline wastewaters, rich in sodium and magnesium sulphate (Karidakis et al., 2005), with
calcium hydroxide, a mixed precipitate of magnesium hydroxide and gypsum is formed according to the
reactions below, with each solid having different structural characteristics.

;%<= (?@) + 2CD E (?@) = ;%(CD)< ())

Equation 1

FG <= (?@) +HCI<E (?@) + 2D< C(?@) = FGHCI . 2D< C())

Equation 2

It is desired to remove as much of the precipitating compound as is possible, while producing crystals that
allow for efficient separation from the residual solution. At concentrations typically encountered in industrial
wastewaters result in very small needle-like gypsum particles (Karidakis et al., 2005; Zhang et al., 2013) and
and magnesium hydroxide forms agglomerates of nano-particles (Karidakis et al., 2005). Gravitational
separation and filtration of these crystal structures is difficult. Fine particles remain suspended and recovery
through gravitational separation is not possible. On the other hand, separation through filtration is difficult
because fine particles induce filter fouling and create a high pressure drop across the filter. Furthermore, in
multicomponent systems, where a mixed solid product is formed, it is advantageous to influence separation
of the different solid products as well.

1.3 Scope
This project focused on investigating the treatment of saline wastewaters which are rich in sodium and
magnesium sulphate, using calcium hydroxide (Ca(OH)2) as a precipitating reagent, thereby precipitating
gypsum and magnesium hydroxide. The first part of the project involved carrying out a modelling exercise to
predict the aqueous chemistry of the system, followed by experimental work using a laboratory scale fluidised
bed crystallizer. The calcium hydroxide reagent used and the relevant wastewater compositions have been
provided by Lhoist. The obtained precipitate was characterised in terms of chemical composition, morphology
and particle size distribution. The residual magnesium and sulphate content of the treated water, as well as
the amount of fines elutriated was analysed to determine gypsum recovery, fines generation and removal
efficiency.
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The second part of this project involved investigating process alternatives. In this case, the aim was to avoid
the formation of a mixed, unusable product since the use of calcium hydroxide in a single stage co-precipitated
magnesium hydroxide and gypsum. The focus was to investigate options that recovered the products
separately. Aqueous chemistry modelling was conducted, followed by a preliminary cost estimate of the
process.
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2 Theory
2.1 Precipitation Theory
Precipitation is extensively used in hydrometallurgical processes for solution purification, product recovery
and effluent treatment (Al-Othman, 2004). Precipitation is the formation of a sparingly soluble solid
compound from a supersaturated solution. It is a sub-class of crystallization in which the driving force for solid
formation is induced by a chemical reaction between precursor reagents (Giulietti et al., 2001).

2.1.1 Supersaturation
When the concentration of a solute exceeds its solubility concentration, the solution becomes supersaturated
with respect to that compound. Supersaturation is the driving force of crystallization and can be induced in a
number of ways. These include solvent removal, heating or cooling a solution beyond its saturation point,
introduction of a miscible reactant and formation of a sparingly soluble compound through a chemical
reaction (Mullin, 2001). For the purpose of this study, reaction crystallization resulting in the formation of a
product of low solubility is considered.
Supersaturation is necessary for precipitation and it is the main factor that influences nucleation and crystal
growth. Figure 2.1 shows the correlation between supersaturation and the phenomena of precipitation.

Figure 2.1: Influence of supersaturation on the precipitation process (Söhnel and Garside, 1992)

Precipitation is directly driven by the difference in the chemical potential between the molecule in solution
and that in the solid phase defined by equation 3 below (Söhnel and Garside, 1992):
∆L = NOP+

G
RS
= NOP+
∗
GQ@
RSQ@

Equation 3

5
Where: a = γ. C
a= Activity (mol/L)
R= Gas Constant (J/mol.K)
T= Temperature (K)
∆L = Difference in chemical potential (J/mol)
γ= Activity coefficient
However, the absolute driving force is difficult to measure and is usually expressed in terms of the
supersaturation ratio (S) which is defined according to equation 4 (Söhnel and Garside, 1992):
S=

Where: / =

XW
W GW

Equation 4

()*

W /W

/ = number of moles of ions in 1 mol of solute
()* = Solubility product
For aqueous solutions of sparingly soluble salts, the supersaturation ratio is expressed as shown in Equation
6 (Mullin, 2001).
AxBy = xAy+ + yBxYZ[
H=
()*

\
X

Equation 5
Equation 6

Where: ()* = (F]Q@= R= ) ^ (F_Q@E RE ) `
IAP = Ion Activity Product (mol/L)
x, y = Stoichiometric coefficients
γ= , γE = activity coefficient of cation and anion, respectively

2.2 Solubility
The solubility of a substance in a solvent is the maximum amount that can be dissolved at a given set of
conditions (Mullin, 2001). The term solubility thus indicates the extent to which different substances can be
recovered from a solvent, in other words, the less soluble a compound, the more of it can be recovered. For
a substance to dissolve in a liquid, it must be capable of disrupting the solute structure and permit solvation
by the solvent molecules. The forces binding the ions, atoms or molecules in the lattice oppose the tendency
of a crystalline solid to enter solution. The solubility of a solid is thus determined by the resultant of these
opposing effects (Mullin, 2001).
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Solubility of metal ion salts is influenced by pH, temperature and the presence of other species in solution.
Figure 2.2 shows metal solubility as a function of pH.
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Figure 2.2: Metal ion solubility as a function of pH (Lewis, 2010)

Solubility, curves such as that shown in Figure 2.2, can be conveniently generated using thermodynamic
simulation packages such as OLI Stream AnalyserTM (OLI Manual, 2015). Thermodynamic packages account for
the reactivity of solids for various modifications of a particular compound and accounts for species that
influence the solubility equilibrium when defining the Ksp (Theonen, 1999). Solubility information obtained
from thermodynamic modelling predicts the formation of the solubility limiting solid, that is the first solid to
precipitate, under the appropriate composition, temperature and pressure.
Solubility determines the maximum yield of the precipitating solid at the specified conditions. Thus, it is an
indication of the minimum residual ion concentration, below which further recovery using precipitation
becomes thermodynamically unfeasible.

2.3 Nucleation
Crystallization and precipitation phenomena can be categorised into two stages, namely, nucleation and
crystal growth. The first step, nucleation, involves the formation of the first embryonic clusters which
subsequently grow to produce crystals. This occurs when ions or molecules in a supersaturated solution
aggregate and cluster until a crystal of a critical radius has been formed, after which the crystal either
continues to increase in size, or re-dissolves (Jones, 2002).
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Nucleation controls the number of crystals and their size (Mersmann, 2001). It is broadly divided into primary
and secondary nucleation. These are further sub-divided into several specific classes according to mechanisms
through which nucleation occurs within each category summarised in Figure 2.3.

Shear

Figure 2.3: Nucleation principle (Randolph and Larson, 1988)

2.3.1 Primary nucleation
Primary nucleation is the formation of a new phase from a solution in the absence of the precipitating solid.
The kinetics of primary nucleation are highly non-linear and are found to be very slow at low supersaturation
(Mersmann, 2001). Very high levels of supersaturation can be achieved when mixing reactants and this results
in high rates of primary nucleation.
Primary nucleation can be further classified as either homogeneous or heterogeneous. Homogeneous
nucleation is the formation of stable nuclei in a supersaturated solution in the absence of any solid, which is
described by equation 7 (Mullin, 2001):

B0hom = Ahom exp

−

Equation 7

16πζ3 v2
3 3

3k T (ln S)

2

Where: ζ = interfacial tension (J/m2)
A = pre exponential factor (nuclei per m3/s)
/ = molar volume (m3)
' = Boltzman Constant (J/K)
O = temperature (K)
H = degree of supersaturation
Homogeneous nucleation does not occur in the metastable zone, which is the region bounded by the solute
solubility and the metastable limit. The metastable limit is the maximum supersaturation of the precipitating
component, beyond which, spontaneous nucleation occurs.
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Heterogeneous nucleation on the other hand, is initiated by the presence of foreign particles suspended in
the solution, that is, dust particles or reactor walls. Heterogeneous nucleation is described by equation 8, a
relationship similar to homogeneous nucleation, with factor f ϕ correcting for the decreased nucleation
energy barrier in the presence of a foreign solid.

B0het = Ahet exp

−

16πζ3 v2 f(ϕ)
3 3

3k T (ln S)

Equation 8

2

An important parameter in heterogeneous nucleation is the wetting angle of the substrate surface θ in
Figure 2.4. It is the angle between the tangent to the nucleus interface and the substrate surface. The wetting
angle indicates whether or not the presence of the substrate will lower the nucleation barrier and to what
extent (Mullin, 2001).

Figure 2.4 Nucleation on a foreign substrate (adapted from Peterson, 2002).

The critical Gibbs free energy relationship between homogeneous and heterogeneous nucleation is shown in
Equation 9 below:
∆& ∗ xQy = :∆& ∗ xz{

Equation 9

The relationship between θ and φ is presented in Equation 10 (Mullin, 2001):

:=

(2 + S}~5)(1 − S}~5)<
4

Equation 10

In the case where there is complete incompatibility of the crystalline solid and the seeding material, that is,
complete non-wetting, f(φ) = 1 and the energy required for nucleation is equal to that of homogeneous
nucleation. When there is complete affinity or complete wetting, f(φ) = 0 and ∆G *= 0. When there is partial
wetting, then 0 < f(φ) < 1 and the energy required for heterogeneous nucleation is lower than for
homogeneous nucleation (Mullin, 2001).
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2.3.2 Secondary nucleation
Secondary nucleation is the formation of nuclei induced by pre-existing units of the precipitating solid. It
occurs at much lower levels of supersaturation compared to primary nucleation. Secondary nucleation can be
further sub-categorised, as shown in Figure 2.3, with the most common type being attrition breeding in stirred
tank crystallizers (Lewis et al., 2015). Attrition results from particle-particle collisions, particle-reactor and or
particle-impeller collisions.
It is possible for different nucleation mechanisms to dominate in different regions within the reactor. This is
usually caused by inhomogeneity in the level of supersaturation within the reactor volume. Thus, the scale of
mixing in the reactor influences the precipitation phenomena and ultimately product characteristics. The scale
of mixing is the average distance between centres of maximal difference in properties (Uhl, 1966) and is
categorised as being macro, micro or meso-mixing. Macro-mixing takes place at a scale equivalent to the size
of the reactor, meso-mixing at the scale equivalent to size of the reactant feed pipe and micro-mixing at the
Kolmogorov scale, which is the size of the smallest eddy in the fluid (Torbacke and Rasmuson, 2001). All three
mixing scales have an effect on precipitation characteristics through the degree of supersaturation resulting
from mixing effects. Figure 2.5 shows the effect of mixing two species (A and B) on precipitation phenomena.
Each numbered zone indicates a supersaturation level and its corresponding precipitation phenomena. Apart
from different crystal size distributions, various crystal modifications can take place depending on the level of
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Figure 2.5: Mixing and precipitation zones (Nielsen, 1979)

Zone 1 represents an undersaturated region within the reactor where precipitation is not possible. High rates
of primary homogeneous nucleation are dominant at reagent inlet points where the local supersaturation is
high. Figure 2.5 also illustrates the mixing effect on the supersaturation profile of a solution of two equi-molar
solutions or reactants. The “mixing line” represents the supersaturation values that can be obtained upon
mixing, where the prevailing supersaturation zone is determined by the nature of mixing. It is difficult for
perfect mixing of reagents to be present throughout the reactor. Zone 2 represents a region in which
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secondary nucleation is favoured, and zone 3 represents the region in which heterogeneous nucleation is
favoured. Zone 4 is the region in which spontaneous nucleation is observed, while zones 5 and 6, being at very
high supersaturation, favour the formation of colloids and gels; products with poor dewatering characteristics.

2.4 Induction time
In some cases, a period of time lapses between the attainment of supersaturation and the appearance of
crystals or nuclei (Mullin, 2001). This is known as the induction period, and is made up of several lag stages.
The first stage is the relaxation time, which allows for the quasi-steady state distribution of molecular clusters.
The stage that follows accounts for the lag time required for the formation of a nucleus, and finally the last
stage accounts for the nucleus to grow to a detectable size. The induction period is influenced by the level of
supersaturation, viscosity of the system, mixing and presence of impurities (Mullin, 2001). The presence of
seeds generally decreases the induction period, however it may not necessarily completely eliminate it
(Mullin, 2001).

2.5 Growth
After nucleation, precipitation proceeds via crystal growth, which involves the addition and organisation of
molecules or ions onto the space lattice of the crystal surface in a supersaturated solution (Jones, 2002). This
results in the overall increase in crystal size and mass of the precipitating solid.

2.5.1 Crystal Growth Kinetics
The growth rate is expressed as the rate of displacement or the mass flux of crystallising material of a particular
crystal face in a direction perpendicular to its surface (Söhnel and Garside, 1992). The rate of crystal growth
determines the shape, structure and purity of the precipitate (Mullin, 2001). Growth is usually modelled as a
two stage process comprising of a diffusion step and surface integration step (Randolph and Larson, 1988).

2.5.2 Diffusion-Reaction Model
The diffusion- reaction model describes crystal growth as a series of diffusion and reaction steps shown in
Equation 10 and Equation 11 (Mullin, 2001). Crystallization is considered to be the reverse of dissolution and
both rates are influenced by the concentration gradient between the interface and bulk solution.

Å{
Åy
Å{
Åy

= 'Å ~ SÇ − SW

(Diffusion)

Equation 11

= 'É ~ SW − S ∗

(Reaction)

Equation 12

Where: m= mass of deposited solid (kg)
2

s= crystal surface area (m )
3

cb=solute concentration in supersaturated solution (kg/dm )
3

c*= equilibrium saturation concentration (kg/dm )
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3

ci= concentration of solute at the solution-crystal interface (kg/dm )
kd= mass transfer coefficient by diffusion (m/s)
kr = surface reaction rate constant (m/s)

Figure 2.6 illustrates both diffusion and surface reaction driving forces. It should be noted that the forces are
by no means equal and the concentration drop across the stagnant film is not necessarily linear (Mullin, 2001).

Stagnant
Film

Volume diffusion step
Cb-Ci= driving force for diffusion

Surface integration Step
Ci-C*=Driving force for diffusion

Concentration

Precipitate

Bulk Solution

Figure 2.6: Concentration profile perpendicular to crystal surface during growth (adapted from Mullin, 2001)

2.5.3 Adsorption Layer Theory
The adsorption layer theory is based on thermodynamic reasoning and follows the process of a growth unit
adsorbing on to the crystal surface. The units of the crystallizing substance are not immediately integrated
into the lattice, but migrate over the surface acting as a loosely adsorbed layer of integrating units. Molecules,
atoms or ions will incorporate into the lattice at points on the crystal surface at active centres, that is, where
attractive forces are the highest (Mullin, 2001). Under ideal conditions, this build up continues until the whole
surface plane is covered. The process then repeats itself when a new ‘crystallization centre’ comes into
existence (Mullin, 2001). The process is illustrated by Figure 2.7.

Figure 2.7: Crystal growth model a) migration towards desired location; b) completed layer; c) surface nucleation
(Mullin, 2001)

The growing crystal surface can be described by the Kossel model (Mullin, 2001) depicted in Figure 2.8. The
model assumes that a crystal surface is made up of moving layers of monatomic height which contain one or
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more kinks, loosely adsorbed growth units, vacancies and steps. Growth units attach onto the crystal at a kink,
after which the kink moves along the step which eventually completes the face. New steps are initiated by
surface nucleation at surface corners.

Figure 2.8 Kossel’s model of a growing crystal surface A) flat surfaces, B) step, C) kinks, D) surface adsorbed growth
units, E) edge vacancies and F) surface vacancies. (Mullin, 2001).

The nature of the growing crystal surface is influenced by several factors mentioned above, but the driving
force or supersaturation is of particular significance. The driving force is responsible for the dominant growth
mechanism, presented in Figure 2.9.

Two dimensional

Adhesive type

Rough

spiral growth

nucleation growth

transition

smooth

Thermodynamic roughening transition
Kinetic roughening transition
Figure 2.9: Effect of driving force on crystal growth mechanisms (Sunagawa, 2005).

At low levels of driving force, the growth mechanism tends to be smooth, while at higher levels of
supersaturation, rough growth mechanisms dominate.
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Smooth growth of crystal faces occurs when successive growth layers are orderly deposited on the crystal
(Lewis et al., 2015). In order for growth to occur under these conditions of low supersaturation, a permanent
step source is required, such as a screw dislocation or a screw component present on the crystal surface. The
step becomes a preferred growth site, and growth units curve around the defect, eventually forming a spiral
hill with the defect still present (Mullin, 2001 and Lewis et al., 2015). Such a mechanism is known as the spiral
growth model. Intermediate levels of supersaturation induce what is termed two-dimensional nucleation or
the birth and spread model (Sunagawa, 2005; Lewis et al., 2015). In this case, the step source as discussed
above, is in fact the formation of two-dimensional nuclei on the crystal surface, which grows into islands by
spreading across the crystal surface. This mechanism requires sufficient supersaturation to overcome the
critical size barrier of the two dimensional nuclei (Lewis et al., 2015). High levels of supersaturation induce
rough growth on crystal surfaces. The absence of preferential growth sites on the crystal surface forces the
growth rate to depend simply on the flux of growth units from the bulk onto the growth position (Lewis et al.,
2015).

2.6 Morphology
The external appearance of a crystal, also known as the morphology, shape or habit, is determined by both
internal, that is, the crystal structure and external factors such as the crystal growth conditions and processes
(Sunagawa, 2005). Another way of understanding morphological influences is to consider thermodynamic and
kinetic factors such as (Lewis et al., 2015):
•

The periodic structure of the crystal lattice imposed by the bonding energies between atoms, ions
and molecules that make up the lattice (thermodynamic)

•

The conditions under which the crystal is grown (kinetic)

It is possible to predict the morphology of a known crystal; however, this is only practically valid if
thermodynamics prevail over kinetics. In other words, if the growth kinetics are relatively slow (Lewis et al.,
2015). The study on crystal morphology is of particular interest in industry due to its influence on product
handling and downstream processing. Crystal habit will affect the rheological properties, filtration and
centrifugation efficiency and the bulk density of the solid (Mersmann, 2001).
The type of reactor, hydrodynamics and temperature are some of the factors that influence morphology
(Jones, 2001 and Sunagawa, 2005). For the purpose of this study, temperature and pressure effects are will
not be investigated. However, flow patterns within the reactor influence primary particle morphology by
influencing supersaturation levels at certain crystal faces as discussed below.

