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Abstract

Scale formation is one of the persistent problems in mineral processing and related
industries. One of the main components of the scale is frequently gypsum or calcium
sulphate dihydrate (= CaS0;.2H,0). Gypsum is formed through the process of
crystallisation, and it is well known that crystallisation process is significantly
affected by the presence of admixtures. Industrially, scale formation occurs in an
environment which is very rarely free from the presence of admixtures. In a typical
mineral processing industry, certain types of admixtures are present, which may
include metallic ions (e.g. originated from corrosion products) and certain types of

the flotation agents used.

The effect of admixtures on crystallisation kinetics and cyclical morphology can be
very significant, even if they are present in trace amounts. It is important to
emphasise that the effects are generally specific, that there is no unified theory that

applics to all and every situation.

The present study has investigated the effect of certain admixtures on gypsum
crystallisation, and was accomplished in three phases of experiments: (1) seeded
batch crystallisation; (2) seeded continuous crystallisation, and (3) once through flow
system under isothermal condition. The three phases of the work used equimolar

solutions of CaCl; and Na;SOy to produce CaSQO, which is the precipitating species.

The seeded batch crystallisation experiment explored the effect of two flotation
agents commonly used in mineral processing plants: (1) sodium isdpropyl xanthate
(= SIPX) and, (2) isopropyl thionocarbamate. The experiments were performed at
25, 35, and 450C, respectively. The initial concentration of the crystallising solution
was 2,000 ppm of Ca® and it reached the equilibrium concentration values of
between 1,000 and 8,00 ppm of Ca®* in 90 minutes. The effect of the two selected
admixtures on crystallisation was measured by continuous monitoring of the
desupersaturation of the crystallising solution with time, which subsequently resulted
in the determination of the crystallisation rate constant. The results are as follows.
Firstly, the admixtures selected (either individually or in combination) were able to

retard the growth rate of gypsum.



In the absence of any admixture, the second order rate constant was between 1,405 x
10° and 1,561 x 10° ppm™ min™. Addition of SIPX at a typical plant dosing level (=
0.200 g/L) reduced the rate constant to 475 x 10 ppm™ min”, while isopropyl
thionocarbamate at a typical plant dosing level (= 0.070 g/L) decreased the rate
constant to 254 x 10°® ppm™ min'. However, addition of a combination of the two
admixtures, each at a typical plant concentration level, reduced the rate constant to
244 x 10° ppm’ min”, which was only slightly below that in the presence of
isopropyl thionocarbamate. Thus, in these batch crystallisation studies, isopropyl .

thionocarbamate seemed to be dominant over SIPX.

Secondly, the batch crystallisation system in the current work did not show any
induction time. It was concluded that the seeds added into the batch system could be
capable of eliminating the induction time. Thirdly, the reduced growth rate of the
gypsum crystals as affected by the admixtures was probably caused by the adsorption

of admixtures onto the crystal surface.

The second phase of the project involved a seeded continuous (MSMPR) crystalliser.
Some parameters used in this experiment (mean residence time, agitation speed and
type of one admixture) were taken from the batch experiment carried out in the first
phase of the project. Three admixtures were chosen for the seeded continuous
crystallisation: (1) SIPX, (2) Fe*', (3) Zn®, and they were used either individually on
in combination with each other. SIPX was chosen as it is one of the most common
flotation agents used in mineral processing. Metallic ions: Fe’* and Zn™* were
selected, since they were found in substantial amounts in both scale samples and
process water in certain minerals processing industries. In general, the admixtures
tested were found to be able to inhibit the crystal growth rates, but to enhance the
nucleation rates. In addition, the growth rate was found to be dependent on crystal
size, and hence, a correlation between these two parameters and the admixture

concentration was formulated.
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For a fixed level of concentration (= 700 ppm of Ca" at steady state) and crystal
surface area, it was proved that for each crystallisation temperature: 25 and 40°C, the

correlation function can be represented as

G =k L*(1+O)F
where:
G = linear growth rate, micron/hour
k, a,and p = dimensionless constants
L = (sphere equivalent) crystal size, micron

C = concentration of the admixtures used, ppm.

For both the crystallisation temperatures used, the correlation function shows that the
growth rate is significantly dependent on crystal size, but a weak function of
admixture concentrations. The mechanism of crystal growth inhibition was assumed
to be that of adsorption of admixtures onto the active growth sites, thereby
decreasing or stopping the growth. Similar to the first phase of the present study, this

seeded continuous crystallisation also showed no induction time.

The third phase of the project mvestigated the gypsum scale formation in a once-
through pipe flow system under isothermal condition and in the presence of
admixtures. Four types of pipe materials were tested: PVC, brass, copper and
stainless steel. Two admixtures were sclected: SIPX and Fe’*. The behaviour of the
gypsum scale formation was measured as the mass of the gypsum scale deposited on

the substrate per umt area of the pipe surface.

Within the range of the experimental conditions applied in this scale formation study,
the following results were obtained. Firstly, the mass of the gypsum scale increased
with concentration (in the range: 2,000 to 6,000 ppm of Ca") and that the correlation
between the mass and the concentration can be represented by quadratic functions.
Secondly, the mass of the gypsum scale decreased with increasing concentration of
the admixtures used. Thirdly, the flow rate of the scaling solutions (in the range: 0.4

to 1.3 cm/sec) did not significantly affect the mass of the gypsum scale. PVC
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produced the highest mass of gypsum scale, followed by brass, copper, and stainless
steel, respectively.

Fourthly, the presence of admixtures caused the surface of the scale deposit to
become rougher than was the case in a pure system, and longer scaling experimental
times resulted in denser scale deposits. In this scale formation project, the induction
time was investigated. In contrast with the first and the second phase of the projects,
the induction time in the scale gypsum formation experiment was significant. At a
concentration of 2,000 ppm of Ca®*, pure gypsum solutions had induction times of
about 105 minutes at 18.3°C and 97 minutes at 20.3°C. In the presence of 10 ppm of
SIPX, the scaling solution at 2,000 ppm of Ca®* and 19.2°C had an induction time of

1,400 minutes.

The present study produced three important findings. Firstly, the presence of Fe’* or
sodium isopropyl xanthate (SIPX) reduced the growth rate of gypsum crystallised
either in a vessel (= a continuous crystalliser) or in a pipe flow system. Secondly, the
rate of growth of gypsum crystals was found to be consistently higher in the vessel
than in the pipe flow system. The rate of growth of the pure gypsum in the
crystalliser at 25°C was 0.0389 kg/m’® hour while those in the pipe flow system were
between 0.0289 and 0.0202 kg/m” hour, depending on the pipe material and the
scaling solution flow rate. Thirdly, with respect to gypsum scaling, PVC was the
least favourable material, followed by brass and copper, while the most favourable

was stainless steel.
It is believed that the present study has significantly contributed to the understanding

of the effect of admixtures on crystallisation of gypsum, especially in relation to the

scale formation.
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CHAPTER1 INTRODUCTION

1. Background of the Study

Effect of admixtures on the crystallisation of gypsum has been widely studied, and
significant advances have been made. The motivation for this field of research is
mainly driven by the need to develep methods to control scale formation, which is
one of the persistent problems faced by many industrial processes. Research has
shown that one of the major constituents of many industrial scales is calcium
sulphate dihydrate (= CaS04.2H;0) or gypsum. In industrial practice, gypsum
generally forms or crystallises out of impure solutions, which contain many different
admixtures. One of the most frequently employed methods of studying the
crystallisation of gypsum is, therefore, the use of admixtures to influence the
crystallisation process (Adams and Papangelakis 2000; Amjad 1985; Amjad 1988;
Amjad and Hooley 1986; Amjad and Master 1985; He et al. 1994; Jamialahmadi and
Muller-Steinhagen 2000; Klepetsanis and Koutsoukos 1998; Liu and Nancollas
1973; Tadros and Mayes 1979; van Rosmalen et al. 1982; Weijnen and van
Rosmalen 1984; Weijnen and van Rosmalen 1985; Witkamp et af. 1990). It is
evident from all these previous investigations that the presence of admixtures in a
solution can have a considerable effect on crystallisation kinetics, even if they are
present in minute amounts. The effect is mostly dependent on the particular solvent-

solute systems and the characteristics of the crystal surface.

Research aimed at preventing or controlling gypsum scale formation could be
divided into two categories. First, earlier studies by Hasson and Zahavi (Hasson and
Zahavi 1970), Liu and Nancollas (Liu and Nancollas 1973) and many others (about
20 research works dating back to as early as 1958), mainly focused on the kinetics of
scale formation. Second, most of the later studies (Bansal and Muller-Steinhagen
1993; Bansal et al. 1997; Bansal et al. 2000; Bott 1995; Chamra and Webb 1994; Li
and Webb 2000; Linnikov 1999; Middis et af. 1998; Mori et al. 1996; Sudmalis and
Sheikholeslami 2000), on the other hand, have put emphasis on the external factors
influencing the deposition of the scale. These factors include hydrodynamics of the
scale forming solutions, the characteristics of the solid surface, the configuration of

the heat transfer equipment, etc.
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Most previous laboratory scale research on the effect of admixtures on the
crystallisation of gypsum was conducted in batch type crystallisers (see 20 references
tabulated in Tables 4.1 and 4.8, respectively, in Chapter 4), apparently for the ease
of operation and the economy of materials required. Only a few researchers
conducted continuous crystallisation of gypsum (Adams and Papangelakis 2000;
Jamialahmadi and Muller-Steinhagen 2000). The work of Adams and Papangelakis
(Adams and Papangelakis 2000), although using a continuous mode crystallisation,
laid emphasis on the formation of scale and its morphology, and not on the growth
rate of crystals within the crystalliser, The present study is aimed at investigating the
effects of admixtures on crystallisation kinetics of gypsum in vessels (both in batch
and continuous crystallisers), as well as in a flowing system. This investigation

involved three phases of experimental work as detailed in the next section.

2. Outline of the Thesis

The present study comprises three phases of experimental work as follows:

Phase 1: batch crystallisation
Phase 2: continuous crystallisation

Phase 3: scaling experiments.

This thesis contains nine chapters, in which the three phases of the experimental
work are consecutively presented in Chapters 4 to 7. Each chapter begins with an
introduction to outline its content and closes with a summary highlighting the main
points. In addition, references are placed after each chapter where appropriate. The

description of each chapter is given in the following paragraphs.

Chapter 1 introduces the reader to the background and purpose of the present study,
the contribution of the previous researchers in this area of research, the present state
of knowledge about the study topic, and the sequence of approach taken for the

present study. It closes with a detailed outline of the chapters in the thesis.
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Chapter 2 reviews the literature pertinent to crystallisation of gypsum. It starts with
a review of basic crystallisation theory. Then, it discusses the extensive research that
has been done, and advances that have been made in the area of gypsum
crystallisation. Next, discussion on the available techniques for the calculation of
crystallisation kinetics, which will be adopted in this study, is presented. The chapter
closes with the justification on the use of an MSMPR crystalliser for the second

phase of the experimental work in this study and the selection of admixtures.

Chapter 3 presents the literature review relevant to gypsum scale formation and
inhibition. It shows that earlier research on scaling, mainly focused on the kinetics
of scale formation and the effects of the presence of admixtures. In addition to the
effect of admixtures, most of the later studies have emphasised the effects of external
factors, such as the hydrodynamics of the system, the surface topography of the solid
surface where the scale may form, and the geometry of the equipment where scaling

usually occurs.

Chapter 4 discusses the first phase of the present study, which is the batch
crystallisation of gypsum in the presence of selected admixtures. Using a batch
crystallisation method, it was discovered that the two admixtures selected, that is,
sodium isopropyl xanthate (SIPX) and isopropyl thionocarbamate, were able to
reduce the growth rate. The calculation of growth rate was performed, by measuring
the reduction of the cation (= Ca2+) concentration in the crystallising solution as the
crystallisation process proceeded. Some parameters that were used in this batch
crystallisation experiment were applied in the subsequent experiments conducted in a
continuous mode. These parameters are: the mean residence time, the agitation
speed and one of the admixtures (SIPX). The continuous crystallisation experiment

is detailed in Chapter 6.

Chapter 5 claborates the materials and methods that were used in the continuous
crystallisation experiments, which is the second phase of the project. Firstly, the
mass balance calculations were carried out to determine the quantities of raw
materials needed and the amounts of the crystals that would be produced, as well as

the stream flow rates and their compositions.
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Secondly, the present chapter elaborates the detailed description of the crystalliser (a
mixed suspension mixed product removal, or MSMPR), and its performance.
Thirdly, a section is devoted to explain the preparation of the crystallising solutions
(CaCl; and Na,S0Oy), followed by an explanation on the preparation of the gypsum
crystals as seeds. Fourthly, sampling and measurements to extract the experimental
data are presented. These data include solution concentration with respect to Ca™,
slurry density and crystal size distribution (= CSD). Finally, a discussion on the
experimental design sclected for this experiment is given. Three factors were
examined: (1) type of admixtures, (2) concentration of admixtures, (3) crystallisation
temperatures. However, some alterations were later made to the implementation of

the experimental design, and these alterations are discussed in Appendix C.

Chapter 6 discusses the continuous crystallisation of gypsum in the presence of
admixtures, that is, the second phase of the study. Tt was found that the experimental
runs reasonably satisfied the conditions of an ideal MSMPR. The crystallisation
kinetics: nucleation and growth rates were calculated from the crystal size
distribution (CSD) using the Population Balance Equation (PBE). The growth rate
was observed to be dependent on crystal size. In almost all cases and within the
concentration range tested, higher admixture concentrations induced higher reduction
on the growth rates, but enhanced the nucleation rates. Since the growth rate was
found to be size dependent, an attempt was made to correlate the growth rate with

crystal size and concentration of the admixtures.

Chapter 7 describes the last or the third phase of the project, i.e. gypsum scaling
experiments, where scale formation of gypsum on pipe walls was studied in a once
through flow system under isothermal conditions. The parameters investigated were:
the concentration level, the flow rate, the type and concentration of admixtures, and
the type of the piping materials. The effects of these parameters on the scale
formation were measured as the amount of the mass of the scale deposited on the
surface of the pipe walls. Furthermore, the scale deposits were morphologically
studied using scanning electron microscopy (SEM), in order to reveal information
about the growth of the scale. The experimental rig and its performance are detailed

in this chapter.
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The experimental conditions were maintained so that effects caused by foreign
particle deposition and removal of scale by shear forces were minimised. An attempt
to correlate the results from phase two and phase three of the experimental work is

also detailed in this chapter.

Chapter 8 describes the conclusions of the present study and recommendations for

future work.

Chapter 9 compiles all the chapter summaries, with the intention to provide a more

detailed summary than that given in the abstract at the beginning of the thesis.
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CHAPTER 2 LITERATURE REVIEW - PART 1: CRYSTALLISATION OF
GYPSUM IN THE PRESENCE OF ADMIXTURES

2.1. Introduction

This thesis involves three phases of experiments on gypsum crystallisation in the
presence of admixtures: (1) batch crystallisation, (2) continuous crystallisation, and
(3) scaling experiments. The first and second phases were performed in batch and
continuous crystallisers, respectively, whereas for the third phase, a pipe flow system
was used. Hence, it was considered necessary to construct a review of literature that

appropriately fits these three experimental phases.

In this chapter, part 1 of the literature review, crystallisation of gypsum in the
presence of admixtures (related to the first two phases of the project) is discussed.
The second part of the literature review deals with the phenomenon of gypsum scale

formation and inhibition, and is presented as a separate chapter, that is in Chapter 3.

2.2. Kinetics of Crystallisation

Crystallisation is one of the oldest separation processes. It serves both as a
separation as well as a purification technique to obtain crystalline products using
relatively less energy than other separation methods. It is traditional to refer to
crystallisation as a process involving only liquid solutions, although in some cases it

occurs out of melt or gaseous phases.

Crystallisation process consists of two basic steps namely nucleation and growth,
Nucleation is the formation of crystal nuclei or stable crystalline phase in the
crystallising system. The crystalline solids subsequently grow to visible size. The
rates of nucleation and growth determine the characteristics of the ultimate product
crystals. In addition, agglomeration phenomenon i.e. the process where two or more
crystals collide and stick together to form a single crystalline entity, can have a

significant effect on crystal growth.
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Nucleation or the birth of new crystals is the formation of a solid phase from a liquid
(which can be either a solution or melt). The newly born crystals then grow larger.
Nucleation and growth of crystals are both rate processes and are defined as
crystallisation kinetics. The two processes are only possible if the solution is either
supersaturated or undercooled which is actually also one of the ways to obtain a
supersaturated condition. The crystallisation kinetics is, thereforc, essentially
governed by the level of supersaturation. In order to understand the crystallisation
process, especially its kinetics, the knowledge of supersaturation is important and

will be discussed in the following section on Supersaturation and metastability.

2.2.1. Supersaturation and metastability

With respect to crystallisation behaviour, a solution can be described as either
undersaturated, saturated or supersaturated. Supersaturated solutions are
thermodynamically unstable, which means that out of such solutions, the occurrence
of nucleation and crystal growth are theoretically possible. Nucleation and growth
are in fact the crystallisation steps to relieve the solutions from their unstable
conditions back to equilibrium. However, up to a certain supersaturation level, a
solution may appear to be stable and its properties do not change. This condition 1s
described as the metastability. Briefly, supersaturated solutions can be classified as

being in the labile or metastable region.

2-2



———p Concentration, C

Chapter 2

Labile Zone

Metastable Zone
Undersaturated Zone

Temperature, T

>

Figure 2.1 A typical supersaturation and metastability diagram

Figure 2.1 shows a typical diagram, which is normally used to explain the
phenomenon of a crystallisation process in terms of supersaturation. A solution at
point A is undersaturated. Such a solution is not able to crystallise because the
solubility product of the solute has not reached a certain value where the solute will
no longer be able to dissolve in it. Thus, if crystals of the solute are added into such
a solution, they will start to dissolve. Lowering the temperature of the
undersaturated solution at A, for example up to point B, will result in the solution
being saturated. The solid curve is termed the saturation curve, which means that the
solution at or along that line is no longer able to dissolve more solute and is,
therefore, thermodynamically stable. Solute crystals added into such a solution will
remain intact. The thermodynamic equilibrium state of the solution prevents the
crystals from either growing or dissolving in the solution. Further cooling causes the
solution to enter into the metastable zone where crystals might start to grow, Further
away from the saturation curve or nearer the supersolubility curve (= the dashed line

curve), the possibility of the rate of growth increases.
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If the solution has been cooled past the point C, it will be in the labile zone. In this
zone, the crystallisation process may take place rapidly in order to relieve the highly
supersaturated condition and push back to its equilibrium. As can be seen from
Figure 2.1, the higher the concentration the more labile the solution and thus, the
easier for the nucleation to occur. At very high supersaturations, therefore, the
nucleation rate can no longer be controlled which leads to a condition called
spontancous nucleation. All the conditions above, however, apply to homogeneous
nucleation, where no solute crystals are present in the solution. Adding solute
crystals to a supersaturated solution, however low the supersaturation level might be,
will result in the growth of the crystals at the expense of the solute concentration and
the growth will cease as soon as the solution has again achieved its equilibrium or its
saturated condition. It is also clear from Figure 2.1, that the width of a metastable
zone can be expressed by either the difference in cooling temperature or the
difference in concentration of the solution. Thus, metastable limit can be achieved in
two ways. Firstly, by cooling the solution while keeping the concentration of the
solute at a constant value, Secondly, by increasing the concentration of the solution
without changing the solution temperature, thus, using an isothermal process. This
second method is usually carried out by evaporation of the solvent at constant
temperature. Referring to Figure 2.1 the second method will follow the path: D - B -

E as follows.

An undersaturated solution is evaporated at a constant temperature until a saturated
condition, that is point B is reached. Further evaporation will cause an increase in
the solute content along the line B - E. When point E is reached the solution has
arrived at its metastability limit. On further evaporation the solution will enter the
labile zone, where nucleation or the formation of a solid phase called nucleus, takes
place very rapidly and that the higher the concentration (= supersaturation) the higher

the likelihood of nucleation occurring.

2.2.2. Nucleation

Nuclei formation takes place in several different ways. The formation may originate
from attrition, which is especially true for large crystals. The formation of nuclei by

crystal attrition is regarded as the one that occurs under macroscopic condition
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because the result of the attrition can visually be detected (Jancic and Grootscholten
1984; Larson 1984). With large crystals, the attrition effect can be seen, as the
crystals become rounded especially at the corners (Myerson 1993). On the other
hand, the formation of nuclei can also proceed in sub-microscopic range, such as in
the process of homogeneous nucleation. The currently available equipment for
nucleation process detection, particularly in sub-microscopic range, is usually not
adequate, hence assumptions are sometimes necessary. As an example, detecting
zero size nuclei is impossible, thus it is actually only an assumption that nuclei have
zero sizes {Jancic and Grootscholten 1984). Furthermore, the collected data from
analytical equipment have to be statistically treated and then interpreted. For
example, laser diffraction equipment to analyse crystal or particle size distribution
assumes that the particles are spherical in shape. For non-spherical particles,

therefore, a characteristic equivalent shape should be used.

Crystallisation is a process by which a change of phase occurs to obtain crystalline
product from a solution. A solution in the crystallisation term usually refers to a
liquid solution, although it can be solids (= melt) or a gaseous phase. A solution is a
mixture that consists of two or more species that form a homogeneous phase. One of
those species is termed the solvent and the other is the solute(s). A solution is
formed when the solute is dissolved in the solvent. Adding more solutes (o the
solvent continuously will cause the solution to reach a certain level of concentration
of solute that is called the saturation level. When the saturation level has been
attained the solution can no longer dissolve more solute. The maximum amount of
solute that can be dissolved in a solvent is temperature dependent. Thus, the
saturation level is influenced by temperature. A solution with a solute concentration
at saturation level is in equilibrium. In order for the crystallisation process to occur
the solution concentration has to be raised above its equilibrium level. The
difference between the equilibrium concentration and that above the equilibrium is
known as the supersaturation level. In a case where supersaturation is not too high,
the solution is said to be in a metastable region. In this region, formation of stable
crystalline solids is possible but usually the rate is very slow or negligible. If the
supersaturated solution contains crystals, for example by adding a certain amount of
them, then the added crystals will grow. The level of supersaturation can be raised

until the maximum boundary of the metastable region is reached. This boundary is
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shown in Figure 2.1 (section 2.2.1, Supersaturation and metastability) as the
dashed line curve called the supersolubility curve. As crystallisation is a
concentration-driven process, raising the level of supersaturation will result in an
increase in the rate of nuclei formation. If the maximum boundary is exceeded, for
example by raising the supersaturation level, then the nucleation rate will also
increase. Control of nucleation rate in a situation where metastable region has been
exceeded is difficult.  Nucleation rate increases sharply once a certain
supersaturation level has been exceeded. Crystallisation process should aim at
maintaining the crystallising solution in the metastable region in order to conirol the
nucleation rate. Controlling the nucleation rate means determining the amount or the
number of crystals produced and consequently also controlling the distribution of
crystals with regard to size, which is known as crystal size distribution (CSD), the

explanation of which is given in section 2.6.

The following diagram shows the mechanism, by which nucleation occurs.

Homogeneous

— Primary

Heterogeneous

Nucleation —— Initial Breeding

— Needle and Crystalline Breeding

—— Collision Breeding

~ Secondary —

~—— Impurity Concentration Gradient

—— Fluid Shear

Figure 2.2 Schematic representation of nucleation mechanism (Jancic and

Grootscholten 1984)
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2.2.2.1. Primary nucleation

Primary nucleation occurs in a crystallising solution in the absence of solute crystals
and usually takes place at relatively very high supersaturations. Primary nucleation
is generally subdivided into two categories: homogeneous and hetcrogeneous

nucleation.

2.2.2.1.a. Homogeneous nucleation

As a supersaturated solution is not in equilibrium, there are fluctuations in local
concentrations which give rise to the formation of small and unstable molecular
aggregates called clusters and that these clusters are continuously forming and falling
apart. In a homogeneous nucleation mechanism there is no foreign surface present in
the crystallising solution on which nucleation can start. Instead, the new phase
formation takes place by statistical fluctuations of solute entities, which form
clusters. It is assumed that clusters are formed by an addition mechanism of growth
units. As addition continues the cluster grows until a critical size is reached. The
attainment of critical size, however, is subject to the level of saturation of the
crystallising liquid. In undersaturated or just-saturated solutions the clusters will
never reach a critical size because the system is stable, hence, the number of clusters
formed is equal to the number of clusters decayed away. Clusters of a critical size
can be formed in supersaturated solutions where the size is inversely dependent on
the level of supersaturation. The higher the supersaturation the smaller the critical
size of the clusters, that is why higher supersaturated solutions are less stable than

those of lower ones (Myerson 1993).

Nucleus size

Thermodynamically, in homogeneous nucleation the free energy change for the
formation of nucleus, that is the Gibbs free energy, AG, is the sum of two opposing

terms.
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The free energy change for the phase transformation per unit volume (= solute

molecules attached and incorporated into a cluster), AGyolume, 15 negative and equal

to
kL’
AGvo!umez =-— Aiu (21)
Vm
where,
ky, = volume shape factor, dimensionless
L =size of cluster, um

Vi =molecular volume, pm’

Ap = chemical potential difference per solute molecule.

On the other hand, the free energy change for the formation of the nucleus surface,

AGgurface, 18 positive and is equal to

AGmrjiJr‘e = kaLz}, (22)
where,
ks = surface shape factor, dimensionless
L =size of cluster, um
Y = interfacial free energy, erg/particle.

Since clusters are minute bodies, the assumption of a cluster as a sphere is justified

and Eq. (2.1) becomes

4

AG = -
3

m

Au+dm’ty (2.3)

where r = radius of cluster, um.

The critical radius of the cluster, r*, can be calculated by minimising the free energy

equation above with respect to radius:

d(aG)  4m?

Au+8mry =0 (2.4)
dr

m
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2
——
Ap
and
s 4727’*3
n =—
3V
m

Therefore, the solute particle numbers required to form a nucleus, n*, is

ot = 2ay 3
3Au

3

where “a

The corresponding critical Gibbs free energy is then,

1

AGY = 54727‘*;/
or
N 167:7/3Vn21
AGY =—— T
3Au2
or
N 167:}/31’/2
8 =3 ’nz
3%4T%(In S)

The nucleation rate can now be calculated using the Arrhenius type equation,

AG
B, =4 -
o exp[ T

= surface area of a solute entity in the cluster surface.
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In this case, AG is chosen as AG crjjcat = AG". Therefore,

B, = Aexp[_

16zy°V}:
36°T*(InS)’

Chapter 2

(2.5)

It is obvious from Eq. (2.5) that nucleation rate is a function of supersaturation,

temperature and surface energy. The rate of nucleation will increase with increasing

supersaturation and temperature. On the other hand, it will decrease if the surface

energy is increasing. The Gibbs free energy, AG, is usually plotted versus the cluster

radius as shown in Figure 2.3. As can be seen in Figure 2.3, a cluster radius greater

than the critical size, rc, is associated with decreasing free energy and therefore the

nuclei will survive to grow.

Free energy, AG

: AGcn'ﬁca]

Cluster size, r

Figure 2.3 Gibbs free energy diagram for homogeneous nucleation showing

free energy change versus cluster size
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2.2.2.1.b. Heterogeneous nucleation

As homogeneous nucleation requires a very high level of supersaturation, the
occurrence of it is practically rare and in most situations heterogeneous nucleation
takes place before reaching conditions suitable for homogeneous nucleation. Under
heterogeneous conditions, which mean that the crystallising solution is not
homogeneous due to the presence of foreign bodies, the formation of nuclei calls for
less energy than that under homogeneous conditions. It has been postulated that the
difference in energy requirement for both the two situations is related to the wetting
angle, 0, between the foreign surface and the nucleus. The relationship is formulated

in Eq.(2.6).

2
AG _ (2+cosé)(l—cosO) AG

homogeneous 4 heterogeneous (2 6)

Equation (2.6) implies that under condition of complete wetting, that is 8 = 0, the
energy required for homogeneous nucleation is zero, which means that spontaneous

nucleation could take place.

Crystal solution

.....

Figure 2.4 Nucleation on a foreign particle for different wetting angles

2.2.2.2. Secondary nucleation

Secondary nucleation is the mechanism of formation of nuclei under the influence of
crystals or solid matter found in a supersaturated solution. In this study secondary

nucleation is considered to be the main nucleation mechanism as is evident from the
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roughness of the seed crystal surfaces (Nyvit 1985). In a stirred crystalliser
especially when supersaturation level is not high, secondary nucleation is the most
important source of nuclei. The extent of secondary nucleation is partly dictated by
the area and roughness of the crystal surface. When the surface is rough which
implies that there are a large number of dislocation points, the number of nuclei
formed is high. Similarly, the larger the area the more dislocation points will be
found (assuming that the density of dislocation points is constant), hence more nuclei
will be born. This also implies that size dependent growth of crystals is dependent
on the surface roughness. Large crystals have large surface areas and thus have more
dislocation points. Practically, it is sufficient to assume that secondary nucleation
must be dominant in stirred crystallisers. One reason is that crystal surfaces will
always be rough. Even smooth surfaces of a crystal are actually microscopically
rough, hence, the possibility of secondary nucleation always exists. Another reason
is that detachment of tiny fragments from the crystal surface is always induced by
agitation or stirring in the crystalliser. The nucleation process is classified and

explained in the following section.