2.6.1 Supersaturation on the growing faces
While supersaturation affects the growth rate of crystal surfaces, its effect on each face of the same crystal
may not be the same. In the case of a polyhedral crystal bounded by corners, edges and faces, the
concentration difference at the corner is expected to be larger than at the edges and, to a larger extent, at
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the faces. This state of varying concentration creates surface diffusion and thus different growth rates on a
single crystal depending on the bulk supersaturation (Sunagawa, 2005).

2.6.2 Solvents, additives and impurities
The presence of additives or impurities may have a significant effect on the crystal structure. Strong surface
interactions on a crystal surface will either retard or accelerate the growth rate, however, if the interaction is
strong on a particular face and non-existent on other faces, the shape of the crystal will be altered
(Jones, 2002; Mersmann, 2001 and Lewis et al., 2015) as illustrated in Figure 2.10. Foreign species may also
alter the growth of crystals by adsorbing along the steps of growth layers on the crystal face (Sunagawa, 2005).
It should be noted that some impurities may in fact promote the growth of a particular face (Sunagawa, 2005).

Selective
adsorption on
‘A’ faces

Change of habit

Figure 2.10: Effect of impurities on crystal growth habit. (Sunagawa, 2005)

2.7 Agglomeration
Agglomeration occurs when particles collide, adhere and eventually cement together to form agglomerates
(Söhnel and Garside, 1992). This phenomenon occurs in most precipitation processes and has a significant
impact on precipitate properties. Agglomeration and crystal growth occur simultaneously and the former is
responsible for rapid particle size enlargement. Like crystal growth, agglomeration is also strongly influenced
by supersaturation and solution composition, with agglomeration being favoured at certain levels of
supersaturation. The process leading to agglomeration is illustrated in Figure 2.11.
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Figure 2.11: Mechanism of agglomeration (Guillard, 2001).

Particles that have collided are then joined or cemented together by the formation of solid inter-particle
bridges. The rate of cementing is related to the growth rate of the precipitate (van Hille et al., 2005).
The overall rate of agglomeration is a combination of the collision and cementing rate, and the breakage rate.
This is often summarised as shown in Equation 13.

1?ÑÑ = Ö1Üzáá

Equation 13

Where: 9= efficiency coefficient
1= rate of collisions/ agglomeration (m3/s)

2.8 Fluidisation
Fluidisation is the process whereby a granular material is converted from a static solid state to a dynamic
fluid-like state when a fluid is passed through the granular material (Coulson and Richardson, 1991). The
granular bed remains fixed at velocities below the incipient velocity (point A, Figure 2.12), that is, the velocity
at which the drag force exerted by the flowing fluid is equal to the apparent weight of the particles (Coulson
and Richardson, 1991). At this point, the bed begins to expand and exhibit fluid-like properties, with increasing
bed voidage. As the fluid flows in the upward direction, it experiences an increase in pressure loss due to the
frictional resistances of the bed, as shown in Figure 2.12 (Rhodes, 1998).
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Figure 2.12 : Pressure drop in a fluidised bed reactor as a function of velocity (Coulson and Richardson, 1991)

Figure 2.12 shows the linear relationship between the pressure drop and velocity at zero flow until point A.
Upon increasing the velocity, the bed expands and the pressure drop reaches a maximum at point B. The
straight line CD indicates a stabilization of the pressure drop which is independent of the velocity. Reducing
the velocity causes the bed to contract to point E, the maximum stable voidage of a fixed bed where particles
are just resting on one another (Coulson and Richardson, 1991). Further decreasing the fluid velocity until
point F results in a lower pressure drop across the bed compared to initial conditions, that is, from rest to
point A.
The total pressure drop across the packed bed can be calculated using Equation 14 (Coulson and Richardson,
1991):
∆, = 1 − $ 7) − 7 P%

Equation 14

Where: ∆,= pressure drop across bed (Pa)
$ = bed voidage
7) = solid density (kg/m3)
7= fluid density (kg/m3)
%= gravitational acceleration (m/s2)
P= height of bed at rest (m)
Upon increasing the velocity, the point of incipient fluidisation is reached where the particles are just
suspended by the fluid. The corresponding velocity at this incipient point is known as the minimum fluidization
velocity and can be calculated using the equations below (Coulson and Richardson, 1991):
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Substituting the Reynolds number and Galileo at incipient velocity:
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Equation 17
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Equation 18

Where: .{ì = minimum fluidisation velocity (m/s)
${ì = bed voidage
#= particle diameter (m)
6= fluid viscosity (cP)
Practically, the bed voidage at the point of incipient fluidisation is not known, but is estimated to be 0.4. The
maximum fluidisation velocity, that is, the point at which the particles are swept out of the reactor is
determined from equation 19:

.{?^ =

#< %
7 −7
186 )

Equation 19

Fluidised bed crystallizers are typically modelled as plug flow reactors (Wojcik, 1999). Physical phenomena are
accurately described by the axial dispersion model (Toyokura et al., 1973 and Wojcik, 1999).
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3 Literature review
This section of the dissertation reviews previous and current developments in the application of fluidised beds
in precipitation, followed by a survey of literature and ideas developed. The problem statement is then
presented, followed by the aim, objectives, hypotheses and key questions.

3.1 Introduction
Treatment of saline wastewater using precipitation methods is well established and widely implemented
across industry (van Hille et al., 2005). Some of these precipitation methods employ calcium hydroxide as a
source of hydroxyl and calcium ions, hence as a precipitation reagent. Examples of such processes include the
precipitation of magnesium hydroxide from wastewater using calcium hydroxide (Karidakis et al., 2005) and
reactive crystallization of calcium sulphate dihydrate (gypsum) from acid wastewater and lime
(Zhang et al., 2013). The added calcium ions react with sulphate ions, which are commonly present in
wastewater streams, to produce a gypsum precipitate. It is important that the characteristics of the resulting
precipitates are such that the solids can be removed from the residual water stream, either for re-use in
mining processes or other applications. It has been found that gypsum forms very small particles during
precipitation, (Karidakis et al., 2005) which are difficult to separate from the treated liquid through
gravitational separation or filtration.
Fluidised bed crystallizers have been identified as an effective reactor configuration for products that are
difficult to separate from the residual stream (Guillard and Lewis, 2001), like gypsum. This allows
concentration and separation of dissolved components in the form of reusable crystals. Fluidised bed
crystallizers have been extensively used in the water treatment industry with applications in the softening of
potable water (Aldaco et al., 2007) and in the removal of heavy metals, phosphates, as well as fluorides from
wastewater (Seckler, 1994). Aqueous waste streams generated from acid mine drainage, electroplating and
base metal refining operations, with dissolved metal concentrations varying from 10 to 10 000 ppm, have
been successfully treated using precipitation in fluidised bed crystallizers (Wilms, 1988; Zhou, 1999).

3.2 Fluidised bed crystallizers
Fluidised bed crystallizers provide ideal conditions for controlled precipitation as discussed in this section, and
as a result present many advantages over other reactor configurations. Figure 3.1 illustrates the working
principle of the fluidised bed crystallizer.
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Base reagent

Product outlet
Figure 3.1: Schematic of a fluidised bed crystalliser (adapted from Seckler, 1994)

Before operation, the reactor is charged with a batch of pre-characterised seeds, which is subsequently
fluidised by the saline stream that enters the reactor from the bottom. The alkaline reagent, in this case
calcium hydroxide, is fed through an inlet port situated on the side of the reactor. As precipitate is deposited
on the seeding material, the particle size distribution along the height of the column changes. Larger, denser
particles migrate to the bottom of the reactor where they are removed as a product, while the lighter particles
remain suspended higher up in the bed and fines being elutriated. In continuous processes, new seeding
material is introduced at the top of the reactor, while large particles are removed at the bottom to maintain
a constant bed height (Guillard and Lewis, 2001; van Hille, 2005). The remaining mother liquor exits the top
of the reactor. In some cases, the effluent stream is recirculated to increase conversion of unreacted ions in
excess of equilibrium concentrations or to lower the supersaturation in the reactor. Key parameters of
operation are the reactant feed rates, recirculation rate, initial height of the bed at zero flow and size and type
of seeds.
An advantage of using fluidised bed crystallizers is that it allows for good mixing of reactants on both the
macro and meso-scale, so that local supersaturation levels can be controlled (Guillard, 2001). Fluidised beds
also give rise to conditions of good mass transfer (Geldart, 1973). Fluidized beds are optimized for crystal
growth by providing low shear, low energy and minimum impact between crystals (Nienow et al., 1997).
Further to this, the reactor allows for more seeds to be used per unit volume compared to stirred tanks, while
maintaining good mixing. The reactor configuration also eliminates crystal-impeller collisions experienced in
a stirred tank reactor, which result in attrition and therefore fines generation. However, crystal-crystal and
crystal-wall collisions are inherent to this system and may become significant in the dense solid environment.
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Fluidised bed crystallizers allow for gravitational separation of products from the treated water, as large
crystals migrate to the bottom of the bed where they are harvested, as mentioned in studies by Guillard and
Lewis (2001), Al-Othman (2004) and van Hille (2005). However, this is not limited to fluidised bed crystallizers
only and is also evident in reactor configurations where solids are suspended until they reach a certain size
and subsequently migrate to the bottom of the reactor. Another separation feature of fluidised bed
crystallizers is its ability to classify crystals according to size, where the upward flow of the fluidising stream
elutriates very small particles. This particle size depends on the velocity of the upward flowing stream. These
small particles would otherwise be classified as a product in an MSMPR. This separation feature may be
advantageous when product quality is very important. Fines generated during precipitation, which would
otherwise exit the reactor, can be recycled and allowed to agglomerate, thus forming larger particles which
can be recovered to increase the solid-liquid separation efficiency (Guillard and Lewis, 2001; Heffels and Kind,
1999). While this can be implemented in many other reactor configurations, fluidised bed crystallizers allow
for recycle streams to enter in specific locations along the reactor, for example, in regions of supersaturation
along the bed that promote agglomeration. The recycle stream will not be explored in this study.
Another advantage of fluidised bed crystallizers presented in literature is the ability to control supersaturation
through the use of multiple reagent inlet ports (Guillard and Lewis, 2001). However, this is not characteristic
of fluidised bed crystallizers only, and may be implemented in other reactor configurations as well.

3.2.1 Supersaturation control in fluidised bed crystallizers
The control of supersaturation is one of the most important aspects in precipitation processes, however, it is
very difficult to obtain uniform supersaturation in any reactor. High local supersaturation zones lead to
spontaneous primary nucleation (Seckler, 1994; Guillard and Lewis, 2001; van Hille, 2005) that form
unfavourable fine particles which are lost with the effluent stream. The supersaturation profile in a fluidised
bed crystallizer in particular, forms a gradient with a high degree of supersaturation closer to reagent inlet
ports in the lower region of the reactor, and decreases along the height of the reactor as a result of the
progressing precipitation reaction (Seckler, 1994). On the other hand, zero supersaturation inhibits the
precipitation process and agglomeration of fine particles. It is therefore vital to control the level of
supersaturation in the fluidised bed crystallizer (Söhnel and Garside, 1992) to promote growth or crystal
attachment on to seeds while minimizing fines.
In an attempt to control supersaturation, feeding the alkaline reagent through multiple inlet ports along the
side of the reactor has been found to be effective in studies conducted by Seckler (1994), Guillard and Lewis
(2001) and van Hille (2005). These studies attributed process inefficiencies to high levels of supersaturation
at reactant inlets and attempted to alleviate this by distributing the reagent flow through 3 inlet ports along
the bed. These studies did not however discuss the implications of introducing more zones of high
supersaturation at these additional inlet points. The number of inlet ports used would have an effect on the
extent to which supersaturation is distributed, with more ports leading to a better distribution. This strategy
may also fail when the reagent requires some time for dissolution or an induction period for the reaction.
Other techniques to control supersaturation during continuous operation include stepwise addition of the
precipitating agent and solvent dilution (Al-Othman, 2004). Stepwise addition of the alkaline solution allows
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for the reagent to be consumed before being replenished so that the concentration of reagent ions in solution,
and thus supersaturation, does not exceed a certain amount. This was shown to grow large crystals by
favouring growth instead of nucleation and is successfully applied to acid neutralization and precipitation
processes (Karidakis et al., 2005; Tai et al., 1999; Bond and Veerapaneni, 2007; Villa Gomez, 2013). Solvent
dilution on the other hand, allows for a lower concentration of the alkaline solution and better control over
reaction components (Mullin, 2001), but dilutes the system which may adversely affect precipitation kinetics,
such that maximum conversions of the desired components are not attained within a given residence time.
The use of dilute solvents also presents a problem when the reagent to be used has a low solubility and thus
requires large volumes of water. If the intention is to treat wastewater to recover water, diluting the reagent
stream may defeat the purpose altogether.
Another method to control supersaturation involves controlling the release of the reagent ion, by feeding a
suspension of a sparingly soluble compound into the system. The effectiveness of using a suspension to
control supersaturation in a fluidised bed reactor in this way has been studied by Seckler (1994). The
investigation compared process inefficiencies, that is the formation of fines due to high supersaturation when
using a calcium hydroxide suspension and a sodium hydroxide solution. The study found that the calcium
hydroxide suspension produced less fines than when using sodium hydroxide, due to the controlled release
of hydroxyl ions. A study by Karidakis and co-workers (2005) employed the same method of supersaturation
control by adding the base reagent, calcium hydroxide, as a solid in the precipitation of magnesium hydroxide
and gypsum in a stirred tank reactor. The study further revealed that calcium hydroxide fed in excess produced
better magnesium hydroxide conversions compared to stoichiometric amounts. This reveals that the
implications of adding a suspension to a precipitating process may present challenges regarding dissolution.
For the control of supersaturation to be effective, the dissolution of the reagent must not be hindered by
inefficient mixing or armouring of the solids before they dissolve.
The method of supersaturation control is very important to influence product characteristics and process
efficiencies like conversion and recovery and each presents its own advantages and disadvantages depending
on the system to be treated. A calcium hydroxide suspension has been chosen as the base reagent in this
study, and is discussed further below.

3.2.2 Dissolution of Ca(OH)2
In the treatment of acidic wastewaters, lime neutralization is preferred over ion exchange, adsorption, reverse
osmosis and electrochemical methods, due to its significant economic advantage (Zhang et al., 2013).
However, the disadvantage of using lime (calcium hydroxide) is that it often requires large dosages to be
effective and the dissolution kinetics are not well understood. Despite this, the use of calcium hydroxide is still
the most widely used treatment method because of its high efficiency (Matlock et al., 2002) and economic
benefits.
Calcium hydroxide is a sparingly soluble compound, which when added to water, becomes a source of calcium
and hydroxide ions as shown by Equation 20 and Equation 21 (Bates et al., 1959):
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The solubility of calcium hydroxide in water at 25 °C is 1.8 g/L. Due to this slight solubility, calcium hydroxide
is typically used as a suspension in industry. The nature of the suspension presents inherent advantages and
disadvantages. The benefit of using a calcium hydroxide suspension, compared to a solution, is the smaller
volume to be handled (Rademacher et al., 1999). In addition, a calcium hydroxide solution would contain a
large volume of water due to its low solubility, and would dilute the system and alter supersaturation levels.
Moreover, in precipitation processes where controlling supersaturation is important for desired product
characteristics, the concentration of calcium hydroxide in solution remains constant at 1.8 g/L as the
equilibrium concentration is maintained by replenishing ions used up in reactions. On the other hand, the
dissolution kinetics of calcium hydroxide plays a significant role in precipitation reactions (Rademacher et al.,
1999), and can be a limiting factor. Thus, attempting to control supersaturation to avoid primary nucleation
by adding a calcium hydroxide suspension may in fact aggravate the problem. The presence of solid surfaces,
in this case calcium hydroxide, lowers the activation energy for primary nucleation, which promotes the
formation of fines.
Factors that affect the dissolution rate of calcium hydroxide are the purity, pH, particle size distribution, that
is, the total surface area of the solids in the suspension, as well as the dosed amount of solids which also
increase the exposed surface area. A study by Kadambi and co-workers (1998) conducted an experimental
investigation on the effect of particle diameter on the dissolution of rate of a single calcium hydroxide particle
in water.
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Figure 3.2: Dissolution time of calcium hydroxide in water (Kadambi et al., 1998)
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The dissolution time of a calcium hydroxide particle of a given purity will follow a second order power trend
with respect to particle diameter. Figure 3.2 shows that the time taken for a particle to dissolve varies
significantly with particle size. This may hinder processes in which fast reactions that require fast dissolution
of reagents occur.

3.2.3 Superficial velocity
For a given supersaturation and seed PSD, the expected growth rate of crystals increases with increasing
superficial velocity in a fluidised bed crystallizer (Aldaco et al., 2007). The increase in superficial velocity
improves mass transfer, and thus nucleation and crystal growth. However, high superficial velocities increase
the porosity of the bed, resulting in regions that favour primary nucleation and thus fines. Moreover, the
increased superficial velocity may promote abrasion and attrition of seeds with low hardness factors that
further contribute to inefficiencies.

3.3 Seeding
According to Mullin (2001), the best method for inducing crystallisation is to seed a supersaturated solution
with small particles of the crystallizing material. This decreases the activation energy required for
homogeneous nucleation because the wetting angle of the crystallizing material is zero. In the presence of
other solid material, the activation energy is decreased to a lesser degree, but still promotes heterogeneous
nucleation over homogeneous nucleation. Figure 3.3 illustrates the four possible conditions for precipitation
processes.
Gypsum

Supersaturation

Magnesium hydroxide

A

C

B

D

Figure 3.3: Mechanisms for seeded and unseeded precipitation scenarios
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Homogeneous nucleation is expected in scenario A, where conditions of high supersaturation exist in the
absence of seeds. This means that the activation energy for nucleation is high, but is countered by the high
energy possessed by the system due to its supersaturation. Under these conditions, a large number of very
small particles form. At low levels of supersaturation, in the absence of seeds (scenario B), provided that the
system possesses enough energy to overcome the requirement for nucleation, a small number of crystals
form and subsequently grow. Scenario A may eventually end up as scenario B if supersaturation is decreased
or consumed. As mentioned above, the presence of seeds lowers the energy requirement for heterogeneous
nucleation and under high levels of supersaturation (Scenario C), it promotes heterogeneous nucleation. If
the seeds are the same as the crystallizing material, nucleation proceeds via secondary nucleation in the bulk,
and the energy requirement is even lower. There may also be two-dimensional nucleation on the surface of
the seed, irrespective of the type of seed, which is classified as a growth mechanism. Finally, in scenario D,
conditions of low supersaturation promote surface nucleation (2D nucleation) or growth onto the seed
surface. Here, the energy possessed by the system is just enough to deposit onto the seed but not enough to
overcome the nucleation energy barrier.
A study of gypsum precipitation kinetics in a stirred tank batch crystallizer by Halevy and co-workers (2013)
found gypsum to be a viable seeding material, whereby size enlargement proceeds via crystal growth for
solutions of low supersaturation (S = 2 - 3.5). As a result, this would minimise fines formation and enhance
gypsum recovery. The study also concluded that silica was a viable seeding material for gypsum precipitation,
where the mechanism of crystal formation was through growth and heterogeneous nucleation and that
results obtained using silica seeds were comparable with those of gypsum seeds. The use of silica as seeding
material has been supported by other work. Guillard and Lewis (2001) successfully grew nickel carbonate on
silica seeds for solutions of low supersaturation (solution concentration of 50 – 150 ppm), while van Hille and
co-workers (2005) precipitated copper sulphide on silica seeds at conditions of very high supersaturation
(S > 1014). In this case the method of attachment of the precipitate on the seed surface was hypothesised to
be through agglomeration, which is expected given the high degree of supersaturation. Other work includes
the coating of silica with a compact layer of calcium phosphate by Seckler (1994) using solutions of low
phosphate concentrations (5 – 100 mg/L). It is therefore important to consider the level of supersaturation
in the presence of seeding material, given that certain mechanisms prevail over others at different conditions.

3.3.1 Seed type
Using silica allows for good fluidisation but requires a higher activation energy for the first layer of crystal
formation in comparison to that of the crystallizing substance. This higher activation energy results from the
wetting angle differences in gypsum and silica seeds. In the precipitation of gypsum, gypsum seeds are
expected to have a smaller wetting angle compared to silica seeds. In the case where silica seeds are used,
gypsum removal from solution occurs through primary heterogeneous nucleation in the bulk and primary
heterogeneous nucleation followed by growth on the silica surface. Recovery requires an additional step to
separate the product from silica. This allows silica to be reused after re-dissolving the resulting product.
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When gypsum seeds are used, the transfer of ions from the aqueous solution into the solid phase occurs
through crystal growth and secondary nucleation in the bulk. The product may be milled and healed for seed
generation, which leaves the gypsum in a solid state as opposed to dissolving it as is in the case of silica seeds.
Another factor to consider when choosing the type of seeding material is the amount of fines generated
through attrition, that is, crystal breakage as a result of particle collisions. Gypsum seeds are expected to
produce more fines through this process compared to silica because silica has a higher hardness factor
(hardness = 7 according to Moh’s Hardness scale) than gypsum (hardness = 3). It should be noted that mixed
precipitate products have further implications if used as a seeding material due to the presence of magnesium
hydroxide deposits on regenerated seeds. Table 3.1 summarizes the advantages and disadvantages associated
with each seed type.

Table 3.1: Advantages and disadvantages of seeding material choice

Advantages
•
Gypsum
seeds

•

Lower activation energy required for gypsum
growth
Product can regenerate seeds (implications of
using mixed precipitate as product to be
investigated)

Disadvantages
•
•

•
Silica
seeds

•
•

Seeds can be reused
Easily fluidised

•

Crystal morphology (needles) is
difficult to fluidise
Prone to a larger amount of fines
generation through attrition due to
the difference in hardness
(Pritchard, 1998)
Induction period and higher activation
energy compared to gypsum seeds
(Halevy et al., 2013)
Gypsum and magnesium hydroxide
need to be dissolved for recovery

3.3.2 Specific surface area and seed size
The specific surface area of the seeding material has an influence on the efficiency of the entire precipitation
process, since mechanisms such as nucleation, growth and agglomeration are all surface dependent
(Wang and Anderson, 1992). These mechanisms are therefore sensitive to the nature of the surface, the
specific surface area, as well as the number of active sites available (Randolph and Larson, 1988).
The specific surface area provided by the seeding material is initially very large, but declines as seeds increase
in size and are subsequently harvested from the reactor. The specific active surface area of seeds needs to
remain sufficiently large to promote crystal growth, hence coated seeds should remain relatively small, that
is, diameters less than 1 mm (Seckler, 1994). Large particles hinder fluidisation and cause inefficiencies in
mixing, which further compromise the effectiveness of the fluidised bed configuration. It is also important to
ensure that seed sizes remain small, since larger crystals tend to generate more secondary nuclei in agitated
systems than smaller crystals (Mullin, 2001). A study by Kubota and Fujiwara (1990) found that potassium
sulphate crystals less than 500 μm did not produce secondary nuclei, with conditions sensitive to agitation
rate and seed type. However, its hardness or morphology were not taken into consideration.
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It is also important to note that at high levels of supersaturation, when nucleation mechanisms prevail in the
bulk, newly formed nuclei increase the specific surface area in the bed as well. This may be advantageous as
the larger surface area promotes growth, but the problem arises when these fine particles are elutriated from
the fluidised bed and no longer take part in the crystallization process. In this sense, a fluidised bed
configuration may not be as beneficial as a reactor that can retain these fines, such as an MSMPR. However,
if it was possible to recirculate these fines back into the reaction zone, this may improve efficiencies as
described above.
In addition to fines, using a calcium hydroxide suspension also increases the specific surface area in the
system. The solid calcium hydroxide particles that are yet to be dissolved promote surface dependent
mechanisms and may serve as a site for growth and subsequently become armoured, that is, coated by
precipitates undesirably. While this increase in surface dependent mechanisms may increase conversion
efficiencies, the armouring of calcium hydroxide decreases the supply of hydroxyl and calcium ions to their
respective reactions as unreacted calcium hydroxide particles leave the system with the product. A study by
Hammarstrom and co-workers (2003), which investigated the treatment of acid mine drainage using lime
neutralization, found that gypsum tends to attach or form on the surface of lime particles shown in Figure 3.4.

Figure 3.4: Gypsum on the surface of lime particles (Hammarstrom et al., 2003).

Another important factor to consider with seeding material is the fluidisation behaviour of particles, which is
affected by both particle and fluid properties. A bed consisting of particles of diameter 100 μm will expand far
less than particles of diameter 30 to 80 μm, because fluid flows easily through the larger inter-particle spaces
created by larger particles, and is less likely to fluidise the bed. Moreover, the shape of particles is equally
important, as non-spherical particles are difficult to fluidise, while irregular (i.e. needles or flakes) are not
inclined to fluidise at all (Coulson and Richardson, 1991). The Geldart classification of particles (Figure 3.5)
categorises the fluidisation behaviour of particles according to their size and density.
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Figure 3.5: Geldart classification of particles (Geldart, 1973)

Particles that are categorised as group A and B particles are easily fluidised and are unlikely to induce
channelling in the bed. Group A particles have a mean particle diameter of 30 μm and low particle densities
(<~1.4 g/cm3). Particles in this group fluidize easily, with smooth fluidization at low fluid velocities. Group B
particles, described as sand-like particles, are of the size range 150 μm to 500 μm with densities ranging from
1.4 to 4 g/cm3. Group C and D particles on the other hand, are difficult to fluidise. Group C particles are
described as cohesive or very fine powders and have diameters less than 30 μm. Particles that fall in this group
are very difficult to fluidise because they exhibit strong inter-particle forces. These particles give rise to
channelling in bed. Group D materials are either very large or very dense, which make them difficult or unlikely
to fluidise (Geldart, 1973). While both sand and gypsum seeds have been studied previously, the choice of
seeding material has not been evaluated for fluidisation experiments. Silica seeds are categorised as group B
particles that fluidise well, while gypsum seeds tend to coagulate and could possibly be categorized as a group
C powder depending on its size.

3.4 MgSO4-CaSO4-Na2SO4-H2O system
It is uncommon for industrial wastewaters to exist as simple binary streams, but occur rather as
multicomponent systems. Wastewaters particularly emanating from mining processes have varying
concentrations and compositions of dissolved salts. Waste streams with magnesium, sodium and calcium
sulphates in particular, are very common (Randall, 2010). The presence of many components in an aqueous
system can introduce many complexities. According to Mullin and co-workers (2001), these additional
components alter solution properties, diffusion coefficients or the structure of the solution. A study by
Popovic and co-workers (2011) predicted the solubility data for the CaSO4 + Na2SO4 + H2O at T = 298.15 K
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using the Extended Pitzer’s Ion Interaction Model in the ionic strength range of 0.0616–10.9062 mol/kg, as
shown in Figure 3.6.

Figure 3.6: Solubilities of salts in the system CaSO4+Na2SO4+H20 (Popovic et al., 2011)

The solubility of gypsum decreases sharply at low concentrations of sodium sulphate, passes through a
minimum at 0.08 mol/kg molality of Na2SO4, and then increases gradually with increasing sodium sulphate
concentration, until it reaches a maximum at approximately 2.0 mol/kg, where it begins to decrease slightly
again. This behaviour is due to electrostatic effects, speciation and the common ion effect.

3.4.1 Electrostatic effects
Of particular importance is the behaviour of calcium sulphate in multicomponent systems, particularly its
solubility, because of its tendency to scale in most water treatment systems. The solubility of calcium sulphate
is known to be influenced in a number of ways in the presence of certain ions. The solubility of sparingly
soluble salts, like calcium sulphate, is three times higher in 0.1 molal solutions of monovalent salts, like sodium
and up to ten times higher in 0.1 molal solutions of divalent ions, like magnesium (Spiegler et al., 1980). The
reason for this increase in solubility is due to electrostatic effects (Murray, 2004). Sulphate and calcium ions
tend to hydrate in solution, which induces a shielding effect (Figure 3.7).

Figure 3.7: Shielding of calcium and sulphate ions (Murray, 2004)
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However, in the presence of other ions like magnesium and sodium, which are attracted to ions of the
opposite charge, the electrostatic shielding effect illustrated in Figure 3.7 is amplified, shown in Figure 3.8.
This hinders the ability of calcium and sulphate ions to meet and react.

Figure 3.8: Shielding of magnesium, sodium and calcium sulphate system (Murray, 2004).

The extent to which magnesium is hydrated is larger than sodium due to magnesium’s higher charge density.
The hydrated magnesium ion is thus shielded from sulphates and calcium, which allows for calcium and
sulphate ions to effectively meet and react relatively easier than in the presence of sodium-sulphate ion pairs.
Therefore, sulphate ions are not able to take part in the reaction forming gypsum, resulting in a lower solid
recovery.

3.4.2 Ion complexing or speciation
Multicomponent systems also undergo ion complexing, where interactions between ions and solutes are
strong enough to allow for the formation of a new species, complex or ion pair. The ions in these pairs are in
fact not bonded, but are separated by water molecules and share their first hydration shell (Murray, 2004).
Similar to the effects of shielding, these complexes are unable to react, so their formation lowers the effective
concentration or activity in solution. In some cases, complexes dominate to such a large extent, that the free
ion population is only a fraction of the total (Murray, 2004).

3.4.3 Common ion effect
In multicomponent systems containing common ions, these common cations or anions have a cumulative
effect on the solubility equilibrium (Spiegler et al., 1980). For example, in a solution of sodium sulphate and
calcium sulphate, the solution being saturated with respect to calcium sulphate, the presence of additional
sulphate, if more sodium sulphate were to be added, may cause the precipitation of calcium sulphate. This is
due to the common sulphate ion shared by both sodium sulphate and calcium sulphate. The common ion
effect thus decreases the solubility of a compound in solution. In this particular multicomponent system,
calcium is also a common ion between calcium sulphate and calcium hydroxide. This means that the solubility
of calcium sulphate is lowered, which results in more gypsum precipitates forming or the solubility of calcium
hydroxide being lowered, which would stop its dissolution altogether. This would in turn, would stop the
precipitation of gypsum due the absence of calcium ions.
The solubility of gypsum in the presence of magnesium sulphate and sodium sulphate was predicted by Ahuja
and co-workers (2000) to account for the common ion effect. Figure 3.9 shows the predicted and the
experimentally obtained solubility of gypsum. The deviation from the solubility of gypsum in pure water is
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significant for both magnesium and to a larger extent, sodium sulphate. The deviation becomes even larger
with increasing salt concentration.
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Figure 3.9: Gypsum solubility in the presence of magnesium and sodium sulphate salts (adapted from Ahuja and
co-workers (2000)).

3.4.4 Mixed precipitates
Another implication of multicomponent precipitation is the formation of co-precipitates that result in a mixed
product, if not treated sequentially. A study by Karidakis and co-workers (2005) investigated the removal of
magnesium from a binary magnesium-water system by adding calcium sulphate. The resulting precipitate was
magnesium hydroxide and gypsum which was impossible to recover separately. Further implications may be
changes in precipitate morphology, where components are adsorbed on certain faces of crystals and alter the
shape of crystals.

3.5 Precipitation mechanisms
3.5.1 Precipitation mechanisms of gypsum
The crystallization of gypsum is controlled by two mechanisms: nucleation and the subsequent growth of
nuclei into larger crystals (Mullin, 2001). Precipitation reactions are characteristically fast, and the nucleation
rate is assumed to dominate over the growth rate. The nucleation rate for gypsum depends on the degree of
supersaturation, interfacial energy between gypsum and the solution; and the solubility of gypsum in the
solution (Reznik et al., 2012). According to the classic nucleation theory discussed in previous sections, the
overall nucleation rate for gypsum in a seeded fluidised bed reactor accounts for heterogeneous nucleation
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in the presence of silica seeds, homogenous nucleation arising in zones where possible channelling or eddying
takes place, as well as zones above the bed in which residual supersaturation allows for precipitation; and
finally secondary nucleation in the presence of gypsum accumulating in the bed. It is however, difficult to
decouple these mechanisms due to varying conditions in the reactor. A study by Abdel-Aal and
co-workers (2015) investigated the nucleation rate of gypsum scale formation in reverse osmosis membranes
for varying supersaturation ratios. The investigation found that the nucleation rate for gypsum increased with
increased supersaturation ratio. This finding was corroborated by a study conducted by Reznik and co-workers
(2012). Uchymiak and co-workers (2008) found that rate of gypsum crystal formation on a reverse osmosis
membrane decreased and eventually ceased when the surface of the membrane was covered in crystals. This
subsequently led to increased crystal size by diffusion controlled growth, possibly because the available
surface area for deposition was large and supersaturation levels were low enough to promote growth rather
than nucleation.
Another phenomenon to consider is the associated with gypsum nucleation. In the absence of existing crystal
surfaces, some time elapses between the state of supersaturation in a solution and the detection of a new
phase in the system. This is known as the induction time and is inversely related to the nucleation rate
(Sohnel and Mullin, 1988), where a slow nucleation rate prolongs the induction period. The effect of the
different parameters on the induction time for gypsum nucleation was determined in the past under varying
conditions (Smith and Sweett, 1971; Keller Douglas Martin and Hileman, 1978a,b, 1980; Liu and Nancollas,
1973; Packter, 1974; Klepetsanis and Koutsoukos, 1991; He et al., 1994; Klepetsanis et al., 1999; Lancia et al.,
1999; Linnikov, 1999; Hina et al., 2001; Prisciandaro et al., 2001; Abdel-Aal et al., 2004; Uchymiak et al., 2008).
The general trend observed in these investigations confirms that induction time decreases with increasing
supersaturation. In a seeded reactor, it is possible for the induction time to be reduced and not completely
eliminated. Halevy and co-workers (2013) found that the induction time for gypsum in a stirred tank reactor
decreased from 100 min to 40 min for solutions of very low supersaturation (1.8) and 25 g/L of seeds (in a 1L
vessel) compared to when there were no seeds. It is expected that at higher supersaturation and more seeds,
in other words, larger specific area, the induction time would be significantly reduced. It Is therefore expected
that the nucleation rate of gypsum would be very high for wastewaters of high sulphate concentrations,
especially in the presence of seeds, and a fluidised bed reactor configuration may be a futile attempt at
minimizing the formation of fines for these particularly concentrated streams. However, it is important to fully
consider other mechanisms of crystallization such as growth and agglomeration, as well as crystal morphology
when evaluating the efficiency of the reactor.
Once nuclei have been formed, crystal enlargement proceeds via growth. The seeded growth rate of gypsum
was found to be of second order and is shown by Equation 22 (He et al., 1993):
- = '+(F − F£ )<
Where: -= growth rate (mol/kg.H2O.min)
'= rate constant (mol/kg.H2O.min)
+= number of growth sites

Equation 22
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F= concentration of dissolved calcium sulphate
F) = solubility of gypsum

The work conducted by Halevy and co-workers (2013) is in agreement with a second order growth rate for
gypsum in the presence of silica seeds. The growth rate for gypsum has been found to be affected by solution
composition and the rate constant is dependent on interfacial tension and solubility (He et al., 1993). The
proposed mechanism of diffusion-controlled growth for gypsum crystals is agreed upon by Liu and Nancollas
(1973), Klepetsanis and co-workers (1999) and He and co-workers (1994). On the other hand, Halevy and coworkers found that at under hydrodynamic conditions (1000 RPM agitation speed) and low supersaturation
(1.8), growth was in fact surface reaction controlled. It is unknown whether growth will be significant in highly
supersaturated conditions or rather dominated by nucleation. However, given that there are supersaturation
gradients in a fluidised bed, the possibility of growth is likely in regions of low supersaturation.