2.2.2.2.a. Initial breeding

If a crystal is put into a supersaturated solution, a number of small crystalline
particles (= nuclei) is usually formed (Jancic and Grootscholten 1984; Myerson
1993; Roussean et al. 1976). This phenomenon happens even if the level of
supersaturation is relatively low. The appearance of these nuclei can be caused by
crystallite fragments that are detached from the surface of the "parent crystals" added
into the supersaturated solution. The crystallite fragments might be formed during
storage or when the crystal drying process takes place quickly. As the phenomenon
occurs only at the time when the crystals are first put into the solution, the
mechanism is called initial breeding (Jancic and Grootscholten 1984). Initial
breeding is also called dust breeding due to the source of nuclei or crystallite
fragments, which are likened to *“dust” attached to the parent crystals (Myerson
1993). It is obvious that the mechanism of initial breeding is not significantly
affected by stirring because the detachment of the small crystallites from the parent

crystals is relatively easy . In addition, level of supersaturation does not influence
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the initial breeding strongly due to the larger size of the detached crystals relative to
that of clusters, and thus it is very unlikely that the detached crystals will
disintegrate. If there is no disintegration, then all crystallites will grow to become
crystals. Assuming that the same size of surface area of added crystals was attached
by the same number of crystallites, it might be possible to relate nucleation rate with
the surface area of the added crystals. The occurrence of initial breeding can be
prevented or lessened by pretreating the parent crystals, such as by elutriation or
washing. Initial breeding can be categorised as “apparent” secondary nucleation

because there is no formation of completely new nuclei (Nyvlt 1985).

2.2.2.2.b. Needle breeding and polycrystalline breeding

In a solution with higher level of supersaturation, abnormal growth of crystals is
often found. This abnormal growth appears as needles and is attached at the ends of
parent crystals causing the roughening of crystal surfaces. Mixing or agitating the
solution causes these needle-like fragments to break away and detach from the parent
crystals. If the level of supersaturation is even higher the needle-like fragments
might grow and attach to each other forming aggregates or “polycrystals”. This form
too can be broken and detached from the parent crystals and hence the name
polycrystalline breeding.  The detachment will occur due to lowering of
supersaturation or abrasion. If crystals were well-formed, polycrystalline breeding
can be neglecied (Desai ef al. 1974). This type of breeding is also termed apparent

secondary nucleation, for the same reason as the initial breeding (Nyvlt 1985).

2.2.2.2.c. Collision breeding

Collision breeding takes place in a crystallisation process, which involves agitation
where crystals collide among themselves and/or with crystalliser internals. Because
the main cause is collision, the collision breeding can occur even 1f the
supersaturation level is low and the crystals have regular shape (Jancic and
Grootscholten 1984).  Collision breeding is an important phenomenon for
crystallisation process which involves high slurry density. If slurry density is low

and the crystals are of small sizes the collision breeding can be neglected because
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small crystals tend to follow the liquid streams and therefore do not collide either

among themselves and/or with the stirrer or the crystalliser internals.

Collision breeding is generally differentiated into two types (Jancic and
Grootscholten 1984), First, attrition type, in which new crystals are formed from the
fragments generated by the collision or impact. The process of attrition breeding will
leave visible defects on the surface of the parent crystals and in some cases the parent
crystals will become rounded. Attrition breeding is usually found in a system with
intense agitation. Second, contact nucleation, in which the mechanism does not
leave macroscopic defects on the surface of the parent crystals. The formation of
nuclei in this process can either be caused by micro abrasion or from the adsorbed

solute layer, which has not been crystallised.

Contact nucleation is probably the most important type of secondary nucleation in
crystallisation for the following reasons. Firstly, for initial breeding to occur the
crystals must have tiny fragments. Thus, initial breeding does not always take place.
Secondly, crystallisation will not produce needle breeding unless the level of
supersaturation is reasonably high. Thirdly, in order for the attrition to happen,
agitation in the crystalliser should be such as to cause strong collision among the
suspended crystals and between the crystals and the crystalliser internals. Moreover,
the suspension or shurry density should also be reasonably high. In a situation where
the concentration is low contact nucleation well occurs but attrition is not likely to

take place.

2.2.2.2.d. Nucleation caused by impurity concentration gradient

This type of nucleation occurs when the process of crystallisation proceeds in the
presence of impurities (Jancic and Grootscholten 1984; Myerson 1993). If seed
crystals are present in the crystallising solution, a boundary layer will form between
the solution and the surface of the crystals. Impurities in the solution may be
incorporated in the lattice or onto the surface of the growing crystals, thus creating a

gradient of impurity concentration inside and along the width of the boundary layer.
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Further away from the crystal surface, the concentration gradient will be lower and

this condition enhances the possibility of spontaneous nucleation.

2.2.2.2.e. Nucleation caused by fluid shear

The term fluid shear indicates that nucleation occurs in a non-stagnant crystallising
system (Jancic and Grootscholten 1984; Myerson 1993). Shearing flow caused by
agitation or movement of solution inside a crystalliser is responsible for the breeding
of nuclei. There are two sources of the nuclei, namely the dendritic crystallites and
the boundary layer. In a crystallising solution with high supersaturation, on the
surface of crystals may develop dendritic growth which due to shearing action within
the solution will be broken and grow as nuclei . The second source of the nuclei is
the boundary layer, which is removed by the shearing action of the fluid (Tai and Wu

1992). In this case the removed layer will act as growth units.

In summary the mechanism of nucleation can be stated as follows.

Nuclei-forming components in the form of solute entities that exist in a crystallising
solution interact randomly to form stable nuclei centres known as clusters which

subsequently grow to become nuclei.

Nuclei-forming components interact with foreign substances found in the

crystallising solution to become nuclei.

Crystals inoculated into the crystallising solution might bring the nuclei-forming
components with them. These components might break away from the inoculated

crystals and grow to become nuclei.

Inoculated crystals interact with the crystallising solution to produce nuclei.
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Inoculated crystals collide among themselves and/or with crystalliser internals to

produce nuclei.

The origin of the nuclei-forming components can be twofold:
1. The components may already exist in the crystallising solution.
2. The components are brought into the crystallising solution by the added crystals.

Once nuclei are formed, they subsequently grow to become crystals, which can be

detected visually. The growth of erystals is discussed in the next section.

2.2.3. Growth of crystals

After nucleation or the birth of new crystals, the subsequent crystallisation step 1s
crystal growth where nuclei grow larger by the deposition of solute molecules or
growth units, which break whatever bonds they have with the crystallising or
supersaturated solution and make new bonds with the crystals. Crystal growth
theories have evolved over the past century and it appears that the development leads
to the molecular or an atomic level identification, which involves not only the
crystals but also the environment wherein the crystals grow. The growth of crystals
means a regular addition of solute molecules or growth units from a supersaturated
solution onto the crystal faces. Therefore, the solution concentration is depleting
while the size and weight of the crystals increase. The growth of crystals is
determined by the rate of increase in the size of the surfaces. Different faces may
grow at different rates and this condition dictates the final shape of crystals. The
fastest growing faces will disappear while the slowest ones will remain, leaving the

crystal bounded by the slowest growing faces.

There are several ways to describe the crystal growth rate. First, the growth rate is
measured as a change in some dimensions with time, and this is known as the linear
growth rate (Nyvlt 1992; Sohnel and Garside 1992). As crystals have more than one
face, the linear growth rate must be specific to a particular face. It is usually meant

to be the growth rate of a certain face in the direction normal to that face. This can
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be a difficult decision because different faces of a crystal might grow at different
rates, so that from one particular crystal several different growth rates may be
obtained. This situation can be useful for the fundamental study of crystal growth
such as a crystallographic study where growth of different faces of a crystal needs to

be compared.

Second, the crystal growth rate can also be measured by observing the change in the
characteristic dimension with time. As is well known each type of crystal has its
own characteristic dimension, such as spherical, plate-like, needle-like etc. For
example, if the crystal is spherical in shape the characteristic dimension is its
diameter. Thus the growth rate can be determined as the change in diameter over a

certain length of time (Nyvlt 1985).

Third, the crystal growth rate can also be determined as the overall growth of the
crystal. In this case, the usual method to be used is to determine the change of the
crystal mass per unit time (Nyvlt 1985). The book written by Nyvlt ez al. (Nyvlt
1985) gives a comprehensive review of the theories of crystal growth, wherein as
many as ten theories and models are discussed. The discussion was adopted here to
elaborate the development of crystal growth theories. The theories are classified into
two groups, that is, based on either thermodynamic or kinetic properties, as explained

in the following section.

2.2.3.1. Theories based on thermodynamic properties
2.2.3.1.a. Theory of limiting faces

This is considered to be the oldest theory of crystal growth since its inception was
started in the 19 century (Curie, 1885, as quoted by (Nyvlt 1985)). It explains the
relationship between the shape of a crystal and the surface energies of its individual
planes. The growth of individual planes or faces of a crystal depends on the
capability of the crystallisation system to proceed towards a more stable equilibrium

state. Specifically, the growth of individual planes depends on the specific surface
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energies of those planes. The Wulff theorem is generally used to calculate the

specific surface energies as follows.

6i/hy = 62/h;=......= 6;/h; = ....... = g,/h, = constant 2.7)
where

6; = the specific energy of the i-th plane, erg/particle

h; = the distance of the i-th plane from the centre of the crystal, um.

If a certain face releases a large amount of energy it will experience the fastest
growth and vice versa. Hence, the face will either grow bigger or disappear. The

face with the slowest linear growth rate determines the final shape of the crystal.

2.2.3.1.b. Theory of Kossel and Stransky

Kossel and Stransky (Mullin 1972; Myerson 1993; Nyvlt 1985; Ohara and Reid
1973) suggested that crystals grow by a repetitive process of incorporation of growth
units onto a plane. Because a plane is the least energetically favourable site, the
incorporation of a growth unit onto it is the least expected. However, once an initial
species or growth unit has incorporated onto the plane, many other growth units will
rapidly cover the plane and eventually form a completely new plane layer on top of
the previous plane. Then, the slow process of finding an initial growth unit to attach
to the newly formed plane follows and the same process repeats. Thus, there is
fluctuation of growth. The theory also assumes that crystals have no imperfection on
their surfaces and that their shapes are regular. Kossel and Stransky proposed that
the amount of energy liberated during the incorporation of a growth unit, e.g. an
ionic species, onto a crystal plane depends on its position relative to the plane. Four

equations were formulated.

En = 0.8738 e¥/r (2.8)
Eg = 0.2470 e*/r (2.9)
Ex = 0.0903 ¢%/r (2.10)
Ep = 0.0660 ¢*/r (2.11)
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where, E refers to the amount of energy liberated, e is the elementary charge and r
the ion distance. The subscripts H, R, K, and P refer to the position of the growth

unit relative to the crystal plane as follows:

= “half-central” position

H

R = the unit is located in a corner of a completed plane
K  =the unit is added at the edge of a completed plane
P

= the unit is added in the centre of a completed plane.

2.2.3.1.c. The solid on solid (SOS) model

The SOS Model (Nyvlt 1985) explains that crystal growth mechanism is dependent
on the roughness of the crystal surface. The rougher the surface the easier the
growth units attach themselves to the surface. In this regard the similarity between
the SOS Model and the Kossel and Stransky Theory is evident. Furthermore, in both
theories a crystal is seen to consist of regularly structured repetitive units. During
growth process, the solid species in the boundary layer are in contact with the liquid
phase. The SOS model assumes that during crystal growth, the liquid phase in
contact with the surface of the crystal could become solid particles. The total
number of particles in the phase layer, N, is then calculated using the following

equation:

N = Nys + Nur (2.12)

where N, and Ny¢ are the total number of the solid species and the liquid species

respectively.

2.2.3.2. Theories based on kinetic properties

2.2.3.2.a. Boundary layer theory

This theory is advanced by Volmer (Nyvlt 1985) and is an important breakthrough of
crystal growth based on kinetic theory. As opposed to previous theories, Volmer
considered the existence of a boundary layer, which strongly adheres to the crystal

surface. Figure 2.5 shows the layout of the boundary layer.
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Mother phase Boundary layer Crystal

<> = movement of species (i.e. molecules, atoms or ions)

Figure 2.5 Schematic representation of the Boundary Layer Theory

Depending on its energy level, a growth unit can either move back to the mother
phase, stay in the boundary layer, or be adsorbed onto the crystal surface. Thus, it is
predicted that unless the growth unit or species has a high energy, it will stay in the
boundary layer or be adsorbed onto the surface of the crystal. The rate at which the
species moves is determined by the coefficient of surface self-diffusion of the

species, D, as follows:

D = d¥/4t (2.13)
where,

d = average distance between adsorbed species in the boundary layer, (um)

t = mean time period spent by the particle in the position corresponding to the

potential valley (= possible rest positions of the adsorbed particles), (sec).

2.2.3.2.b. Surface diffusion model (BCF Model)

This surface diffusion model was developed by Burton, Cabrera and Frank; hence the
name of the theory is also shortened as the BCF Model (Myerson 1993; Nyvlt 1985;
Ohara and Reid 1973). The Surface Diffusion Model does not recognise the
existence of the boundary layer, instead it explains that the species of growth moves
directly from the bulk of the solution to the crystal surface (Ohara and Reid 1973). It
then moves over the surface and attaches itself to the most energetically favourable
growth sites. In terms of energy level there are three regions, as depicted in the

following figure (Figure 2.6).
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Figure 2.6 Schematic representation of the Surface Diffusion Model

The rate of crystal growth is significantly dependent on its surface structure. As a
growth site, the crystal surface is generally classified into three regions as depicted in
Figure 2.6. The first region is the terrace that appears as a flat surface. This region
is atomically smooth and has a low energy. As can be seen from Figure 2.6, an
atom, a molecule or a growth unit has only one side to attach on the surface.
Therefore, a terrace is an unfavourable site for a growth unit attachment. The second
region is the step that separates flat terraces. A growth unit attached onto this region
has two-side attachment. One side is attached to the terrace; the other is attached to
the step. Thus, the probability of attachment is greater than that on the terrace. If a
particular step cannot grow completely along the terrace, it gives rise to yet another
region called a kink. It can be seen that a kink is the most favourable site for
attachment due to the three sides that belong to it. Kinks have the highest bonding
energy and offer the most favourable sites for unit growth or particle integration.
Thus, consistency can be seen among all models so far discussed, in that the face of a
crystal is the most difficult surface onto which a growth unit can stick itself. This
theory, however, did not explain how kinks, steps or terraces are formed. The

growth rate equation of the BCF model is represented as follows:
R = A ¢’ tanh (B/ o) (2.14)
where,

R =crystal growth rate, g/sec
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¢ = supersaturation
=8 — 1, where § = ¢/c*, dimensionless

A, B =temperature dependent constants.

2.2.3.2.c. Bulk diffusion model

The Surface Diffusion Model is more suitable for a crystallisation from vapour phase
where the concentration gradient is usually small and negligible (Nyvlt 1985). For a
solution crystallisation where the concentration gradient in the solution phase is
greater than that in the vapour phase crystallisation, it seems logical to assume that
the bulk diffusion can be a controlling factor. In order to adsorb onto the crystal
surface, the growth units need to move from the bulk of the solution through a layer,
which adheres to the crystal surface. Hence, the thickness of the layer plays an
important role. Consequently, all factors that affect the thickness of such layer must

be considered. A relationship for the linear growth rate, 1, is formulated as follows:

/= S‘B'kfy'C“*‘Q T 10. — (2.15)
[1+Flnasm}1€}

where,

1 = linear rate of face growth perpendicular to the surface, (um/sec)

s = number of cooperating spirals on the surface, dimensionless

B  =acomplex factor characterising the rate of incorporation of the growth
particle into the step

k = Boltzmann constant, (erg/particle.DK)

T = absolute temperature, °K

Ceq = cquilibrium concentration of a saturated solution, (particles/ml)

Q = volume of the growth particle in the crystal, ml

Y = surface free energy of a particle incorporated into the step, (erg/particle)

a = mean distance between growth units in the crystal, pm

D = diffusion coefiicient, (cmz/sec)

c = a factor which equals to (4 y a)/(skTd)

o = thickness of the diffusion (unstirred) layer on the crystal surface, pm
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2.2.3.2.d. Combined bulk-surface diffusion

This theory considers all the factors that exist in both bulk and surface diffusion
theories (Nyvlt 1985). It explains that all these factors exert resistance to the
incorporation of species of growth onto the crystal surface and that the resistance
dictates the growth rate. The mathematical model of the combined bulk-surface

diffusion is so complicated (Nyvlt 1985) that it lies outside the scope of this work.

2.2.3.2.e. The kinematic theory

In the surface diffusion model, the growth sites, whether they are surfaces, steps or
kinks, are considered as composed of regular distribution of mono-atomic steps. In
the kinematic theory, these growth sites are considered as irregular, thus there is no
crystal surface that is absolutely smooth (Nyvlt 1985). The surface roughness affects
crystal growth by affecting the layer movement. The step velocity, u, which governs
the rate of the layer movement, and hence, the rate of the crystal growth, is

formulated as follows:

u=g/n (2.16)
where,

u = step velocity, (length/time)

q =step flux

= number of steps passing a given point per unit time
n = step density

= number of steps per unit length in a given area.

The kinematic theory considers both lattice defects and surface roughness as the

controlling factors for crystal growth.

2.2.3.2.f. The diffusion layer model

The Diffusion Layer Model describes the crystal growth mechanism as consisting of

two consecutive sieps, that is, diffusion of growth units towards the crystal surface
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followed by integration or adsorption onto that surface (Mullin 1972; Myerson 1993,
Nyvlt 1985).

Cy
I Cy-C; = driving force for diffusion

G
I C;-C* = driving force for integration

C*

& (stagnant film) bulk of solution
<+—> — >

Figure 2.7 Schematic representation of the Diffusion Layer Model

Figure 2.7 shows the layout of the diffusion layer model, where the notations are

defined as follows:

C, = concentration in the bulk of the solution, g/L
C; = concentration at the interface, g/LL
" = concentration at saturated condition, g/L.

The diffusion rate of a growth unit into the crystal surface can usually be represented

by the following equation:

%:DAC"(;C* (217)
where,

dm/dt = diffusion rate, (g/sec)

D = diffusion coefficient, cm’/sec

A = surface area of crystal, cm?,

Further discussion on the use of the previous equation in this work, is given in

section 4.4 in Chapter 4.
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2.2.3.2.g. The nuclei above nuclei (NAN) model

In the NAN Model (Myerson 1993; Nyvlt 1985; Ohara and Reid 1973) a nucleus is
thought to have circular shape and thus of two dimension on a flat surface. The
NAN Model is also known as the Two Dimensional Growth Theory (Myerson 1993;
Ohara and Reid 1973). This theory assumes that a crystallising solution has a
constant supersaturation; hence bulk diffusion does not occur. The two dimensional
nuclei form on the crystal surface and then they grow sideways. However, this
theory is somewhat ambiguous in describing the growth rate of nuclei, and three

models are advanced:

- Mono Nuclear Model
- Poly Nuclear Model
- Birth and Spread Model.

Mono Nuclear Model explains that the rate of growth of nuclei is extremely fast.

The rate of crystal growth, G, is defined simply as:

G=h A.lI (2.18)
where,

h = step height, pm

A =crystal surface area, pm’

I = rate of formation of a critical nucleus per unit surface area per unit time.

Poly Nuclear Model, however, assumes exactly the opposite of that of the Mono
Nuclear Model, that is the rate of growth is zero or that the two dimensional nuclei
once formed do not grow at all. In other words, there have to be a large number of
nuclei, which sit next to each other until they cover the entire layer. The rate of

crystal growth is represented by the following equation:
G=J.nhr (2.19)

where,
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J = g constant factor

r. = the radius of the critical nucleus, pm.

Between the two extreme of Mono Nuclear and Poly Nuclear Models there is the
Birth and Spread (B/S) Model. The B/S Model has a finite constant rate and is
independent of size. In reality, the Mono Nuclear Model is not adequate because it
coniradicts the experimental data (Myerson 1993). According to the Mono Nuclear
Model large faces grow faster than small faces which in reality the opposite occurs.
The Poly Nuclear Model is not adequate either, because it expects that at a certain
supersaturation level, the growth rate, G, will achieve a maximum and decline
afterwards, the condition, which has not been experimentally observed. In reality, G
always increases with supersaturation, In the B/S Model, G increases with both
supersaturation and temperature. It can be assumed that the spread of the nuclei on
the crystal surface could be dependent on the level of supersaturation as well as on
the temperature.

The crystal growth according to the B/S Model is expressed as follows:

G =h. I'?, (v¥)*? (2.20)

where,

v*  =the rate of the spread of the nucleus.

All the three models have disadvantages, which make them difficult to be considered
as adequate models. The following reasons can be put forward, First, in all of the
three models, the growth process is assumed to be a non-continuous. Second, at a
low supersaturation, the calculated growth rates obtained are much lower than that of

the experimental data.
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crystal

Figure 2.8 Birth and Spread Model

The Two Dimensional Model is not widely accepted due to the fact that dislocation-
free crystals are very rare. Instead, the “spiral mechanism” theory dominates.
However, the Two Dimensional Model (which is sometimes called the Two
Dimensional Nucleation-mediated Growth Theory) is sometimes still used, for
example by van der Leeden et al. (van der Leeden er al. 1993) to explain the
retardation of growth of BaSQ, by certain organic additives in an unseeded
precipitation. They assumed that the surfaces of BaSO, crystals obtained from the
experiment were screw dislocation-free and atomically smooth. The assumption
could be questioned because the supersaturation ratio used was rather high, 1.e about
9.00, which normally would enhance rough crystal surfaces (Myerson 1993). It
could be argued that for Two Dimensional Theory to apply, the crystals should be

carefully grown so as to obtain growth sites with low dislocation density.

The previous discussion about theories of crystal growth could be summed up in a

few sentences as the following:

It appears that at the beginning, the theory of crystal growth focused on the growth
of the crystal per se without considering the existence of the environment
surrounding the crystals, such as the mother phase. Furthermore, the crystals were
considered as ideal substances, regular in shape and had no defects. The growth
was also ideal in that the deposition of the growth units proceeded in a regular
manner with the growth units themselves regular in shape. Later developments
considered crystals more realistically, i.e. that the surfaces of the crystals were not

smooth and had imperfections or defects. Defects were seen as the ideal growth
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sites. Subsequent development focused not only on the crystals and their nature but
also on the environment in which the crystals grow. The nature of the crystallising
solution was seen as having significant effects on the growth of crystals. Based on

this proposition several theories were advanced.

It is interesting to note, however, that whenever one theory failed to explain a certain
crystallisation condition, another theory seems to be able to shed light on it. As an
example, the layer by layer mechanism as proposed in the Birth and Spread Model,
is difficult to explain considering the fact that crystal faces can grow at a very low
supersaturation (as low as 0.1 %) which indicates that the number of nuclei might
not be enough to cover the entire layer (de Jong 1984). However, using the Surface
Diffusion Model, it can be assumed that most probably the number of nuclei still
manage to cover the kink sites in a continuous manner, hence the growth process is

still possible (Nancollas 1979).

Like any other particulate processes, crystallisation and especially precipitation is
almost always subject to agglomeration. Through agglomeration phenomenon, the
CSD as well as the shape of crystals in a crystallisation system may change, hence,

product quality as well as down stream processing may also be affected.

2.2.4. Solubility

Solutions are formed, by mixing two or more components, such as adding and
dissolving a solid substance in a liquid substance. The solid component is termed the
solid solute and the liquid component, the solvent. The amount of solute that can
dissolve in a given amount of solvent is temperature dependent. In most cases,
increasing the temperature of the solvent will result in dissolving more solute. A few
cases, however, show the opposite. As more solute dissolves in the solvent, the
resulting solution becomes increasingly “concentrated” and eventually a condition
will be reached where no more solute can dissolve. In other words, the amount of

solute that can dissolve has reached the maximum. The maximum amount of solute
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that can dissolve in a solvent at a given temperature is called the solute solubility.

Solubility is, therefore, temperature dependent.

Buds et al. (Budz et al. 1986), investigating the effect of some admixtures on a
continuous precipitation of gypsum found that Al’*, maleate and fumarate ions at
concentrations between 10 — 200, 120 — 800, and 120 — 300 ppm respectively, had no
effect on gypsum solubility. The solubility data of the substance to be crystallised is
especially important in cases where the crystallisation processes are to be carried out
in multi-component systems. However, the availability of such data is also subject to
specific systems. In some multi-component systems, trace amounts of foreign
substances can have significant effects on crystallisation kinetics. In some other
systems, for example, in the crystallisation of sodium chloride in the presence of
sodium sulphate, the presence of Na” and SO,> as much as 1,620 and 3,380 ppm
respectively, had little influence on crystallisation kinetics (page 100, Mullin 1979).

A solvent can be regarded as an impurity in the crystallisation from solution. It can
interact with solute to influence the solvation of ions and molecules. The adsorbed
layer as well as the active growth sites on a growing crystal can also be influenced by
the solvent (page 98 Mullin 1979). The effects of solvent, however, have not been
extensively studied, at least not as much as that for the effects of impurities. Studies
on solvent effect are usually carried out to examine the solubility values of solutes or
impurities, which dissolve in such a solvent. In certain cases, the interfacial tension
between crystal and solution was examined to verify the solubility of the crystal.
The results appear to be dependent on the crystallisation system. For one system, the
decrease in interfacial tension resulted in a decrease in crystal solubility (page 98
Mullin 1979). This is the case of the crystallisation of KCl in water-ethanol selvent,
For another system, increasing the interfacial tension results in a solubility decrease
(page 98 Mullin 1979). This was found in the crystallisation of cyclonite in water-
acetone solution. The interfacial tension in both cases was invariably changed by
changing the proportion or ratio of the organic components (ethanol or acetone)
making up the solvent. Kitamura ef ¢/. maintain that the influence of solvent is more
evident for crystallisation of organic materials (page 111, Ohtaki 1998). They have
also found that a certain type of crystal can assume different polymorphism if it was

crystallised in different type of solvents. Based on the data of Marshall and Slusher
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as cited by Hodgson and Jordan (Hodgson and Jordan 1976), it has been shown that
the solubility of calcium sulphate dihydrate (calcium sulphate dihydrate) in normal
seawater is practically constant at temperatures between 20°C and 50°C. Tt appears
therefore, that organic solvents have much more influence on the crystallisation

process than do inorganic solvents.

In this study the stability of the supersaturated solutions was verified by the
constancy of the total calcium ions in the solution for at least two hours with stirring

at 125 rpm, using Ca Ion Selective Electrode (Nancollas e al. 1975b).

2.3. Effects of Admixtures on Kinetics of Crystallisation

During a crystallisation process, nucleation, crystal growth and crystal morphology
can significantly be affected by the presence of small amounts of impurities. They
affect the purity and shape of the crystals in the crystallising system. Impurities and
additives are collectively known as admixtures. Impurities are substances, which are
present in the crystallising system as unwanted components. They originate from
various sources such as raw materials, minute particles detached from crystallisation
equipment, reaction among the crystallising components and so on. Additives on the
other hand, are chemical substances, which are intentionally added into the
crystallising solution to help the crystallisation process by altering the crystallisation
parameters. Admixtures can either enhance or restrain the crystallisation kinetics,

i.e. nucleation and growth of crystals.

Additives are widely used in the crystallisation process. They are usually added to
the process to promote the crystallisation efficiency such as filtration. Adding
additives to the process is sometimes also carried out to improve the crystal product
performance such as flowability so that handling of the product (= storage,
transportation etc.) is more convenient. These two previous examples show that the

added additives affect the shape, i.c. the habit and/or morphology of the crystals.

The surface of a newly formed crystal may adsorb the admixtures and subsequently a
change in surface characteristic follows, which influences the crystal growth, the

tendency for agglomeration, the dispersion characteristic etc. If there is different

2-30



Chapter 2

growth rate among different faces of a crystal, the crystal will finally appear with
different shapes. Thus the morphology of the crystal has changed. The mechanism
of the effect of admixtures on crystallisation is specific. There is no consistent
theory available as vet with regard to the influence of admixtures on crystallisation
process. In general, however, the effect of admixtures on crystallisation process can

be summed up as follows.

1. Admixtures influence the solution or the interface between solution and
crystals by changing their properties, and thus changing the crystal surface

characteristics.

2. Admixtures are incorporated into the crystal lattice and thus change the habit

and morphology of the crystals.

3. Admixtures react chemically with other component(s) in the solution, and

hence, influence the crystallisation process.

4. Admixtures are adsorbed onto the crystal face and thus, the growth of the

face is retarded.

For each and individual crystallisation system, however, the influence of admixtures
is specific. In other words, it cannot be predicted beforehand which one of the
possible mechanisms will operate. They will only be found after studying the
particular crystallisation system in question. Moreover, it is very likely that one or

more mechanisms will work at the same time,

Shor and Larson (Shor and Larsen 1971) investigated the effect of metallic ions and

surface-active agents on nucleation and growth rate of KNO; crystals in a continuous

2-31



Chapter 2

cooling crystalliser. It was found that the metallic 1ons Co?" and Cr** both reduced
the nucleation rate. The reduction was due to an adsorption of the charged cations
(Co®" and/or Cr’™) on the nucleation sites present on the crystal surface. Higher
concentration of charged cations results in more nucleation sites being blocked and
hence further reduction in nucleation rate. It was also proposed that the reduction in
nucleation rate could be due to the collision between ions in the solution. As the +2
or +3 charged ions adsorbed on the crystal surface, the chance that positive and
negative ions colliding on or near the crystal surface is reduced. Consequently, the

formation of clusters of ions, which leads to the birth of nucle, is also reduced.

The reverse phenomenon, however, was observed when surface active agents were
used. In fact, Shor and Larson (Shor and Larson 1971) found that increasing the
concentration of the surface-active agents increased the nucleation rate. It seemed
that the surface-active agents would have lowered the surface tension of the solutions
and consequently the contact angles of clusters with the crystal surfaces in the
solution decreased. As contact angle decreases the critical free energy of formation

of clusters also decreases causing an increase in nuclei formation.

Mechanism of the effect of admixtures on the growth rate of crystals could be
classified into four categories (Moyers and Rousseau 1987). Firstly, the admixtures
might be adsorbed onto the crystal surface. Thus, they form a barrier to ward off
transfer of growth units from the solution to the crystal surface. Secondly, the
admixtures might be adsorbed and occupy active growth sites, such as Kkinks,
rendering the sites unavailable for attachment of solutes or growth units to the crystal
surface. Thirdly, instead of affecting the crystal surface, admixtures might influence
the formation of solute clusters, which then results in affecting the growth. Finally,

the admixtures might integrate into the crystal structure.

The growth of crystals can be disrupted by the presence of admixtures in one of the
following mechanisms. Firstly, the admixtures change the solution properties.
Secondly, the admixtures alter properties of the solid-liquid interface in the
crystallising solution. Thirdly, the admixtures selectively adsorb on the various
crystal faces. Selective adsorption causes the disruption of the growth of crystal

faces and changing the surface energies. For example, low concentrations of certain
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dyes can cause dendritic growth of KCIQ; crystals. The opposite is also true. A
trace amount of pectic acid can stop the dendritic growth of NH4CI crystals. Not
only is the growth stopped but also the shape, the direction and the degree of
branching are altered. Adsorption of inhibitor onto the crystal surface may induce
crystal tendency to disperse or agglomerate (van der Leeden and van Rosmalen
1987). This occurs if the adsorption process is such that the composition and charge
of the electrical double layer surrounding the crystals are altered.

During a crystal growth process admixtures will first be adsorbed into the interface
and then incorporated onto the crystal surface. However, not all parts of the crystal
surface are able to receive the oncoming admixtures. There seems to be preselected
or favourable parts into which the admixtures can readily be incorporated (van der
Leeden and van Rosmalen 1987). As explained by Mullin, a crystal face, which is
entirely covered by kinks, will experience the fastest growth (Mullin 1972). Once
the admixtures have been built on the surface layer, they will inhibit the regular
deposition of oncoming growth layer. The inhibition will cause the perpendicular
growth of that particular face to slow down relative to other faces resulting in the
widening of the face, and therefore, the morphology of the crystal will also change

(Lahav and Leiserowitz 1990).

It is often overlooked, however, that there is the adverse effect of admixtures, that 1s,
an increase in admixture concentration will increase the crystal growth. The adverse
effect prevails whenever one of the growth parameters is extremely affected so that
other interrelated parameters are abruptly influenced in the opposite direction (van
der Leeden and van Rosmalen 1987). These two authors proposed two conditions
for this adverse effect. First, the phenomenon of an opposing effect, which is most
likely found in a continuous crystallisation process. If an admixture is a very strong
inhibitor for nucleation and growth, there will be an accumulation of supersaturation
up to a point where an “outburst” of nuclei occurs which is then followed by
desupersaturation. Second, at low concentrations, adsorption of a very strong
inhibitive admixture onto the surface of crystals and nuclei will be observable.
However, the crystallisation process itself will only start after being simulated by the
presence of higher admixture levels where the admixture act as template for
nucleation. Besides gypsum crystallisation system as investigated by van der Leeden

and van Rosmalen (van der Leeden and van Rosmalen 1987), other systems which
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are known to undergo adverse effect are the crystallisation of lead nitrate in the
presence of methylene blue (Blitznakov, 1965, as quoted in Industrial Crystallization
and Precipitation Workshop, Curtin University of Technology, Perth, Australia,
1998), and calcium oxalate monohydrate in the presence of L-glutamic acid (DeLong

and Briedis 1985).

2.4. Previous Studies on the Effects of Admixtures on Gypsum
Crystallisation

Klepetsanis and Koutsoukos (Klepetsanis and Koutsoukos 1998) in their study on the
effect of organophosphorus compounds on the kinetics of gypsum crystallisation
showed that the effectiveness of inhibitors in suppressing crystal growth can be
related to the morphology of the crystals. They found that the intensity of adsorption
of inhibitors on different faces of a crystal varies, thus resulting in a change of the
crystal morphology. This finding indicates that preferential poisoning of active
growth sites on crystal surface by ionised organophosphorus compounds must have

occurred.

An investigation of the factors which affect the growth rates of the habit faces of
gypsum revealed that the phenomenon of preferential adsorption can be interpreted
with reference to the charge of the ions forming the crystal lattice (Edinger 1973).
As an example, the (111) face of gypsum crystals consists of Ca®’, and hence, should
offer favourable sites for anionic species. Accordingly, if the face consists of both
anionic and cationic species, the adsorption phenomenon will be dictated by the

competition of the strength of the two species.

Sarig et al. found that PGA (= polyglutamic acid) strongly retarded gypsum
precipitation from seawater (Sarig ef al. 1975). Moreover, the habit of gypsum was
also significantly changed. One of the main factors to evaluate the retardation
efficiency of an inhibitor is by looking at the relationship between the lattice of the
crystals and the molecular structure of the admixtures or inhibitors (Davey 1979).
Sarig et al. (Sarig et al. 1975) also found that the effect of PVS (= polyvinyl
sulfonate) on the crystallisation of gypsum was less significant than that of PGA.
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The PVS only coarsened the faces of the crystals but was unable to change the
morphology. The difference in effect between the PVS and PGA on gypsum is
caused by the difference in their molecular structures or their functional groups. The
sulfonic groups in PVS are closer to each other than that of the carboxylic groups in
PGA. In addition the distance between the carboxylic groups in PGA, i.e. 8 A is
almost the same as the distance between Ca ions in CaS0..2H,0, which is 8.1 A.
Therefore, the effect is mainly caused by the structural compatibility between PGA
and CaS042H,0. In other words, if inhibitors are structurally well fitted to the
crystal lattice of the precipitating crystals, those inhibitors can be the most efficient

growth retarders.

The effect of low molecular weight polyacrylates (molecular weight between 710
and 12,800) on growth of gypsum was studied by Amjad and Masler using the highly
reproducible seeded growth technique (Amjad and Masler 1985). The result of their
study showed that increasing the amount of seeds will resuit in the proportional
increase of crystallisation rate indicating that the crystallisation process proceeded
without the occurrence of secondary nucleation or spontaneous precipitation. The
slurry density in the crystalliser they used, however, was not mentioned so that it
cannot be ascertained whether attrition of crystals had occurred to influence the
crystallisation rate. Their study did not include characterisation of the crystals so
that the effect of the admixtures on the crystal habit or CSD was not known. In fact,
they only studied the effect of the admixtures on crystal growth by comparing the
length of induction period relative to the amount of the admixtures used. Molecular
weight (MW) and concentrations of polyacrylates within the range used in their
study (MW: 710 — 12,800, concentrations: 0.00 — 0.25 ppm) did not affect the
crystallisation rate but only affected the induction period. The higher the
concentration of polyacrylates the longer the induction period, which suggested that

the polyacrylates incorporated into the growing gypsum crystals.

Hamdona et al. (Hamdona et al. 1993) in their recent work on unseeded
crystallisation of gypsum compared the inhibitory performance of organophosphorus
compounds and metal ions. It was discovered that the organophosphorus compounds
were able to completely stop the growth of the crystals while for the metallic ions a

complete inhibition was not possible.  Although the specific type of the
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organophosphorus species was not mentioned, it could be postulated in this case that
the organic chains had acted as a “fence” so that the advancing growth of the crystals
was more effectively blocked. These researchers also discussed the effectiveness of
exceedingly low concentrations of admixtures on crystal growth. It was found that
even traces of ion-exchange resins used to prepare the de-ionised water for the
crystallising solution hindered the crystal growth, which pointed to the preferential
blocking of active growth sites on the crystal surface. It was also interesting to note,
however, that agitation speed, which they applied up to 300 rpm, did not have any
effect on the crystallisation rate. It can be postulated therefore that their unseeded

growth experiment was not a diffusion controlled crystallisation system.

Al-Sabbagh et al. (Al-Sabbagh et al. 1996) studied the effect of different defoaming
agents on the habit and filterability of gypsum crystals. The habit of gypsum was
observed to change from needle-like to compact. The study showed that habit
modification was influenced by the functional groups adsorbed on specific surface of
crystals. The concentrations of the admixtures used were relatively high: 100 ppm.
It was found that esterified citric acid was successful to be used as admixtures. This
is due to the carboxylate groups (COO-), which have distances of 3.5 A which is
very similar to the distance between Ca ions in (111) face of gypsum. Face (111)
experienced a reduction in growth rate. The experiment was done in an unseeded
batch crystalliser with level of concentration of about 1,600 ppm of Ca®*. The batch
crystallisation experiment exhibited no induction period. It was found that the
functional group COO- was the active functional group. This was shown by an
increase in the filtration time when citric acid was used instead of esterified citric
acid. As is known, citric acid ((C3H4(OH)(CO;H)3 ) has three COO- while esterified
citric acid has only two because one group was esterified (esterified citric acid was
used as defoaming agents). It was discovered that if citric acid was used, the
filtration time was shorter due to the change in habit from needle-like to compact or
stumpy. The habit change was also evident from a microscopic examination. At pH
< 2 there was no habit change due to complete protonated citric acid (CsHsO7). At
pH values between 2 and 6, higher concentration was required because citric acid
was dissociated only between 20 to 50 %. At pH values > 6 citric acid was an

optimal agent for habit change due to complete dissociation. Fully dissociated citric
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acid yields free COO- which are active as crystal modifiers by incorporation onto the

crystal surface.

Weijnen and van Rosmalen (Weijnen and van Rosmalen 1985) investigated the
growth kinetics of gypsum using the seeded growth technique where the seed
crystals were very small in size to simulate the condition in scale formation. They
studied six different polyelectrolytes at concentrations between 0.02 and 2.00 ppm.
These rescarchers found that the effectiveness of a polyelectrolyte type growth
inhibitor depends on the pH of the crystallising solution. It was concluded that the
pH values must be such that a sufficiently anionic charge density exists, so as to
promote a strong electrostatic interaction between the inhibitor and the crystal
surface. Stronger interaction leads to stronger attachment of inhibitor to the surface

of the crystals, which leads to effective growth retardation.

He, Oddo and Tomson (He et al. 1994) studied the growth rate of calcium sulphate
dihydrate in a 500 ml jacketed pyrex glass reactor using the seeded growth
technique. They found that there was no induction period preceding the growth, and
that the crystals started growing, once they were added into the crystallising solution.
Their work showed that the rate of growth was a linear function of seed
concentration (seed concentrations used were from 0.20 to 4.00 grams per litre)
indicating that the only reaction occurred was that on the surface of the seed crystals.
The high activation energy found confirmed that surface reaction was indeed the
rate-determining step. Their study showed that the ionic strength of the crystallising

solution was an important factor for crystal growth rate.

Another work of Weijnen and van Rosmalen (Weijnen and van Rosmalen 1984)
investigated the effect of Cu’” and Zn®* on the growth rate of gypsum where the Cu’"
and Zn”" were derived from their sulphate salts. They observed that as much as 100
ppm of SO47originated from the copper and zinc sulphate salts added into the
solution did not alter the ionic strength, and thus the gypsum solubility was the same
as that of pure solutions. Higher charge densities of Cu?* and Zn®" than that of Ca™

was assumed to result in the enhanced growth rate of the gypsum crystals,
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Admixtures are generally preferentially adsorbed on certain crystal faces so that the
growth of those faces is altered. The adsorption of admixtures upon crystal surfaces
is also influenced by the charge, the steric arrangement of the admixtures molecules,
the dipole moment as well as the electric field on the crystal surface. The influence
of the charge of the admixtures can be shown by comparison between the rate of

*" into gypsum crystals (Witkamp and van

incorporation of Cd** and that of A
Rosmalen 1987). Witkamp and van Rosmalen found that the uptake of Cd** takes
place through an isomorphous substitution of Ca ions in the crystal structure. The
process of substitution is made possible by the similarity between the ionic radii of
Cd*" and Ca®*. These two metallic ions have very similar radii of 1.10 and 1.12 A
respectively (Lide 1999). The uptake of AP, however, is difficult because its ionic
radius is only about half that of Ca’". The difficulty in incorporation can also be

explained by the fact that the charge of 3+ in Al ions needs compensation.

The influence of sodium chloride on the growth rate of gypsum is also positive, that
is, the higher the NaCl concentrations the higher the growth rates (Brandsc and van
Rosmalen 1977). Their experimental data did not accurately fit the second order
growth kinetics, which is generally used as the empirical equation for gypsum

crystallisation system. The equation is of the form,

dC

—;,;-=kS(C—CS)” (2.21)
where,
-dC/dt = growth rate, g/min
k = growth rate constant, (L*)/(g)(min)  (forn=2)
S = number of growing sites, dimensionless
C = solution concentration, g/L
C, = saturation concentration at particular ionic strength, g/L
n = growth order, dimensionless.

A better fit would be obtained if correction were made on factor S, which is the
number of growing sites. As the crystals grow the total surface area increases so

does the number of growing sites. Hence, correction should be made by relating S to
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the increase in total surface area. Furthermore, the experimental data showed that the
relative increase in growth rate is not directly proportional to the relative increase of
calcium ions in the solution. This could be due to the interaction of the Na* and or
CI" with Ca®’ in the solution, which results in alteration of the activities of these ions

{Shinoda 1978).

Tadros and Mayes (Tadros and Mayes 1979) microscopically studied the linear
growth rate of gypsum under the influence of carboxylic and phosphonic acid
derivatives. They found that reaction crystallisation of calcium sulphate dihydrate
from its pure components yielded crystals of varying sizes, ranging from subsieve
size of about 5 um to 200 pm and that the crystals were either needle- or plate-like.
Adding admixtures to the reaction, however, caused the crystals produced to become
uniform in size as well as in shape. It was thus concluded that admixtures influence
the crystal habit and morphology. Tadros and Mayes also observed that inhibition of
growth on different crystal faces was selective. Retardation was observed on the
(111) face whereas the (110) face was enhanced. The work of Tadros and Mayes
showed that crystal habit modification occurs due to the correspondence between ion
spacing within certain crystal planes and configuration of the C chains of the
adsorbed admixtures. For example, the distance from Ca®* - to - Ca®* at the (111)
face = 3.7 A whereas the distance between C atoms in carboxylic groups = 3.5 A.
Thus, the two distances are quite similar which consequently enable the carboxylic

groups to replace the Ca*".

A seeded growth method was used by Amjad (Amjad 1988) to investigale the
kinetics of gypsum growth in the presence of polymers as admixtures. It was found
that the crystallisation rate, k, was directly proportional to the amount of seed
crystals added initially into the crystalliser, thus it can be concluded that the growth
occurred on the added seeds only. Amjad used slurry densities between 1.30 and
2.10 g/L but the stirring rate was not mentioned. It should be assumed therefore that
the speed of stirring must be low enough so as not to cause crystal attrition. Amjad
showed that trace amounts of polymers having carboxyl groups (-COOH) were an
effective growth inhibitor. The same findings were obtained by Smith and
Alexander (Smith and Alexander 1970) in their investigation on the effect of

admixtures on the crystallisation process of calcium sulphate dihydrate. The

2-39



Chapter 2

effectiveness of the carboxyl containing polymers as gypsum growth retarder was
assumed to be due to the highly anionic nature of carboxyl groups, which has the
ability to preferentially adsorb on the active growth sites of the crystal surfaces.
Smith and Alexander made this assumption as they discovered that cationic charged
polymers were not effective as inhibitors. The preferential adsorption of carboxyl
groups on the crystal surface was later assumed to be due to complexation reaction

with the Ca®*in the crystal lattice (Weijnen and van Rosmalen 1984).

Preferential adsorption of admixtures onto the crystal surface was also found in the
study of crystal growth of gypsum in the presence of phosphonates carried out by Liu
and Nancollas (Liu and Nancollas 1973). Their study showed that in the presence of
phosphonates, the habit of gypsum crystal was modified and that the lower the
admixture concentration the more pronounced the modification. Hence it could be
advanced that certain faces of gypsum crystals must have been favoured by
admixture attachment, When the number of the admixture molecules in the solution
increases due to higher concentration, however, all surfaces could be covered so that
retardation of growth for those surfaces was the same. As a result, the morphology

might be changed but the habit was retained.

It appears from the literature review that the effects of admixtures on the
crystallisation of calcium sulphate dihydrate or gypsum are dependent on specific
solvent-solute systems and accordingly different researchers have advanced a variety
of explanations. All the explanations put forward suggest, that the effecis of
admixtures already materialise even if they are present in minor amount in the
crystallising system. Another important aspect that has to be considered in studying

the effects of admixtures is the characteristics of the crystal surface.

2.5. Batch and Continuous Crystallisation

One of the considerations in a crystallisation operation is whether the operation
should be carried out in a batch or continuous mode (Jancic and Grootscholten 1984,
Myerson 1993; Nyvlt 1992). In addition, there is also the operation, which is done

with a mode somewhere between batch and continuous: semicontinuous. In this case
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the product withdrawal is either batch wise or periodically (Nyvlt 1992). The batch

mode is usually chosen for the following features.

1.

Production rates are small so that a series of continuous crystallisers and other

processing equipment is not economically feasible.

Materials to crystallise are very expensive, such as pharmaceutical or finc
chemicals. Using batch mode with small production capacity enables the

inventory management (material losses ete.) to be more accurate and reliable.

The crystallisation operation uses only simple instrumentation and operation. For
some batch crystallisations, the operation can be left unattended if necessary,
which is advantageous for small producers who cannot meet the high demand for

labour force in terms of qualification as well as quantity.

The crystallising materials are prone to form scaling both on the walls of the
crystallisers as well as of the related equipment. With batch crystallisers the

scale can be removed after each batch cycle.
The crystallising materials have slow growth rate and there is no need for product
classification or when a slight change in product quality, which often occurs from

one batch to the next, is allowable.

When a relatively large plant site is available.

Briefly, the choice of conducting the crystallisation operation in either batch or

continuous is mainly governed by both technical and economic considerations. All

conditions contrary to the features described previously are clearly favourable for

continuous operations.

Whether the operation is done in a batch or continuous mode, a precisely uniform

product size is impossible to obtain. Instead, the crystals produced have range of

sizes or that the crystals have size distribution. The following section discusses
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characterisation of the crystalline product, which is usually carried out with respect

to either size or shape.

2.6. Crystal Size Distribution (CSD)

Crystalline product obtained from a crystallisation process can be characterised with
respect to size and shape and it is always found that the crystals vary in size and that
no two individual crystals have perfectly identical shape. Therefore one of the main
characteristics of crystalline product is the distribution of sizes or the Crystal Size
Distribution {CSD). For non-crystalline or agglomerated product the CSD is termed
particle size distribution or PSD. In addition, the shape of the crystals is also an

important characteristic.

CSD is best presented graphically in some type of X-Y plot, where the X-axis
represents the crystal size and the Y-axis the amount of crystals, respectively. In
addition, the crystals should have unit size, which is representative of their shape,
For example, if the crystals are spherical, it is logical to represent the size as the
crystal diameter. For other shapes, a characteristic dimension of the crystals 1s used.
This means that the shape of the crystals is "converted” to be equivalent to a certain
shape such as a sphere. In this study the unit size of the crystals is calculated as the
sphere equivalent diameter. Similarly, for the Y or the vertical axis which represents
the "amount” of the crystals, several types of units can be used, for example, surface

area, volume, number or mass.
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Figure 2.9 A typical cumulative distribution plot obtained from an MSMPR

There are two common types of graphs to represent the distribution: histogram and
cumulative graphs. The histogram shows the number or mass of crystals which falls
within each size range. The cumulative plot, on the other hand, depicts the number
or mass of crystals above or below a certain size. Figure 2.9 is an example of the
cumulative plot obtained from a mixed-suspension-mixed-product-removal (=
MSMPR) crystalliser. The figure shows two curves: cumulative oversize and
cumulative undersize. Cumulative oversize curve shows the fractions of the crystals
above or larger than a particular size. On the other hand, the cumulative undersize
curve illustrates the fraction of the crystals, which is below or smaller than a

particular size.
Another way of presenting the CSD is through the use of a crystal population density

plot as depicted in Figure 2.10, which shows the number of crystals of a given size

in a given volume.
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Figure 2.10 Schematic representation of CSD in a population density plot

The number of crystals in the size interval L £ AL/2 is equal to AN.. For a

sufficiently narrow interval the limit value can be applied, thus

liméﬁ = n(L) (2.22)

A—0 AT,

where n(L) is the population density of crystals of size L. Again for a sufficiently
narrow interval, the curve in Figure 2.10 can be assumed as a straight line, thus n(L)

equals to the slope of the line.

2.7. Population Balance Equation (PBE)

A complete crystallisation process requires three types of conservation laws. Firstly,
the material balances, to calculate, for example, the yield or production rate.
Secondly, the enthalpy balance to calculate energy requirement. Thirdly, the
population balance to calculate the crystal size distribution (CSD). Clearly, the third
balance is unique to crystallisation and other particulate processes. PBE relates how
the distribution of crystals with regard to size develops over time under certain
crystallisation parameters. The parameters may include supersaturation of the
solution, crystallisation temperature, residence time, chemical composition of the

solution etc.
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Briefly, PBE serves two purposes. Firstly, if a set of crystallisation operating
conditions was applied and under which an experimental CSD was obtained, then a
set of parameters describing the kinetic of the crystallisation process can be
estimated. Secondly, (which is the reverse of the first purpose) given a set of
equations describing certain kinetics of the crystallisation process, the desired CSD
can be estimated. Thus, PBE is obviously a useful tool in crystallisation process. It
was developed by Randolph and Larson (Randolph and Larson 1988) and is a well-
established technique to derive crystallisation kinetics and is especially useful
because of its capability to determine both nucleation and growth rates
simultaneously. The following section on Continuous Crystallisers illustrates the

power of PBE in extracting the crystallisation kinetics.

2.8. Continuous Crystallisers

The concept of PBE assumes that the crystalliser feed stream contains no crystals.
Thus, the concept applies to unseeded MSMPR. In this study, addition of seed
crystals is necessary (o enhance the crystallisation kinetics, namely the nucleation
and growth rates. To accommodate the seeded conditions, a new concept based on
that of Randolph and Larson was developed for the MSMPR system (Chan 1997).

The concept was adopted for this work and was based on the following assumptions.

1. The system operates in a continuous steady state condition.

2. The volume of the crystalliser is constant.

3. The birth of crystals is through nucleation only; there is no effect of attrition and

agglomeration.

4. Both solid and liquid phases have identical residence times.

The work of Chan (Chan 1997) for the steady state population balance for a seeded
MSMPR crystalliser is given as follows.
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Figure 2.11 Schematic representation of a continuous (MSMPR) crystalliser

It was assumed that in a crystalliser with volume, V, there are crystals with arbitrary
sizes of Ly and L,, with population density, n; and n3, and with growth rates, G, and
G2

The number of crystals entering the range L; and L, with incremental time At,

because of growth is:

Vo Gy At (2.23)

The number of crystals exiting the system in the range L and L; with incremental

time At, because of growth is:

Vi, G, At (2.24)

Because the feed stream contains seed crystals in the range Ly and L, the input mto

the distribution in the volume V, becomes,

Qi mAL At (2.25)
where,
Q; = volumetric flow rate, L/min

n; = average population density of the seeds in the range L, to L; in the feed,
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(pm™. litre crystailiser suspension™)
AL = (L] - Lg), pm

At = time increment, min.

In the same manner, the number of crystals exiting the system is,

Q n AL At (2.26)
where
Q  =Qi = volumetric flow rate, L/min

n = average population balance of product crystals,

(um'. litre crystaltiser suspension'l)

At steady state condition of solid phase, it is safe to assume that the input to size
range AL = the output from size range AL.
Then, by combining Eqs.(2.23) to (2.26)

Vi G At+Q; niALAt=Vn, G;At+Q n AL At (2.27)
or,
V(Gan—Gim)=(Q mi~Q n)AL (2.28).

As AL approaches zero, average values of “n” become point values, therefore,

L om—on (2.29)

v

An MSMPR crystalliser at steady state would result that inlet flow rate, Q; = outlet
flow rate, Q. Thus Q;=0Q.

Therefore, Eq. (2.29) becomes

d(Gn)

14 =
dlL

0,(n, —n) (2:30)
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Meanwhile, the mean residence time of the system is 7, where:

Therefore, Eq.(2.31) becomes,

T

d(Gn) _
dL i

Integration of Eq. (2.32) yields,

where,

L = characteristic crystal size, (um)

n = population density, (um™. litre crystalliser suspension”)

G = linear crystal growth rate, (um. hour'l)

T = mean crystalliser system residence time, (hour)

n® = nuclei population density, (um™, litre crystalliser suspension™')
£

n—-n, = (n’ )eA

L

(E)

= inlet seed population density, (um’'. litre crystalliser suspension™).

2.9. Nucleation Rate

Chapter 2

(2.31)

(2.32)

(2.33)

In an ideal MSMPR crystallisation system the plot of population density, La n,

versus crystal size, L, results in a straight line as shown in Figure 2.12.
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Ln(m)

Crystal size, L

Figure 2.12 A typical semi-log plot of population density, Ln n, vs.crystal size

The slope and intercept of this straight line determine the growth rate, G, and the
population density at zero size, n°. Then, the nucleation rate is calculated from the

following equation.

B =n°G (2.34)
where,
B° = nucleation rate, (no.of nuclei)/(m’ hour)
n° = population density at zero size

= number of nuclei at zero size, (no.of nuclei)/(micron m’)

G = linear growth rate, micron/hour.

Some crystal systems, however, show deviations from the above expressions,
especially at small crystal size regions. Instead of a linear relationship between Ln n
and L, a distinct upward curvature occurs as shown by the dotted line in Figure 2.12,
usually at sizes below about 20 micron (Jancic and Grootscholten 1984). In some
other systems, the curved lines could begin to show at sizes below as large as 40
micron (Hartel et al. 1980; Sikdar and Randolph 1976), or even 100 micron (Liang
and Hartel 1991). In such cases, therefore, the McCabe's AL law, where the growth
rate, G, is not a function of crystal size, L, does not hold. If such deviations occur, a
calculation procedure for crystallisation kinetics determination as proposed by

Garside and Jancic (Garside and Jancic 1976; Garside and Jancic 1978) and Jancic
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and Grootscholten (Jancic and Grootscholten 1984) is usually employed. The
procedure was developed due to limitations imposed by particle sizing instruments,
so that nucleation rate calculation has to resort to a particular technique, depending
on the range of particle size data available (Jancic and Grootscholten 1984). As
shown by Jancic and Grootscholten (previous citation) the population balance
analysis is almost always subjected to a situation where data for a certain part of the
particle size distribution, usually the small size region, is not available. As can be
seen from Figure 2.12, it is possible to draw several different straight lines through
the small size region of the plotted experimental data. Hence, nucleation and growth
rate values may vary depending on the slope and intercept of the particular straight
line chosen. This arbitrary choice is evidently one of several possible reasons why
the resulting kinetics of one crystallising system can be different even when the same

experimental conditions are carefully applied.

Obviously, for such a case where a curved line occurs, the slope of the line no longer
has a single value and the intercept of it must accordingly be determined.
Undoubtedly, the most appropriate intercept is one that sufficiently covers the
smallest crystal size down to which the size analysis is performed. In this study, the
technique for choosing a suitable intercept as proposed by Jancic and Grootscholten
was adopted (Jancic and Grootscholten 1984). A linear regression through five
smallest data points, which were obtained from CSD measurements, was carried out
and the resulting equation yielded the slope and intercept of a straight line, The

nucleation rate was then calculated using the obtained slope and intercept.

The experimental data obtained in the present study show a very sharp increase in the
small size portion when plotted on a population density chart. Therefore, as
suggested by Jancic and Grootscholten (previous citation), the smallest crystal size
able to be detected by the particle analysis instrument was chosen. In fact, when
dealing with crystals of microscopic sizes, an effective nucleation rate is generally
used (Meadhra et al. 1996; Rusli et al. 1980). As the analytical instrument used in
this study (= Malvern MasterSizer) is able to detect the smallest size as low as 1.18
micron, it was decided to select the five smallest crystal sizes: 1.18, 1.35, 1.55, 1.78,

and 2.05 microns consecutively, for the nucleation rate determination.
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2.10. Growth Rate

2.10.1. Mass growth rate

The mass growth rate is defined as the amount of mass of crystals deposited per unit
surface area of seed crystals over a certain period of time (Witkamp ez al. 1990).
The mass growth rate is also termed the mass deposition rate. For MSMPR
crystallisers it is usually measured over one residence time, because at steady stale
the crystals remain within the crystalliser over a period of one residence time. The

following equation is used to determine the mass growth rate .

© 4 a 235)
where,
Rg = mass growth rate, (g)/(m*)(hour)
A = sum of surface area of seeds + sum of surface area of product, m’
dw/dt = differential rate of growth, (g)/(hour)
where,
dw = mass deposited or yield, gram
dt = residence time, hour.
Sum of surface area, A is calculated as,
2

A=mnfL (2.36)
where,
1 = population density, no./um. litre
f; = shape factor, dimensionless
L = characteristic crystal size, pm.
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2.10.2. Linear growth rate

Another way to characterise the growth rate of crystals is to measure their linear

dimension, and hence the term linear growth rate.

Population density curve at end of run

Population density curve at start of run

Natural log. of population density, no. / (micron)(litre)

Crystal size, micron

Figure 2.13 A typical linear growth rate calculation plot

The procedure is illustrated in Figure 2.13 and is carried out by measuring the
change of the characteristic dimension such as the crystal length with time. The
distance between the two curves in Figure 2.13, as shown by the horizontal line A-B,
is regarded as the linear growth rate of the crystals. It is important to note that for
accurate results, the measurement should be made at points where the two curves are

as closely parallel to each other as possible.

In a seeded MSMPR experiment by Chan (Chan 1997), the linear growth rate was
evaluated by measuring the average distance between particle size distribution curve
of seeds, which is at the beginning of the experimental run, and that at the end of the
run when the steady state has been achieved. The procedure was adopted in this

present study. Typical curves for the determination of the linear growth rate are
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shown in Figure 2.14, which was taken from an experimental run with no

admixtures and 15-minute residence time.