3.5.2 Precipitation mechanisms of magnesium hydroxide
The mechanism of magnesium hydroxide precipitation is of keen interest in processes that experience scaling
of this compound because attempts of inhibiting it have, for the most part, been unsuccessful. Due to the
nature of the particles formed, it is difficult to decouple nucleation, growth and agglomeration mechanisms.
As the concentration of magnesium hydroxide is increased, the effective kinetic order of the seeded
precipitation reaction changes from three to seven at a relative supersaturation degree of one (Chieng and
Nancollas, 1982). Chieng and Nancollas (1982) found that the change in concentration of magnesium during
precipitation is characterized by an initial fast decline, possibly nucleation, followed by a much slower rate of
decrease implying that crystal growth took place. The study also found that the presence of magnesium
hydroxide seeds eliminated the induction time. By changing the fluid dynamics (agitator speed of 80 – 800
RPM), the rate of crystallization of magnesium hydroxide did not change, suggesting it is controlled by a
surface limiting process. Due to the low Ksp (1.8 x10 11) of magnesium hydroxide, the supersaturation levels
are significantly high at the concentrations for this study (80% of the total salt concentration). This may not
corroborate with the findings above, because the supersaturation is orders of magnitude larger, and
nucleation mechanisms rather than growth mechanisms are expected.

3.6 Product quality
The quality of precipitates refers to its morphology, size and mechanical integrity. Precipitates that can be
separated from the treated stream and are easily handled are considered to be of good quality. The quality of
product crystals is influenced by the nucleation, growth and agglomeration rate as depicted in Figure 3.10.
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Figure 3.10: Effect of precipitation rates on crystal size (Lewis et al., 2015)

As larger particles are favoured for better product recovery, growth and agglomeration mechanisms are
preferred. Nucleation results in smaller particles that are difficult to filter. It is therefore important to control
supersaturation to influence product quality. Further to crystal size, the morphology plays a significant role
on product quality as well because certain crystal shapes promote mechanical integrity of product grains,
elutriation or water retention.

3.6.1 Gypsum morphology
The morphology of gypsum varies and is described as being needle-like crystals, which are more or less
ramified with different aspect ratios, to plate-like crystals. The crystals are typically in the micron-size range
for precipitation processes. A study by Seewoo and co-workers (2004) investigated the morphology of gypsum
and found two distinct morphologies: needles and platelets, depending on experimental conditions. This was
further confirmed by Christoffersen and co-workers (1982); Lewis and co-workers (2002). The conditions
under which these two morphologies form is however, disagreed upon. While Lash and Burns (1984) produced
both needle and platelet forms of gypsum, it was at calcium sulphate concentrations higher than 0.4M that
produced needles and platelets formed at calcium sulphate concentrations lower than 0.25M. Lewis and coworkers (2002) focused on producing gypsum crystals of a particular morphology and size distribution, by
altering process conditions. Needle-like crystals were formed under conditions of low supersaturation (Sg =
2.27) with average lengths of 100 µm after a significant induction period, however, the residence time is not
known and is important factor to consider. The plate-like morphology was formed at high levels of
supersaturation (Sg = 10.86), with smaller crystals (25µm) having a relatively larger surface area being formed
at a reduced induction time, however, the method of size classification was not explicitly stated. The larger
surface area but smaller length is indicative that the axis of growth changed, resulting in morphology change
from needles to plates. An observation by Liu and Nancollas (1970) found needle-like crystals 80-120 µm and
30-50 µm in seeded experiments over a concentration range of 0.1 to 0.6 M ,respectively. It is therefore
expected that both needles and plates are expected to form, given the range of supersaturation to be
investigated.
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Another characteristic of gypsum crystals is its tendency to form rosette like structures at high levels of
supersaturation, where plates or needles extend radially from a central axis (Shih et al., 2005).

Figure 3.11: Gypsum rosette- like structures (Shih et al., 2005).

The term for these structures is spherulites (Granasy, 2005). They are known to form under highly nonequilibrium conditions, such as high levels of supersaturation. Studies have found that spherulites may be
identified by two categories illustrated in Figure 3.12. The first category describes crystals growing radially
from the nucleation site, branching out intermittently to fill spaces in the structure. The second category
describes threadlike fibres forming new grains at the growth front. The structure proceeds to form a sheath
as growth continues (Granasy, 2005). It is possible for both categories to be observed for the same material,
under the same conditions.

Figure 3.12: Spherulitic growth categories (Granasy, 2005)

These spherulitic structures may lead one to believe that its presence at high levels of supersaturation is as a
result of agglomeration, rather than growth mechanisms which are known to occur at intermediate to low
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levels of supersaturation (Lewis et al., 2015). It is difficult to predict how these structures behave in a fluidised
bed reactor and thus its effect on the recovery and separation of products. Based on their morphology, these
spherulites may be elutriated out of the bed because their large surface allows for greater exposure to the
upward force of the fluidising stream, or they may in fact just be too heavy to be carried out with the effluent
stream. If these crystals are elutriated, the effects on filterability of the fines is of particular interest as well
as its tendency to retain mother liquor. If the crystals remain in the bed, it would be interesting to note
whether these structures attach onto the seeding material or simply continue to grow as its own structure.
Further to this, its mechanical integrity and tendency to break would be of interest during fluidisation, as it
may be a source of fines.

3.6.2 Magnesium hydroxide morphology
The morphology of magnesium hydroxide is of particular interest due to its use as a precursor for magnesium
oxide synthesis (Henrist et al., 2002). The morphology of magnesium hydroxide at low levels of
supersaturation is expected to be hexagonal platelets due to its molecular structure (Figure 3.13a), however
due to high supersaturation levels, it is commonly encountered as large aggregates of spherical units, with
diameters of around 300 nm, themselves being made up of spherical smaller sub-units (Henrist et al., 2002).
This is in agreement with the findings of Wu and co-workers (2014). The study by Henrist and co-workers
(2002) further postulated that the morphology of magnesium hydroxide is affected by the supersaturation
level and the chemical nature of other ions in solution during the growth phase. At high supersaturation levels,
nucleation occurs rapidly, forming a large number of poorly defined nuclei which take the form of a gelatinous
colloid (Chieng and Nancollas, 1982). In the presence of sodium ions, their small hydration sphere in solution
promotes adsorption on to the nuclei faces, thus hindering the income of new magnesium ions. These small
isotropic particles tend to aggregate in an attempt to lower their surface energy, and eventually take the form
depicted in Figure 3.13b).

Figure 3.13: a) Hexagonal platelets of magnesium hydroxide crystals, b) magnesium hydroxide nano agglomerates
(Henrist et al., 2002).
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3.7 Efficiency
The desired product quality of gypsum and magnesium hydroxide is such that these precipitates are easily
separable from the residual solution for reuse. The presence of fines makes separation and recovery difficult.
In fluidised bed crystallizers, elutriation of fines out of the bed with the effluent stream is the primary factor
contributing to inefficiencies (van Dijk et al., 1991; Seckler, 1994; Guillard and Lewis, 2001; van Hille, 2005).
The formation of fines is usually avoided by using seeded precipitation, however in the presence of high
supersaturation zones at the reactant inlet ports or due to channelling, particularly in the fluidised bed, fines
may still form through primary nucleation. At extremely high concentrations the presence of seeds might
actually increase inefficiencies by promoting nucleation. Furthermore, high energy dissipation zones,
predominantly at the bottom of the reactor and inlet ports, trigger fines formation through attrition when
crystals collide. However, maintaining a small average seed size minimises fines formation through attrition.
The size of the particles elutriated is dependent on the fluidisation velocity, where larger particles can be
elutriated as the fluidisation velocity increases.
In practice, compound removal via precipitation in fluidised bed crystallizers yield good results. Seckler (1994)
achieved metal recoveries of between 80 to 95% in phosphate precipitation while Guillard and co-workers
(2001) achieved removal efficiencies of greater than 90% in nickel carbonate precipitation using fluidised bed
crystallizers. Metal concentrations from 10 up to 10 000 ppm can be treated (van Dijk et al., 1987). The gypsum
removal efficiency (ɳ), conversion (x) and fines concentration (8) can be quantified as (Seckler, 1994):

FÑ`*,W¶ − FÑ`*,zêy
× 100
FÑ`*,W¶

Equation 23

FÑ`*,W¶ − (FÑ`*,ÅW) − FÑ`*,zêy )
× 100
FÑ`*,W¶

Equation 24

ɳ % =
® % =

8 % = ® % −ɳ %

Where: ɳ = gypsum removal efficiency
X = conversion
8 = concentration of fines (%)
FÑ`*,W¶ = Concentration of gypsum in feed stream (g/l)
FÑ`*,ÅW))záXQÅ = Concentration of dissolved gypsum in effluent (g/l)
FÑ`*,zêy = Concentration of gypsum in effluent stream and as fines (g/l)

Equation 25
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3.8 Problem development
This section of the report presents a critical synthesis of the current state of knowledge and gap identification.
This is followed by the problem statement, aim, objectives, hypothesis and key questions.

3.8.1 Critical synthesis
Neutralization of acidic wastewater streams using lime is one of the most popular treatment methods because
of its effectiveness and attractive low cost. In these treatment processes, it is desired to remove as much of
the precipitating compound as is possible, while producing crystals that allow for efficient separation from the
residual solution. In the case of gypsum, where very small particles form, gravitational separation and filtration
is difficult. Fine particles that have not agglomerated remain suspended and recovery through gravitational
separation is not possible. On the other hand, separation through filtration is difficult because fine particles
induce filter fouling and create a high pressure drop across the filter. In multicomponent systems, where a
mixed solid product is formed, it is advantageous to influence separation of solid products as well, in this case
gypsum and magnesium hydroxide.
In an attempt to recover products from wastewater treatment, fluidised bed crystallizers have been studied
extensively (Guillard and Lewis, 2001; Seckler, 1994; Zhou et al., 1999, van Hille et al., 2005). The reactor
configuration makes use of seeds, which eliminates crystal-impellor collisions and provides good mixing to
attain homogeneity in the reaction zone. The reactor also initiates separation of product crystals based on
crystal sizes. Large particles migrate to the bottom and fines leave the reactor with the effluent stream. This
may serve as a disadvantage to the fluidised bed crystallizer because fine particles may improve crystallization
rates due to their increased surface area.
The presence of seeds in a precipitation system allows for nucleation to occur at lower degrees of
supersaturation, as well as to serve as a site for crystal attachment either through growth or agglomeration.
Gypsum was found to be a viable seeding material and size enlargement was through crystal growth for
solutions of low supersaturation (2 - 3.5) (Halevy et al., 2013). This minimised fines and enhanced gypsum
recovery. Silica was also identified as a viable seeding material for gypsum precipitation, where the mechanism
of crystal formation was through growth and heterogeneous nucleation at the same supersaturation levels
(Halevy et al., 2013). Silica seeds have also been successful in the precipitation of other compounds in fluidised
beds at low concentrations (Guillard and Lewis, 2001, Seckler, 1994). The use of silica seeds in the fluidised
bed reactor with high levels of supersaturation has also been successful (van Hille et al., 2005). In this case
the method of attachment of precipitate on the seed surface was found to be through agglomeration. Given
that the feed concentrations in this study are significantly higher than in previous studies, crystal enlargement
might proceed via agglomeration of primary crystals formed through nucleation and subsequent growth. The
nucleation rate might in fact be promoted by the presence of seeds, which could defeat the purpose of using
seeded precipitation to reduce the formation of fines. However, seeded precipitation becomes viable if
agglomeration is promoted at these levels of supersaturation.
In an attempt to control supersaturation, feeding the base reagent through multiple inlet ports along the side
of the reactor has been found to be effective (Seckler ,1994; Guillard and Lewis, 2001; van Hille et al. 2005).
Process inefficiencies due to high levels of supersaturation at reactant inlets are alleviated by distributing the
supersaturation along the height of the bed. However, these studies did not discuss the implications of
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introducing more zones of high supersaturation at these additional inlet points. This strategy may fail when
the reagent requires some time for dissolution or an induction period before the reaction takes place. It is
then expected that using multiple inlet points may in fact be less effective at distributing supersaturation.
A more effective way of controlling supersaturation is the slow release of calcium and hydroxide ions from a
suspension (Seckler, 1994). A study by Karidakis and co-workers (2005) employed the same method of
supersaturation control by adding the base reagent, calcium hydroxide, as a solid in the precipitation of
magnesium hydroxide and gypsum in a stirred tank reactor. The study revealed that calcium hydroxide fed in
excess produced better conversions compared to stoichiometric amounts. This implies that adding a
suspension to a precipitating process may present challenges regarding dissolution. For the control of
supersaturation to be effective, the dissolution of the reagent must not be hindered by inefficient mixing or
armouring of the solids before they dissolve.
An important aspect of this project is that the system is at concentration levels that are orders of magnitude
higher than that of previous researchers. The concentration levels for this project are between 1 500 and
120 000mg/L (total dissolved salts), whereas previous researchers operated at 150 mg/L Ni (Guillard and
Lewis, 2001); 5-100mg/L P (Seckler, 1994); 3000mg/L total metal (Zhou et al., 1999); 3557mg/L NiSO4 (Wilms,
1988) and 5500 mg/L (Tai et al., 1999). This means that the rate of mass deposition onto seed particles is
significant compared to those in previous research projects, hence the need for frequent product removal. At
these high concentrations, the nucleation and subsequent growth rates are expected to be much higher based
on Equation 22, resulting in more precipitate accumulating in the bed at a faster rate. If long operating periods
are to be achieved, product removal is required to prevent the product grains from leaving the top of the
reactor. Previous studies could operate for longer periods of time due to the low concentrations. Seckler
(1994) found that his system (5-100 mg/L of phosphate) could operate for longer than three hours without
product removal. Guillard and co-workers (2001) found that their system (50-150 mg/L Ni) could operate for
longer than 48 hours for start up, during which silica particles were coated before experiments were even
conducted, and for 12 hours during operation.
Another implication of these high rates of crystallization is that the equilibrium conversion of gypsum and
magnesium hydroxide is reached faster compared to lower rates over the same residence time. Figure 3.14
illustrates the comparison of crystallization rates as a function of residence time.
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Figure 3.14: Comparison of rates of crystallization as a function of residence time

The rate of crystallisation is related to the feed concentration through the degree of supersaturation. This
means that at low concentrations, the rate of crystallization is slower than for higher concentrations.
Therefore, it is expected that these higher rates of crystallization translate to higher conversions over the
same residence time. However, due to the nature of this multicomponent system, in which competing effects
on the solubility of gypsum have been investigated by Spiegler and co-workers (1980), Ahuja and co-workers
(2000), Murray (2004) and Popovic and co-workers (2011), it is difficult to predict whether the equilibrium
concentration of gypsum will increase through electrostatic effects of sodium and magnesium, or decrease
due to the common ion effect or speciation. This will affect the thermodynamically achievable conversion of
sulphate and its removal efficiency. The removal efficiency, however, is not only dependent on the conversion
of sulphates and magnesium, but also on the amount of fines lost with the effluent stream, where both size
and morphology influence a particles’ tendency to be elutriated.

3.8.2 Problem statement
In the treatment of saline wastewaters, rich in magnesium and sodium sulphate, with calcium hydroxide, a
mixed precipitate of magnesium hydroxide and gypsum is formed, each having different characteristics. It is
therefore desired to remove as much of the precipitating compound as is possible, while producing crystals
that allow for efficient separation from the residual solution. In the case of gypsum, where very small needlelike particles form, and in the case of magnesium hydroxide where nano-sized agglomerates are formed,
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gravitational separation and filtration is difficult. Fine particles remain suspended and recovery through
gravitational separation is not efficient. On the other hand, separation through filtration is difficult because
fine particles induce filter fouling and create a high pressure drop across the filter. Furthermore, in
multicomponent systems, where a mixed solid product is formed, it is advantageous to influence separation
of solid products as well.

3.8.3 Aim
This project aimed at investigating the treatment of saline wastewaters of, for example, mining operations,
which are rich in sodium and magnesium sulphate. The intention was to investigate the removal efficiency of
sulphate and magnesium using calcium hydroxide in a fluidised bed crystallizer.

3.8.4 Objectives
The objectives of this project were therefore to:
1. Predict the species and amount of precipitate expected in the system using thermodynamic modelling
(OLI systems Inc.).
2. Investigate the effectiveness of fines reduction through the use of seeds
3. Investigate the conversion of sulphate and magnesium and the recovery of gypsum and magnesium
hydroxide in a seeded fluidised bed crystalliser as a function of pH, seed type and feed composition;
4. Investigate the effect of excess calcium hydroxide on the conversion of sulphate and magnesium and
the recovery of gypsum and magnesium hydroxide.
5. Investigate process alternatives which could potentially recover magnesium hydroxide and gypsum
separately.

3.8.5 Hypotheses and key questions
1. Seeded precipitation using silica reduces the amount of fines elutriated and thus improves gypsum
recovery. This is because silica seeds reduce the wetting angle, thus lowering the activation energy
for two dimensional surface nucleation. In addition, the presence of seeds also provides sites for
crystal attachment
•
•
•
•
•

How does the amount of fines compare in the presence and absence of seeds?
How does the conversion of sulphate and magnesium compare in the presence and absence
of seeds?
Do seeds facilitate the precipitation process in any other way other than serving as a site for
attachment?
Given that precipitation processes occur at fast rates, is growth on the seed surface expected?
Does the rate of heterogeneous nucleation increase in the presence of silica seeds given the
high feed concentration?