Sphere equivalent crystal size, micron
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Figure 2.14 A typical population density plot for growth rate calculation

2.11. Yield

As crystallisation proceeds, concentration of the crystallising ions in the solution

decreases to form crystals as solid phase. Yield, which is defined as the amount of

crystal mass produced over a certain period of crystallisation run, can therefore be

determined by calculating the difference between the initial and final concentrations

of the crystallising ions. For gypsum crystallisation carried out in this study, this

means to calculate the difference in Ca®* concentrations at the beginning and the end

of the crystallisation run. For MSMPR crystallisers the decrease in concentration can

also be determined as the difference between the initial concentration and that at

steady state, where the concentration has reached a constant value.

Summary

The literature review reveals the following features.

Crystallisation is a complex process. The properties of a crystallising solution are

the decisive factors to influence the end product because the formation of a crystal
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embryo or nucleation and its subsequent growth into a crystalline product are
heavily dependent on such properties, particularly the level of supersaturation. The
existing knowledge about nucleation is extensive and the origin of nucleation is two
fold. Firstly, it originates from the dissolved solutes, which is described as true
nucleation. Secondly, the origin can be the materials already undergoing the
process of crystallisation but have not yet achieved their final form; hence the name
is apparent nucleation. The growth of crystals is significantly influenced by the

characteristics of the crystal surfaces.

It is almost impossible for a crystallisation process to proceed in a condition which
is free from the presence of admixtures and that a minute amount of admixtures
could have a very significant effect on crystallisation and its subsequent handling of
the crystal products. The literature review also reveals that as yet there is no
general conclusion or a systematic theory regarding the effect of admixtures on

crystallisation. The effect is unique to crystallisation system under consideration.

Gypsum crystallisation is generally regarded as an unwanted phenomenon, due to its
contribution to the scale formation, which is one of the persistent problems in many
industries. Studies on the crystallisation of gypsum in the presence of admixtures are

extensive, but general conclusions are yet widely varied.

MSMPR studies are regarded as a highly reliable and established technique to
extract crystallisation kinetics such as nucleation and growth rates. However, in an
MSMPR crystalliser, the crystallisation time is not an independent variable, so that it
must first be selected. The selection can be carried out by examining the

performance of a batch crystalliser.

Crystals are produced with varying sizes so that distribution of crystals with regard
to their size, which is known as Crystal Size Distribution (CSD) is one of the main
characterisation of crystals. The quality of a crystalline product is frequently related
to its CSD.

CSD data of a crystallisation process is needed in order to extract the crystallisation
kinetics, mainly, nucleation and growth rates, and this extraction is made possible
through the utilisation of a Population Balance Equation (PBE). A Population
Balance Equation is essentially a discreet accounting of crystal product, and
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therefore it can also be applied to any particulate processes. While the PBE was
originally developed for the unseeded MSMPR, it was later developed to cover the
seeded MSMPR.

Calculation of nucleation and growth rates can be carried out in a number of ways

depending on the characteristics of the CSD.

Crystallisation of gypsum is closely related to scale formation due to the following
reasons. First, gypsum is crystalline matter formed through a crystallisation
process. Second, one of the main components of the scale was frequently found to be
gvpsum. In the process of crystallisation, admixture effects cannot be overlooked
since most crystallisation takes place in the presence of admixtures. A unified theory
on the effects of admixtures on crystallisation of gypsum is as yet unavailable.
Hence, it was felt that the crystallisation of gypsum in the presence of admixtures
carried out in this study would add to the existing knowledge. The study was carried
out in a continuous (MSMPR) crystalliser using three different admixtures: Fe'" and
Zn’" (in their sulphate salts), and sodium isopropyl xanthate (SIPX) and their
combinations. There were several reasons for the choice of the crystallising system.
First, crystallisation process in an MSMPR can achieve steady state;, hence
extraction of experimental crystallisation kinetics under steady state condition is
possible. Second, the Department of Chemical Engineering at Curtin University of
Technology has been and is actively involved in assisting mineral processing
industry to alleviate the burden of scaling problem with particular emphasis on
gvpsum scaling. Third, the flotation water in one of the mineral processing plants
with which the Department of Chemical Engineering associates, was found to

. . . ) + +
contain a significant amount of metallic ions: Fe** and Zn’".

Fourth, the use of sodium isopropyl xanthate (SIPX) as a flotation agent is widely
recognised and it is one of the flotation agents used in the above-mentioned mineral

processing plant.

The next chapter (Literature Review - Part 2: Gypsum Scaling: Effect of Admixtures
on Gypsum Crystallisation Kinetics) discusses the scaling of gypsum, since gypsum
is one of the main componenis of scale formed in many industries. Some researchers

studied the crystallisation of gypsum with specific aim to reveal the phenomenon of
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scaling and thereafier to develop methods to control its formation. Their studies

were either carried out using a laboratory beaker test, crystallisers or piping system.
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CHAPTER 3 LITERATURE REVIEW — PART 2: GYPSUM SCALING:
EFFECT OF ADMIXTURES ON GYPSUM
CRYSTALLISATION KINETICS

3.1. Introduction

Scaling is the unwanted formation of a solid layer on equipment surfaces and piping
systems and is one of the persistent problems encountered in many industrial
operations such as distillation, cooling and heating of liquids, mixing, evaporation,
crystallisation etc. The solid layer may become increasingly thicker during the
process and the resulting deposit reduces the capacity of production through
resistance to heat transfer, restriction of materials flow, corrosion and wearing out of
construction materials etc. Research aimed at preventing or controlling the scaling
problem has been extensive and significant advances have been made. However,
currently available data have not yet been able to produce a general theory to

elucidate all aspects of scaling phenomenon.

This chapter deals with the literature review pertinent to gypsum scale formation and

inhibition, and is divided into the following sections:

Introduction
Background
Classification of Scaling

Mechanism of Scaling

o S e

Scale Formation of Gypsum,

3.2. Background

The term scaling is often used interchangeably with fouling (Krause 1993), although
the two terms are not necessarily the same and hence, a clearer definition can be
made about them. Scaling is the process of scale deposition on a surface such as the
wall of a pipe or heat transfer surface (Epstein 1983). The term "scale” itself means
a solid layer and in most cases it consists of crystalline materials (Forster and Bohnet

2000; Hasson 1981; Nulty et al. 1991). Fouling, on the other hand, refers to any
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alteration on a surface of equipment due to accumulation of dirt, scale, corrosion
products and other substances (Perry and Green 1997). Fouling is an unwanted
phenomenon because it reduces the rate of heat transfer and/or the rate of flow,
which ultimately translates into loss of production. Although a variety of measures
have been taken to prevent its occurrence, it is still one of the serious problems
encountered in industrial operations, particularly those involving heat transfer, piping

system and liquid separation using membranes.

Briefly, scaling is one major category of fouling. Hasson (Hasson 1981) refers to
scaling as precipitation fouling due to the fact that the scale deposited consists of
hard crystalline layers formed through a crystallisation or precipitation process.
Scaling is a persistent problem encountered in many industrial processes.
Desalination installations (Amjad 1985; Linnikov 1999), cooling water systems
(Nancollas and Klima 1982), chemical processes involving evaporation and/or
crystallisation (Hasson 1981), potable water supply lines (Hasson 1981) and mineral
processing plants (Northwood 1995) are some examples where the severe problem of
scaling is usually encountered. In de-salting plants, for example, acid treatment or
addition of scale inhibitors is usually required to suppress scale deposition.
Distillation of sea and brackish water to produce potable water as practised in de-
salting plants generates tenacious scale deposits containing calcium sulphate as one
of the main constituents (Linnikov 1999). Apart from desalination operation, scaling
problems in providing potable water results from the accumulation of CaCO; deposit
on the inner wall of the pipe due to supersaturation with respect to CaCO; in the
flowing water (Hasson 1981). Still another scaling problem can also be found in
evaporation and crystallisation processes. The severity of scale deposition is
enhanced in certain cases by the presence of contaminants, which either originate
from the process solution, such as CaCO;, CaSQs or Ca oxalate, or from the corrosion
by-products (Hasson 1981). Scaling problems encountered in heat transfer
equipment are intensified when the scale forming minerals show inverse solubility

characteristics.

Scaling in pipes and on surfaces of vessels causes serious operational problems as
well as increasing costs of pumping and replacement of parts. It decreases the

performance of a heat exchanger due to higher resistance to heat transfer. The
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resistance is the result of the build up of a thin film that grows into a solid layer and
thus hinders the flow of heat. The solid layer also restricts the fluid flow causing a
greater pressure drop and thus an increase in energy requirements for pumping
operation. The scaling problem is technical as well as economical. Cleaning up the
accumulation of scale on the heat exchanger surfaces or the wall of pipes can be a
very difficult operation. In some cases, a process shut down is the only choice and

conscquently loss of production is inevitable.

Scaling is mainly caused by dissolved inorganic components crystallising out of the
supersaturated solution with  respect to the dissolved components. With
supersaturation levels being the key factor, the scaling phenomenon is not
necessarily confined to heat transfer surfaces, but also occurs under isothermal
conditions or at ambient temperatures. One such condition is the scaling problem in
the potable water supply system, where the pipes carrying the water do not undergo
appreciable changes in temperatures and yet scale formation is prevalent. One of the
major components of scale in some industries is calcium sulphate dihydrate or
gypsum (Cowan and Weintritt 1976; Northwood 1995; Tadros and Mayes 1979).
This chapter attempts to review the developments of scale prevention and control

with regard to gypsum.

3.3. Classification of Scaling

Scaling is one of six major categories of fouling (Bott 1988b; Epstein 1983; Perry
and Green 1997). These are:

1. Particulate fouling: duc to the accumulation of suspended fine particles (in
either a liquid or gaseous stream) onto a surface (Bossan et al. 1995; Chamra
and Webb 1994; Epstein 1983; Grandgeorge et al. 1998; Gudmundsson 1981;
Karabelas et al. 1997; Masn and Cliffe 1996).

2. Chemical reaction fouling: fouling due to the deposition of materials onto a
surface caused by chemical reactions, such as auto-oxidation, polymerisation

and thermal decomposition (Crittenden 1988; Watkinson and Wilson 1997).
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3. Corrosion fouling: the deposition of corrosion products on the heat transfer

surfaces (Crittenden 1988).

4, Biological or bio fouling: fouling of the surface due to growth and proliferation
of micro- or macro-organisms, which are present in the fluid (Huttinger 1988,

Sheikholeslami 1999; Sheikholeslami 2000b).

5. Crystallisation fouling: due to the deposition of crystals, which crystallise out of
the solution, onto the surface (Bott 1988a; Epstein 1988; Helalizadeh et al.
2000).

6. Freezing fouling: fouling due to the freezing of process fluid, which then coats

the heat transfer surface (Perry and Green 1997).

3.4. Mechanism of Scaling

A review on precipitation fouling or scaling given by Hasson (Hasson 1981) is
probably one of the most comprehensive. The review describes the general
mechanism of scaling once the supersaturated condition is established. The

mechanism proceeds through five steps as explained below.

1. Nucleation: the formation of nuclei or active centres, which subsequently grow to

become crystals.

2. Diffusion: the transport of the scale-forming components such as ionic species,

solvated ions, molecules, particulate solids etc. to the solid surface.

3. Deposition: due to adsorption or attachment of the transported materials onto

either the crystal surface or the solid surface.

4. Removal: detachment or removal of the deposit layer due to shear stress exerted

by the flowing fluid.
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5. Ageing: changes to the scale characteristics, caused by recrystallisation, phase
transformation, Ostwald ripening, etc., which may either strengthen or weaken

the scale deposit.

The five steps for scaling mechanism described above may occur concurrently or
consecutively. In addition any two mechanisms may produce a synergistic effect

(Hasson et al. 1996).

3.5. Scale Formation of Gypsum (Gypsum Scaling)

Many studies have been reported concerning gypsum scaling. Earlier studies (Amjad
1985; Amjad 1988a; Amjad 1988b; Amjad and Masler 1985; Edinger 1973; Gill
1980; Hasson and Zahavi 1970; Liu and Nancollas 1970; Liu and Nancollas 1973;
McCartney and Alexander 1958; Nancollas 1983; Nancollas and Klima 1982;
Nancollas and Reddy 1974; Nancollas et af. 1979a; Sarig et al. 1975; Sarig and
Mullin 1982; Smith and Alexander 1970; Tadros and Mayes 1979; Vetter 1972)
mainly focused on the kinetics of scale formation. They were either carried out in
laboratory crystallisers of various configurations or on heated metal surfaces to
simulate heat transfer equipment. The main concern was on the initial formation of
the scale. Most of the later studies (Bansal and Muller-Steinhagen 1993; Bansal et
al. 1997; Bansal ef al. 2000; Bott 1995; Chamra and Webb 1994; Li and Webb 2000;
Linnikov 1999: Middis et al. 1998; Mori ef al. 1996; Sudmalis and Sheikholeslami
2000), on the other hand, have put emphasis on external factors influencing the
deposition of the scale. These factors include hydrodynamics of the scale forming
solutions, the characteristics of the solid surface, the behaviour of the particles
suspended in the scaling solutions, the configuration of the heat transfer equipment

etc.

3.5.1. Admixtures as scale inhibitors

Research on the effect of admixtures on gypsum crystallisation to develop strategies

in preventing the occurrence of scaling is extensive as detailed in this section.
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A rather comprehensive study was carried out way back in 1958 by McCartney and
Alexander, which showed that nucleation and growth of gypsum were strongly
suppressed by trace amounts (as low as 13 ppm) of colloidal particles (McCartney
and Alexander 1958). They tested as many as 18 different organic as well as
inorganic admixtures and concluded that the retardation effect of the admixtures on
gypsum crystallisation was due to adsorption of the admixtures onto the crystal
surface, thus preventing the advancement of the growth step. Moreover, their study
showed that the strength of the adsorption has a positive correlation with the
molecular weight of the admixtures. They later discovered that adsorption of scale

inhibitors on crystal faces is selective or preferential.

Smith and Alexander (Smith and Alexander 1970) reported that polymers containing
carboxyl (-COOH) groups are effective inhibitors for gypsum scale due to their
ability to preferentially adsorb on the active growth sites of the gypsum crystal faces.
The preferential adsorption was also confirmed by Edinger (Edinger 1973), and Liu
and Nancollas {Liu and Nancollas 1973).

Due to the preferential adsorption and different density of growth sites, the habit of
gypsum may change significantly, because different faces may have different growth
rates. It is logical to assume that the most efficient growth retarder will be the
inhibitor which is structurally well fitted to the crystal lattice of the precipitating
crystals. Investigation on the effect of polyglutamic acid (= PGA) and polyvinyl
sulphonate (= PVS) on gypsum growth by Sarig et al. (Sarig et al. 1975) lends
support to this view. It was found that PGA was more effective than PVS as gypsum
growth retarding agent because the carboxylic functional groups (-COOH) in PGA is
structurally more compatible to CaSQ4.2H,0 than the sulphonic groups in PVS.

Amjad and Masler (Amjad and Masler 1985) showed that trace amounts of
polyacrylates affected the growth of gypsum significantly by incorporating into

crystal lattices as the crystals grow.

The recent work of Oner ef al. (Oner 1998) has compared the rate of crystallisation

of calcium sulphate dihydrate in a pure solution with that in the presence of
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admixtures. Various acrylics and methacrylics were used as admixtures. Rates of
crystallisation in the pure solution were found to be between 1.4 to 2.2 times higher

than those where admixtures were added.

In an earlier study (Tadros and Mayes 1979), the effect of admixtures on crystal habit
was investigated by comparing the shape of the crystals formed with and without
added admixtures. They found that carboxylic and phosphonic acid derivatives
caused the gypsum crystals to grow more uniformly in size and shape than those

formed in a pure solution.

The first step in scale formation is nucleation. Knowing the effect of admixtures on
nucleation is therefore, undoubtedly important. It was reported that nucleation can
either be promoted or suppressed by admixtures. Nucleation of gypsum in an
ammoniacal solution was observed to be enhanced by the presence of calcium
carbonate crystals (Kagawa ef al. 1981). Sarig and Mullin (Sarig and Mullin 1982),
on the other hand, reported that the nucleation rate of gypsum in the presence of Al
and F fluctuated with the admixture concentrations. In yet another case, the
nucleation of gypsum was suppressed by the presence of either phosphonates or

polycarboxylates as admixtures (He ef al. 1994).

Considering the different responses of the nucleation rate of gyspum in the presence
of different admixtures, a general explanation of the suppressing effect of admixtures
on nucleation should not be attempted. In contrast, a case-by-case explanation would

seem to be more convincing.

Rescarch on growth kinetics of gypsum in impure solution by Amjad (Amjad 1988b)
has suggested that the initial growth was dependent on the solution pH. Amjad
explained that the pH level might have influenced the ionisation of the poly acrylic
acid added into the crystallising solution as admixtures. The ionisation reaction
should have provided more functional groups such as carboxyl, in the solution to

retard the growth.

In another study, the dependence of gypsum growth on solution pH was substantiated

(He et al. 1994). Tt is most likely that pH influences the degree of ionisation or
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dissociation of certain organic admixtures, which results in more functional groups
being available in the crystallizing solution. These ionised functional groups are then
adsorbed onto active growth sites and decelerate or even stop the growth. Some
other studies (Klepetsanis 1999; Klepetsanis and Koutsoukos 1989), however,
suggested that pH did not affect the growth of gypsum crystals.

Al-Sabbagh et.al (Al-Sabbagh et al. 1996) studied the effect of different defoaming
agents on the habit and filterability of gypsum crystals. The study showed that habit
modification of gypsum was influenced by the functional groups adsorbed on
specific surfaces of crystals. It was found that esterified citric acid was suitable as an
admixture. This is due to the distance between carboxylate groups (COO-) of 3.5 A,
very similar to the distance between Ca ions in (111) face of gypsum. At pH values
of > 6, citric acid (one of the agents tested) was completely dissociated. Fully
dissociated citric acid yields free COO-, which are then active as crystal modifiers by

incorporation onto the crystal surface.

In order to better understand the scaling problem in industrial process waters, Chan
and her group (Chan 1997) conducted a gypsum crystallization study using plant
liquors from a particular mineral processing plant. It was observed that the plant
liquors retarded the crystallisation reaction compared to pure synthetic liquors. It
was believed that the retardation was due to the impurities, which were either

dissolved or suspended in the liquors.

In an attempt to cover a wider temperature range of industrial processing
applications, a gypsum scale control study was carried out by El Dahan and Hegazy
(El Dahan and Hegazy 2000) who investigated phosphate esters as the admixtures at
temperatures ranging from 40 to 90°C. Their study showed that at the same
supersaturation level and within the range of the temperatures sclected, higher
temperatures consistently required higher concentrations of admixtures to obtain the
same percentage of scale reduction. This study suggests that the effect of admixtures

on gypsum crystallisation can be temperature dependent.
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A recent study on the crystallisation kinetics of gypsum in the presence of Fe*t, Zn™,
and sodium isopropyl xanthate (= a flotation agent) (Muryanto and Ang 2002) shows

that nucleation rate was enhanced while growth was retarded.

3.5.2. Composite or mixed scaling of gypsum

In most cases, scaling occurs under impure conditions, in which the solutions may
contain several different major components such as CaSQq, CaCOs and BaSQ,, and
various minor components in minute quantities. The effects of minor components
and their combinations on scale formation have been investigated in various degrees
and the results showed that some of these components were effective as scale
inhibitors. Research on individual major components of scale has also been widely
carried out, notably for sulphate and carbonate salts. Given the complexity of the
scaling process, only a small number of studies have been done on composite
scaling, where more than one major component was present. The salts may co-
precipitate and their interactive behaviour can be an important aspect to the
formation of scale. While studies on such co-precipitation are certainly worthwhile,
they are still lacking, possibly due to the difficulty in determining the scale forming
species, which should be chosen to represent a particular condition. Undoubtedly,
investigation may start with the main species normally found in industrial waters,
such as calcium sulphate, calcium carbonate, barium sulphate etc. and their

combinations.

The work of Yuan ef al. (Yuan et al. 1994), tried to address the problem of scaling
normally encountered in offshore oil recovery using water flooding, where sulphate
salts such as BaSQ,, CaSO, and SrSQy are usually present. Their work showed that
competitive co-precipitation among sulphate salts occurred and that the severity of
scaling was dependent on the ratio of injected seawater and formation water used.
This result implies that both physical (temperature, pressure, etc.) and chemical
properties (composition, concentration etc.) of the oil well solutions need to be taken

into account when scaling problem is to be prevented.
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Composite scaling of gypsum and biological matter may be non-existent. The
presence of micro organisms could introduce CO; into the scaling solution due to the
biological reactions (Sheikholeslami 1999). This may, in turn, affect the pH of the
solution and/or promote the occurrence of calcium carbonate scale if Ca®" is present
in the solution. Thus, instead of gypsum, different forms of calcium carbonate scale
such as calcite or aragonite may form. Investigation on composite scaling of CaCOs

and micro organisms has never been done and may be worthwhile.

A study on co-precipitation of CaCO; and CaSQO4 was carried out by Sudmalis and
Sheikholeslami (Sudmalis and Sheikholeslami 2000), whereby the experimental
results in terms of induction time, species concentrations and deposit structure were
compared with those of single species precipitation. It can be inferred from such
comparison that co-precipitation of two or more species may not yield a synergistic

or compounded effect.

Other studies on co-precipitation between two major constituents of scale: CaSO;
and CaCO; (Chong and Sheikholeslami 2001; Sheikholeslami and Ng 2001)
indicated that the concentration ratio of the two salts considerably dictates the
kinetics of the scale formation. In addition, the scale characteristics (structure,
adherence to the surface), was affected as well. Thus it appears that in composite
scaling, the individual major components may behave as admixtures if they are

present in minute amounts.

Research on composite or mixed scaling, such as inorganic and biological, can
further be complicated if corroding solid surfaces were used (Sheikholeslami 2000b).
In such a situation, another type of scaling, i.e. corrosion scaling may occur, thus
three types of scaling will be present. The scaling characteristics will then be
affected by various factors such as the availability Fe?* as a corrosion product, for the

growth and proliferation of the microorganisms (Characklis 1990).

A study on composite scaling of CaSOq and CaCO; by Helalizadeh er al
(Helalizadeh et al. 2000) revealed that the deposition rate of composite fouling could
be ecither mass transfer or surface reaction-controlled depending on the rate of the

fluid flow and the temperature of the solid surface. It could be argued that such
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dependency should not be specific to composite fouling. As is known, the higher the
flow rate the thinner the diffusion layer becomes and the transfer of scale growth
units to the solid surface will be enhanced which results in more scale being
deposited. The same tendency may be valid for temperature as higher temperatures
may cause thinning of the diffusion layer. They also discovered that the mixed scale
was weaker than that of pure CaCOQs but stronger than that of pure CaSOs. This
finding about the change in deposit strength of composite scaling was later
confirmed by similar research carried out by Chong and Sheikholeslami (Chong and
Sheikholeslami 2001).

3.5.3. Prediction and modelling of scaling rate

Early researchers on calcium carbonate scale formation (Hasson 1981; Hasson ef al.
1978) reported that the scaling process is primarily due to crystallisation fouling. It
is interesting to note that gypsum, also a sparingly soluble salt, was reported to foul
the surface mainly through a particulate deposition mechanism, rather than through
the crystallisation mechanism (Sheikholeslami 20002). A number of other
researchers (Bansal and Muller-Steinhagen 1993; Bansal ef al. 1997; Morn et al.
1996), however, maintained that the dominant factor is crystallisation mechanism.
Yet another study (Middis et al. 1998) showed that the scaling process was a
combination of crystallisation and particulate fouling. Hence, it is safe to conclude
that in any gypsum scaling process a variety of factors, such as the supersaturation
level of the fluid stream, flow velocity, temperature of the fluid, characteristics of the
surface, type and concentration of dissolved admixtures, type and concentration of
suspended particles, etc could be simuitaneously operative. In brief, the scaling

process of gypsum is system specific.

Nancollas et al. (Nancollas et al. 1979b) studied the influence of some scale
inhibitors on the kinetics and formation of gypsum scale. They used a seeded
method, which is believed to be highly accurate and reproducible. Their aim was to
develop methods for scale prevention. Obviously, two approaches are important.
The first is modification of the morphology of the scale crystals so as to lessen the

tendency of sticking together to form agglomerates. The second is to stop or slow
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down the rate of nucleation and growth so that less scale was deposited. An
unseeded crystallisation method was clearly not suitable due to the demand of high
supersaturations and thus the tendency of spontaneous nucleation. Moreover, in
industrial applications such high supersaturations are rarely practised. The organic
inhibitor (= DENPMP), which was selected for their study, was indeed able to inhibit

both nucleation and growth.

The work of Linnikov (Linnikov 1999) showed that the nucleation rate of gypsum
scale is linearly dependent on surface roughness. Hence it indicates that nucleation
takes place directly on the surface of the heat exchanger (= HE) equipment. Further,
if the nucleation rate also depends on the temperature of the surface of the HE, then
the scaling phenomenon will be complicated, as it depends on the roughness and the

temperature.

Undoubtedly, crystallisation fouling follows the rules that apply to crystallisation.
Hence the relationship between crystailisation rate and supersaturation should apply.
Researchers on the scaling of gypsum have adopted the following equation (Amjad
1988b; Klima and Nancollas 1987; Liu and Nancollas 1970; Nancollas and Reddy
1974):

m, =k sAC" (3.1
where,
mg = crystallisation or scale deposition rate, gram/sec
k.  =reaction rate constant, ppm'1 min”
S = a function of the number of nuclei sites, dimensionless

AC = concentration driving force, gram/cm3

n = reaction rate order, 2.

An extensive investigation on the effect of admixtures on gypsum scaling was
carried out by Amjad (Amjad 1988a). Various polymeric and non-polymeric
admixtures were tested for their effect on gypsum scale formed on the surfaces of

copper, brass and stainless steel under static conditions. It was reported that the
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retarding effect of the selected admixtures on scale formation depended on molecular
weight, functional groups and concentration. Different types of metals showed a
different quantity of scale formed indicating that heat conductivity and surface

roughness of the individual metals are likely important factors in gypsum scaling.

The seeded growth method for the investigation of the crystallisation kinetics of
gypsum scale has been widely accepted as a highly reliable technique (Amjad
1988b; Liu and Nancollas 1973; Nancollas 1979; Smith and Alexander 1970}.
However, Nancollas (Nancollas 1983) suspected that the technique could be
inaccurate for crystals showing appreciable dissolution behaviour because as the
crystallisation proceeded, some of the crystals may undergo dissolution, thus the
observation of the decrease in cation concentrations (in the case of gypsum: Ca™
concentration) may be inaccurate. He proposes, therefore, the use of a constant
composition method where the decrease in Ca®' concentration in the crystallising
solution is automatically compensated by addition of Ca®* containing solution from
an automatic burette (Weijnen and van Rosmalen 1984). For the seeded growth
method to be reliable, therefore, the desupersaturation curve should show a smooth

downward trend without any sign of fluctuation.

For crystallisation fouling, the rate of scale deposition can be presented as a function
of surface area on which the scale grows and its crystallisation rate constant, k, (Bott
1997). The surface area is readily obtained from measurement, but the rate constant,

K, has to be calculated according to the Arrhenius equation as follows:

_E (3.2)
k, = Ae *T
where,
A = an Arrhenius constant, collisions/second
E = activation energy, kJ/mol

R = universal gas constant, (kJ)/(mol 'Ky
T

= absolute temperature, K.

As a crystallisation phenomenon, the scaling rate is also affected by the chemical

properties of the solution such as ionic activity and pH. As the scale grows it is also
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subjected to the shear stress exerted by the flowing fluid. These two factors,
therefore, have to be taken into account. Hasson (Hasson 1981) proposes some kind

of equation to accommodate this as follows:

E
dﬂ_ — MPQ_RTS (33)

dt

where,

i—’? = rate of scale deposition, gram/sec

K = adimensionless constant

A = area on which the scale grows, cm’

P  =sticking probability, dimensionless

(@ = chemical properties of the solution, e.g. concentration, gram/cm’
T, = absolute temperature of the surface, K.

The sticking probability, P, is included to account for the removal mechanism,
especially when the flow velocity is dominant. The precise magnitude of P is
extremely difficult to calculate because it is dependent on various factors:
characteristics (size, density, porosity etc.) of the scale, characteristics (roughness,
topography ete.) of the surface, characteristics (flow rate, entrained particles etc.) of

the flowing fluid. Its value is usually taken as less than unity (Bott 1895).

Some researchers (Muller-Steinhagen and Branch 1988) maintained that for scaling
of calcium carbonate, the removal rate should not be ignored for flow velocities

greater than 0.8 m/sec.

Measurement of scaling rate is usually carried out in two ways. Firstly, it can be
done by measuring thermal resistance (= heat resistance of fouling layer), Ry
Secondly, it can be achieved by measuring deposition rate, i.e. deposited mass per
unit area. The first method is usually not preferred due to the complexity of the

relationship between deposit structure and thermal resistance. It is clear that the
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structure of the deposit varies in density, porosity etc. and this variation affects

thermal resistance. Hence, the second method is preferred.

In nearly every industrial application where scaling is encountered, hydrodynamics
of the fluid is involved. Thus, in predicting or modelling scaling rate, two factors
must be taken into account; that is the chemical characteristics of the fluid and, its
hydrodynamics. Furthermore, since during scaling processes it is very likely that
two or more mechanisms are operative (Sheikholeslami 2000a), it is advantageous to
formulate a composite model, whereby effects of two or more mechanisms are
simultaneously investigated. Sheikholeslami (Sheikholeslami 2000a) proposed an

equation to accommodate all possible aspects.

— (3.4)
Weet = A'Wpart +B 'wprecip - Wremoval
where,
Wiet = net or overall deposition rate, gram/sec
AB = dimensionless constants
Woart = deposition rate due to particulate fouling, gram/sec
Woreeip = deposition rate due to precipitation fouling, gram/sec
Wremoval = removal rate, gram/sec.

Clearly, the surface of the materials as well as the flow configurations affect the scale
deposition. Forster et al. (Forster et al. 1999) reported that scale reduction under
pulsating flow is more effective. This could be due to the "jerking" action the
pulsating flow exerts on the deposited scale, so that the removal force is increased.
They also found that different metallic surfaces foul differently. Moreover, the
surface topography of the different metal used was observed to affect the scale
deposition rate. This could be due to the effect of the surface characteristics on the

wetting angle of scale growth units attached to the surface.

Bansal and Muller-Steinhagen (Bansal and Muller-Steinhagen 1993) investigated the
crystallisation fouling of gypsum in a plate and frame heat exchanger. They showed

that the deposition rate of gypsum scale in such types of heat exchangers decreases
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with an increase in flow velocity. It was obvious therefore that higher shear forces
must have caused two things. Firstly, it caused the removal of the newly formed
gypsum deposit and secondly, it resulted in the lowering of the deposition rate or
transport of the scale building components onto the wall of the heat exchanger.
Another work of Bansal and Muller-Steinhagen (Bansal et al. 1997) was an
investigation on the effect of suspended particles on crystailisation fouling of
gypsum in a plate heat exchanger (HE). It was found that non-crystallising particles
may reduce the deposition rate of gypsum scale. These particles settled and loosely
attached to the HE surface. Therefore, the gypsum scale attached to these particles
will be swept away easily by the flowing fluid. Another of their findings was that the
non-crystallising particles operated as retarding agents for the growth of the scale

deposit.

The mechanism of gypsum scale deposition on heat transfer surfaces was
investigated by Hasson and Zahavi (Hasson and Zahavi 1970). They used an annular
HE and they managed to formulate a kinetic model for the rate of nucleation along
the annular HE. It was found that nucleation on the surface of the HE occured in a
non-uniform pattern influenced partly by the temperature of the surface. The
nucleation rate was found fastest at the downstream edge compared to the inlet
region. This phenomenon is actually caused by the induction time. At the start of
the run, nucleation was not yet possible due to induction time. Afier a while, that is
towards the end of the annular HE, sufficient time has elapsed to allow scale building
components to reach a critical nuclei size. Hence, at the downstream side of the
annulus more nucleation occurred and subsequently grew to become scale.
Therefore, the downstream side showed the thickest scale deposit. Two important
findings in the work of Hasson and Zahavi indicated that gypsum scale formation in
pipes could be significantly promoted by surface nucleation. Firstly, when the flow
of the scaling solution in pipes was reversed (= inlet became outlet region), while
keeping all other conditions the same, a significant amount of scale was observed to
form at the previously scale free inlet region. Secondly, (again keeping all other
conditions constant), at a lower surface temperature of 80°C, the outlet or
downstream region was significantly fouled, whereas at a higher surface temperature

(87°C) the inlet region was free from scale.
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Hodgson and Jordan (Hodgson and Jordan 1976) investigated the scaling of calcium
sulphate in a vertical tube (falling film) evaporator (= VIE). They found that the
tendency to form gypsum scale is dependent upon the heat flux and the fluid flow
rate. The higher the heat flux the higher the tendency of scaling because of the
inverse solubility of the gypsum scale. Similarly, the lower the flow rate the more

time is available for the scale components to develop and attach onto the pipe wall.

Gas bubbles escaping from the heat exchanger surfaces can also significantly affect
the initial formation of scale. This has been reported by Hasson and Zahavi (Hasson
and Zahavi 1970) and Gill and Nancollas (Gill 1980) in their investigation on the
mechanism and kinetics of gypsum scale at heated metal surfaces. It was assumed
that the observed preferential nucleation on the surface of the bubbles was duetoa
temperature gradient, which could have existed across the bubble-liquid interface.
Similar findings were later reported by Nancollas and Klima (Nancollas and Klima
1982), with respect to the effect of gas bubbles on the nucleation of calcium sulphate
scale. Furthermore, addition of polyacrylic acid (PAA) into the crystallising system
resulted in complete prevention of bubble formation so that less nucleation was
observed, Presumably, the added PAA could have reduced the wettability of the
bubble surface and subsequently increased the contact angle. Hence, nuclei

attachment onto the bubble surface was prevented.

It has been postulated that calcium sulphate scale may undergo a phase
transformation during the scaling process on a heat transfer surface (Cowan and
Weintritt 1976; Gill 1980; Nancollas 1983). Thus, temperature is one of the
important factors with regard to gypsum scaling. Consequently, researchers should
be aware of the range of transition temperatures for the three hydrated salts of
calcium sulphates: anhydrous calcium sulphate (CaSOy), hemihydrate calcium
sulphate (CaS04.1/2H;0) and calcium sulphate dihydrate (CaS04.2H;0). In this
regard, Mori er al. (Mori et al. 1996) confirmed that the calcium sulphate scale
deposited on the heat transfer surfaces at temperatures below 99°C was found to be

layers of gypsum .

Hasson et al. (Hasson et al. 1978) investigated the scale formation of CaCQO; and

formulated a model based on the diffusion of Ca’* and Cng‘ onto the interface. The
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model is applicable under various flow rates and supersaturation levels. This is
obvious because flow rate and supersaturation do not change the availability of Ca?*
and CO;% in the solution. The applicability of the later model was later confirmed

by Andritsos et al. (Andritsos ef al. 1996) using the same CaCO; system.

Scaling in piping systems and surfaces of vessels is one of the dominant problems in
mineral processing industries in Western Australia. The industries include copper
and zinc, pigment, mineral sands etc. A number of studies (Chan 1997; Headley et
al. 2001; Murray 1997; Northwood 1995) have been carried out to prevent the
formation of scale in process water piping, of which gypsum is one of the main
components. For one of these industries, a proposal was made {(Northwood 1995) to
suppress the accumulation of the gypsum scale, which comprises three different
prevention measures. Firstly, a crystalliser unit could be installed within the water
circuit to crystallise out calcium sulphate from the process water. Secondly, the
process water circuit could be pumped into a large dam to allow crystallisation to
occur over an extended period of time before recycling to the plant. Thirdly, the pH
of the process water may be adjusted using a different alkali, NaOH instead of
Ca(OH),. However, a serious difficulty remains, that is, that the chemical properties
of the water process highly fluctuated (Northwood 1995). As reported by
Northwood (Northwood 1995), the pH level of the flotation circuit water dropped
considerably over a short period of a few hours. The dramatic change in pH level
indicated that the solution might contain unstable substances, such as oxidisable
components. Prediction of the mechanism of gypsum crystallisation in such a
solution requires data, which span over a long period of time, until the pattern of the

fluctuation is discovered.

A recent study on CaS04.2H,0 scaling under isothermal conditions and negligible
removal rate (Muryanto ez al. 2002), has also tried to employ the previous model to
predict the deposition rate. The modelling result shows that within the range of the
experimental conditions used in the study, the predicted values of the deposition rate
agree reasonably well with the measured values. Thus the ionic diffusion model
developed previously for calcium carbonate scaling is also suitable for gypsum

scaling phenomenon under isothermal conditions and no removal step.
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Summary

Some conclusions may be drawn from this review.

Classification of fouling in industrial applications into six major categories is well

defined from which methods of prevention and control of fouling may be developed.

The current understanding of the five steps of fouling is reasonably clear. Each step
is affected by chemical and physical characteristics as well as the hydrodynamics of

the system.

Admixiures of various types have been used to prevent and control scale formation,
which leads to a clearer understanding of the scaling problems. The effect of

admixtures on scale formation appears to be system-specific.

Scale deposit may likely consist of more than one main constituent, of which the
process is labelled composite or mixed scaling. In such cases, the nature of the
deposit is affected by the presence of co-precipitates and the resulting effect may not
be additive. Most studies on composite scaling have been carried out for a mixture

of CaSOy and CaC0O;.

Research on scale prevention has ultimately led to prediction and modelling of
scaling rates. Attempts to model combined scaling mechanisms have been carried
out but the results seem to be specific to the system under consideration. On the
other hand, modelling based on one single operative mechanism has proved to be

applicable in some systems such as calcium carbonate and gypsum scaling.

In mineral processing industries, unreliable data with respect to the chemical
properties of the process water may be encountered, therefore a comprehensive and
accurate documentation of such properties is required before any scale prevention

measures are attempted.
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The problem of scaling, including that of gypsum, is complex, depending not only on
the nature of the scaling solutions and the presence of admixtures but also on
external factors such as the hydrodynamics of the system. For these reasons, a
unified theory, which will explain every aspect of scaling phenomenon satisfactorily,
is very unlikely to be obtained. Instead, addressing the problem of scaling may have
to greatly rely on specific empirical data. However, it should be sufficient to show
that much gypsum scaling research has been found to be helpful in elucidating the

scaling problem encountered by many industries.
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Chapier 4

CHAPTER4 BATCH CRYSTALLISATION OF GYPSUM IN THE
PRESENCE OF ADMIXTURES

4.1. Introduction

During a crystallisation process, admixtures play an important role. They can act as
growth modifiers, growth inhibitors or nucleation controllers. Admixtures are
sometimes added to the crystallising solution to produce end products with
predetermined qualities. It is common practice to alter the shape of crystals using
admixtures so that flowability and/or filterability of the crystals can be improved
(Weijnen and van Rosmalen 1984). Since admixtures (= additives) can be selected
and added in precise amount, they are also able to control the change of shape of the
crystals. Admixtures can also be added with the purpose of restraining the growth of
crystals. This is the case when fouling or scaling on pipes or other equipment is to
be prevented. By adding admixtures it is hoped that the shape of the crystals will
change so as to lessen the tendency of the crystals to agglomerate. Then, the crystals
will not attach to the surface of equipment or pipes, but will float freely in solution
and can be swept away by the flowing fluid easily. In addition, admixtures can also

reduce scaling by decreasing crystal growth rates.

In an attempt to better understand the retarding effect of admixtures on gypsum scale
formation found in mineral processing industries, for example in flotation water
piping system, crystallisation of gypsum was investigated in the present study, in
which two biodegradable admixtures normally used in copper/zinc concentrate
production were investigated. A laboratory batch crystalliser was used in this study
to obtain experimental data, which can later be used to determine the mean residence

time and other parameters for a continuous crystallisation experiment.

The batch crystallisation experiments were run using seeded method and it was
discovered that the added seed crystals start growing immediately upon addition into

the supersaturated solution, i.e. there is no induction time in this particular system.

The typical curves for the desupersaturation of Ca™ ions versus crystallisation run

times show that the reduction of calcium ion concentrations takes place rapidly in the
4-1
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first 5 to 10 minutes of the run. Hence this length of time will be a guide in
establishing the mean residence time for subsequent crystallisation experiments on

gypsum carried out in a continuous mode (see Chapter 6).

The results of this batch crystallisation study suggest that addition of admixtures
individually or in combination, significantly affects the crystallisation kinetics and in

particular, reduces the rate of crystallisation of gypsum from aqueous solution.
This chapter consists of the following subheadings.

. Introduction

. Experimental Design for Batch Crystallisation

. Experimental

. Determination of Reaction Rate Constant

. Determination of Activation Energy

. Morphology and Surface Topography of the Crystals
. Adsorption of Admixtures on Crystal Surface

. Conclusion

(=T - -G B - Y S S

. Summary.

4.2. Experimental Design for Batch Crystallisation

The experimental design used for this study of batch crystallisation of gypsum is the
"One-factor-at-a-time" method (Davies 1978). This was necessary due to the lack
of comparable studies on which to base crystalliser settings. Literature search
revealed that batch crystallisation operating conditions for gypsum vary widely, as
can be seen in Table 4.1. It was therefore decided that the variable under
investigation was set at a value estimated to give meaningful results and was then
adjusted based on the results of this initial estimate. The variable values selected by
this method included admixture concentration, seed slurry density and crystallisation

run times.
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Chapter 4

Table 4.1 contains the operating conditions of several investigations on batch
crystallisation of gypsum both in a pure system as well as in the presence of
admixtures. As can be seen in the table, different values of slurry density have been
used, as well as other parameters. The values could have been selected on the basis
of the expected effect of the admixtures on crystallisation process, notably the

crystallisation kinetics.

A slurry density of 15.00 g/L had been used in previous Chemical Engineering
Projects on crystallisation of gypsum (Murray 1997; Northwood 1995). In the
present study a value of 8.00 g/L was selected and it proved satisfactory for
crystallisation kinetics determination, and had been used for all subsequent

crystallisation runs.

A similar situation was experienced in the optimisation of crystallisation run times.
Previous projects (Murray 1997) had used times of 120 minutes; however, upon
investigation of initial results it was found that 90 minutes was sufficient to allow the

crystallisation to come to equilibrium.

Initial admixture concentration levels tested were those currently used in mineral
processing flotation circuits (Headley ef a/. 2001). If these concentration levels
proved to significantly vary the crystallisation rate constant, a level of double and
half the initial amount used could be tested. This gave three data sets with the
remaining four runs allocated to each admixture being used to confirm trends (using
intermediate admixture concentration levels) and for the investigation of temperature
effects at plant concentration levels. The operating variables used for each

crystallisation run are shown in Tables 4.2 and 4.3.

Table 4.2 Fixed variables used in the seeded batch crystallisation experiments

Variable Set value
Slurry density, (g/L) 8.00
Impeller speed, (rpm) 125
Crystalliser volume, (L) 2.00
Crystallisation time, (minute) 90
Initial Ca” concentration, (ppm) 2,000
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Two different admixtures were chosen for this study, namely sodium isopropyl
xanthate (= SIPX) and isopropyl thionocarbamate. Both of them are common

flotation agents used in mineral processing (Headley et a/. 2001).

Table 4.3 Manipulated variables used in the seeded batch crystallisation

experiments
Trial SIPX concentration, Isopropyl Crystalliser
no. (g/L} thionocarbamate temperature,
concentration, (g/1.) (')
| 0.00 0.00 25
2 0.00 0.00 25
3 0.05 0.00 25
4 0.10 0.00 25
5 0.20 0.00 25
6 0.20 0.00 35
7 0.20 0.00 45
8 0.30 0.00 25
9 0.40 0.00 25
10 0.00 0.0175 25
11 0.00 0.035 25
12 0.00 0.07 25
13 0.00 0.07 35
14 0.00 0.07 45
15 0.00 0.14 25
16 0.00 0.21 25
17 0.20 0.07 25
18 0.05 0.035 25

4.3. Experimental

A crystalliser operating in a batch mode was utilised in this study. It has a working
volume of two litres, made of stainless steel with four internal baffles to prevent
vortex. The crystalliser was agitated using a variable speed 45% pitched blade
impeller and was placed in a thermostatically controlled water bath. The experiment
was carried out using seeded growth technique as it was found that the technique is
highly reproducible (Gill and Nancollas 1980; Liu and Nancollas 1970). For the
crystallising solution, a synthetic gypsum solution was used, made by dissolving
calcium chloride dihydrate (CaCl;.2H;0) and anhydrous sedium sulphate (Na;SQOq)
in equimolar amounts in distilled water, respectively. Gypsum crystals sized 53 to

90 um were used as seeds.
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Stirring rate was fixed at a speed of 125 rpm as it was found that this speed was
sufficient to make the seed crystals evenly suspended in the solution. Initial
concentration of the synthetic gypsum solution in the crystalliser was 2,000 ppm of

+.
Ca*".

One litre each of 0.1 M calcium chloride solution and sodium sulphate solution were
prepared according to the procedure set out in section 4.2 (= Experimental Design
for Batch Crystallisation). The two solutions were placed in the crystalliser, the
impeller was started and the whole system was left to equilibrate to the designated
temperatures: 25, 35 or 45°C. Having reached the designated temperature, a 20 ml
solution sample (which corresponds to t = 0 or zero time) was taken and prepared
for atomic absorption spectrometry (AAS) analysis. Sixteen grams of gypsum seed
crystals were added into the crystalliser and the timer was started. During the
experimental run, solution samples (each of 20 ml volume) were withdrawn from the
crystalliser at 2, 5, 10, 15, 20, 30, 40, 60 and 90 minutes, respectively after the sced
addition, filtered through 0.22-um filter paper (Millipore™ Corp.), and stored in
vials ready for AAS analysis. After the completion of one experiment, the

crystalliser and its accessories were cleaned and prepared for the next run,

4.4. Determination of Reaction Rate Constant

2000 - 1 11 | I
—&—Blank 1
1800 —i- Blank 2
Xanthate=0.20 g/L.
1600 ¢ - Xanthate=0.30 g/L.
-3~ Xanthate = 0.40 gL
1400 —&— Thionocarbamate = 0.07 g/L.

s Thionocarbarmate = 0.14 g/L.

1200 —— Thionocarbamate = 0.21 gL

1000

Ca ions concentration (ppm)

2

— j._?z_*

0 S5 10 15 20 25 30 35 40 45 S0 35 60 65 W 75 80 8 %W

Crystallisation time (min.)

Figure 4.1 Typical desupersaturation curves for Ca’" versus time in the batch

crystallisation
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The typical curves for desupersaturation of calcium ions against crystallisation time
are shown in Figure 4.1. In each case the reduction of calcium ion concentrations
takes place rapidly in the first 5 to 10 minutes of the run. It can be seen that the
added seed crystals start growing immediately upon addition into the supersaturated

solution; i.e. there is no induction time.

Determination of the reaction rate constant for subsequent crystal growth
determination in solutions can be explained by using the diffusion model of Chernov
(Myerson 1993). The model proposes that the diffusion of solute or growth units in
the boundary layer and the thickness of the boundary layer are important aspects in

controlling the growth.

The growth of crystals in a supersaturated solution according to the diffusion layer
model of Chernov proceeds through the following steps. Firstly, transfer of growth
units from the bulk of the solution to the diffusion layer. Secondly, diffusion of the
transferred growth units in the diffusion layer. Finally, integration of the growth

units onto the crystal surface and, further, into the crystal lattice.

As the growth units leave the diffusion layer toward the crystal surface, the
integration of them onto the crystals causes an increase in the mass of the crystals,

which can be expressed as the diffusion rate equation or Fick's first law (Nyvlt 1985)

as follows.
om aC
o pa=

ot ox “4.1)
where,

om/ét = rate of mass increase, g/sec

D = diffusion coefficient, cm?/sec

A = surface area of crystal, cm’

oC/ox = concentration gradient of growth units in the diffusion layer,

g/cm’.cm
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The concentration gradient of growth units in the diffusion layer is dependent on
position. In other words, it represents the amount of growth units with respect to the
position in the diffusion layer. It can be assumed that further away from the crystal-
liquid interface and towards the bulk of the solution, the concentration will be higher
and the difference acts as a driving force for the growth units to move towards the

crystal-liquid interface or the diffusion layer. Thus the following equation can be

proposed:

dC _ C-C; (4.2)
dx 5

where,

C = concentration of growth units in the bulk of the solution, g,/cm3

G = concentration of growth units in the crystal/solution interface, glem®

o = thickness of diffusion layer or boundary layer, cm.

Substituting Eq.(4.2) into Eq.(4.1) results in Eq. (4.3) as follows:

dn _

— ks Ac-c,) (4.3)

where, kq= D/d.

As can be seen in both Eqs. (4.2) and (4.3), the rate of integration of growth units
into the crystal lattice is dependent on the difference between their concentration in
the diffusion layer and that in the bulk of the solution. Nyvlt (Nyvlt 1985) and
Myerson (Myerson 1993) have used an approximation to Eq. (4.3), which is written
as Eq. (4.4) as follows:

dm

" k,A(C, - Ceq) (4.4)
where,
k; = proportionality or rate constant, dimensionless
Cey = concentration of growth units in the bulk of the solution at equilibrium
conditions, g/cm’
i = an empirical exponent representing the reaction order, dimensionless.
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The factor k; in Eq. (4.4) is termed the proportionality or the rate constant for the
integration of growth units into the crystal lattice. The empirical exponent, i,

depends on the crystallisation conditions and has values between 1 and 2.

The interfacial concentration, C;, is difficult to measure and therefore elimination of

it in the equation has been attempted by combining Eqs. (4.3) and (4.4).

A simpler equation than that of Eq. (4.4) is generally used (Myerson 1993) which
takes the following form:

d
,}.’;1 =k Ac-c, ) (4.5)

where the exponent, g, has values between 1 and 2.

In many crystallisation studies, the constant, K¢, and the surface area, A, are

replaced by k, and is termed the crystallisation rate constant.

In crystallisation from solutions containing equimolar lattice ions, it is expected that
the crystallisation rate follows Eq. (4.5) (Liu and Nancollas 1970). In many gypsum
crystallisation system (Amjad and Hooley 1986; Amjad and Masler 1985;
Christoffersen et al. 1982; He et al. 1994; Klima and Nancollas 1987; Liu and
Nancollas 1970; Liu and Nancollas 1973; Nancoilas et al. 1979), especially when no
induction period was observed, the value of g in Eq. (4.5) was taken as equal to 2,
and that the value was used in this study. Furthermore, the surface area term, A, was

assumed to be relatively constant.

With equimolar concentrations of lattice ions in the crystallisation solution, Eq. (4.5)

can be rewritten as:

dC ,
- dt“ — k(Ca, - cCa,, ) (4.6)

where,
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-dCa/dt = rate of lattice ion concentration decrease due to crystallisation,
(ppm. min™")
Ca = lattice ion concentration of the crystallising solution, (in this study =

concentration of Ca*', (ppm)
Ca, = lattice ion concentration of the solution at time ¢, (ppm)
Cagg = lattice ion concentration of the solution at equilibrium,
= lattice ion concentration of the solution at t = 90 minutes, (ppm)
k = crystallisation rate constant, (ppm™', min™)

= reaction order = 2.

Upon integration, with N = 2, Eq. (4.6) yields the following:

L S @7)
Caq —Ca,, Caq—Ca,
where,
Ca = lattice ion concentration of the solution at t =0, (ppm)
t = crystallisation time, (minutes).

Concentrations of the lattice ions were calculated as the concentrations of Ca>" in the
crystallising solution. Atomic absorption spectrometry (AAS) was used to calculate
the concentrations as required. Using Eq. (4.7), concentrations of Ca®" obtained
from AAS determination were then plotted versus time of crystallisation, which
resulted in a straight line having slope equals to Kk, which is the reaction rate constant

of the crystallisation process.

4.4.1.Sample calculation of the determination of reaction rate constant

A sample calculation of the reaction rate constant is presented below for the

condition of crystallisation run with no admixtures.
Plotting Eq. (4.7) with the data as shown in Table 4.4 will result in a graph as shown

in Figure 4.2, where F or the Y axis represents the left hand side of Eq. (4.7). The

slope of the straight line is the reaction rate constant, k. As can be observed from
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Figure 4.2, the slope of the straight line is 0.0014. The precise value of the slope
was obtained from Data Analysis using Excell™, which is equal to 0.001405. Hence

the value of the reaction rate constant k, is 0.0014 ppm™ min™.

Table 4.4 Desupersaturation data for crystallisation run without admixtures

Sampling time, [Ca™'], (ppm) 1/[Ca; - Caeq) 1/[Cag - Cagql

(minutes) (ppm’) (ppm”)
0 1901 0.00104 0.00104

2 1251 0.00321 0.00104

5 1112 0.00581 0.00104

10 1093 0.00653 0.00104

15 1004 0.01562 0.00104

20 995 0.01818 0.00104

30 965 0.04000 0.00104

40 957 0.05882 0.00104

60 949 0.11111 0.00104

90 940 el 0.00104

Crystallisation time, minutes

Figure 4.2 Typical plot of the determination of a second order reaction rate

constant
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The fully calculated results of the rate constant, k, for the entire batch crystallisation

runs, are shown in Tables 4.5 to 4.7.

Table 4.5 Second order rate constant of gypsum crystallisation at 25°C

Admixtures Admixture concentration, | 2" Order rate constant,
(g/L) (ppm”’ . min™) x 10°
No admixture 0,000 1,405 £ 71
No admixture 0.000 1,561+ 79
SIPX 0.050 871 =44
SIPX 0.100 568 + 29
SIPX 0.200 475 = 24
SIPX 0.300 440 = 22
SIPX 0.400 365+ 19
Isopropyl thionocarbamate 0.0175 830+ 42
Isopropyl thionocarbamate 0.035 487 + 25
Isopropyl thionocarbamate 0.070 254+ 13
Isopropyl thionocarbamate 0.140 191 + 10
Isopropyl thionocarbamate 0.210 171+ 9
! 1800
16003
5 E 1400; —— Pure gypsum solution
TE 1200 | ——SPX
"E 1000 | ~—— Isopropylhionocarbarmate
2 a0l
3
s I 1
5 40+ b 1 \_}
200+
0 : . : ; . : . .
0 005 o1 015 02 025 03 a3s 04 045
Admixture concentration, gL

Figure 4.3 Second order rate constant of gypsum crystallisation at 25°C (the

data were taken from Table 4.5)

As can be seen from Table 4.5 and Figure 4.3, admixtures drastically suppress the
rate constant. For both admixtures, increasing the dosage will result in further
suppression. At a plant dosing level of 0.20 g/L, SIPX decreases the rate constant to
about one-third of that without admixtures. It is obvious from the table that the

isopropyl thionocarbamate has higher inhibition effect than SIPX. The plant dosing
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level of isopropyl thionocarbamate is 0.070 g/L and can control the rate constant to
become around half that of SIPX (= SIPX at a plant dosing level, which is equal to
0.20 g/L). Increasing the concentration of isopropyl thionocarbamate above plant
dosing level, however, does not result in further significant reduction of rate
constant. This could be caused by preferential adsorption of admixture molecules
onto the crystal surfaces. At the beginning there are a lot of kink sites at the surface
of the crystals where the molecules of admixtures tend to bond as kink sites have the
highest binding energy. However, in a seeded growth technique, the large number of
kinks, if any, will soon disappear due to the rapid ‘self healing’ of the surface
(Nancollas 1979). Consequently, the rate constant will not change as the rest of the
admixture molecules stay in the bulk solution and do not attach to the crystal

surfaces.

Table 4.6 2" order rate constant of gypsum crystallisation at 25, 35, and 45 'c

Admixtures Admixture conc., g/lL Temp., 'C | k, (ppm~ min")x10°
SIPX 0.20 25 475 + 24
SIPX 0.20 35 546 £ 28
SIPX 0.20 45 1,245+ 63
Isopropyl 0.07 25 254+ 13
thionocarbamate
Isopropyl 0.07 35 596 + 30
thionocarbamate
Isopropyl 0.07 45 1,088 + 55
thionocarbamate
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8

g

:

Rate Constant, (ppm™' min™) x 10°
2 8 8

8

o

25 3B 45
Crystallisation tenperature, °C

Figure 4.4 Comparison of the reaction rate constant for SIPX and isopropyl

thionocarbamate at different crystallisation temperatures

Table 4.6 and Figure 4.4 show that the rise in temperature enhances the rate
constant, but at higher temperatures the effect of the two admixtures on the rate
constant is almost the same. It appears that both admixtures have approximately the
same effect on the rate constant at intermediate temperature of 35°C. At lower and
higher temperatures, however, the isopropyl thionocarbamate seems {0 be more

effective in reducing the rate constant.

It can be seen from Table 4.7 that there is a masking effect of isopropyl
thionocarbamate on SIPX when these two admixtures are combined. Combination of
SIPX and isopropyl thionocarbamate shows that only the effect of isopropyl
thionocarbamate is obvious, that of SIPX seems to disappear. It is likely that the
masking effect is due to the difference in molecular weight and the structure of the
two admixtures. The molecular weight of SIPX (C4H;0S,Na) is 158 whereas that of
isopropyl thionocarbamate (as thiocarbamic acid, C10H;sC1:NOS) is 304.68 (Howard
1972). The longer C chains of isopropyl thionocarbamate as the “backbone” of the
molecular structure might have acted as a fence to block the growth sites and thus

stopping the propagating steps (Amjad 1988; Oner 1998).
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Table 4.7 Second order rate constant of gypsum crystallisation at 25°C using

SIPX, isopropyl thionocarbamate and combination of the two

admixtures
Admixture k, (ppm” min" )x10°

0.050 g/l SIPX 871 + 44
0.035 g/L 1sopropyl thionocarbamate 487 £ 25
0.050 g/L SIPX + 482 + 24
0.035 g/L isopropyl thionocarbamate

0.200 g/L SIPX 475+ 24
0.070 g/L isopropyl thionocarbamate 254+ 13
0.200 g/L STPX + 244 £ 13
0.070 g/L isopropyl thionocarbamate

4.5. Determination of Activation Energy

In this seceded batch crystallisation of gypsum, the crystallisation process is
essentially a chemical reaction between crystal lattice ions of gypsum: Ca®" and
SO4*. A chemical reaction proceeds at a certain rate, which is influenced by a
number of factors such as concentration, the exposed surface area and activity of
seeds, the presence of admixtures, the temperature levels etc. In almost all cases, the
rate of chemical reaction increases with increasing temperature. The relationship
between the rate of chemical reaction and the temperature is generally explained
through the use of Arrhenius law, Collision theory, which was originally developed
for reactions in gaseous phase, is usually used to elaborate the rate of chemical

reaction in conjunction with Arrhenius law.

Arrhenius law applies to such processes as diffusion, dissolution or crystallisation.
In a crystallisation process, the amount of activation energy required for the crystal
growth is dependent on the type of the driving force for the growth (Mullin 1972).
For diffusion-controlled growth, lower values of activation energy (10 to 20 kJ mol™)
are usually encountered. On the other hand, surface integration controlled growth

requires higher activation energy: 40 to 60 kJ mol™.

The importance of Arrhenius law is that it can be utilised to investigate the effect of
temperature on reaction rate with minimal data. The Arrhenius law is represented by

Eq.(4.8) which shows the dependence of a reaction rate on temperature.
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-E
k=4 . 4.8
exv[ RT J (4.8)

or in loganthmic form

4.8a

Ink=InA4- ;::} e
where,
k = reaction rate constant, dimensionless
A = Arrhenius parameter

= total number of effective collisions of molecules per second

E. = activation energy, kJ/mol
R = universal gas constant, 8.31 (kJ)/(mol)(°K)
T = absolute temperature, K.

For the experimental data obtained in this batch crystallisation by varying crystalliser
temperature, with admixture dosing fixed at normal plant conditions, the Arrhenius
parameter of the reaction has been determined. This was done by utilising both Eq.