2. Increasing the concentration of total sulphate salts in the wastewater stream increases the conversion
of sulphates for a given residence time. This is because supersaturation and thus, the driving force for
the nucleation and growth rates increases with an increase in the concentration of sulphate ions.
Due to the increased nucleation rate, the amount of fines formed increase as concentration increases
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•
•

What is the role played by sodium and/or magnesium ions in the nucleation rate of gypsum?
Is crystal growth favoured at high concentrations?

3. Increasing the calcium hydroxide suspension molar ration to sulphates in the feed stream increases
sulphate conversion. Excess calcium hydroxide suspension allows for sufficient supply of calcium ions
in solution for conversion into gypsum.
• Could there be armouring around undissolved calcium hydroxide?
• Is the rate at which calcium hydroxide dissolves related to its solid content?
• Is all the calcium hydroxide dissolving within the residence time of the bed?
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4 Materials and methods
This section presents details on the experimental equipment, procedure, sampling techniques and reagents
used to conduct experiments.

4.1 Thermodynamic modelling
OLI Systems Stream Analyser TM was used to model the aqueous chemistry and predict the phases expected
in the multicomponent system. The software makes use of thermodynamic equations to predict parameters
such as activity coefficients using the electrolyte NRTL model, with the extended form of Bromley equation to
generate limited or unknown data. Molecule-molecule and ion-molecule interactions are modelled using the
Pitzer model, while standard state properties are approximated with the Helgeson-Kirkham-Flowers Equation
of State. The Soave Redlich-Kwong Equation of State is used to determine fugacity coefficients of non-ideal
states (OLI manual, 2015).

4.2 Experimental and analytical equipment
All experiments were conducted using a laboratory scale fluidised bed crystallizer shown in Figure 4.1. The
fluidised bed reactor consists of a 1.5 m high cylindrical perspex vessel with inner diameter 0.025 m, filled
with seeding material (Consol silica, 200-300 μm, ® = 250 µm) to a height of 0.3 m. The bottom of the reactor
was filled with glass beads (5 mm diameter) to a height of 5 cm to ensure a dispersed flow of the influent
stream and to avoid channelling within the bed, while providing support for the seeding material. Figure 4.1
is a schematic diagram of the experimental set up.
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0.025 m
Effluent

1.5 m

Fluidized bed
0.10 m
Ca(OH)2 inlet

0.15 m

Product harvesting
outlet

0.05 m
Waste water stream

pump
Figure 4.1: Schematic diagram of experimental set up

A rotary gear pump (Micro pump) was used to pump the synthetic saline solution into the bed to attain
fluidisation. The pump eliminated a pulsating flow that would otherwise affect the process .The saline solution
was stored in a plastic 25 L tank which was continuously agitated to eradicate concentration gradients.
A peristaltic pump (Watson Marlow 505s) was used to pump the calcium hydroxide suspension into the
column through an inlet port positioned 15 cm from the bottom of the reactor. The calcium hydroxide
suspension was stirred to ensure homogeneity in a 25 L tank.
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The product was harvested from the bottom of the reactor from an outlet port situated 5 cm above the reactor
inlet just above the glass beads. Harvesting was done by intermittently opening a ball valve through which
large particles, that have migrated to the bottom of the bed, exit provided there is sufficient force to keep the
bed fluidised. The treated aqueous stream overflowed from the top of the reactor and was collected in waste
tanks. Table 4.1 below shows preliminary calculations for the fluidised bed comprised of silica seeds.
Table 4.1: Fluidised bed characteristics

Parameter

Value

Silica particle diameter (μm)
3

Silica Density (kg/m )
Liquid viscosity (cP)

200-300 (® = 250 µm)
2650
1

3

Liquid Density (kg/m )

1000

Silica Density (kg/m3)

2550

Galileo number (see fluidisation section)

1937

Reynolds Number (see fluidisation section)

1.314

Minimum fluidisation velocity (m/s)

0.0026

Maximum fluidisation velocity (m/s)

0.025

Residence time (min)

±2

Samples were filtered using a Vacutec oil-less piston vacuum pump, Buchner funnel and WhatmanTM Cellulose
Filter Paper (20 nm pore size). Sulphate, magnesium and calcium ion concentrations were determined using
the Spectroquant® NOVA 60A photometer (± 5ppm). Sulphate concentrations were determined through
turbidity measurements from the reaction with barium sulphate. Calcium and magnesium concentrations
were determined photometrically when the ions react with phthalein purple to form a violet dye (Merck,
2013). The Hannah instruments: pH121 Microprocessor pH meter was used for pH measurements. SEM
analysis was also used in this study.

4.3 Design of experiments
4.3.1 Reagents
A varying system composition typically encountered in industry was chosen. Synthetic solutions of total salt
concentration varying from 1.5 to 120 g/l were prepared using analytical grade chemicals (Merck). Of the total
sulphate salts, 80 %salt was magnesium sulphate, calcium sulphate remaining at its saturation concentration
(except when the total salt concentration is below the calcium sulphate saturation concentration), with the
remainder being sodium sulphate. The composition of the synthetic streams are presented in Table 4.2.
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Table 4.2: Synthetic waste stream composition

Concentration g/L

Sulphate salts

1.5

8

15

35

50

120

CaSO4

0.15

1.5

1.5

1.5

1.5

1.5

MgSO4

1.2

6.4

12

28

40

96

Na2SO4

0.15

0.1

1.5

5.5

8.5

22.5

A 20 wt.% Ca(OH)2 analytical grade suspension (in water) provided by Lhoist was used. Before use, the
suspension was agitated using a pitched blade impeller for 1 hour and diluted to a 4 wt.% suspension using a
saturated solution of calcium hydroxide to avoid changes in the solid PSD.
Table 4.3 presents the amount of calcium hydroxide suspension required for experiments conducted across
the range of concentrations presented in Table 4.2. The amount of calcium hydroxide is fed in stoichiometric
proportion to sulphates in the stream, that is a stoichiometric Ca: SO4 molar ratio.
Table 4.3: Amount of calcium hydroxide suspension required for each concentration

Feed concentration
(g/L)

Feed flowrate
(g/min)

Ca(OH)2 required
(g/L of feed solution)

Ca(OH)2 flowrate
(g/min)

1.5
8
15
35

200
200
200
200

0.90
4.81
8.99
20.9

0.18
0.96
1.8
4.2

50

200
200

29.9
71.6

6.0
14.3

120

Table 4.4 presents the amount of calcium hydroxide suspension required for experiments conducted on the
ratio of calcium to sulphates in the feed stream.
Table 4.4: Amount of calcium hydroxide suspension required

Calcium to sulphate ratio

Ca(OH)2 (g/L synthetic stream)

0.5

10.46

1
2
4

20.92
41.84
83.68

The silica seeding material used had an initial PSD of 200-600 µm which was narrowed to 200-300 µm (® =
250 µm) using a mechanical sieve (Fritsch Spartan). Table 9.1 in the Appendix lists the composition of the
seeding material. All reagents were stored at room temperature and pressure.
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4.4 Experimental Procedure
The reactor was loaded with a batch of silica seeds, to make up a bed height of 30 cm. The synthetic solution
was pumped into the bottom of the column at a volumetric flowrate of 200ml/min to attain fluidisation of the
bed. A flowrate of 200 ml/min was chosen as it provided sufficient fluidisation of the seeds and good mixing,
visually. The fluidised bed reached a height of 57±3 cm. Calcium hydroxide suspension was pumped into the
reactor at a flowrate that matched the amount required for each experiment as detailed in Table 4.5 above.
Table 4.4 Appendix displays the amount of calcium hydroxide required for each concentration investigated.
The reactor was run for 3 hours to achieve continuous operation, with intermittent product removal as
required per run. Operation for longer than 3 hours is possible, however the laboratory has logistical
limitations on the amount of waste that could be generated. Fluctuations in effluent concentration was
negligible after 25 min of operation and the system was assumed to be in pseudo-steady state with respect
to sulphate and magnesium concentration in the effluent stream.
The effluent was sampled to determine the gypsum conversion, amount of fines and pH. 125 ml of effluent
was collected every 30 min during a 3hr operation period. Of the 125 ml, 10 ml was filtered and the amount
of fines was quantified by dissolving the filtrate in 10 ml of 0.5 M HCl solution. The concentrations of each of
these samples was determined using the Spectroquant as described above. The pH of the effluent was
measured every 15 min by taking 50 ml samples and was measured using the pH meter. The harvested product
was placed on absorbent paper to dry before being analysed using SEM imaging. Fines were also analysed
using SEM after filtration and drying.

4.5 Experimental plan
Table 4.5 presents a summary of experiments conducted.
Table 4.5: Experimental break down

Objective

Variable

Measured parameter

Residual sulphate and
Investigate the effectiveness of fines
reduction through the use of seeds

•

Silica seeds

•

No seeds

magnesium concentrations. Solid
sulphate (gypsum), magnesium
(magnesium hydroxide) and
calcium concentrations

Investigate the conversion of sulphates and
magnesium and the recovery of gypsum
and magnesium hydroxide in a seeded
fluidised bed crystalliser as a function of pH
Investigate the conversion of sulphates and
magnesium and the recovery of gypsum

pH / amount of
calcium hydroxide

•

Gypsum seeds

•

silica seeds

Residual and solid sulphate,
magnesium and calcium
concentrations and pH.

Residual and solid sulphate,
magnesium and calcium
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concentrations. Visual

and magnesium hydroxide in a seeded
fluidised bed crystalliser as a function of
seed type
Investigate the conversion of sulphates and
magnesium and the recovery of gypsum
and magnesium hydroxide in a seeded
fluidised bed crystalliser as a function of
feed concentration

observation of fluidisation
Feed concentration
(1.5 – 120 g/L). See

Residual and solid sulphate,

Table 4.2: Synthetic

magnesium and calcium

waste stream

concentrations

composition
Calcium hydroxide to

Investigate the effect of excess calcium
hydroxide on the conversion sulphates and
magnesium.

Compare a process alternative which could
potentially recover magnesium hydroxide
and gypsum separately

sulphate ratio (0.5 – 4)
for a solution
concentration of 35 g/L

Residual and solid sulphate,
magnesium and calcium
concentrations

Process alternative for

Recovery and conversion of

a 35 g/L feed solution

sulphates and magnesium

Each experiment was repeated twice at random to ensure reproducibility. The experimental procedure
followed is detailed below.
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5 Results
This section of the report presents and discusses thermodynamic modelling followed by experimental results.

5.1 Thermodynamic modelling
5.1.1 Solubility diagrams and conversion
The precipitation process was simulated using OLI Systems Stream Analyser TM to investigate the solubility of
compounds and the amount of solids expected in the system as a function of pH for a synthetic
multicomponent stream of 3.5 wt. % salts, with the composition described in Table 4.2. (T= 25°C; P = 1 atm)
using calcium hydroxide as a base reagent. The results are displayed in Figure 5.1.
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Dominant Solid (g solid/L solution)

40
35
30

CaSO4.2H2O
25

Mg(OH)2

20
15
10
5
0
7

8

9

10

11

12

13

pH
Figure 5.1: Dominant solid prediction for CaSO4-MgS04-Ca(OH)2-H2O system as a function of pH

Figure 5.1 above shows that magnesium hydroxide and gypsum start precipitating out at a pH of 9.1. There
is a steep increase in the amount precipitated until a pH of around 9.5 for both solids. The amount of gypsum
precipitated increases sharply in the range of pH 9 to 10 and follows the same trend as magnesium hydroxide.
The reason for the similarity is because calcium and hydroxide ions are released from the same source. After
a pH of 10, there is no significant change in precipitate concentration. This is because above pH 10, most of
the magnesium in the system has been removed from solution and a very small base addition is sufficient to
to promote a pH increase. Therefore, in the pH range of 10 -11.5, a small amount of calcium hydroxide is
added with no additional gypsum formation. To increase the pH further, from 11.5 to 12.44, more calcium
hydroxide is added, provoking the observed increase in gypsum formation.
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For this particular stream composition, the maximum amount of gypsum that can be precipitated is
approximately 42 g/L and is 46 g/L for a binary system. In the case of magnesium hydroxide, approximately
14 g/L can be expected for the multicomponent stream as well as a binary system. The maximum amount of
a precipitate formed in a multicomponent system may be less than for binary systems of the same initial
concentration, due to ion interactions. This means that some ions are unavailable to participate in the reaction
and this accounts for the discrepancy between a multicomponent and binary system. When comparing the
equilibrium conversion of magnesium hydroxide in a binary system with the theoretical multicomponent
conversion, there is no significant difference. However, the expected conversion of sulphate is slightly lower.
This lower conversion was investigated with further thermodynamic modelling presented in the following
sections of this dissertation.
Thermodynamic modelling was extended to investigate the maximum conversion attainable across a range of
concentrations typically encountered in industry (see Table 4.2 in methodology). These results are displayed
in Figure 5.2.
100
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Conversion %
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0
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Theoretical Sulphate conversion

Theoretical magnesium
conversion
Magnesium
conversion

Figure 5.2: Maximum sulphate and magnesium conversion obtained when calcium hydroxide (fixed Ca:SO4 Ratio of 1:1)
is reacted with a synthetic stream of varied sulphate salt composition (described in Table 4.2).

As shown in Figure 5.2, the maximum conversion of magnesium remains constant at around 99 %, with no
significant deviation across the range of concentrations, because the increase in total salt concentration has
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no effect of the solubility of magnesium hydroxide. This high conversion is due to the low Ksp (1.8 x10-11) value
of magnesium hydroxide and its relatively high concentration. The conversion of magnesium is higher than
for sulphate because magnesium hydroxide is orders of magnitude less soluble than gypsum.
Sulphate conversion shows an overall increase. At low concentrations (1.5 g/L salts), sulphate conversion is
zero because the system is undersaturated with respect to gypsum, resulting in no precipitates forming. At
salt concentrations of 8 g/L to 35 g/L, there is an increase in the expected conversion up to 88%, which remains
fairly constant at higher concentrations. At 120 g/L, however, sulphate conversion decreases slightly from 88%
to 85%. This trend in sulphate conversion is counter-intuitive, because the conversion of sulphates is expected
to increase as the amount of sulphates in the system increases, however, the conversion increases slightly
and begins to decrease. This reveals that sulphate ions are not available for the reaction forming gypsum.
The reason for this effect on sulphate ions is due to the solution composition. An increase in the total salt
concentration in the feed stream means that the relative amounts of magnesium and sodium in the system
are also increased. Both these salts are known to affect the solubility of calcium sulphate in a number of
competing ways (Spiegler et al., 1980; Murray, 2004). In order to predict the effect of these salts, the activity
of calcium and sulphate ions were modelled using OLI Systems Stream Analyser TM. Figure 5.3 shows the effect
of sodium and magnesium on sulphate and calcium activity coefficients.
0.5

Activity coefficient

0.4

0.3

0.2
Sulfate ion Activity Coefficient - 1.5 g/L NaSO4
Calcium ion Activity Coefficient - 1.5 g/L NaSO4
Sulfate ion Activity Coefficient- 5.5 g/L NaSO4
Calcium ion Activity Coefficient - 5.5 g/L NaSO4
Sulfate ion Activity Coefficient- 0.1 g/L NaSO4
Calcium ion Activity Coefficient- 0.1 g/L NaSO4

0.1

0.0
0

5

10

15

20

25

Magnesium sulphate concentration (g/L)

Figure 5.3: Effect of sodium and magnesium on sulphate and calcium activity
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The activity coefficients of both calcium and sulphate are significantly lower than one, meaning that a large
amount of these ions are not available to react. Figure 5.3 shows that the activity coefficients are not strongly
influenced by the presence of magnesium. However, an increase in sodium results in a decrease in the activity
coefficient for both calcium and sulphate ions. Sodium sulphate concentrations of 5.5 g/L decrease activity
coefficients by approximately 0.1 from 0.4 at 0.1 g/L. This deviation caused by a slight increase in sodium is
quite significant and can be induced in a number of ways. A reason for the decrease in sulphate activity is
complexing or speciation, that is, the formation of ion pairs in solution. Thermodynamic modelling was used
to predict the possible species expected in this multicomponent system and is displayed Table 9.2 in the
appendix. It was found that sulphate ions are prone to form ion pairs, particularly in the presence of sodium
ions, which is agreement with the trend observed in Figure 5.3.
In addition to complexing, the common ion effect is also known to affect the solubility of gypsum
(Spiegler et al., 1980). The presence of the common sulphate ion shared by sodium and magnesium sulphate
lowers the solubility of gypsum, thus causing gypsum to precipitate. However, this would result in higher
sulphate conversions and contradict the findings in Figure 5.3. This effect may in fact be present in the system,
but is instead offset by other stronger effects. Another effect of the common ion is the calcium ion shared
between calcium sulphate and calcium hydroxide. The driving force for calcium hydroxide dissolution is the
consumption of calcium and hydroxide ions in their respective reactions forming gypsum and magnesium
hydroxide. If the dissolution of calcium hydroxide is limited by the calcium in solution as a result of the
equilibrium concentration of calcium sulphate, the formation of gypsum is hindered, corresponding to the
trend observed in Figure 5.2. Thermodynamic modelling found that this was in fact the case, where the
addition of equilibrium concentrations of both calcium sulphate (1.5 g/L) and calcium hydroxide (1.8 g/L)
resulted in some calcium hydroxide not being dissolved. The model was then extended to include the effects
of magnesium sulphate, which showed that the dissolution of calcium hydroxide was then driven by the
consumption of hydroxide ions to form magnesium hydroxide. The effects of sodium sulphate in comparison
to magnesium sulphate was then investigated and found that for stoichiometric amounts of sulphate (in the
form of magnesium sulphate or sodium sulphate), the amount of gypsum formed in the presence of
magnesium (3.5 g/L of gypsum) was higher than in the presence of sodium (1.9 g/L of gypsum). This finding is
in agreement with the trend observed for calcium and sulphate activity coefficients in Figure 5.3.
This effect on sulphates caused by sodium in comparison to magnesium is as a result of electrostatic
interactions between ions. In the presence of sodium and magnesium ions, the tendency for sulphate and
calcium ions to become shielded because of hydration, is amplified. However, due to magnesium’s, higher
charge density, the extent to which it is shielded from sulphate and calcium ions is higher compared to sodium.
This means that sodium readily pairs with sulphate ions and the pair is then hydrated and shielded from
calcium ions in solution. Whereas magnesium ions are not readily paired with sulphate ions, leaving calcium
and sulphate ions to form gypsum (Murray, 2004). This is in agreement with the thermodynamically modelled
and experimental results obtained in a study by Kadambi and co-workers (1998) which predicted the effects
of sodium and magnesium on the solubility of calcium sulphate. Figure 5.4 summarizes the mechanism of
precipitation for this system.
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Mg2+ +2OH- ⇔ Mg(OH)2
Ca(OH)2 ⇔ Ca(OH)+ +OHCa(OH)+ ⇔ Ca2+ + OH-

The dissolution of calcium hydroxide
is driven by both the consumption of
hydroxyl ions to form magnesium
hydroxide, and the consumption of
calcium ions to form gypsum.