(4.8) and its logarithmic form as shown in Eq. (4.8a).

Plotting the natural logarithm of the rate constants at varying temperatures against
the inverse of the absolute temperature (1/T) results in a straight line. The slope of
this line is —E,/R and the intercept is the natural logarithm of the pre-exponential
factor, A, where E, is the activation energy and R is the universal gas constant.

Typical plots of 1/T versus In (k) are shown in Figures 4.5 and 4.6.

The value of the activation energy, E,, obtained for the isopropy! thionocarbamate
admixture at plant dosing level of 0.07 g/L can be calculated from Figure 4.5. The
slope of the line in Figure 4.5 = - E,/R = - 6903.4, Hence, E, = 6903.4 x R, where
R = universal gas constant = 8.314 x 10” kJ/mol. Thus, the activation energy, E, =
6903.4 x 8.314 x 10” kJ/mol = 57.39 + 2.87 kI/mol. The activation energy values,
E,, for the three conditions: pure gypsum, in the presence of SIPX and in the
presence of isopropyl-thionocarbamate, respectively, are calculated from a similar

graph as shown in Figure 4.6.
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Figure 4.5 Plot of Arrhenius parameter for 0.07 g/L isopropyl thionocarbamate
at 25, 35 and 45°C
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Figure 4.6 Plot of Arrhenius parameter for pure gypsum, SIPX and isopropyl
thionocarbamate, respectively, at 25, 35 and 45°C

The activation energy for the pure gypsum solution calculated from Figure 4.6 is
60.00 kI mol'. This value is in very good agreement with similar experiments

carried out previously (Liu and Nancollas 1970, Nancollas and Reddy 1974).
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Isopropyl thionocarbamate addition also yielded reasonable results compared with
other published values for gypsum crystallisation system with admixtures (He et al.
1994; White and Hoa 1977). It would be expected that the activation energy
calculated for SIPX would also be in the same range as that of isopropyl
thionocarbamate since both of them are found as inhibitors for gypsum growth. It
turned out, however, that the value of the activation energy for SIPX was lower,
which should be contrary to the fact that SIPX hindered the growth. Overall, the
activation energy values calculated from Figure 4.6 are: 60.00 + 3.00, 57.39 + 2.87,
and 37.65 = 1.88 kJ/mol, for purc gypsum, isopropyl thionocarbamate, and SIPX,
respectively. The corresponding Arrhenius factor, A, for the three activation energy
values are: 3,017,684 + 30,177, 89,791,422 + 1,795,800 and, 1,686 + 270,
respectively. The value for SIPX may not be very accurate due to the poor

correlation (coefficient of determination, R* = 0.84) of the data obtained.
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Table 4.8 Activation energies of several gypsum crystallisation studies

Activation References
No | Crystallisation | Admixtures | Reaction energy,
mode order, N (kJ/mol)
1 Unseeded batch None 2 160 {Ching and McCartney
2ppmP A AV 90 - 100 1973)
2 Seeded batch 0.0 m NaCl 2 61 (He et al. 1994)
0.1 m NaCl1” 59
1.0 m NaCl? 58
3.0 m NaC1? 53
6.0 m NaC1* 55 (slight
increase)
3 Seeded batch None 2 61 - 65 (Liu and Nancollas
1970)
4 Seeded batch None 2 63 (Nancollas and Reddy
1974)
5 Seeded batch Phosphonates" 2 65 (Liu and Nancollas
1975b)
6 Seeded batch: Fe'* A" F ¥ 2 49 - 59 (White and Hoa 1977)
Cay(POy); + H,50,
7 Seeded batch None 2 75.0 (Mile et al. 1982)
> 0.1 M K,80,” 1 29
8 Seeded batch Polyacrylates 2 65 (Amjad and Masler
1985)
9 Seeded continous | None 2 64 {White and
Cay(PO,), + HiS0O, Mukhopadhyay 1990)
10 | Seeded batch None 2 60 (Witkamp ez al. 1950)
1 M NaNO,” 1.1-2.7 20 - 45
11 | Unseeded continous | None 2 65.2 (Tamialahmadi and
Muller-Steinhagen
Cay(POy); + H;:50, 2000)
12 | Seeded batch None 2 64.0 {Kontrec ef al. 2002)

Notes for Table 4.8 column 3:

Decreasing crystal growth (measured as a function of supersaturation).

2. Increasing crystal growth (measured as a function of supersaturation).
3. Crystal growth increased with temperatures, but the effect of the admixtures
used on the growth rate was not reported.

Literature search reveals one significant inconsistency in activation energy similar to
that for SIPX obtained in this study, i.c. in the work of Ching and McCartney (Ching
and McCartney 1973). These investigators found that adding trace amounts of
polyacrylic acid (PAA) into a crystallising solution of gypsum, retarded the crystal
growth but decreased the activation energy (sec Table 4.8 first row: the activation
energy decreases from 160 to around 100 kJ/mol). They assumed that such a

decrease was probably due to the defect or imperfection of the crystal surface, hence
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caused easier incorporation of tons into the crystal lattice, which resulted in lower
activation energy. The work of He ef al. on seeded gypsum crystallisation (He ez al.
1994) also shows such inconsistent calculated activation energies when impurities
present in the crystallising solution at certain concentrations. As can be seen in
Table 4.8 (second row), increasing the NaCl concentration in the crystallising
solution from 3.0 to 6.0 m, resulted in a slight increase of activation energy, E,,
although the growth was reported to increase. It was thus postulated that the

activation energy could be solution composition dependent.

In addition to the two previous reasoning, for the low activation energy for SIPX
found in this study, several other possible reasons can be proposed. One possible
reason is that the application of Arrhenius law to the system with SIPX might be
inappropriate.  This can also be seen from the low value of coefficient of
determination, R? = 0.84, obtained for the SIPX, whereas that for the isopropyl
thionocarbamate, the R” value is equal to 0.99. Another possible reason is that a
number of researchers have shown that it is very unlikely to find a chemical reaction,
which is driven by only one single step process. In other words, two or more
competing/opposing reactions might occur which results in inconsistency of the
activation energy value (Masel 2001).  Still another possible reason is the
dependence of mechanism of crystal growth on supersaturation level. At low
supersaturation levels, diffusion mechanism is the dominant mechanism while at
higher levels the principal mechanism is surface reaction (Nancollas 1979). It could
be assumed therefore, that a combination of mechanisms might be operative or
competing in a system with intermediate supersaturation levels (as used in the
present study), which may lead to the lowering of the activation energy. In a
previous investigation on the rate of precipitation of gypsum under the influence of
certain inorganic electrolytes, Mile ef al. (Mile et al. 1982), found that the low
activation energy value might result from competition between the surface
integration and diffusion processes. The same phenomenon was also found in a
batch crystallisation system of another sparingly soluble salt (BaSO,) carried out by
Taguchi et al. (Taguchi et al. 1996).
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4.6. Morphology and Surface Topography of the Crystals

Figure 4.8 Crystal images of pure gypsum after 90 minute of batch

crystallisation experiment
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Figure 4.9 Crystal images of gypsum after 90 minute of batch crystallisation

experiment in the presence of SIPX
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Figure 4.10 SEM images of gypsum crystals after 90 minute of batch
crystallisation experiment in the presence of isopropyl

thionocarbamate

The morphology and surface topography of crystals could be useful in determining
the mechanism of crystallisation processes. In the present study, scanning electron
micrographs werc taken from the gypsum crystals, before as well as after the
experiments. These micrographs are presented in Figs. 4.7 to 4.10, respectively.
The rough surfaces of the seed crystals as shown in Figure 4.7, could be regarded as
kink sites where the admixture molecules could have been attracted and attached,
since such sites have the highest binding energy. In crystallisation experiments using
seeded growth method, the large number of kinks, if any, will soon disappear due to
the rapid ‘self healing’ of the surface {Nancollas 1979), coupled with the adsorption
of the admixture molecules present in the solution. As a result, the crystal surfaces
may become rather smooth, as can be seen in Figures 4.8 to 4.10, respectively.
These figures also show that the crystals seem to be covered with small and fluffy
masses, which could be crystallites or nuclei, indicating that the seeds were able to
grow or that surface nucleation might have occurred. The SEM micrographs of the
crystals as shown in these figures, however, would not likely be able to explain the

effect of individual admixtures used, on the crystallisation kinetics.

In this study, both the pure system and the system with isopropyl thionocarbamate as
admixtures produced high activation energies (Ea > 40 kJ/mol), which is indicative

of a surface reaction process. The application of the second order kinetics model for
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the two systems is, therefore, warranted. For the system with SIPX as admixtures,
the use of the second order kinetics model yiclded a low activation energy of about
38.00 kJ/mole, which indicates that the second order kinetics was probably not
suitable. Another reaction order (= first order) was attempted, but was also found to
be unsuitable, since the plot of In [Ca,/Cag] versus t, which should result in a straight
line for the assumed first order reaction to be correct, resulted in a curved line.
Therefore, the low value of activation energy found for the system with SIPX was
probably caused by factors other than the reaction order assumed, as elaborated

previously.

4.7. Adsorption of Admixtures on Crystal Surface

Adsorption of admixtures on the surface of crystals is one of the significant factors
affecting the crystallisation kinetics, i.e. the nucleation and growth of the crystals.
Research has shown that a direct relationship may exist between concentration of the
adsorbed admixtures and the growth of crystals (Myerson 1993) Many admixtures
are known to be able to retard the crystal growth process even if they are present in
trace amounts (Amjad 1988; Amjad and Masler 1985; Ohara and Reid 1973; van
Rosmalen et al. 1981; Weijnen and van Rosmalen 1985). It is therefore believed that
this retardation occurs due to the preferential adsorption of the admixtures onto
active growth sites available on the crystal surface. Otherwise, a substantial amount
of the admixtures will be required in order to cover the entire surface of the crystals,
and hence, stop the growth. Liu and Nancollas (Liu and Nancollas 1975a) observed
the remarkable inhibiting effect of admixtures on the growth rate of barium sulphate
crystals. Tt was found that at a concentration as low as 4.4 x 10® M, sodium
tripolyphosphate was able to suppress the overall dissolution rate constant by as
much as 90%. They also predicted, if all of the anions from the sodium
tripolyphosphate were adsorbed onto the surface of the crystals, only about 30% of
the total surfaces of the crystals were covered. Therefore, the surface of the crystals
that can really be covered is even smaller, because some anions must have stayed in
the bulk of the solution and not adsorbed onto the surface. Therefore, it was

concluded that admixtures did not cover the entire surface of the crystals, but only

4-23



Chapter 4

selectively adsorbed onto active growth sites of the crystals, most probably at kink

sites, since such sites offer the highest binding energy.

Growth experiments of gypsum crystals also showed that a small crystal surface
coverage of admixtures was sufficient to stop the growth. In one such case even a
5% crystal surface coverage of phosphonates was able to completely stop the growth

(Weijnen 1986).

Measurement of admixture adsorption on the crystal surface can be carried out
directly such as through the use of isotope labelling (Davey 1982), or an XPS
analysis of the crystals after adsorption (Weijnen 1986), or indirectly such as

clectrophoresis or analysis of the crystallising solution (Davey 1982).

Nestler (Nestler 1968) was among the first researchers to investigate the adsorption
of admixtures on gypsum. His experiment consisted of adding a certain amount of
gypsum into a saturated gypsum solution in which a known concentration of poly
acrylic acid (= PAA) had been added. The mixture was then “shaken™ for 10
minutes. After being left to stand for a while, the supernatant was checked for its
PAA concentration. The amount of the PAA adsorbed onto the crystals was
calculated as the difference between the concentration of the PAA in the solution
before and after the shaking. It was also found that the shaking time was not a
critical factor. The results indicated that the amount of the PAA adsorbed onto the
crystal was up to 3 mg per gram of gypsum, increases with the increase in pH level
in the solution. The result is certainly dependent on the crystal surface area rather

than on the mass.

The amount of admixtures adsorbed onto the crystals can also be directly calculated,
as was carried out by Weijnen (Weijnen 1986). In her work, pre-weighed seeds were
added into a certain volume of saturated solution of gypsum containing trace
amounts of the admixtures to be investigated, and then the mixture was homogenised
for a certain period of time, such as for 24 hours, until an equilibrium condition was
reached. Next, the crystals were taken out of the suspension and analysed for their

admixture content using XPS.
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In the present study, the quantification of the admixture adsorbed on the crystal
surface was carried out using the crystals obtained from the continuous
crystallisation experiments (sec Chapter 6). These crystals, which were stored in
bottles, were ground, and subsequently dissolved in distilled water. The resulting
solutions were then analysed using atomic absorption spectrometry (= AAR)

analysis.

It was felt that for the continuous crystallisation experiments where admixture levels
of 1 ppm had been used, the quantity of the adsorbed admixtures could be very low
and, therefore the calculation might be prone to a significant error. Hence, it was
decided that the measurement was only carried out for the level of concentrations:
10, 20, 25 and 50 ppm. The results of the AAS analysis were presented in ppm of
admixtures (for either Fe*" or Zn*"), and then converted into mg. The result of the
measurement is presented in Figure 4.11, where the ratio of the adsorbed admixtures
per gram of gypsum crystals is plotted against the concentrations of the admixtures

used.

~
8

=)
8

o
3

mg admixtures / g of gypsum
w o~
S 8

)
3

8

Figure 4.11 Mass of admixtures adsorbed on the surface of gypsum crystals

versus concentrations

As can be seen in Figure 4.11, the adsorption measurements show that higher

admixture concentrations result in more admixtures being adsorbed on the crystal
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surface. These results may be discussed in conjunction with the continuous
crystallisation experiments carried out in the present study (which is presented in
Chapter 6). The continuous crystallisation experiments showed that the presence of
admixtures, either individually or in combination of two or more admixtures resulted
in an increase in nucleation rates, which increases with increasing admixture
concentrations. One of the reasons for the increase may be the adsorption of the
admixtures on the crystal surface, which causes the decrease in the critical free
energy required for nucleation, as proposed by Nancollas and Reddy (Nancollas and
Reddy 1974). Therefore, the results of the adsorption measurements as depicted in
Figure 4.11, are in agreement with the reasoning for the nucleation rate increase put
forward in the continuous crystallisation experiments (see sections 6.6.1 to 6.6.2 in

Chapter 6).

Measurement of the adsorption of admixtures on the crystal surfaces where the
crystals arc obtained from a suspension in a continuous crystalliser should be
regarded as a preliminary study only. The reason is that, different crystal faces
generally have different growth rates due to different structures and energy (Nyvlt
and Ulrich 1995). It is therefore expected that the amount of the admixtures
adsorbed, is also different for different crystal faces. From this analysis, it is logical
to assume that an accurate quantification of adsorption of admixtures on crystal
surface should be performed on a single crystal, or on a certain number of crystals

with a very narrow size fraction.

4.8. Conclusion

The effects of admixtures, namely sodium isopropy! xanthate {= SIPX) and isopropyl
thionocarbamate on the crystallisation rate of calcium sulphate dihydrate or gypsum
have been investigated using a laboratory seeded batch crystalliser and by measuring
the rate constant. It was found that adding the admixtures individually or in
combination significantly affected the crystallisation kinetics and in particular
reduced the rate of the crystallisation of gypsum from aqueous solution. The effect
was measured using a second order kinetic model, that is using the difference
between the initial and the equilibrium calcium ion concentrations. The mechanism

of inhibition or reduction in the rate constant by both admixtures was assumed to be
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one of adsorption of admixtures onto the gypsum crystal surface, thus blocking the
active sites of the crystals. The effect of combinations of admixtures was seen to be
equal to the effect of using only isopropyl thionocarbamate. Therefore, it was
assumed that isopropyl thionocarbamate “overrode” the effect of SIPX by

preferentially being adsorbed onto the gypsum crystal faces.

Activation energies were calculated using data from three different temperatures with
admixtures levels fixed at typical plant values. The SIPX activation energy showed
significant deviation from published values and thus indicated the apparent lack of fit
to a second order reaction kinetics model. The value of activation energy calculated
for isopropyl thionocarbamate results, however, showed satisfactory agreement with
previous studies on gypsum in that comparable value of activation energy was

obtained,

Due to the high activation energy values found, it was concluded that the use of the
second order kinetics model for the batch crystallisation of gypsum carried out in this

study is justified.

Measurement of the admixture adsorption on the crystal surface shows that higher
admixture concentrations (within the range used in these batch crystallisation
experiments) resulted in more admixtures being adsorbed onto the crystal surface.
Moreover, the measurement results show good agreement with similar studies on

gypsum conducted earlier by other researchers (Nestler 1968).
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Summary

This chapter discusses the study of a seeded batch crystallisation of gypsum in the
presence of admixiures. Two types of admixtures were selected: sodium isopropyl
xanthate (= SIPX) and isopropyl thionocarbamate. The content of this chapter is

summarised as follows:

1. The experimental design used in this batch crystallisation study is exploratory

using the so called "QOne-factor-at-a-time" method, since past research in this

area had used various operating conditions. The variables investigated are the
type and concentration of admixtures, seed slurry density and crystallisation run
times. This was necessary due to the lack of comparable studies on which to

base crystalliser settings.

2. The experimental set up and conditions for this seeded batch crystallisation are

as follows:

o Volume of crystalliser : 2 litres

e Agitation speed 2125 rpm

o Crystallisation temperature : 25, 35 and 45°C

o  Crystallisation run times : up to 90 minutes

o Method of analysis : atomic absorption spectrometry
o Crystallising solutions : CaCly and Na;SO, solutions.

3. The crystallisation process was followed by measuring the desupersaturation of
Ca®* versus crystallisation time. Subsequently, the result of the crystallisation
process was presented as the reaction rate constant, k, using a second order

reaction rate constant.

4. In the presence of the admixtures used, the crystallisation rate decreases. For
both admixtures increasing the concentrations will result in further decrease and

the isopropyl thionocarbamate has higher inhibition effect than SIPX. The
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suppression or inhibition of the crystallisation may be a result of adsorption of

the admixture molecules onto the crystal surfaces.

5. The Arrhenius parameter, A, of the crystallisation reaction was calculated to
determine the activation energy and subsequently the mechanism of the

crystallisation process.

6. In this study, both the pure system and the system with isopropyl
thionocarbamate as admixtures produced high activation energies (Ea > 40
kl/mol), which is indicative of a surface reaction process. Hence, it was
concluded that the use of the second order kinetics model for the batch
crystallisation of pure gypsum and that in the presence of isopropyl

thionocarbamate carried out in this study, is warranted.

7. In the presence of SIPX, the growth of the gypsum crystals was inhibited, but the
activation energy decreased. Clearly, this finding is contrary to expectation. It
was assumed that this discrepancy was probably caused by the naiure of both the
crystal surfaces and the crystallising solutions, and that different types of
reaction mechanisms might occur at the same time resulting in lower activation

energy.

8. Measurement of the admixture adsorption on the crystal surface shows that
higher admixture concentrations (within the range used in this baitch
crystallisation experiments) resulted in more admixtures being adsorbed on the
erystal surface. Moreover, the measurement results show good agreement with

similar studies on gypsum conducted previously .

The next chapter discusses the materials and methods for crystallisation of gypsum
carried out in a continuous (= MSMPR) mode. Some parameters used in the
continuous crystallisation experiments were taken from the resulis of the batch
crystallisation discussed in the present chapter. These parameters include mean

residence times, agitation speed and type of some admixtures used.
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CHAPTERS5 MATERIALS AND METHODS FOR CONTINUOUS
CRYSTALLISATION SYSTEM

5.1. Introduction

This chapter describes the experimental procedures and the experimental design for

the continucus (MSMPR) crystallisation system carried out in this study.

As in other chemical processes, crystallisation requires the mass balance calculation
to determine the quantities of raw materials needed and of crystal products produced.
Morecover, such a balance will also determine the stream flow rates and their
compositions. Hence, the mass balance is presented at the beginning of this chapter.
Next, the crystallisation equipment and its operating conditions are discussed,
including details of the schematic diagram, the geometry of the main components of
the experimental rig, as well as the calibration and the performance test of the
accessories. Then, the preparation of the experiments is presented, which includes
the preparation of the crystallising solutions and the seed making. After discussion
of the preparation stage, a typical experimental run and its subsequent sampling and
measurements to extract the experimental data are elaborated. Finally, the "balanced
incomplete randomised block design", selected as the experimental design for this
continuous crystallisation study, is presented, which includes a table of "block" and

"treatment” as a guideline for the experiments and for the data analysis.

This chapter contains the following subheadings:

5.1. Introduction

5.2. Mass Balance for Continuous Crystallisation System
5.3. Description of Equipment and Operating Conditions
5.4. Preparation of System

5.5. Description of a Typical Experimental Run

5.6. Sampling and Measurements

5.7. Experimental Design.
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5.2. Mass Balance for Continuous Crystallisation System

In an MSMPR crystalliser, the liquid and solid phases in the crystallisation process
are related by three equations. For the liquid phase, there is an equation, which
relates the variation of concentrations of species of the crystallising substances. For
the solid phase or the crystals, the population balance equation (= PBE) i1s used. For
both phases, the mass and energy balance is utilised (Lakatos and Sapundzhiev
1990). The present study investigates a crystallisation process in solution, hence the
energy balance is not a critical factor (Mersmann 1995) and, therefore, not required.
However, the mass balance was calculated to determine the quantities and
compositions of the stream flows and their compostitions, so that the raw materials
needed and the products yielded can be quantified. Mass balance calculation for 8
residence times (1 residence time = 15 minutes) was carried out and the result is
shown in Table 5.1. Detailed calculation of the mass balance is given in Appendix

B: Mass Balance for the Continuous Crystallisation System.

Table 5.1 Mass balance for the continuous crystallisation for 8 residence times

Operating conditions Seed Tank Liquor Tank Crystalliser
Concentration, ppm Ca’ 611 1,348 1,200
Working volume, ml 3,000 10,000 1,500
Flow rate, ml/min 20 80 100
Slurry density, g/1. 4.00 0.000 0.800

In a continuous crystallisation, the supersaturation level is not an independent
variable. In fact, it is interrelated with residence times, and thus the capacity of the
crystalliser. In this study, calculation has been made to evaluate the effect of
residence time on the concentration level in the liquor tank, the results of which are

presented in Tables 5.2 to 5.4.
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Table 5.2 Crystallisation operating conditions for 10 minute residence time

Crystalliser Seed Tank Liquor Tank
Flow rate Concentration Flow rate Concentration Flow rate Concentration
(ml/min) (ppm) (ml/min) (ppm) (ml/min) (ppm)
150 1,200 70 611 80 1,715
150 1,200 65 611 85 1,650
150 1,200 60 611 90 1,593
150 1,200 55 611 95 1,541
150 1,200 50 611 100 1,495

Table 5.3 Crystallisation operating conditions for 15 minute residence time

Crystalliser Seed Tank Ligquor Tank
Flow rate Concentration Flow rate Concentration Flow rate Concentration
(ml/min) (ppm) {ml/min} {ppm) (ml/min) (ppm)
100 1,200 20 611 &0 1,347
100 1,200 15 611 &5 1,304
100 1,200 10 611 90 1,265
100 1,200 5 611 95 1,231
100 1,200 0 611 100 1,200

Table 5.4 Crystallisation operating conditions for 20 minute residence time

Crystalliser Seed Tank Liquor Tank
Flow rate Concentration Flow rate Concentration Flow rate Concentration
(ml/min) (ppm) (ml/min) (ppm) (ml/min) (ppm)
75 1,200 15 611 60 1,367
75 1,200 10 611 65 1,291
75 1,200 5 611 70 1,242
75 1,200 0 611 75 1,200
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5.3. Description of Equipment and Operating Conditions

The schematic representation of the continuous crystallisation system is depicted in
Figure 5.1. The major components of the system were a seed tank (= vessel ), a
liquor tank (= vessel II) and a crystalliser vessel (vessel III). The crystalliser had a
working volume of 1.5 litres, made of stainless steel with four internal baffles to
prevent vortex formation. It was agitated using a variable speed 45° pitched blade
impeller and was placed in a thermostatically controlled water bath. The crystalliser
contained supersaturated solution of gypsum. An impeller speed of 125 rpm was
found to be fast enough to prevent crystals from settling at the bottom of the
crystalliser. A previous run carried out in an identical flexi-glass (transparent)
crystalliser showed that the crystals were uniformly suspended. As the slurry density
is low, that is 0.800 gram per litre of solution, it was considered unnecessary to
increase the impeller speed as the crystallisation process proceeded. It was assumed
that the increase in crystalliser slurry density due to nucleation and growth was
minimal and did not significantly affect the required speed of the impeller for a

completely mixed condition.

The seed tank contained seed crystals of gypsum suspended in a saturated solution of
gypsum and it was also similarly agitated as that of the crystalliser. The liquor tank
contained a supersaturated solution of gypsum and was immersed n a
thermostatically controlled water bath. As the liquor tank did not contain any solids,
it was only occasionally stirred to prevent hot spots and local supersaturation build
up. Mass balance for the solution concentration level for varying residence times is

given in Tables 5.2 to 5.4.

To ensure accurate flow rates, transfer of crystallisation solutions from one vessel to
another throughout the system was facilitated by three Masterflex™ peristaltic
pumps (supplied by Cole Palmer Instrument Company). The continuous
crystallisation experiment consisted of three major steps: Preparation of
Crystallisation Solutions, Preparation of Seeds, and Crystallisation Run. The

full description of each of the three steps is given in sections 5.4 to 3.5.

5-4



Chapter 5

J2SI[eISAL)) TIT Sued Jonbry T SO[ue) paag i1
WA)SAS UONESI[EISAD (YJNSIA) snonunuod 3y; jo uonejuasaadal anewayd§ 1°S 2nsng

5-5



Chapter 5

5.3.1. Crystalliser vessel

A schematic picture of the crystalliser vessel is shown in Figure 5.2. It is a flat-
bottomed cylindrical vessel (internal diameter (ID) = 15 cm) made of stainless steel
(SS 316) with a working volume of 1,500 ml and was agitated using a four bladed
variable pitched impeller with a diameter of 9 cm driven by a variable speed motor.
The crystalliser vessel was fitted with four removable baffles connected to each other
with two steel wires. To maintain the liquid level in the crystalliser at a constant
level a polystyrene float level controller activated by an infra red sensor was used.
The crystalliser was placed in a thermostatted water bath to obtain and maintain the
desired temperature of crystallisation. Two separate SS 316 steel tubes (ID = 0.5
cm) were fitted to the 1id of the crystalliser to facilitate the input flows from the seed
tank and the liquor tank, respectively. To enhance the rapid mixing of the inlet
streams with the crystalliser content, the two tubes were placed side by side and
between two baffles. Moreover, the two tubes were extended from the lid down to
mid height in the crystalliser. Product from the crystalliser was withdrawn using a
peristaltic pump and was collected in a plastic bucket and was subsequently dumped
into a waste tank in the laboratory, The product withdrawal was intermittent,
delivering about 10% of the crystalliser content at a time. Owing to the low slurry
density in the crystalliser (= 0.80 g/L) the intermittent withdrawal was considered

sufficient to prevent classification of the suspended solids.

A batch mode operation was used to check the consistency of the slurry within the
crystalliser. First, a saturated solution of 611 ppm of Ca®" was prepared by mixing
equimolar volume of calcium chloride and sodium sulphate solutions. The two
solutions were mixed in the crystalliser and then agitated at 125 ppm. Next, 1.20
grams of gypsum was added into the crystalliser and the slurry was then taken from
time to time to check the density. The sampling was done by taking 50 m] of slurry
from the crystalliser using a syringe with an extended tubing attached to the tip of the
syringe. The location of sampling was variously mid height of the crystalliser
volume, at the centre of the crystalliser, and between two baffles. The samples were

then filtered and the solids obtained were dried in an oven at 100°C overnight. The
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dried solids were weighed and the weight was calculated to give the slurry density in

the crystalliser. The following table gives the result of the determination.

Table 5.5 Test for consistency of slurry density in the crystalliser

No. Time of withdrawal after start, min Density of slurry, gram per litre
| 2 0.792
2 5 0.796
3 15 0.801
4 20 0.800
5 45 0.799
6 60 0.800
7 90 0.798
8 120 0.801
9 150 0.801

Seed slurry
stream
Liquor 3 Product

stream withdrawal
1 5
4

]
| ] ﬂ |
A
A
v v D 15 Cm
1.5Cm
2Cm 83Cm
H
Ls omy e

1Cm  — ¢ 2.8Cm
h 4 4
9Cm f 15Cm >

<

1 = Calcium ion selective probe 2 = sample port 3 = pitched blade turbine impeller
4 = polysterene float level controller 5 =peristaltic pump

Figure 5.2 Crystalliser and impeller geometry

5-7



Chapter 5

5.3.2. Seed tank

The flow rate from the seed tank was checked to ensure the rate was sufficient to
supply the crystalliser with adequate seeds. Seed slurry density in the seed tank was
fixed at 4.00 g/L (see Table 5.1). To check the flow rate, the seed tank was filled
with a saturated gypsum solution (= 611 ppm Ca®"), the impeller was activated and a
predetermined amount of gypsum was added to make the shurry density equal to 4.00
g/L.. Then, a peristaltic pump was activated to withdraw the slurry from the seed
tank at a flow rate of 20 ml/min. The volume of slurry withdrawn was 50.00 ml and
it was collected into a measuring cylinder. Next, the slurry was filtered to obtain the
solids. The solids obtained was dried in an oven at 100°C overnight and then
weighed. The weight corresponded to 50 ml of slurry. Then the weight was
calculated to get the slurry density in g/L as shown in Table 5.6.

Table 5.6 Slurry density test for the stability of the seed tank flow rate

No. | Time of withdrawal after start, min. Density of slurry, gram per litre
1 2 3.72
2 5 3.75
3 15 3.97
4 20 4.01
5 45 4.00
6 60 3.95
7 90 4.01
8 120 4.00
9 150 4.01

5.3.3. Liquor tank

The liquor tank is a cylindrical vessel made of stainless steel with an ID of 25.4 em
and the working volume of 10 litres. The liquor in the liquor tank was not
continuously agitated because it did nof contain any suspended solids. It was
occasionally stirred gently, to prevent the occurrence of hot spots and local

concentrations. A stainless steel tube with an ID of 3 mm was extended from the lid
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of the liquor tank down to the bottom of the tank. The tube was then connected to a
flexible Norprene™ tubing (supplied by Cole Palmer Instrument Company), to a
peristaltic pump. The liquor tank was placed inside a thermostatic cylindrical water
heater, the temperature of which can be adjusted to control the temperature of the
liquor within the liquor tank. The temperature of the liquor was sct at a higher level
than that in the crystalliser so that when the two streams from the seed tank and the

liquor tank were mixed in the crystalliser, the desired temperature was achieved.

The liquor was prepared with a slightly higher concentration level than that in the
crystalliser in order to achieve the desired level of concentration in the crystalliser.
Calculation of the level of concentration for the liquid within each tank (crystalliser,
seed and liquor tanks) is elaborated in Appendix B: Mass Balance for the
Continuous Crystallisation System. The concentrated liquor in the liguor tank was

observed to be stable for the duration of the continuous crystallisation run.

5.3.4. Transport pumps

In this continuous crystallisation study three Masterflex™ peristaltic pumps
(supplied by Cole Palmer Instrument Company) were used. One pertstaltic pump
was used to transport the slurry from the seed tank into the crystalliser. Another
peristaltic pump was used for delivering the liquor from the liquor tank into the
crystalliser. The third peristaltic pump was utilised for the withdrawal of the
crystalliser product. The seed tank and the liquor tank peristaltic pumps were fitted
with size 16 (3.1 mm inside diameter) MasterFlex™ tubing (supplied by Cole Palmer
Instrument Company), while for the crystalliser withdrawal pump the same tubing
but with a smaller inside diameter (= 1.6 mm) was used. Prior to the actual
experimental runs, all of the pumps were calibrated to check their pumping capacity
since they were only fitted with potentiometric set points with scales from 0 to 10,
instead of direct measurement in unit volume per unit time. (The calibration
procedure and results are presented in section 5.3.4.2.). Gypsum solution is neither
toxic, nor corrosive, nor harmful, and therefore no specific requirement 1s necessary

for the pumps and the tubing,
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5.3.4.1, Transport pump settings

It is necessary to ensure that the flow rate of the slurry in the system is high enough
to prevent the crystals from settling and/or classifying during transport. A
calculation was carried out for the transport of the seed slurry from the seed tank to

the crystalliser vessel to validate this condition. The calculation is as follows:

Cross section area of tube (A) =1 x (0.31 cm)*/4.

Volume of seed in 1 litre slurry = 0.8 g/2.32 gricm’
=(.3448 ml.

(density of gypsum = 2.32 g/cmr’®) (Perry and Green 1997))

Volume of liquid in 1 litre slurry ={(1,000 — 0.3448) ml
=099.6552 ml.

Seed slurry volumetric flow rate =20 ml/min.

Volumetric flow rate of liquid in seed slurry = (20 - 0.3448) ml/min
=19.6552 ml/min.

Superficial velocity (v,) of liquid in seed slurry = volumetric flow rate/A
= (19.6552 cm’/min)/0.075 cm®
=4.3678 cm /sec
~ 4.37 cm/sec.

Particle Reynolds number in the slurry inside the tube is defined as

NRe = Vo Psolation L / Hsolution (5.1)
where,
Nge = particle Reynolds number, dimensionless
Vo = superficial velocity, cm/sec
Psolution = density of gypsum-water solution (=1.0 g/cm3)
L = crystal size, cm
Hsolution = viscosity of gypsum-water solution, g/cm sec.
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Hence,

NRe = (4.3678 cm/sec)(2.32 g/cm3)(0.0125 cm)/{0.01 g/cm sec)
={.126666/0.01
=12.7
=13

The particle Reynolds number, Nge equals 13, thus the terminal velocity of the

particles in the slurry falls in the intermediate region between Newton’s and Stoke’s
regimes. Therefore the terminal velocity of crystals in the slurry can be calculated by

the following equation

0.71

0717114
_ 0 1 ng L (pypsum— pwater)
U =ulo2 0.29 043 (5.2)
p water p solution

where,

U = terminal velocity of crystals in the slurry, cm/sec
g = gravitational constant, (g)(cm)/(dyne)(secz)

L = crystal size, cm

Peypsum = density of gypsum, g,/cm3

Pwater = density of water, g/cm3

Psolution = density of gypsum-water solution (=1.0 glem?).

Solving the above equation with all the values available gives u, = 1.21 cm/sec. As
can be seen the terminal velocity of crystals in the slurry, u; (=1.21 cm/sec), 1s much
less than the superficial velocity of the liquid, v, (= 4.37 cm/sec). Therefore it can be
stated that the chances of crystals settling or undergoing classification during

transport from the seed tank into the crystalliser is negligible.

5.3.4.2. Calibration of the peristaltic pump flow rates

The peristaltic pumps used for the transport of solutions were not equipped with flow

meters by which the flow rate can be read directly. Instead, potentiometric set points
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from 0 to 10, was used in each pump to regulate the flow rate. Hence, it is necessary
to calibrate the exact flow rate for each representative set point. The calibration was
carried out by measuring the volume of the solution delivered at each set point per
minute, A stopwatch and a measuring cylinder were respectively used to measure
the time and volume of the solution collected. Each measurement was done twice
and the results were averaged. The results of the calibration are presented in the

following charts: Figures 5.3 to 5.5.

140.0
120.0 4
100.0 4
80.0 +
60.0 +
40.0 +
20.0
0.0
-20.0
-40.0

Volume of liquid coliected,
ml/min

Speed controller set-point

Figure 5.3 Calibration plot for the seed tank peristaltic pump

140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0
«20.0

Volume of liquid collected,
ml/min

-40.0

Speed controller set-point

Figure 5.4 Calibration plot for the liquor tank peristaltic pump
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300.0

Volume of liguid collected,
ml/min

Speed controller set-point

Figure 5.5 Calibration plot for the crystalliser peristaltic pump

5.3.5. Vessels and accessories

The three vessels, namely the seed tank, the liquor tank and the crystalliser were
cleaned following the procedure adopted by Chan (Chan 1997). For the connection
tubes, cleaning was carried out using a dilute hydrochloric acid solution followed by
rinsing with distilled water. The use of the hydrochloric acid solution was especially
adopted after each experimental run in order to dissolve trace amount of crystals that

might have attached to the inner wall of the tubes.

5.4. Preparation of System

5.4.1. Preparation of crystallisation solutions

Gypsum solutions with different concentration levels with respect to Ca’* were
prepared by diluting and mixing stock solutions of CaCl;.2H,O and NapSO,,
respectively. The stock solution of CaCl;2H,0 as Ca®” provider, was made by
dissolving crystals of CaCl,.2H;0 in distilled water. The stock solution of Na;SQOy,
as SO4% provider, was prepared in the same manner. The two solutions were kept

separately and only mixed immediately prior to the experimental run. Extreme care
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was taken to keep the solutions free from dust, insoluble matter etc. In addition, both
solutions were filtered before being used for the experiments. Procedure for the
preparation of crystallisation solutions is detailed in Appendix B: Mass Balance for
the Continuous Crystallisation System. The preparation procedure was based on
the selected operating conditions of the three main components of the crystallisation

rig as tabulated in Table 5.1 as follows:

1. Seed tank:

Concentration level = gaturated
=611 ppm of Ca™",

Flow rate = 20.00 ml/min.
Slurry density =4.00 g/L.

2. Liquor tank:
Concentration level (calculated) = 1,348 ppm of Ca”".
Flow rate = §0.00 m{/min.
Slurry density =0.00 g/L.

3. Crystalliser: (= for 15 minute residence time)
Concentration level = 1,200 ppm of Ca*".
Flow rate = 100 ml/min.
Slurry density =0.800 g/L.

Briefly, the preparation of crystallisation solutions as detailed in Appendix B

resulted in the following,.

1. The crystallisation solutions were prepared by dilution with distilled water from
the more concentrated stock solutions of 0.5 M of CaCl; and 0.5 M of Na;SQq,
respectively.

2. The volume of 0.5 M of CaCl; stock solution required for the entire experimental
runs was 20.25 litres. Likewise, the required volume of 0.5 M of Na,SO4 was
20.25 litres.

3. The amount of CaCl;.2H,O crystals required for the stock solution was 10.125

mol or 1488.58 grams.
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4. The amount of Na,SO; crystals required for the stock solution was 10.125 mol or
260.36 grams.

5. The amount of seeds needed for one crystallisation run = 15.200 grams.

6. The total amount of seeds required for the entire experiments = 1094.4 grams

~ 1095 grams.

5.4.2. Preparation of seeds

Gypsum crystals as seeds for this seeded continuous crystallisation were prepared by
slow and accurate addition of 0.60 M calcium chloride solution to 0.60 M sodium
sulphate solution in equal volumes at room temperature according to the following

reaction:

CaCl,.2H,0 + Na,S0,— CaS042H,0 + 2 NaCl (5.3)

The crystals obtained were filtered, washed, oven dried, sieved and stored. Before
being used for the experiment the crystals were heated in an oven overnight at 60°C.
Then they were sicved within the sieve cuts +53 pm and —90 pm and characterised
by optical microscopy and scanning electron microscopy (SEM) (Phillips XL30)
(Amjad 1985). The sicved crystals were then ready for the experiment. Detailed
description of gypsum seed preparation is well-documented (Amjad 1985; Amjad
1988; Liu and Nancollas 1970; Liu and Nancollas 1973).

5.4.2.1. Detailed description of the seed making

Two litres each of 0.6 M solutions of calcium chloride (= CaCly) and sodium
sulphate (= Na,SQ,) were prepared in two separate large glass beakers. The sodium
sulphate solution was then transferred into an agitated vessel and the two solutions
were agitated at 250 rpm, respectively. A peristaltic pump was used to withdraw the
calcium chloride solution into the vessel containing the sodium sulphate solution.
The pumping lasted about 10 minutes. After all the calcium chloride solution had
been withdrawn, the pump was turned off, but the agitation in the vessel (in which

the gypsum crystals were then growing) was continued at half the previous speed, i.e.
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at 125 rpm for 30 minutes. Next, the stirring was stopped, the stirrer removed and
the mixture was left to stand for five minutes to allow the seed crystals to settle.

Subsequently, the supernatant was decanted.

The wet gypsum crystals in the vessel were then transferred into a large glass beaker
and washed several times with plenty of distilled water to remove the Na*, Cl" and
fines. Next, they were suction filtered. In order to prevent the crystals from forming
aggregates or agglomerates, they were washed with iso-propanol (IPA) and suction
filtered until dry enough so as not to form lumps when they were taken from the
filter funnel. The crystals were then spread on a large filter paper and put in an oven

at 90°C for up to three days or until they became dry to the touch.

The seed making was repeated many times until enough crystals had been obtained
for the entire experiment. It was observed that each seed making produced about 130

grams of seeds.

5.4.2.2. Uniformity of the seeds prepared

To ensure the uniformity of the gypsum seed crystals prepared, the following
procedure was carried out. The crystals were initially stored in several small plastic
bottles. From each bottle about 40 grams of seeds were taken and poured into a
splitter (supplied by Metalcraft, Canningvale 6155 WA) which distributed the
crystals into 22 chutes in the splitter and then into two collectors. Afer all the
crystals from the small plastic bottles had been put into the splitter and collected in
the two collectors, they were mixed in a large plastic bucket. From this plastic
bucket, a small amount of the crystals (about 40 grams) was taken and put back into
each of the small plastic bottles. This procedure was repeated five times and finally
the mixed crystals were stored in the plastic bottles until they were used. The plastic
bottles were shaken and inverted each day to ensure that the crystals remain mn a

homogeneous state and to prevent caking.
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Before being used for the experiment, the crystals were put in an oven overnight at
60°C. Then the crystals were sieved within the sieve cuts + 38 um and — 90 pum.

The sieved crystals were then ready for the experiment.

5.4.2.3. Characterisation of the seeds: morphology and purity

The seed crystals obtained from the seed making showed the characteristics of
gypsum crystals formed from pure supersaturated solution, in that they were acicular
or needle-like in shape as shown in Figure 5.6 (Rolfe 1966; Weijnen and van

Rosmalen 1984).

Figure 5.6 Scanning electron micrograph of gypsum as seeds

Chemically, the seeds were also confirmed as gypsum by the following method. A
small amount of about five grams of purchased reagent grade gypsum and seed
crystals were accurately weighed separately. The two crystal substances were then
dried in an oven at 110°C for several days. Each day the two substances were taken
from the oven and weighted and put back into the oven if a constant weight had not
been reached. As the constant weight of the purchased reagent grade gypsum was
the same as that of the seed crystals, it was concluded that the seed crystals were

indeed gypsum or calcium sulphate dihydrate. This method was similar to that used
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by He et al. (He et al. 1994) for the preparation of calcium sulphate hemihydrate

crystals from gypsum.

5.5. Description of a Typical Experimental Run

The crystallisation run was initially started in a batch mode for one residence time of
15 minutes. The crystalliser was placed in a thermostatically controlled water bath
with accuracy to within 1°C. It was heated until the desired temperature of the
solution within the crystalliser was reached. After the attainment of the desired
temperature, a sample for solution concentration was taken and then a predetermined
weight of gypsum crystals was added into the crystalliser. Immediately after the
seed addition, a stopwatch was started and the speed of the impeller was sharply
increased for about 30 seconds so as to homogenise the contents of the crystalliser.
After the vigorous stirring, the agitation specd was reduced to its predetermined
value and the system was run in a batch mode. In a similar batch crystallisation
experiment on gypsum (Murray 1999), an impeller speed of 225 rpm and a slurry
density of 15.00 g/L were found to cause no attrition after an experimental run of 15
minutes. In this study both the impeller speed (= 125 rpm) and the élurry density (=
0.800 g/L) values were much less than those used by Murray (Murray 1999), and
hence the vigorous stirring at the start of the experiments was believed not to cause
attrition of the crystals. While the crystalliser was running in a batch mode, the seed
tank was agitated to maintain homogeneous slurry of gypsum seeds. A sample for
initial crystal size distribution (CSD) analysis was taken from the seed tank during
this period. The liquor tank was agitated slowly just to maintain the liquor at
uniform temperature and thus avoid the occurrence of hot spots. The flow rates of
the three tanks were determined by adjusting the set point of the pumps connected to
them through tubing (see Figs. 5.3, 5.4 and 5.5 in section 5.3.4.2 for the calibration
charts of the pump flow rates).

When the batch mode period was ended, the system was run in a continuous mode by
activating the peristaltic pumps. The continuous mode was run uninterrupted for up
to eight residence times to ensure that the system reached steady state. Throughout

the run the agitation speed as well as the flow rates were periodically checked and
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rectified if necessary. The running of a continuous crystallisation system could
sometimes be hindered by a blockage in the tubing system. Blockages were usually
easy to rectify, that is, by reversing the flow. For example, in this experiment the
crystalliser product withdrawal was carried out by the peristaltic pump operated in
reverse flow mode. If there is an obstruction in the crystalliser outlet tubing, the
obstruction can be removed by reversing the pump operation from "REVERSE" to

"FORWARD" mode for a few seconds and then back to "REVERSE" mode.

For the run with admixtures, the pre-weighed admixtures were added into the seed
tank prior to the start of the continuous mode. Sampling during the continuous mode
was carried out according to the experimental design. On completion of the
continuous run, that is, after eight residence times, the system was stopped. This was
done by switching the peristaltic pumps, the impeller motors and, the temperature
controller off. The crystalliser content was discarded into a waste container and all
the tanks and accessories were cleaned for subsequent runs according to the

procedure adopted by Chan (Chan 1997).

5.6. Sampling and Measurements

5.6.1. Sampling for solution concentrations

As crystallisation proceeds, the Ca®" concentration in the crystallising solution
decreases due to the crystallisation of calcium sulphate dihydrate (CaS04.2H;0) or
gypsum. The decrease in Ca** concentration was continuously monitored using a
Calcium Ion Selective Electrode (Orion™) (hercafter will be called the Ca®”
electrode), A sample hole was made on the crystalliser lid, through which the Ca**
electrode was inserted into the crystalliser, such that the tip of the electrode was
dipped into the solution. Once the crystallisation run was started, the Ca®* electrode
was switched on and the concentration of Ca’* in the solution was continuously
displayed on the screen. The Ca®’ electrode was calibrated before each
crystallisation run to make sure that there was no potential drift. In addition, to

stabilise the electrode-sensing module, that is, the part that measures the
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concentrations, it was always soaked in the standard 100 ppm solution between

experimental runs.

Calibration of the Ca®* electrode

Tt is necessary to ensure that the Ca®" electrode used in this study correctly measures
the concentration of Ca’* in the crystallising solution within the range of the
concentration used. The lowest possible concentration of Ca®* will be in the seed
tank, which is equal to the saturated condition of 611 ppm of Ca® (at 25°C). On the
other hand, the liquor tank contains Ca®" solution with the highest concentration, that
is, about 1,350 ppm (see Table 5.1. Mass balance for the continuous
crystallisation for 8 residence times in section 5.2). Therefore, the calibration of
the Ca®" electrode should cover at least the range: 611 ppm to 1,350 ppm of Ca”".
The sensitivity of the Ca*" electrode used is also shown as the change in electrode
potential (measured in millivolts, mV) observed with every tenfold change in
concentration (as explained in Ca®* Electrode Instruction Manual, supplied by Orion
Company). Therefore, for rcasons of practicality as well as of the range of
concentrations that needs to be covered, a calibration scheme shown in Table 5.7

was carried out.

Table 5.7 Electrode potential for different solution concentrations

Solution concentration Electrode potential (mV)

(ppm of Ca®") 1* 2
200 -29.7 -29.9
300 -26.7 -27.5
500 -14.7 -15.2
700 -14.8 -15.7
900 -8.6 -8.9
1000 -8.1 -8.9
1100 -7.9 -9.2
1300 -6.8 -7.3
1500 -3.6 -3.8
1600 -2.6 -2.6
2000 +0.3 +0.4
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Temperature of standard solution: 27.5°C
Concentration of standard solution: 100 ppm of Ca®*
Electrode potential of standard solution: -34.4mV

The standard solution for the calibration was prepared by dissolving CaCl,.2H>O
crystals in distilled water to make a 0.5 M CaCl;, stock solution. From the stock
solution, standard solutions with different concentrations can be made by appropriate

dilution with distilled water.

It is also necessary to ensure that the Ca®" electrode is stable for the duration of the
crystallisation time. The continuous crystallisation will run for at least eight
residence times and each residence time lasts 15 minutes. Therefore the Ca®*
electrode should be stable enough during that period. A scheme was carried out to

check the stability of the Ca®" electrode and the result is shown in Table 5.8.

Table 5.8 Electrode potential versus time for the 100 ppm standard solution

Time Temp. of solution | Electrode potential
(hours) ') (mV) PH
0 38.7 -8.2 7.136
1 38.9 -8.6 7.149
2 38.2 -8.3 7.147
3 38.2 -8.2 7.147
4 38.7 -8.2 7.147
Temperature of standard solution: 39°C
Concentration of standard solution: 100 ppm of Ca**
Electrode potential of standard solution: -8.2.mV

Calibration of the Ca®**electrode was also carried out to ensure its precision in

measuring the Ca®* concentration and the result is shown in Table 5.9.
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Table 5.9 Accuracy of the Ca’*electrode at different concentrations

Concentration, Concentration, ppm Ca*" PH Potential, mV

ppm Ca** (measured)
(prepared)

1st 2nd 1 [§i 2nd lst 2nd

10 10.00 10.05 7.151 7.151 -9.1 -9.2

100 100 100 6.696 6.696 178 | 17.6

1,000 1,000 998 6.287 6.286 | 42.1 | 42.2

1,350 1,350 1,348 6.226 6.227 | 455 | 455

5.6.2. Sampling for slurry density

Samples for the slurry density were taken at the beginning of the crystallisation run,
that is, from the seed tank, and subsequently at the end of each residence time. A 50
ml sample was isokinetically withdrawn using a 50 ml plastic syringe and
immediately filtered and washed using iso-propanol. The filtered solids were then
dried in an oven until a constant weight was reached. The ratio between the weight

of solids and the sample volume was taken as the slurry density.

5.6.3. Sampling for crystal size distribution (CSD)

One of the main characteristics of a crystal product is its crystal size distribution or
CSD. The CSD is important for several reasons. First, it influences the process
performance such as filtration of the mother liquor and the subsequent drying of the
crystals. Second, it affects the storage and handling of the final product, such as
flowability. Third, it affects the appearance and end use of the product such as the
colour and dissolution properties. In this work, CSD sampling was carried out twice.
The first sample was taken from the seed tank to represent initial CSD. The second
sample was taken after steady state was achieved, that is at the end of the gt
residence time, to correspond to the final CSD. A 50 ml sample was isokinetically
withdrawn using a 50 ml plastic syringe and immediately filtered and washed with
isopropanol solution. The solids obtained were transferred into a small beaker
containing isopropanol and then ready for CSD analysis. Results of the analysis

were used to calculate growth and nucleation rates respectively. An ideal MSMPR is
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a well-mixed reaction vessel where the product CSD within the crystalliser is the

same as that in the product withdrawal point.

The CSD was analysed indirectly because the particle size analyser used in this
study, i.e. Malvern MasterSizer™, gives the results in terms of percentage volume
distribution. However, since there is no evidence to the contrary, gypsum is believed
to be a crystalline material that has a constant density, so that volume distribution is
identical to weight distribution. The percentage volume distribution obtained from

the Malvern MasterSizer™ was therefore, treated as such.

5.7. Experimental Design

5.7.1. Classification of research method

Research is an attempt to answer a question or to solve a problem utilising a
systematic procedure supported by verifiable fact. The following classification of
research methodology proposed by Leedy (Leedy 1989) is given to put the
experiments carried out in this study into context.

e Historical method

e Descriptive survey method

e Analytical survey method

e Experimental method.

The experimental method is widely used in engineering and science, and therefore, 1t

was used in this study and is elaborated in the following section.

5.7.2. Experimental method

The experimental method implies that the research work is basically carried out in
research laboratories. The basic assumption of experimental method is that a given
phenomenon follows a cause-and-effect pattern (page 218, Leedy 1989).
Experimenter deals with two situations and assesses each of them for comparison.

Then the experimenter goes on by introducing external factors into one of the
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situations and observes the change, if any. The experiment assumes that whatever
change is observed, is caused by the external factors introduced. In most cases, the
experiment will conclude by stating that the external factors have cither significant or

insignificant effect(s) on the experimental subject.

Before any experimental research is carried out, it needs to be carefully planned or
designed, so that the required information or data are accurate and reliable and can be
gathered in an efficient way. The design of experiment, which is also called the
experimental design, is intentionally employed as a powerful technique, that is one
that yields reliable experimental data and accurate interpretation of it. In order to

elaborate on the experimental design, several statistical terms are first introduced.

o Experimental design

Experimental design is a specific plan, which consists of a sequence of steps to be
carried out for a research study to ensure that the experiment can be conducted
efficiently and will yield an unambiguous and verifiable data. Furthermore, the

design ensures that the analysis of the data will yield a valid statistical conclusion.

e Treatment

A treatment is a procedure or any controlled condition which is applied to the
experimental material in order that its effect on it can be measured (Petersen 1985).
Different processes, different operating conditions, are examples which are
effectively called different treatments (page 199, Davies 1978). In this work three
different admixtures (Fe’*, Zn** and sodium isopropyl xanthate (=STPX)) and their
combinations (Fe* + SIPX, Zn™"+ SIPX, and Fe**+ Zn® +SIPX) were investigated in
order to assess their effects on the crystallisation kinetics. Thus, the treatment

represents the different types of admixtures and their combinations.
¢ Experimental unit
Experimental unit is a unit or a group to which a treatment is applied, and which will

be compared with a control group, that is the group which has not been given the

treatment (page 42, Miller and Wilson 1983). Hence, in this study, an experimental
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unit is represented by any cell, which denotes a combination of treatment and block
as shown in Tables 5.1¢ and 5.11 in section 5.7.6.2 (The balanced incomplete

block design used in this study).

s Block

A block is a2 group of experimental units having certain inherent characteristics in
common. In other words, it is a group of experimental units with homogeneous
conditions (page 6, Petersen 1985). In this study, the effects of admixtures on the
crystallisation kinetics were investigated at some operating conditions which involve
varying the temperatures (25°C and 40°C) and admixture concentrations (1, 10 and
50 ppm). Thus, a block represents an operating condition, which involves
temperature variation and different admixture concentration. Tables 5.10 and 5.11

(in section 5.7.6.2) show different blocks designed for this study.

¢ Replication

A replication refers to the number of times any particular treatment appears
throughout the experiment. Replication is carried out to provide an estimate of the
magnitude of experimental error. Additionally, it helps calculate the level of the tests

of significance (page 4406, Bethea et al. 1985).

e Observation

Observation refers to a research activity in recording the information on certain
characteristics of an object. The researcher records and analyses the characteristics

without intentional intervention.

¢ Randomisation

Randomisation is done to eliminate any bias in the experimental unit (page 446,
Bethea et al. 1985). As is already known, in every experiment there are always other
variables which cannot fully be controlled, even if a good design has been made to
control certain variables (page 3, Hicks 1973). Hence, bias might occur. It is

assumed that through randomisation, the effects of extraneous factors are averaged
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out so that bias is reduced to a minimum or eliminated altogether (page 9,

Montgomery 1991).

¢ Independent variable

A certain characteristic that the researcher has control over and is able to manipulate

it or change it at will.

¢ Dependent variable

A dependent variable is one over which the researcher has no direct control. It is the

result of the effect of the independent variable.

e Factor

The term "factor” indicates any manipulable feature of the experimental conditions

such as temperature, chemical concentrations, flow rate etc (page 248, Davies 1978).

5.7.3. Experimental design

There is no absolute classification about experimental design. Apparently, the
classification is dictated by the academic discipline on which the research will be
conducted. Literature survey on the experimental design for engineering and
physical sciences (Bethea et al. 1985; Davies 1978; Hicks 1973; Montgomery 1991)

shows that the following sequence of approach is widely known.

5.7.3.1. One-at-a-time approach

The researcher may be satisfied conducting the experiment conventionally using a
one-at-a-time approach. This method is simple but may take a lot of time.

Furthermore, it might lead to wrong conclusions if the factors interact {Davies 1978).
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5.7.3.2. Randomised block design

It is obvious that if the number of experimental runs that has to be performed is large,
the variability of the experimental materials and process expands. Therefore it
becomes more difficult to obtain a high precision on the result data because identical
conditions may not be available. This situation gives rise to the need of using block
and randomisation. Hence, the randomised block design and its variation were

adopted.

5.7.3.3. Factorial design

Many experiments involve examination of two or more factors. The factorial design
allows such examination to be made. One of the advantages of factorial design is
that the conclusions drawn are valid over a range of experimental conditions because
the effects of one factor may be estimated at several levels of other factors (page 201,

Montgomery 1991}).

5.7.4. Requirements of a good experimental design

There are three requirements for a good experimental design, namely replication,
randomisation and blocking (page 4, Petersen 1985). If repeated observations were
applied to several experimental units receiving the same treatments, the expenimental
errors could be estimated more accurately. Therefore, replication can be used as a
method to better estimate the experimental error. In addition, replication can also

increase the precision because it minimises the standard error. As is known:

2

s
Standard error = ,[— (5.4)
Fa
where,
¢ = sample variance
r = number of observations or replication.

It is clear from the above equation that as the number of observations, r, increases
the standard error decreases. For reasons of practicality, however, replication is
sometimes not justifiable. This is especially true for cases where preliminary
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observations have shown that experimental data show a certain trend. The
investigation on the effects of additives and impurities on the crystallisation of
gypsum has shown that in most cases, the effect shows a particular trend with regard
to the amount or concentration of impurities. Therefore, the need for replication in

this work was seen as optional.

The second requirement is randomisation, that is a technique to ensure that
treatments to the experimental units are equal and independent from each other.
Hence, randomisation is utilised to minimise the effect of either known or unknown
systematic disturbances (page 588, Davies 1978). Still another requirement for a
good experimental design is to increase the precision by applying blocking. By
blocking it is meant that the experimental materials are arranged into groups or
blocks which consist of uniform experimental units. In the analysis of the resulis,
differences among blocks are removed from the experimental error. The following

section discusses the error analysis applied to this study.

» Error Analysis

It is obvious that each step of an experimental run is subject to both random and
systematic errors. In this continuous crystallisation study, the random errors will

very likely occur in the following steps.

1. Weighing and dissolving crystals of both CaCl,.2H,O and Na,SO4 for the
crystallisation solutions.

2. Subsequent measuring of the volumes of the crystallisation solutions.

3. Reaction time in starting and stopping the peristaltic pumps.

4. Reaction time in starting and stopping the stopwatch to time the experimental
runs.

5. Weighing the mass of crystals obtained.

In addition, all the equipment used in the experiments (balances, volumetric flasks,
peristaltic pumps, stopwatch etc.) is also subject to systematic errors. For example, if
the pump was running consistently slow, then all the experimental flow rates will be
underestimated and vice versa. In this study, the systematic uncertainties of all
equipment used, in the absence of more specific information, were identified and

established (Taylor 1997). As an example, a volumetric flask of two-litre capacity
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has a systematic error or uncertainty of + 0.6 ml at 20°C. Similarly, it was decided
that all balances have up to one percent uncertainty (Taylor 1997). Briefly, all of the
equipment used in this crystallisation experiments was considered to have some
known definite uncertainties, which contributes to the systematic error. Thus, in the

error analysis both random and systematic errors were taken into account.