Ca2+ +SO24 +2H2 O ⇔ CaSO4 2H2 O
The sulphate ion remains in solution, unable to
react due to the shielding effect
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Sulphate ions are more strongly attracted to sodium
ions than calcium. Both calcium and the
sodium/sulphate pair are hydrated or “shielded”

Figure 5.4: Summary of precipitation mechanisms for CaSO4-Ca(OH)2-MgSO4-H2O system

5.1.2 Supersaturation estimation
Supersaturation estimations were determined as a tool to identify potential crystallization mechanisms
occurring in the system. Thermodynamic modelling was used to approximate activity coefficients to calculate
global supersaturation values. Table 9.3 and Table 9.4 in the appendix show detailed supersaturation
calculations for magnesium hydroxide and gypsum respectively, while Figure 5.5 is a graphical representation
of these results.
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Figure 5.5: Supersaturation of gypsum and magnesium hydroxide at varying feed concentrations with the addition of
calcium hydroxide as a base reagent

From Figure 5.5 it can be seen that the supersaturation of gypsum increases with increasing salt
concentration, as expected. There is a steep increase from 1.5 g/L to 50 g/L and a gradual increase from 50
g/L to 120 g/L. This trend is a result of the decrease in activity coefficients at higher concentrations
investigated in Figure 5.3. The supersaturation of magnesium hydroxide follows the same trend as gypsum,
with a steep increase at concentrations 1.5 g/l to 50 g/l and a gradual increase from 50 g/L to 120 g/L. It should
be noted that the supersaturation of magnesium hydroxide is 5 orders of magnitude larger than that of
gypsum, due to magnesium’s lower Ksp value. Magnesium hydroxide is therefore expected to precipitate out
much faster than gypsum due to its very large driving force, however, this is not always the case because other
factors may influence the kinetics as shown in equation 5 and equation 6.
It should be noted that supersaturation estimations are based on the assumption that reactants mix
completely without the precipitation reaction occurring. It would therefore represent a hypothetical
pre-mixer of the fluidised bed. However, realistically, the precipitation reaction occurs when reactants are
contacted, thus lowering the prevailing supersaturation.
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5.2 Batch Experiments
Preliminary batch experiments were conducted to establish feasible operating conditions. This section
discusses findings on general observations, pH, fluidisation and feasible regions of operation.
Stoichiometric amounts of calcium hydroxide suspension to the amount of sulphates in the feed stream
resulted in a pH of 10 when mixed, while excess amounts of calcium hydroxide gave a pH of around 12, which
is typically the pH of calcium hydroxide. However, the control of pH was not pursued due to the low solubility
of the calcium hydroxide suspension which limit the operable pH range.
The first part of this work was carried out using two different kinds of seeds. Initially, gypsum seeds
(® = 10 µm) were used, but only partial fluidisation was achieved, with channelling and bed compaction
observed at lower regions of the reactor. Fluidisation of this compacted zone was not achieved at higher fluid
velocities even, and seeds were elutriated out of the bed. The particle size of gypsum available was found to
limit fluidisation. Gypsum seeds were categorised as group C particles according to Geldart’s classification of
powders (1973). These particles are known to cause channelling in beds due to strong inter-particle forces
and are thus unfavourable for fluidisation. Compaction of the bed was attributed to the weight of the seeds
that make up the remaining height of the bed, coupled with the tendency of gypsum to coagulate. Channelling
of the bed resulted from alternating regions of high and low resistance in the compact bed. This resulted in a
non-uniform flow distribution of the fluidising stream attempting to penetrate through the compact bed.
A second attempt at fluidisation involved using silica seeds. Silica seeds of 200-300 µm (® = 250 µm), making
up a 30 cm bed height, were fluidised. This is as expected, since silica seeds belong to group B of Geldart’s
classification of particles, in which particles exhibit good fluidisation characteristics. Seeds were coated within
a few minutes, as opposed to what was seen in other fluidised bed operations. Seckler (1994) found that after
three hours of operation with a system at 5-100 mg/L of phosphate, effluent concentrations were constant
and thus removal efficiency increased, due to a complete layer of calcium phosphate covering the silica layer
and remained constant thereafter. Guillard and co-workers (2001) found that their system (50-150 mg/L)
required a 48 hour ‘start up’ period in which silica particles were coated, before experiments were conducted.
The reason for the difference in time required for silica coating is due to the significant concentration
differences compared to the system in this study (1 500-35 000 mg/L). The rate at which mass is deposited is
expected to be higher at higher concentrations and the mechanisms of attachment may differ, thus covering
the silica surface occurs faster. Previous studies reported a compact mineral layer, while results in this study
showed attachment of distinct primary crystals (see Figure 9.17 in appendix), indicating that nucleation is
occurring, crystal growth and agglomeration is occurring.
It was found that a 20 wt.% calcium hydroxide suspension caused channelling in the bed and pumping
challenges as a result of its solid content and viscosity. A gel like substance, characteristic of hydroxides
(Neal and Stanger, 1984) remained fixed in higher regions of the bed (Figure 9.7). The calcium hydroxide
suspension was diluted to 4 wt.% to allow for better control of the reagent and easier pumping to avoid
blockages.
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5.2.1 The effect of seeds on fines formation
Preliminary experiments were conducted to determine what effect the presence of silica seeds had on the
formation of fines and the amount lost in the effluent stream. Figure 5.6 shows the results obtained.
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Figure 5.6: Effect of seeds on the formation of fines

The amount of fines exiting the reactor in the presence of seeds is lower (almost half) than when there are no
seeds for a 35 g/L synthetic solution (S = 11.2). This is in agreement with literature, which found that the
presence of seeds promotes crystal growth on its surface (Seckler, 1994; Guillard and Lewis, 2001), however,
this is true for low concentrations and/or low levels of supersaturation. It is also agreed upon that seeds
provide a surface for attachment for particles through agglomeration (van Hille et al., 2002), which is the likely
mechanism in this case, given that supersaturation conditions favour this (Lewis et al., 2015). Figure 5.6 shows
that the amount of gypsum and magnesium fines in the presence of seeds is lower than in the unseeded case,
as expected. The formation of fines in the presence of seeds implies that there is in fact heterogeneous,
homogeneous and/or secondary nucleation. Nucleation mechanisms are promoted at high degrees of
supersaturation because seeds reduce the energy required for heterogeneous nucleation. Another source of
fines is through attrition, where crystals break as a result of collisions, however, the morphology of the fines
indicate well defined edges (Figure 9.9), as opposed rounded and undefined crystals which is characteristic of
crystals that have undergone attrition. The formation of fines is therefore caused by nucleation mechanisms.
This means that even though fines are produced, the presence of seeds does in fact decrease the amount of
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product lost in the effluent stream. For a complete understanding, the conversion of sulphates and
magnesium is presented in Figure 5.7.
100
90
80

Conversion %

70
60
50
40
30
20
10
0
conversion of sulphates
seeded

conversion of magnesium
unseeded

Figure 5.7: Effect of seeds on sulphate and magnesium conversion

Both sulphate and magnesium conversions are higher (7% and 9% increase, respectively) in a seeded fluidised
bed than in the absence of seeds. As mentioned above, the presence of seeds themselves may increase
conversion due to the lowered energy requirement for nucleation. This means that more nuclei are formed
faster compared to the unseeded case, resulting in higher sulphate and magnesium conversions. However, it
should be noted that the unseeded case is not entirely unseeded. Calcium hydroxide solids in the suspension
used, act as seeding material, which may also lower the activation energy for nucleation by decreasing the
surface energy as do silica seeds. Also, the formation of the first nuclei act as seeding material and should in
fact lower the activation energy to a larger extent than silica seeds because of a lower wetting angle for
gypsum seeds (Mullin, 2001). Further to this, according to Seckler (1994), small particles with large surface
areas grow faster. Fines would thus be expected to an ideal seeding material while in the bed. Therefore, the
main difference in between the two cases is rather the amount and type of seeds.
The difference in conversions for the two cases is rather due to the residence time distribution in each reactor.
The residence time in the seeded case has a wider distribution than that in the unseeded case, due to the
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resistance to flow induced by the seeds. The resistance causes the fluidising stream to travel different paths
of least resistance, compared to the ‘unseeded’ case. This varied residence time may account for the increase
in sulphate and magnesium conversions simply because some ions spend a longer time in the reactor. on the
contrary, seeds assure homogenization of the fluidising stream, and could promote a uniform velocity profile.
However, it was also observed that in the presence of seeds, calcium hydroxide was dispersed more
thoroughly in the bed by the seeds than in the absence of seeds, where calcium hydroxide remained as a gel
without being effectively dispersed. This means that seeds facilitate the dissolution of calcium hydroxide,
which would supply hydroxyl and calcium ions for the respective reactions that yield higher sulphate and
magnesium conversions.

5.2.2 Operating region
Preliminary batch experiments found that large amounts of precipitate formed at feed concentrations of 50
g/L and higher, making it impossible to operate in this concentration range. Precipitates formed rapidly and
carried the silica out of the bed. The resulting highly viscous reactor contents became too heavy and the
fluidisation velocity became ineffective. At 1.5 g/L no visible changes to the seeding material was observed in
terms of coating. Thus, the “total salt concentration” range for feasible operation has been identified to be
between 8 and 35 g/L.

5.3 Morphology
This section presents and discuses the morphology obtained using SEM analysis of the fines elutriated and
product grains harvested.

5.3.1 Product grains
The harvested crystals were analysed in order to establish if there was a relationship between the morphology
and removal efficiency of the process. Figure 5.8a-e are SEM images of the products harvested for the
concentration ranges reported in Table 4.2, with their corresponding supersaturation values presented in
Figure 5.5.
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Figure 5.8: a-e: SEM images of product surfaces for 1.5; 8; 15; 35 and 120 g/L
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There are distinct differences in product morphology across the range of concentrations investigated. Figure
5.8a shows the silica surface after 2 hours of operation for a feed salt concentration of 1.5 g/L (Sg =1.7). When
compared to the surface of the starting seed material (Figure 9.13) there is no significant difference.
The product surface for 8 g/L (Sg = 4.2) showed significant differences from the starting material surface. There
appears to be a compact mineral layer of needle shaped crystals arranged in a methodical packing. The
crystallographic angle of these crystals may be at 90° to the heterogeneous surface, due to the orientation of
the needles in Figure 5.8b which is characteristic of gypsum (Howard et al., 2010). This is most likely an
indication of surface nucleation mechanisms, expected in the presence of seeding material at low levels of
supersaturation (Mullin, 2001; Lewis et al., 2015). The surface appears to be smooth, which may also be due
to abrasion at lower regions of the bed where energy dissipation is the highest. There are a small number of
needle-like crystallites (≤ 2 µm in length) scattered on the surface of the particle, which indicates that gypsum
nucleation occurred to a small degree. This is not uncommon since zones of high and low supersaturation can
exist in a reactor.
At 15 g/L (Sg = 4.8) there are monoclinic prismatic crystals 20 – 40 µm in length, arranged on the surface.
There seems to be a thick layer of this arrangement, with irregular shaped agglomerates nested into the
structure. There appears to be nano-agglomerates embedded in the crevices of the surface, which may be
magnesium hydroxide or undissolved calcium hydroxide. It is expected that calcium and magnesium hydroxide
are prone to attachment onto the silica surface because they possess a weak surface charge and have surfaces
with a high affinity to hydrogen bonding. When compared to 8 g/L, the product grain surface is significantly
different, while the change in supersaturation ratios is only slight (from 4.2 to 4.8). This indicates that the
switch over from a growth dominated mechanism to nucleation-attachment mechanism occurs within a
narrow supersaturation range. The increase in primary crystal sizes at 15 g/L is due to the influence of
supersaturation on the growth rate of gypsum. The rate is second order with respect to supersaturation, due
to the dependence on the concentration driving force. In the two step growth model, the increase in
supersaturation favours the surface reaction (Equation 12), leading to higher growth rates and thus larger
crystals (Aldaco et al., 2007). This increase in growth rate at high concentrations is in agreement with studies
on most crystallization systems. (Tai et al., 2001; Hirasawa et al., 1990 and Seckler, 1994). Therefore, at 15 g/L,
the nucleation rate and the growth rate have increased.
At 35 g/L (Sg = 11) the product surface is irregular with randomly attached crystallites. Primary crystal lengths
have decreased in length (≤ 10 µm) compared to those on the surface of the 15g/L run, however the presence
of larger poly-crystalline aggregates of possible gypsum, as well as a few plate-like structures are evident. The
decrease in the size of crystals could be due to attrition and abrasion because the amount of solids in the bed
has increased through a) the larger amount of solids in the calcium hydroxide suspension required and b) the
amount of solids formed due to the faster crystallization rate induced at higher levels of supersaturation.
However, the crystals have preserved their structural shapes, which is uncharacteristic of crystals undergoing
attrition because crystal abrasion results in rounded edges, rather than sharp defined edges. High
supersaturation levels may have promoted nucleation, where a large number of small particles are formed,
hence the smaller sized particles. However, despite the decease in primary crystal sizes, the presence of large
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polycrystalline structures indicate that agglomeration mechanisms may be favoured at this degree of
supersaturation (Sg = 11).
Primary crystal morphology changed from monoclinic prismatic/needles at lower concentrations to platelets
at 120 g/L (Sg = 21). Platelets appear to be poly-crystalline agglomerates, or more than one platelet crystal
joined together but size enlargement through growth is also possible. This is in agreement with literature,
which reported platelets of gypsum crystals forming at high levels of supersaturation (Seewoo et al., 2004;
Lewis et al., 2002; Christoffersen, 1982; Liu and Nancollas, 1970). It is difficult to tell if the platelets were
formed initially, and by virtue of their morphology, remained entrained in the bed while needle shaped
particles were elutriated. The other possibility could be that needles attached on to the seeds and
subsequently morphed into platelets because they were exposed to a highly supersaturated environment.
However, the presence of both plates and needles are not uncommon in regions with supersaturation
gradients. The presence of two different morphologies (plates and needles) for different levels of
supersaturation is due to the difference in surface energy requirements of each shape. The energy
requirement for needles may be lower along the c-axis, but higher in the a-axis, which promotes growth in
the c-direction (Howard et al., 2010). At higher levels of supersaturation, there is enough energy to overcome
the requirement for growth in the a-axis, allowing the morphology to change from needles to plates.
Overall, the surface of coated particles moves from being characteristically compact to irregular, with primary
particles loosely attached, as the concentration increases. This can be seen in Figure 9.15 to Figure 9.18
(appendix A; Section 3). Product grain sizes do not increase appreciably at low concentrations (1.5 - 15 g/L),
however significantly large grain diameters of around 1mm were obtained at 120 g/L. It is important to note
that grain sizes depend on how long seeds remain in the bed, and are thus functions of the removal rate.
Extremely large grains are difficult to harvest as they do not flow easily. Product grains are round and resemble
pellets, implying that they possess mechanical integrity which enables harvesting of intact grains that resist
disintegration and hydrodynamic shear forces. The retention of sphericity of the product from the seeding
material is remarkable, and implies that the arrangement of primary crystals may not be random, but may in
fact be influenced by the crystallographic angle at which gypsum can outgrow from a heterogeneous surface.
The typical angles at which gypsum grows from a heterogeneous surface are 5° or 90° or 110°
(Howard et al., 2010). However, there appears to be layers of crystals, and thus the mechanism of attachment
cannot be concluded with confidence. It could also be possible for the silica surface to be coated with a layer
of gypsum, followed by surface nucleation, from which crystals grow out at particular angles.
The presence of primary particles may also be an indication of heterogeneous, homogeneous and/or
secondary nucleation mechanisms in the system, even though it is desired to initiate growth on silica through
two dimensional nucleation. The presence of seeds lower the activation energy required for heterogeneous
nucleation, which may have produced nuclei that grew and agglomerated onto the silica surface. Other
sources of primary crystals include homogeneous nucleation; however unlikely it may be in this system due
to the high solid density. Furthermore, it is well known that secondary nucleation is initiated at the lowest
activation energy when compared to other nucleation mechanisms (Lewis et al., 2015). Therefore, the
formation of nuclei in the presence of existing gypsum possibly occurred. These mechanisms are also agreed
upon by Costodes and Lewis (2006) and Aldaco and co-workers (2007).
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5.3.2 Fines
The morphology of crystals elutriated out of the bed was investigated to determine if there was a relationship
between the morphology and the likelihood of elutriation. SEM images of these fines from each experimental
run were taken and are presented in Figure 5.9a-e.

Figure 5.9: a-e: SEM images of fines for 1.5; 8; 15; 35 and 120 g/L
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The morphology of fines changes from nano-crystal agglomerates, to needles and plates, across the range of
concentrations investigated. Gypsum crystal morphology reported in literature is typically described as
exhibiting mostly needle and platelet assemblies with monoclinic, prismatic structures (Shih et al., 2005).
At 1.5 g/L, nano-agglomerates are visible. This is possibly magnesium hydroxide, which is known to form small
crystal aggregates (Henrist et al., 2002), due to its high supersaturation (Sm = 6.9 x 104). Calcium hydroxide
crystals are also known to exhibit this same morphology as magnesium hydroxide. The appearance of crystals
of a lighter colour suggests that there was more than one product formed. It is possible for very small gypsum
crystals to have formed through nucleation, however, given the low level of supersaturation with respect to
gypsum (Sg = 1.7) at 1.5 g/L, there may have been insufficient driving force for growth, resulting in very small
gypsum crystals with no distinct shape visible.
At 8 g/L (Sg = 4.2) there is a large amount of nano- agglomerates, possibly magnesium hydroxide and
undissolved calcium hydroxide, with a few prismatic agglomerates that is typical of gypsum crystal behaviour.
From Figure 5.7, it is expected that gypsum prefers to nucleate onto the sand surface instead of nucleating in
the bulk.
At 15 g/L poly-crystalline aggregates that form rosette like structures were visible, as well as monoclinic
prismatic crystals of gypsum (Lash and Burns, 1984; Lewis et al., 2002; Shih et al., 2005). There appears to be
smaller crystals (± 1µm) scattered amongst larger crystals. The difference in morphologies is quite significant
compared to what is observed at 8 g/L even though the change in supersaturation is not significant (Sg = 4.2
at 8 g/L and Sg = 4.8 at 15 g/L).
Fines at 35g/L (Sg = 11) are predominantly plate-like with prismatic agglomerates (10-60 µm). This indicates
that plate-like crystals are prone to elutriation due to their surface area compared to needles. However, this
is not the only possibility. Crystals may have changed morphology due to high residual supersaturation
allowing for crystals to grow above the bed even though they were initially needles.
At 120 g/L rosette structures typical of gypsum crystals are predominant, with regions of nano-agglomerates
of magnesium or calcium hydroxide visible (Henrist et al., 2002). Chieng and Nancolas (1982) also reported
similar behaviour of magnesium hydroxide in the presence of gypsum and sodium. A study on gypsum scaling
in reverse osmosis membranes by Shih and co-workers (2005) found that the morphology of gypsum changed
along the membrane from needle like structures to platelets and rod-like structures, forming what is known
as spherulites. The reason for this change in morphology is because the membrane experiences a
concentration gradient as water is removed. This system is analogous to the changing concentrations
investigated and is in agreement with the findings in this study. The formation of spherulites arises from a
number of mechanisms that lead to surface nucleation on a ‘source’ crystal, and is considered to be a growth
mechanism. At high supersaturation, crystals nucleate onto a crystal surface, and after exceeding a critical
size, can no longer retain the same crystallographic orientation along its perimeter, thus new crystals form
along its perimeter and gradually establishes a circular perimeter. Higher levels of supersaturation induce
more branches in the polycrystalline aggregate (Granasy, 2005). The presence of these spherulites in the
effluent stream may be disadvantageous because their structure may entrain water. Their large diameters
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and surface structure may also trap smaller particles, and carry them out of the bed. However, one would
expect that crystals of this size (around 60 µm in diameter) would remain entrapped in the bed. It is therefore
possible that these crystals form after they have exited the bed through residual supersaturation effects.
Overall, there is an increase in the size of the crystals elutriated, but more importantly, the surface area of
individual crystals increase. Needles become longer and morph to plates, with inherently larger surface areas,
and finally into large spherulitic structures, 60 µm in diameter. This means that even though crystals are
becoming larger and denser and are expected to remain in the bed, their surface structures exposed to the
upward force of the fluidising stream is increased, allowing large particles to be elutriated instead. Figure 5.10
summarises these findings.
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Figure 5.10: Change in morphology of fines elutriated

5.4 Continuous experiments
While batch experiments were helpful in identifying a feasible region of operation, mass accumulated in the
column over time and product grains exited the top of the column as expected. Product removal was therefore
implemented in order to operate for longer periods of time. The conversion and recovery of sulphate and
magnesium during continuous operation of the fluidised bed crystallizer, with intermittent product removal,
is presented in this section.

5.4.1 Product harvesting
The fluidised bed was successfully operated in semi-continuous mode with intermittent product removal. At
35 g/L the fast rate of solid accumulation caused the bed to expand rapidly (approximately 6.7 cm/min).
Product was harvested at 15 min intervals to avoid elutriation and to continue fluidisation. Steady state with
respect to magnesium and sulphate ions in solution was achieved within the first 25 min of operation, after
which fluctuations in sulphate and magnesium conversion did not exceed 5%. Operation at concentrations of
15 g/L and 8 g/L did not require frequent product removal as the bed did not expand rapidly and elutriate
product grains. It was found that the bed height should remain sufficiently high to disperse calcium hydroxide.
An insufficient bed height will cause calcium hydroxide to remain undispersed in the column, because seeds
of a certain bed height facilitate mixing. The reactor was operated for three hours, however, it is possible to
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operate for longer periods. It should be noted that for longer periods of operation, seeds need to be
replenished as they are constantly being harvested.

5.4.2 Feed Concentration
Three synthetic solutions with concentrations of 8, 15 and 35 g/L were chosen to be investigated, based on
the feasible range identified in the previous section. The experimental results obtained are presented in Figure
5.11.
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Figure 5.11: Conversion of sulphates and magnesium for a continuously operated fluidized bed reactor

Figure 5.11 shows that the conversion of sulphate increases as the feed concentration increases and follows
the same trend as the thermodynamically predicted conversions for sulphate, but remains significantly lower.
The increase between sulphate conversions obtained at 8 g/L and 15 g/L was quite significant given that the
change in supersaturation values were very small (Sg = 4.2 – 4.8). However, the change in supersaturation
from 15 to 35 g/L was significant (Sg = 4.8 – 11.2) but the change in conversion was slight. As the concentration
increased, the difference between the theoretical and experimental values for sulphate conversion decreased.
Conversions obtained for magnesium closely matched the theoretically predicted values of around 99%. This
is because the amount hydroxides are effectively in excess of magnesium. This is in agreement with the
findings of Karidakis and co-workers (2005) who also achieved magnesium conversions of around 99% in the
treatment of magnesium sulphate with excess calcium hydroxide.
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The general increase in sulphate conversion is expected because at higher concentrations there is a higher
driving force for crystallization, that is, nucleation and crystal growth. While it is difficult to quantify the effect
of supersaturation on these rate processes, the overall rate of crystallization is expected to increase. Figure
5.12 shows the experimental rate of crystallization for the concentration range investigated.
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Figure 5.12: Rate of crystallization

The rate of crystallization increased as sulphate concentration increased, however, it should be noted that
the residence time across the concentration range decreased slightly because the amount of calcium
hydroxide suspension fed into the reactor increased and thus increased the fluid velocity in the column. These
results are in agreement with what is expected, however, they do not account for the significant increase in
conversion between similar levels of supersaturation and the slight increase between large supersaturation
differences. The change in conversion would not be expected to increase significantly if the theoretical
conversion was being reached, however, in this case gypsum conversion at 35 g/L remained significantly lower
than the theoretical conversion suggesting that the system was limited kinetically and not because of
thermodynamically.
Failure to reach theoretical sulphate conversions was attributed to an insufficient residence time, given the
size of the reactor used in this study. To test this, a sample of filtered effluent was left for a period of time and
a precipitate was visually observed on the walls of the test tube. It is important to note that gypsum requires
an induction time before nucleation (Smith and Sweett, 1971; Liu and Nancollas, 1973; Klepetsanis and
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Koutsoukos, 1991; Uchymiak et al., 2008), which is a function of supersaturation and may lag the nucleation
process further, even in the presence of seeds (Mullin, 2001).
Another reason for this discrepancy between theoretical and experimental conversions is that calcium
hydroxide may not dissolve fast enough. In the case of magnesium conversion, hydroxyl ions, which react to
form magnesium hydroxide, is fed in excess with respect to magnesium ions and yielded high conversions
(> 98%). This indicates that an excess of calcium to sulphate ratio may improve sulphate conversions. The
excess in hydroxide ions arises as a result of calcium hydroxide being fed in stoichiometric amounts with
respect to sulphates in the system, with the amount of sulphates being more than the amount of magnesium
present in the stream. In order to determine if the dissolution of calcium hydroxide was responsible for the
low sulphate conversions, a best fit equation, based on literature experiments on the dissolution rate of
calcium hydroxide was used to predict possible dissolution times of the calcium hydroxide reagent.
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Figure 5.13: Extrapolated dissolution time of a calcium hydroxide particle (adapted from Kadambi et al., 1998)

The calcium hydroxide suspension used had a d50 of 5 µm and d97 of 50 µm, and would thus require between
2 and 221 seconds to completely dissolve according to Figure 5.13. The residence time, with respect to the
bed height, was approximately 175 seconds or less, which would be insufficient to dissolve all the calcium
hydroxide. It should be noted that the dissolution of calcium hydroxide is motivated by the consumption of
hydroxyl ions in the reaction with magnesium, creating a reactive dissolution effect. However, since
magnesium is in excess of sulphates, once the reaction involving magnesium has completed, reactive
dissolution ceases.
It should be noted that conditions within the reactor for each concentration differ significantly. Higher feed
concentrations require more calcium hydroxide reagent, and thus higher flowrates, to meet the
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stoichiometric requirement for sulphate conversion. The increase in solids may increase mixing efficiencies in
the column. In addition to the extra calcium hydroxide, newly precipitated solids, which provide a larger
surface area in the reactor, are expected to increase rates of crystallization.

5.4.3 Recovery efficiency of the fluidised bed crystallizer
The recovery efficiency is a measure of how efficiently gypsum product is retained in the fluidised bed reactor.
The recovery efficiency of a fluidised bed crystallizer couples the residual species in solution and inefficiencies
due to fines being elutriated. The difference between the recovery efficiency and the conversion is the
presence of fines in the system. Figure 5.14 shows the sulphate recovery efficiency for concentrations within
the feasible operating region. The corresponding magnesium and sulphate conversions are presented in
Figure 5.11.
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Figure 5.14: Sulphate removal efficiency

Figure 5.14 shows that the recovery efficiency increases as concentration increases. This is not in agreement
with the study by Seckler (1994), who found that the recovery efficiency of phosphate in fluidised beds using
a calcium hydroxide suspension decreased with increasing concentration. This is because at higher
concentrations more fines are expected to be generated, even though conversions are expected to be higher.
However, higher concentrations promote conditions for agglomeration and growth, resulting in larger
particles that are too heavy to be elutriated which improves recovery. This, coupled with the faster rate of
crystallization at higher concentrations increases the overall mass in the reactor and may trap particles that
would otherwise be elutriated. It is possible to increase the recovery of products by including post
precipitation solid-liquid separation steps such as filtration, centrifugation or thickening steps that can deal
with fines (Guillard, 2001).
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The maximum allowable sulphate concentration for discharged wastewater is between 200-600 ppm,
depending on location regulations (Meays and Nordin, 2013). Table 5.1 shows the residual sulphate
concentrations obtainable if maximum sulphate conversions were achieved and experimentally obtained
sulphate levels.
Table 5.1: Equilibrium and experimentally obtained residual sulphate concentrations

8 g/L
15 g/L
35 g/L

Equilibrium residual
sulphate (ppm)
2200
2800
1400

Experimental residual sulphate
(ppm)
2300
4000
5100

Treatment of this particular waste stream using precipitation only does not yield residual sulphate
concentrations within the discharge limit. While residual sulphate concentrations far exceed the discharge
limit of 200-600 ppm for the whole concentration range investigated, the equilibrium residual sulphate
concentrations show that it is not possible to reach the limit. Given the stream composition, the presence of
sodium in the waste stream keeps a significant amount of sulphate in solution through speciation or ion
interactions. Alternative treatment methods like cooling crystallization or eutectic freeze crystallization may
be able to reduce the sulphate concentration to acceptable levels (Maharaj and Seeparsad, 2014) by removing
sodium sulphate and gypsum as a solid.

5.4.4 Crude separation between gypsum and magnesium hydroxide
In an attempt to separate gypsum and magnesium hydroxide products, the relative amounts of each products’
fines were quantified against the coated product. Figure 5.15 displays the results obtained for concentrations
within the identified operating region.
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Figure 5.15: Precipitate product and fines distribution

Figure 5.15 shows that a crude separation between magnesium hydroxide and gypsum can be effected in the
fluidised bed at 35 g/L. At 8 g/L the amount of gypsum fines to product remaining in the bed is similar and no
separation can be effected. However, the amount of gypsum fines compared to the product retained
decreased at 15 g/L. The same trend is observed for magnesium hydroxide, which mostly remains in the bed.
At 35 g/L the amount of gypsum lost as fines is significantly less than the amount retained as product. The
amount of magnesium hydroxide recovered as fines is approximately half the amount lost with the product.
The reason for these observations is due to supersaturation effects. At low degrees of supersaturation,
gypsum crystals are less likely to agglomerate and effectively attach onto the seed surface and was therefore
elutriated. This is in agreement with what has been deduced when considering the morphology of crystals in
section 5.3. At 8 g/L, the effluent carried out very small crystals that are most likely prone to elutriation given
their size. Crystals formed at 15 g/L and 35 g/L were larger and tended to agglomerate and thus remained in
the bed.

Magnesium hydroxide crystals, which have the tendency to form agglomerates of nano-sized

primary crystals (Henrist et al., 2002), are light enough to be elutriated, however, tend to remain in the bed
at higher concentrations because they agglomerate to sizes that may not be elutriated or attach onto product
grains. It should also be noted that at higher concentrations, there are more solid interactions which may be
the reason magnesium hydroxide is trapped in the bed or tends to form larger agglomerates, which are heavy
and thus more difficult to be elutriated.
At low degrees of supersaturation, the growth mechanism is expected to prevail, minimising the formation of
fines through nucleation. However, the converse is observed, where low levels of supersaturation result in
more fines, due to the presence of seeds. The high ratio of fines to product may be due to the induction time
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of gypsum. Even though seeding material is expected to reduce the induction time, it is not clear whether it
is completely eliminated altogether. At low degrees of supersaturation, the induction time for gypsum
formation is longer. This means that as the supersaturated stream moves through the bed, crystal formation
happens in higher regions of the fluidised bed, or above the bed. These crystals remain small because there
is not enough supersaturation for crystals to grow to a size that allows them to settle in the bed, and are thus
elutriated as fines. However, this is assuming that mixing is instantaneous and supersaturation is achieved in
the bed. It is possible that supersaturation is in fact only achieved in higher regions of the reactor, causing fine
particles to be formed then, rather than in the bed.

5.4.5 Excess calcium hydroxide
A synthetic solution of 35 g/L total salt concentration was contacted with different ratios of calcium hydroxide
in the fluidised bed and the conversion was recorded. Figure 5.16 displays the findings.
100

Sulphate and magnesium conversion %

90
80
70
60
50
sulphate conversion
40
magnesium conversion
30

Theoretical sulphate
conversion
Theoretical magnesium
conversion

20
10
0
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

molar ratio of calcium to sulphate
Figure 5.16: Comparison between stoichiometric and excess calcium hydroxide for 35 g/L total salt concentration

The conversion of sulphate increases as the molar ratio of calcium hydroxide to sulphates in the feed
increases, and reaches the predicted equilibrium sulphate conversion at an excess molar ratio of four calcium
to sulphate ions for the particular suspension used. This is in agreement with Seckler’s (1994) findings in
phosphate removal, in which calcium supply above stoichiometric amounts result in higher efficiencies. Zang
and co-workers (2013) also found that sulphate conversions increased with higher concentrations of calcium
hydroxide in their study of gypsum precipitation from sulphuric acid. At stoichiometric amounts of calcium
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hydroxide and higher, magnesium conversion is close to the equilibrium conversion. This is because hydroxyl
ions are effectively in excess to magnesium ions because the stoichiometric amount of calcium hydroxide is
fed to match the sulphates in the system. The excess arises because there are more sulphates than magnesium
in the system. Karidakis and co-workers (2005) found that excess amounts of lime increased conversions of
sulphates and magnesium in their study of magnesium hydroxide precipitation. The conversion of magnesium
and sulphate is significantly lower than the theoretical conversion when insufficient calcium hydroxide was
fed, as expected.
The low sulphate conversions at ratios 1 and 2 of calcium hydroxide are essentially due to an insufficient
supply of calcium ions in solution to react with sulphate ions, given that the solubility of calcium hydroxide is
very low (1.8 g/L). This, coupled with the dissolution kinetics of calcium hydroxide, which is a strong function
of particle size and solid content, limits the effective supply of calcium ions. Given that the size distribution of
the calcium hydroxide suspension was wide (d50 of 5 µm and d97 of 50 µm), some particles may require
longer times for complete dissolution, and have been given sufficient time to dissolve within the residence
time of the reactor, resulting in a shortage of calcium ions to reach equilibrium sulphate conversions.
It is also possible for calcium hydroxide solids to serve as sites for gypsum deposition and thus be armoured
with a layer that would stop dissolution altogether. It is difficult to ascertain whether armouring of calcium
hydroxide does take place, however, it is expected that at larger amounts of solid, armouring effects would
be more pronounced and equilibrium conversions would not be obtained. It is therefore expected that
dissolution kinetics are responsible for inefficient sulphate conversions.
At a ratio of 4 calcium to sulphate moles, the amount of calcium ions in solution is simply higher than when
stoichiometric amounts are fed, and thus improves the amount of ions available for the reaction forming
gypsum. A larger amount of small particles that dissolve fast enough are also supplied, which further improves
the supply of calcium within the residence time of the reactor. Further to this, the increase in calcium
hydroxide solids provide a larger surface area exposed to the bulk solution, which speeds up the dissolution
of calcium which would in turn speed up the rate of crystallization. The ratio of 4 times the amount of calcium
to sulphates is characteristic of the suspension used and will differ for suspensions with different size
distributions.
The presence of more calcium hydroxide solids in the system may further reduce the activation energy for
nucleation. This translates to more precipitate forming at a faster rate within the given residence time, thus
increasing the conversion. It should be noted that conditions within the reactor for each experiment are not
identical. In the case of excess calcium hydroxide, the higher solid content may improve mixing efficiencies
and hydrodynamics, resulting in better calcium hydroxide dissolution and better mass transfer of precipitating
units.
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5.5 Process alternative
The multicomponent stream chosen for this case study has the potential to produce two separate crystalline
products, as opposed to the mixed precipitate discussed in the previous section. Since there are limitations to
the applicability of the mixed product for re-use, generating two separate products may be economically and
practically beneficial. In addition, being able to generate the products separately results in an almost zero
waste process, which is of significant importance with rising waste disposal costs. The proposed two-step
process sequence is described in the schematic in Figure 5.17.

NaOH
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Ca(OH)2
Product water

Stage 2

Mg(OH)2

CaSO4.2H2O

Figure 5.17: Schematic of proposed treatment process

The first step in this process involves precipitation of magnesium hydroxide with caustic soda as the
precipitant, since the stream is rich in magnesium sulphate. The next step treats the sodium sulphate
generated in the first stage, by forming gypsum when dosed with a calcium hydroxide suspension. This second
stage also regenerates caustic soda that could potentially offset reagent costs in the first stage. Mass balances
and detailed process flow diagrams of this process, as well as the process explored in previous sections of this
report are presented in the appendix.

5.5.1 Thermodynamic modelling and conversion in the two stage process
OLI Systems Stream Analyser TM was used to model the thermodynamic behaviour of the proposed two-step
treatment process. The model was used to determine the type and amount of solids expected in each stage
of the process. Figure 5.18 displays the findings for the first stage.
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Figure 5.18: Dominant solid as a function of pH (stage one)

Magnesium hydroxide is expected to precipitate out at a pH of 9.3, after which there is a steep increase in the
amount precipitated until a pH of around 10.3. This trend is similar to thermodynamic predictions for the
one—step process. After a pH of 10.3 the amount of magnesium hydroxide precipitated is constant at 13.6 g/L
of synthetic solution containing 35 g/L of total sulphate salts, as presented in Table 4.2. This maximum amount
of magnesium hydroxide obtainable corresponds to a 99.5% magnesium conversion. This is comparable with
magnesium conversions in the one-step process, which was around 99.8% for the same stream composition.
Calcium hydroxide begins to precipitate at a pH of 12.9 as expected.
The type and amount of solids expected in the second stage of the alternative treatment process is presented
in Figure 5.19.
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Figure 5.19: Dominant solid as a function of pH (stage two)

In the second stage of the two-step process, gypsum starts precipitating out at a pH of 11, which is slightly
higher than the precipitation pH in the one stage process (pH of 9.2). The amount of solid gypsum formed
gradually increases from pH 11 to 12, after which there is a steep increase until a pH of 12.7. The maximum
amount of gypsum obtainable from this stage is around 8.8 g/L and does not change when additional calcium
hydroxide is added into the model (not shown). This maximum amount of gypsum corresponds to a sulphate
conversion of 18%, which is substantially lower than the 88% sulphate conversion obtainable in the one step
process. This means that residual sulphate levels (9800 ppm) are far above the acceptable minimum sulphate
discharge concentration (200-600 ppm). The reason for low sulphate conversions in the second stage is due
to the presence of sodium sulphate, which is formed in the preceding stage. Figure 5.20 shows the behaviour
of sulphate and calcium activity coefficients in the presence of sodium sulphate.
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The activity coefficients of both calcium and sulphate ions decrease from around 0.4 to 0.1 as the amount of
sodium sulphate is increased. This means that the presence of sodium ions decreases the availability of
sulphate ions to react to form gypsum, hence the low sulphate conversion of 18%. The decrease in sulphate
and calcium activities may be as a result of speciation or complexing, which decreases the amount of ions
available to react. OLI Systems Stream Analyser TM was used to predict the possible ion pairs formed in this
system. Table 9.3 in the appendix displays these results. It was found that only trace amounts of ion pairs or
complexes are formed and a significant amount of sodium, sulphate and calcium ions remain in solution. It
was also predicted that a large portion of calcium hydroxide remained undissolved. The presence of free
sulphate, sodium and calcium ions indicate that even though ions are available, the reaction to form gypsum
is hindered. As a result of this hindrance, calcium hydroxide is unable to dissolve because calcium ions in
solution are not consumed and the solution remains saturated with respect to calcium. In other words, the
reaction step in Equation 27 limits the step described in Equation 26.
FG(CD)<

FG <= + 2CD E

FG <= + HCI<E + 2D< C ↔ FGHCI 2D< C

Equation 26
Equation 27

Calcium and sulphate ions become inactive as a result of shielding effects which is amplified in the presence
of sodium, as discussed in section 5.1.1 of this report. Sodium ions are strongly attracted but not bonded to
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sulphate ions in solution. The ion pair is then hydrated and becomes shielded from calcium ions. This stops
the formation of gypsum and is the reason for the decrease in calcium and sulphate activities observed in
Figure 5.20. This effect is corroborated by studies on the effects of sodium ions on the solubility of calcium
sulphate (Speigler et al., 1980; Ahuja et al., 2000; Murray, 2004).
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6 Conclusion
The aim of this study was to investigate factors that affect the conversion of sulphates and magnesium and
the recovery of gypsum and magnesium hydroxide from a multicomponent stream in a fluidised bed
crystallizer. The precipitation reaction forming gypsum and magnesium hydroxide was induced by the reaction
between a calcium hydroxide suspension and a synthetic solution containing magnesium and sodium sulphate
salts.
The seeded fluidised bed crystallizer has been found to be successful in the removal of sulphates and
magnesium when treated with calcium hydroxide. The presence of seeds decreased the formation of both
gypsum and magnesium hydroxide fines and increased the conversion of gypsum and magnesium by 7 % and
9%, respectively.
It was found that operation of the fluidised bed crystallizer is dependent on feed concentrations of the
wastewater to be treated. Concentrations higher than 50 g/L produced precipitate rapidly that hindered
fluidisation and carried the bed material out of the reactor.
Conversion of sulphate and magnesium increased as feed concentrations increased from 8 – 35 g/L. The study
found that feed concentrations of 35 g/L of total sulphate salts yielded better conversions (± 75%) of sulphates
to gypsum compared to 8 g/L (± 30%) due to the higher driving force and thus faster rate of crystallization. A
Ca:SO4 molar ratio of 1:1 did not yield equilibrium sulphate conversions, as a result of the incomplete
dissolution of calcium hydroxide for the given residence time. However, it was possible to remove 99% of the
magnesium in the wastewater stream under these conditions for each concentration investigated, since the
Mg:OH molar ratio was effectively in excess. Excess calcium hydroxide (a Ca:SO4 molar ratio greater than 1)
improved the supply of calcium ions for reaction and thus sulphate conversions, and the equilibrium
conversion of 88% was achieved at four times the amount of calcium to sulphates in the feed stream, based
on the characteristic suspension used. Residual sulphate concentrations (2200 ppm at 15 g/L to 1400 ppm at
35 g/L), even after equilibrium conversions were achieved, did not meet the maximum sulphate discharge
levels (200-600 ppm).
A crude separation of magnesium hydroxide and gypsum could be initiated in the fluidised bed at 35 g/L.
Gypsum crystals formed as needles and progressed to plates at higher feed concentrations. Magnesium
hydroxide produced nano-agglomerates that were elutriated out of the bed or were imbedded in the product
grain at higher concentrations. Overall the ratio of product, both magnesium hydroxide and gypsum, retained
in the bed increased as the concentration increased.
A process alternative to recover gypsum and magnesium hydroxide separately was investigated.
Thermodynamic modelling found that a 99% magnesium conversion was obtainable and only 18% sulphate
conversion was attainable, due to the electrostatic effects of sodium that shield sulphate ions which would
otherwise react with calcium to form gypsum. This shielding effect hindered the consumption of calcium ions
which drives the dissolution of calcium hydroxide. This low conversion limits the practicality of this system.
Other process alternatives to explore are the use of eutectic freeze crystallization or cooling crystallization
which could potentially remover more sulphates than precipitation.
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7 Recommendations
This study has found that treatment of high-concentration multicomponent mining effluents using calcium
hydroxide is possible in a fluidised bed crystallizer reactor, however, the process may be improved if
investigation into the aspects listed below are considered.

7.1 Residence time
The findings in this study indicate that the conversion of the system is dependent on the residence time. For
the given reactor, focus was on factors that increased the rate of crystallization, such as an excess feed of
calcium hydroxide to sulphates, because the experimental setup used was limited by a short residence time.
While this achieved higher conversions, reagent consumption was not efficient. The accelerated rate of
crystallization makes control difficult due to the large amount of precipitates formed. A longer residence time
in the form of a longer reactor may allow for effective supply of calcium hydroxide without excess quantities
being fed into the system. This would eliminate armouring issues, make filtration steps easier, as well as
decrease waste disposal costs of the effluent filtrate. A longer reactor may improve the recovery of products
since they spend a longer time in the reactor and are thus allowed to grow larger and settle. It would also be
beneficial to investigate the effect of mixing on the meso and macro-scale to better understand the
implications on calcium hydroxide dissolution.

7.2 Recirculation flow
A possible modification to the experimental setup could be to implement a recycle stream. In previous studies,
a recirculation flow was primarily introduced to increase the residence time of the species in the reactor,
thereby increasing the conversion (Seckler, 1994; Aldaco, 2005). By combining the recirculation and feed
streams, the influent to the reactor becomes dilute, therefore preventing high supersaturation levels (Guillard
and Lewis, 2001). In addition, the recirculation flow aids the fluidisation of the bed (Guillard and Lewis, 2001).
Seckler (1994) found that by recirculating some of the effluent exiting the reactor, efficiencies in precipitate
recovery increased. This is consistent with the findings of other researchers (Peterson et Al., 2002; Zhou et al,
1999; Wilms et Al., 1988, Aldaco, 2007; Villa Gomez, 2013). The recirculation stream could also be modified
to recycle fine particles suspended above the bed. Reintroducing fine particles to a supersaturated
environment will promote agglomeration of fines to larger particles and therefore increase recovery. This is
due to more particle collisions, expected in the bed, which will promote cementing of the particles in the
reaction zone. However, the implications of a high energy dissipation rate associated with the recirculation
flow may cause attrition, that is, further fines formation.

7.3 Calcium hydroxide dissolution
The dissolution of calcium hydroxide, and the rate at which this occurs, is of importance in this system. Given
the nature of the precipitation process using a suspension, the formation of one solid while simultaneously
dissolving another presents some challenges. Further insight into the dissolution behaviour of calcium
hydroxide would be beneficial so that the conversion of sulphates can be achieved more efficiently, that is, at
lower amounts of calcium hydroxide.
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7.4 Alternative process
Thermodynamic predictions for the alternative process predicted a maximum sulphate conversion of 18%,
making it an impractical option. Other process alternatives to explore are the use of eutectic freeze
crystallization (EFC) or cooling crystallization which could potentially remove more sulphates than
precipitation with calcium hydroxide can. Crystallization methods would be able to recover sodium sulphate
as a solid, thereby reducing the amount of residual sulphates.
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9 Appendix A-results
Section 1: Methodology
Table 9.1: Composition of silica seeding material

Component
SiO3
Al2O3
Fe2O3
TiO3
ZrO2
CaO
MgO
L.O.I

%
99.75
0.07
0.023
0.024
0.005
0.003
Traces
0.12

Section 2: Thermodynamic modelling
Table 9.2: Speciation predicted by OLI

species in
H 2O

Liquid 1 Species
H 2O

Vapor Species
H 2O

Solid Species
H 2O

CaSO4
MgSO4

OH-1
H3O+1

H2SO4
SO3

Ca(HSO4)2.2H2SO4
Ca(HSO4)2

Na2SO4

Ca+2

Ca(OH)2

Ca(OH)2 (Portlandite)

+1

CaOH
CaSO4

CaO (Lime)
CaSO4.0.5H2O (Bassanite)

H2SO4
HSO4-1

CaSO4.2H2O (Gypsum)
CaSO4 (Anhydrite)

SO3
SO4-2

Mg(HSO4)2.2H2SO4
Mg(HSO4)2.2H2O

Mg+2

Mg(OH)2 (Brucite)

+1

MgOH
MgSO4

MgO (Periclase)
MgSO4.12H2O

Na2SO4.NaHSO4
NaOH.Na2SO4

MgSO4.1H2O (Kieserite)
MgSO4.4H2O (Starkeyite)

Na+1

MgSO4.5H2O (Pentahydrite)

NaOH

MgSO4.6H2O (Hexahydrite)
MgSO4.7H2O (Epsomite)
MgSO4
Na2SO4.5CaSO4.3H2O
Na2SO4.CaSO4 (Glauberite)
Na2SO4.10H2O (Mirabilite)
Na2SO4 (Thenardite)
Na2SO4.NaHSO4
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2Na2SO4.CaSO4.2H2O (Eugsterite)
2NaOH.3Na2SO4
NaHSO4.H2SO4.1H2O
NaHSO4.H2SO4
NaHSO4.2H2SO4
NaHSO4.1H2O (Matteuccite)
NaHSO4
NaOH.1H2O
NaOH.2H2O
NaOH.3.5H2O
NaOH.4H2O
NaOH.5H2O
NaOH.7H2O
NaOH

Table 9.3: Supersaturation calculation for magnesium hydroxide

1,5
8
15
35
50
120

[Mg2+] mol/l

[OH-] mol/l

0,01
0,05
0,10
0,23
0,33
0,80

0,02
0,02
0,02
0,02
0,02
0,02

ksp(Mg(OH)2)
(mol/dm3)
1,80E-11
1,80E-11
1,80E-11
1,80E-11
1,80E-11
1,80E-11

Activity coeffMg2+

Activity coeffOH-

Supersaturation

0,46
0,43
0,38
0,29
0,27
0,17

0,82
0,70
0,70
0,70
0,70
0,60

6,85E+04
2,49E+05
4,15E+05
7,35E+05
9,80E+05
1,08E+06

Table 9.4: Supersaturation calculation for gypsum

1,5
8
15
35
50
120

[Ca2+]mol/l

[SO42-]mol/l

0,02
0,03
0,03
0,03
0,03
0,03

0,01
0,06
0,12
0,28
0,40
0,97

ksp(CaSO4.2H20)
(mol/dm3)
3,14E-05
3,14E-05
3,14E-05
3,14E-05
3,14E-05
3,14E-05

Activity coeff Ca2+

Activity coeff SO42-

Supersaturation

0,45
0,26
0,20
0,20
0,20
0,15

0,45
0,25
0,20
0,20
0,20
0,15

1,7
4,2
4,8
11
16
21
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Section 3: Batch experiments
pH investigation
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pH

8
pH at mix

6
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Ratio 1: x
Figure 9.1: pH as a function of calcium hydroxide to synthetic solution ratio

Gypsum fluidisation
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Volume (%)
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Figure 9.2: Particle size distribution of analytical grade gypsum by volume %
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Figure 9.3: SEM images of gypsum seeds

Figure 9.4: Fluidised bed crystallizer containing gypsum seeds
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Figure 9.5: Channelling observed in fluidised bed
crystallizer with gypsum seeds

Figure 9.6: Partial fluidisation of a bed using gypsum seeds

Silica fluidisation

Figure 9.7: First experimental run using silica seeds. Left to right a) lower region of column. b) Region of 2nd
calcium hydroxide inlet c) Region above 2nd calcium hydroxide inlet d) Higher region of column.
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Figure 9.8: Fluidised bed crystallizer with silica seeds

Figure 9.9: SEM Images of solids from effluent suspension with continuous calcium hydroxide flow
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Figure 9.10: SEM images of coated silica product
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Figure 9.11: Operating
region magnesium conversion
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Figure 9.12: Fines produced in batch experiments
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Section 4: Morphology

Figure 9.13: SEM image of silica surface

Figure 9.14: SEM image of silica surface (Close up)
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Figure 9.15: SEM image of 8 g/l product

Figure 9.16: SEM image of 15 g/L product
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Figure 9.17: SEM image of 35g/L product

Figure 9.18: SEM image of 120g/L product
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Section 5: Alternative process
One stage process mass balance

98

Two stage process mass balance
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Table 9.5: Thermodynamically predicted species for second stage in the alternative treatment process

total

aqueous

solid

g/L

g/L

g/L

Water

1052.11

1052.11

Hydronium ion(+1)

5.06E-12

5.06E-12

Hydroxide ion(-1)

1.94849

1.94849

Sulphuric(VI) acid

1.04E-29

1.04E-29

Bisulphate(VI) ion (-1)

5.21E-11

5.21E-11

Sodium sulphate bisulphate

4.45E-14

4.45E-14

NA3OHSO4

2.69E-04

2.69E-04

Sodium ion(+1)

10.9411

10.9411

Sodium hydroxide

6.48E-07

6.48E-07

Sulphur trioxide

9.10E-44

9.10E-44

Sulphate ion(-2)

18.3162

18.3162

Calcium ion(+2)

0.288748

0.288748

Calcium hydroxide ion(+1)

0.318987

0.318987

Calcium sulphate

0.810701

0.810701

Calcium hydroxide

21.5486

21.5486

Calcium sulphate dihydrate (Gypsum)

9.01304

9.01304

Total (by phase)

1115.3

1084.74

30.5617
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Section 6: Preliminary findings

Figure 9.19: Top region of the bed showing settling
particles

Figure 9.20: Gypsum sticking onto the reactor walls
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Figure 9.21: SEM images of solids from effluent suspension with continuous calcium hydroxide flow

Figure 9.22: SEM image of solid from effluent suspension after calcium hydroxide flow was
discontinued
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Figure 9.23: Elemental analysis of product composition from SEM- a) top region of the reactor (left) and b) lower region
of the reactor (right)

Figure 9.24: SEM image of the obtained image from higher region of reactor
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Figure 9.25: SEM image of the obtained product
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Figure 9.28: Elemental mass balance for 35g/L total salt solution
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