The general formula for error propagation as proposed by Taylor (Taylor 1997) was
used for the error analysis as all errors are assumed to be independent and occur at
random. The formula shows that uncertainties in a certain step propagate through the
calculation so that the final result of the calculation will effectively include an

accumulation of such error propagation.

5.7.5. Randomised complete block design

While factorial design can be very useful because a lot of factors and their
interactions can be investigated, it is sometimes found that sufficient resources to
carry out such a comprehensive experiment are not available. When this situation is
encountered, most researchers in engineering and physical science usually choose the
experimental design, known as Randomised Complete Block Design. With this
design all sources of experimental variability can be systematically controlled

through blocking arrangement.

5.7.6. Balanced incomplete block design

Although the randomised complete block design is an ideal technique, certain
experimental conditions may not permit such design from being executed. Shortages
of experimental equipment or facilities, physical size of the block or the volume of
the experimental work sometimes prevent the use of such design. For such situations
the randomisation of the experiment is still possible but the random treatment will
not be represented in every block. Thus, examinations of all the treatments under
comparable conditions are not possible. In such cases, an alternative design known
as Randomised Incomplete Block Design may be chosen. It is usually further

divided into balanced and unbalanced types. A balanced incomplete block design
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would allow the condition where every pair of treatments occurs together in a block
the same number of times (Davies 1978). With a balanced incomplete block design
the analysis work is simplified and may then be systematised. The unbalanced
design, on the other hand, would require a method so that the missing values or

responses caused by the imbalance can be formulated.

5.7.6.1. Analysis of a balanced incomplete block design

Let us consider that,

b = number of blocks in the experiments

a = number of treatments in the experiments

k = number of treatments in one block

r = number of replications of a given treatment throughout the experiment
N = total number of observations.

It obviocusly follows that N = a r = b k. In addition, there is a parameter, A, which
denotes the number of times each pair of treatments can occur in the same block
throughout the experiment. Being “the number of times”, hence A must be an
integer. The parameter A can be explained as follows. In the same block any
particular treatment, for example treatment a, appears r times together with other r
(k-1) treatments, Since every one of the (a-1) other treatments appear A times

together with a, then,

r(k-1)= A (a - 1), or & = r (k-1)/(a-1) (5.5)

5.7.6.2. The balanced incomplete block design used in this study

The balanced incomplete block design was adopted in this study due to the following
advantages (page 580, Davies 1978). First, maximum precision is ensured because
variability among blocks is removed from the experimental error. Second, all
treatments are compared with the same precision. Third, calculation can be
simplified and systematised. Fourth, if by accident, a balanced incomplete block
design cannot be fully implemented, an analysis of the available experimental data is

still possible through the use of missing value estimation (Davies 1978).
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A proper choice of experimental design is essential to obtain a better understanding
of the effects of all the factors to be investigated. In this work, two factors were
investigated, that is the temperatures in °C and the level of admixture concentrations
in ppm. The temperature as a factor has two levels, that is 25°C and 40°C. For the
admixture concentrations, three levels were chosen: 1 ppm, 10 ppm and S0 ppm.
The levels of the two chosen factors were selected at random and it was assumed that

they originate from an infinite population of possible levels.

A selection of balanced incomplete block designs formulated by Davies (see pp. 228-
235, Davies 1978) was consulted and it was then decided that with two factors and
three levels of each factor, an arrangement with blocks of five observations would be
chosen. The arrangement consists of six treatments in six blocks of five. It
comprises all possible combinations of the six treatments in groups of five as shown
in Tables 5.10 and 5,11, The requirement of a balanced incomplete block design is
satisfied in that every pair of treatments occurs together in the same block the same
number of times (Davies 1978). In this case, each pair occurs four times, for
example, treatments A and B in blocks 1 to 4, treatments B and C in blocks 1, 2, 3
and 6, treatments C and D in blocks 1, 2, 5 and 6, and so on.

Table 5.10 Balanced incomplete randomised block design — general plan

“Treatment ~Block:

1 i) < 5 £
A v v v %
B v v v : v
C v 7 v 7 v
D v v v v v
E v v v v v
F v v v v v
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Table 5.11 Balanced incomplete randomised block design used in this study

. i Admixture concentration (ppm) & Crystallisation temperature (0'
ypes e -
of = 10 ppm & 10ppm & | 50 ppm&

. Admixtures 0 40°C 25C 40°C
Fe> " v v v
Zn" v v v
SIPX v v v v
Fe™ +SIPX v v v v
Zn*" + SIPX v v v
Fe’" +Zn" +SIPX v v v

In addition, two experimental runs at 25°C and 40°C each were conducted for the
pure system, that is, without added admixtures. These two runs serve as a control on

which comparison of effect is based.

By applying a balanced incomplete block design it is obvious that there will be some
information loss in the experimental results compared with a factorial design (page
86, Dash 1993). This loss of information is defined as an efficiency factor, Eg, that is
a relative ratio of error variance of treatments using a factorial design and that using
a balanced incomplete block design. The following equation is used to define the

efficiency factor.

Ef = (5.6)
20']% .k.(a - 1)

Nactual '(k - 1)

where,

E¢ = efficiency factor

o, = variance of the differences of two treatment values in a complete block
design

oL’ = variance of the differences of two treatment values in an incomplete
block design

r = number of replications of a given treatment throughout experiment

a = number of treatments in the experiments

k = number of treatments per block

Nactual = total number of observations
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2

20

—2 = error variance of the difference of statistical means between any two
r

blocks in a complete design.
2012( k(a-1)
——m = error variance of the difference of statistical means between any

actual two blocks in an incomplete block design.

It is usually safe to assume (Dash 1993) that 6.} = 632, so that the efficiency factor

equation becomes:

B alk —1)
=@ o7

In this work it was decided that a = 6 and k = 5, where a is the number of
blocks and k is number of treatment per block. Therefore E; = (6)(5-1)/(5)(6-1) =
24/25 = 0.96 or 96 %. In other words, using the balanced incomplete block design

for this work there is a loss of information of 100 — 96 = 4 %.

Summary

This chapter discusses the materials and methods used in the continuous (MSMPR)
crystallisation experiments carried out in this study. The discussion covers six main

topics as follows:

1. Calculation of mass balance to determine the quantities of raw materials needed
and crystal product produced, as well as the stream flow rates and their

COMPOSItions.
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Description of the laboratory continuous (MSMPR) crystalliser including an
explanation of its major components: the seed tank, the liquor tank and the
crystalliser, as well as considerations of the capability of the peristaltic pumps

used.

Preparation of crystallising solutions: CaCl; and Na;SO; solutions, respectively,
and gypsum crystals as seeds. This section includes calculations of the quantities
of solutions and seeds needed for the entire experiments. The preparation of
gypsum crystals as seeds covers the seed making, the uniformity of the crystals

produced and the characterisation with respect to morphology and chemical

purity.

Description of how the continuous crystallisation run was performed, how to
ensure achievement of steady state, and hence, a representative MSMPR

crystallisation operation.

Sampling and measurements to extract the experimental data, which includes
data for solution concentration with respect to Ca**, slurry density, and crystal
size distribution (= CSD). This section covers an explanation of the accuracy of
the Calcium Ion Selective Electrode used for the solution concentration

measurement, the iso-kinetic sampling for the slurry density and the CSD.

Discussion on the selection of an appropriate experimental design to be adopted
in this study by examining three factors: (1) type of admixtures, (2) concentration
of admixtures, (3) crystallisation temperatures. Three different admixtures were
used: Fe'*, Zn**, and sodium isopropyl xanthate (SIPX). Concentrations of
admixtures were varied as follows: (1) I ppm, (2) 10 ppm, (3) 50 ppm. Two
levels of crystallisation temperatures were selected: (1) 25°c, (2) 40°C. A4

balanced incomplete randomised block design was considered appropriate for

this continuous crystallisation study.
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CHAPTER 6 CONTINUOUS CRYSTALLISATION OF GYPSUM IN THE
PRESENCE OF ADMIXTURES

6.1. Introduction

In an industrial environment, gypsum usually crystallises in the presence of
contaminants. Admixtures are almost always present in a crystallising system and
influence the crystallisation process. It has been elaborated in the Literature
Review in Chapter 2, that admixtures can have very significant effects on
crystallisation processes, especially the crystallisation kinetics: nucleation and
growth., Certain admixtures may also alter the shape of crystals and enhance the
tendency of agglomeration (Al-Sabbagh et al. 1996).

Research on gypsum is very extensive and is mainly driven by the need to investigate
the occurrence of gypsum scale formation, which is one of the main problems
encountered by many industries. Water desalination by reverse osmosis, phosphoric
acid production, secondary oil recovery by water flooding, water cooling towers and
mineral processing such as copper and zinc extraction (Chan 1997b; Cowan and
Weintritt 1976; He et al. 1994; Klepetsanis and Koutsoukos 1989), are a few

examples of industrial processes where the occurrence of gypsum scales is prevalent.

In this study, an MSMPR laboratory crystalliser was used to investigate the
crystallisation of gypsum. There are several reasons for this choice. Firstly, in an
MSMPR crystalliser, steady state experimental data can generally be obtained.
Secondly, the ultimate aim of this study is to investigate the accumulation of gypsum
crystals as found in scaling. The scale formation develops over a relatively long

period of time, usually in a flowing system, hence resembles a continuous process.

The methodology used for the continuous crystallisation experiments is presented in
the previous chapter (= Chapter 5). Because of the high volume of physical work
involved, a particular type of experimental design was adopted to reduce the number
of experimental runs. A balanced incomplete block design was chosen and its

rationale was detailed. With the reduction of the number of experimental runs, a loss
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of information obviously takes place. However, the loss is considered acceptable

and did not significantly affect the analysis.

The continuous crystallisation experiments were conducted at an initial concentration
(supersaturated condition) level of 1,200 ppm of Ca®" in the crystalliser to simulate
the condition at a particular mineral processing industry in Western Australia
(Northwood 1995). A total of 74 experiments were conducted as detailed in
Chapter 5 and Appendix C. Briefly, the matrix of experimental variables consisted
of two crystalliser temperature levels of 25 and 40°C, six different levels of
admixture concentrations (1, 10, 20, 22, 25 and 50 ppm) and six different
combinations of admixture types (Fe**, Zn®, SIPX (= sodium isopropyl xanthate),
Fe’*+SIPX, Zn®*+SIPX and Fe**+Zn*"+SIPX). It has already been elaborated in the
experimental design (see Chapter 5, section 5.8.6.2) that the number of experiments

was reduced at the expense of only 4% loss of information.

This chapter consists of three main parts: Introduction, Attainment of Steady
State, and Calculation of Crystallisation Kinetics. In the section; Attainment of
Steady State, the extraction of experimental data is explained. Kinetics of
crystallisation, which comprises nucleation and growth of gypsum crystals as
affected by the selected admixtures, is described in the section on Calculation of
Crystallisation Kinetics. Discussion on the effects of admixtures (either used
individually or in combination) on the linear growth rate is presented in section 6.4.
An attempt was made to correlate the linear growth rate, with both the crystal size
and the concentration of admixtures, and this attempt is described in section 6.5. In
addition, the nucleation rate calculation is discussed in section 6.6. This chapter

closes with a summary, highlighting the main points of the discussion.
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6.2. Attainment of Steady State

6.2.1. Attainment of steady state with respect to solution concentration

and slurry density

As explained in Chapter 5, extraction of experimental data for a continuous
crystallisation should be made after a steady state has been attained. An ideal
MSMPR crystalliser should be able to reach such a steady state with respect to three
parameters: solution concentration, slurry density, and crystal size distribution (CSD)

(Chan 1997a).

Attainment of steady state with respect to solution concentration in the crystalliser is
shown by the desupersaturation rate curve (= change of concentration with time) as

depicted in Figure 6.1.

Calcium ion concentration, ppm
- - — —

g 2888388
1

0 1 2 3 4 5 6 7 8

No. residence time

Figure 6.1 A typical desupersaturation curve for pure gypsum
crystallisation, showing the decrease of Ca*"concentration as the
crystallisation progresses (1 residence time = 15 minutes)

As can be seen, the rate of desupersaturation is extremely fast for the first 15 minutes
of the experimental run but the curve levels off from that time onwards. The
levelling off in the decrease of Ca’" is obviously due to nucleation and growth of
gypsum crystals at the expense of Ca’" ions. The desupersaturation curve in Figure

6.1 confirms that steady state condition with respect to the solution concentration is
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achieved after about the seventh residence time. He et al. (He et al. 1994) studied
the growth rate of calcium sulphate dihydrate using seeded growth method and found
that the crystallisation reaction was caused only by the added seeds. Their study
revealed that no induction period was observed and that the gypsum crystals started
growing immediately afier seed addition. The same situation was observed in this
study, namely that the induction period did not occur. Appendix D (= Continuous
Crystallisation Experimental Data) tabulates the data on the decrease of Ca®t

concentrations for the entire experimental runs,

As crystallisation proceeds, new crystals will form and subsequently grow and the
seeds added into the crystallising solution grow as well. Consequently, the number
of crystals in the crystalliser increases which is reflected by an increase in slurry
density (= mass of crystals per unit volume of crystalliser) as crystallisation
progresses. A plot of slurry density versus time of crystallisation can then be made

as shown in Figure 6.2.

5

i

8

Slurry density, gr/L
8 B

[=]
~

=)
8

No.residence time

Figure 6.2 A typical curve of slurry density versus residence time for pure
gypsum crystallisation, showing an increase in slurry density as
crystallisation progresses (1 residence time = 15 minutes)

As can be seen, the slurry density gradually increases to ultimately reach a plateau at
approximately the fourth residence time. It can thus be concluded that the

experimental run started to reach steady state from the fourth residence time or afier
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60 minutes of crystallisation run time. Appendix D (= Continuous Crystallisation
Experimental Data) includes data on the slurry density for this continuous

crystallisation study.

Figures 6.1 and 6.2 arc essentially mirror images of each other. The decrease in
Ca’" concentration, as depicted in Fig.6.1, is undoubtedly due to CaS0,.2H;O or
gypsum crystallising out of the solution. The sharp decrease of Ca’*ions during the
first residence time, however, should have been manifested in the sudden increase in
slurry density in the same period of time. A lot of Ca® ions have gone out of the
solution but this was not reflected in the small change in crystal mass. The reason
for this is not exactly known, but it could be due to more nucleation occurring in the
first residence time and fines not being collected or passed the filter paper. As a
result, the density of slurry during the first 15 minutes of the crystallisation run was

low.

Figure 6.2 also shows that the mass of gypsum crystals increases by as much as two
to three times the weight of seed crystals added initially. It can be concluded,
therefore, that the low initial seed concentration of 0.800 gram per litre of solution
was adequate to facilitate the growth and thus the crystallisation experiment,
Scanning electron microscopy (SEM) observation was made of the crystals on
completion of the experimental run. The growing crystals show a surface

roughening, which is characteristic of nucleation (Liu and Nancollas 1970).

Having established the steady state with respect to both solution concentration and
slurry density, it was thought that the use of the admixtures should be tested to
ascertain their ability to affect the crystallisation kinetics. The tests were carried out,
and the graphs of the experimental data were compared as shown in Figs 6.3 and 6.4,
which depict the desupersaturation profiles of the crystallisation runs at temperature
levels of 25°C and 40°C, respectively. As can be seen in both figures, most of the
desupersaturation curves for the system with admixtures show a lower decrease than
that for the pure gypsum. This clearly indicates that the admixtures were capable of
inhibiting the formation of gypsum, and hence confirms the expected aim of this
continuous crystallisation study that the selected admixtures would be able to affect

the crystallisation kinetics. In addition, the desupersaturation curves in both Figs.
6-5
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6.3 and 6.4 show that a steady state condition for all admixture concentrations tested

could be achieved in around the 8" residence time.

Desupersaturation profile at 20° C

1300

1200

—=10 admixture

—u—Fe 1 ppm

~&—Zn 1 ppm !
> SIPX 1 ppm

-
pry
(=]
=

1000 +

900

a00 +

L 4

700 T

Calcium ion concentration, ppm

600 + + t t + + t
0 1 2 3 4 -1 8 7 a

No. residence time

Figure 6.3  Desupersaturation curves at 25°C showing the decrease of
Ca* concentration as crystallisation progresses (1 residence time =
15 minutes)

Desupersaturation profile at 40°C

1300

1200 3

b —tp— 0 admixture
—x—Fa 1 ppm
—a—ZIn 1 ppm
~—+—S8IPX 1 ppm

1100 +

1000

00 +

800 +

700 4+
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600 ' ¢ : + : : t
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Figure 6.4  Desupersaturation curves at 40°C showing the decrease of
Ca®*concentration as crystallisation progresses (1 residence time =
15 minutes)
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6.2.2. Attainment of steady state with respect to CSD

The accuracy of results for particle size analysis depends very strongly on the
dispersion of the particulate sample prior and during the analysis. As has been
verified by lacocca and German (Iacocca and German 1997), comparison of results
of particle size measuring instruments shows that the dispersion is more important
than the measurement technique used. In other words, regardless of the types of
particle size measuring instruments used, the samples must be well dispersed to
ensure homogeneity with respect to their particle distribution, to enable the results to
be compared across the different measuring instruments. In order to verify that the
dispersion of samples during analysis was adequate, and thus did not affect the CSD,
a repetition of measurcment was made, as shown in Figures. 6.5 and 6.6,
respectively. Sonication of samples prior to analysis was not carried out for two
reasons. Firstly, from visual inspection, the gypsum crystals used in this study did
not show any agglomeration during storage, and the crystals flowed freely when
taken out of the container. Secondly, gypsum crystals are brittle and rod-like in

shape; hence sonication may break the crystals and hence affect the measured CSD.
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Figure 6.6  Repetition of Malvern analysis for the same sample analysed and

presented previously in Figure 6.5
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Data of Malvern analyses shown in both Figures. 6.5 and 6.6 were obtained from
one sample, namely, that of the seed crystals. Figure 6.6 shows the result of a
repetition of the Malvern analysis previously carried out and shown in Figure. 6.5.
Malvern analysis requires dispersion of samples in a suitable liquid, which does not
interact (either physically and/or chemically) with the particles suspended in it.
Physical interaction with the crystals may manifest in phenomena such as
agglomeration or dissolution, whereas the chemical interaction may result in the
liquid reacting chemically with the crystals. Stirring is required to assist dispersion
of particles in the liquid. Comparison of Figures. 6.5 and 6.6 clearly shows that the
CSD does not change appreciably. This means that the liquid used for the dispersion
of the particles, namely, isopropyl alcohol (= IPA), neither interacted with nor
dissolved the crystals so as to change the CSD. Therefore, the use of IPA as a
dispersion medium was considered suitable. The observable consistency of the plots
in Figures. 6.5 and 6.6 also confirms that the intensity of stirring was appropriate so

as not to cause any significant breakage or attrition of the crystals.

During each experimental run, two Malvern analyses for CSD were carried out, that
is at the start (= CSD for seeds) and at the end (= CSD for product crystals) of a run.
Typical data of Malvern analysis are presented in Table 6.1 and further treatment of
such raw data for the seeds and product crystals is tabulated in Table 6.2 (see the
next section). The next section on Calculation of Crystallisation Kinetics
describes the determination of nucleation and growth rates based on the data

obtained from Malvern analysis as presented in both Tables 6.1 and 6.2.

6.3. Calculation of Crystallisation Kinetics

Crystallisation kinetics arises from a combination of nucleation and growth of
crystals. The population balance theory as developed by Randolph and Larson
(Randolph and Larson 1988) is a well-established technique to derive crystallisation
kinetics from steady state MSMPR crystalliser data. The theory is especially useful
because it is capable of determining both nucleation and growth rates
simultancously. Under ideal conditions, such as when the growth of crystals is

independent of size, the CSD of an MSMPR can be utilised to predict nucleation and
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growth rates. Their method, however, was designed for the unseeded crystallisation

systems, where no solids are present in the feed stream.

The technique developed by Chan (Chan 1997a) for the determination of nucleation
and growth rates of crystals takes into account the distribution of seeds and was
adopted in this study. Similar to the previous formula developed by Randolph and
Larson, Chan's formula will first determine the growth rate. Then, based on the

growth rate obtained, the nucleation rate can be calculated.

The technique developed by Randolph and Larson (Randolph and Larson 1988) assumes
that nuclei are formed at one single size. As is shown in the technique, the nuclei
density, mg, is calculated at zero size, that is L. = 0.00 micron. This assumption has
proved to be unsatisfactory for some systems, that is those, which show the break
down of the population density plot at small size fractions. In addition, the
nucleation rate calculation may be erroneous due to conversion of the number of
crystals into natural logarithmic number. In the present study, it was decided,
therefore, to carry out the nucleation rate calculation using the technique developed
by Jancic and Grootscholten (Jancic and Grootscholten 1984), where the five
smallest size points obtained from the particle analysis were chosen as representative

of the size of the nuclei.

6.3.1. Crystal size distribution (CSD) data

The CSD data were obtained by Laser diffraction particle sizing analysis using a
Malvern Master Sizer™. Briefly, the Malvern instrument operates in the following

way.

A parallel beam of monochromatic coherent light of fixed wavelength (A = 670 nm)
generated from He-Ne gas lasers was used to illuminate the crystals dispersed in a
sample cell. Illumination of the crystals creates an array of Fraunhoffer diffraction
pattern rings. A Fourier transform lens is placed in the light path after the crystals
and a detector is placed at the focal plane of the lens. The detector consists of 16 to

32 concentric semicircular light sensitive diodes (= detector elements) radially
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arranged from the centre. Crystals of different sizes generate different light intensity,
which gives rise to different voltages in the detector element. Correlation between
these voltages and crystal sizes is calculated using the Mie theory, and is
subsequently displayed as digital data at every measurement time or sweep. The
digital data were then used to calculate CSD (Brown and Felton 1985; Inaba and
Matsumoto 1998; Rawle 2001).

Malvern analysis generates particle distribution data in either cumulative percentage
volume distribution or cumulative percentage number distribution. The data
obtained were then converted to obtain real or absolute number of the crystals or

particles present in the system per unit volume.

Assuming that the density of gypsum crystals is constant, the Malvern data in
percentage volume distribution is identical with that in percentage mass distribution.
The assumption is considered valid since there is no evidence to the contrary.
Therefore, knowing the total mass of the crystals per unit volume enables one to

calculate the number of crystals for each particular size range.

Total mass of crystals:

M =Y nkpLAL 6.1
where
M  =total mass of crystals, mg
n; = number of crystals in each size range, dimensionless
ky = volumetric shape factor = 0.523, dimensionless (Jamialahmadi and Muller-
Steinhagen 2000; Li ef al. 1997)
pi = density of crystal, mg/cm’
L; = characteristic crystal size for each size range, micron
AL =Li-Li,

= difference in length between two adjacent sizes, micron.
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The density of the crystals for the entire size range is constant, and therefore Eq.(6.1)

can be written as:

M =0.523 p, X7 n, DAL, (6.2)
To calculate the number of crystals for each size range, n;, Eq. (6.2) was converted

as follows:

~ M
0.523 pL.>AL,

(6.3)

i

Table 6.1 in the following page shows typical raw data of Malvern analysis to be

used int conjunction with Eq. (6.3).
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Chapter 6

6.3.2. Sample calculation for Malvern analysis

As can be seen from Table 6.1, the largest crystals have sizes between 137.0 and
124.0 um. In other words, all crystals (= 100 %) have sizes below 137.0 pm. Table
6.1 also shows that at the other extreme of the distribution, i.e. at the small fractions,

1.10 % of the total number of crystals have sizes lower than 1.20 um.

The CSD data shown in Table 6.1 were then converted into percentage cumulative
oversize and, together with the percentage cumulative under-size, are plotted against
the crystal size, which results in cumulative distribution plots, as shown in Figure
6.7. The plot in Figure 6.7 is similar to that in Figure2.9 in Chapter 2 section 2.6

(= Literature Review — part 1).

g 3
-
*u._,'_*\'

—+— Cumulative Undersize

—m— Cumulative Oversize

30

Y

5
T

20

Cummuliative distribution, %
8

10

D ]
0.00 5000 100.00 150,00 200.00 26(.0Q 30000 350.0¢ 400.00 450,00 500.00 560,00 600,00

Sphere equivalent crystal size, micron

Figure 6.7 A typical cumulative plot of CSD

In order to determine the crystallisation kinetics, it is necessary to calculate the
number of crystals for each size range, and this has been done and tabulated in Table
6.2. The contents of Table 6.2 are explained as follows. Column 1 contains data of
the range of crystal sizes, which was measured by the Malvern particle analyser and
was taken from the raw data in Table 6.1. Column 2 shows the average size of each

size range.
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Table 6.2 Typical data of the number of crystals at the start and end of an

experimental run

| | \ |
High Averaga Siart of Run End of Run
size size Undersize | % oftotal | % of tolai Undersize | % of total % of total |
micron micron (%) {val) {weight) no. crystalsiitre (%) (vol) twaight) | no. cryslalsfiire
600,00 572.00| 700.00] 0.00 .00 o] 100.00 0.00 .00 0
544,000 538,500 100.00 000 0,00, o] 100.00 0.00 9.00 0
205.00] . 469.50] 100,00 0.00 0.00 o] 100.00 0.00 3.00 0
446.0g| 32500 100.00) 0.00 0.00, o] __100.00 0.00 0.00 0}
204.00] _ 385.00] __100.00) T.00 3.00, o 100.00 0.00 0.00 0
3ss.ogl 348.00 100, 00) 0.00 0.00] 0 100.00 0.00 a,ogl 0
332.00] _ 316.50] 10000 0.00 0.00 o] 100.00 .00 0.00 o |
30100 2700 . 106 0D o0 0.00 o] 100.00 0.00 q.00 0
273.00] _ 260.00] __ 100.00) .00 0.00 o] 10060 0.00 0.00 0
247.00 235.5§l 100,00 000 0.00 0 100.00 0.70 013 E
224.00] _ 213.50 00.00] 0.00 .00 0 55,50 0.10 o.@l 13'1
203.00] . 183.50 OO0 .00 3.00] 0 95,60 0.30 .50 54
184.00] _ 175.00 D0.00 .00 0.00 0 80,50 0.50 0.50 126
166.00]  158.60] _ 100.00 T.00 0.00 0 95,00 0,80 0.8 331
151.00] _ 144.00] __ 100.00 T.00 0.00 0 B85.20 1.20 1.20 705)
137.00]  130.50] _ 100.00 .10 0.10 E:EI 8700 1.60 1.60 1366)
124.00]  178.00 99,60 T.10 0.10 33 55,40 220 2.2 2756]
172.00] __107.00 00,80 .20 .20 167 55,90 Z.60 260 5242
To5.00p . 97.08] 99 60 T 40 0.40 288] 90,60 3.00 3.00 EEED
©2.10] _ 87.75] 99.20 T.50 0.60 554 B7.60 3.40 3.40) 14285)
B3.40] _ 79.50 06.70 070 0.70 1162, B4.20 3.60 3.0 24576)
75.60 ﬁ' 95.00 100 1.00) 2440 80,30 %10 .10 38130
60.50]  65.30] a7.00)] 140 1.40) 5170 7620 450 2.50 FET]
Bo.10]  59.15] 55.60 T80 1.50, 0586 71.70) 4.60 Z.60 53042
56.20]  53.58 93.80 2.20 2.20 17580) §7.10) 4 50 4,60 139585
50.00] _ 48.55] 93.60 7.60 2.60 31430 52.50 270 3.70 215808,
46.20 44.DD| B6.00) 3.00 3.00 52054 57.80 3.70 3.70 aogsar_l_
a180]  39.85 B6.00) 3.40] 3.40 BE593 53.10) £.50 350 450296
37.00] 36,10 B2.60 370 370 142076] 48 60 1.30 7,30 627017
.30] | 32.70 78.60) S 360 226680 44,30 1.00 Z.00 062680
Z1.10]  20.65 75.00 4.00] 4.00 344135, 40.30) 3.80 360 1241499
28.20]  26.65 71.00) 4.20] 4.20) 522629 36.50 3.50 B350 1663685
25.50]  24.30, 56.80 .20 7,20 703159 00 330 3.30) 2366566
23.10] __ 22.05 52,60 730 430 1242121 5570 2.00 3.00 5200871
21.00]  20.00 58.30 210 2.10 1666497 2670 Z.70 2.70 4167528
19.00] _ 18.10 54.20 210 Z.10 2498137 24.00 750 250 5764500
17.20] __ 16.40 50.10 2.00) +.00 3685946' 21.50 .20 2.20 7665495
15.60] 1485 3610 270 3.70 058530, 1530 Z10 Z.10 10553041]
12.10] __ 13.45] 42.40 3.60 3.60 7401723 17.20 180 180 14053003 |
12.60] _ 12.20 38.80 2.30 3.30 Ba45035, 15,40 760 1.60 8134012
11.60] 1 1.u§I 35.50 3.20 3.20 14022032, 13.80 50 7,50 24960104
10.50 3.00 3.00 15848763] 32,30, 30 1.30 32662621
852 270 Z.70 SBAB0ZZ 7100 20 .20 44553927'
5.63] 2.50 2.50 36073457' 5,50 10 1.10 60274636
7.52 2.40 2.40 51009515 B.70, 30 .00
7.08 2.20 2.20 70456819 770 0.80 0.60
B4 200 2,00 54572521 .90, .80 0.60
5.62 1.80 1.50 124837669 6.0 .70 0.70
.27 1.60 1.60 764505079 5.40 .50 0.60 234253562
4,77 1.50 1.50 235366624 4,80, 060 .60 3575618022
.33 3o 1.30 293763940] 3.20 040 0.40 343272430
357 720, 120 4807 163 3.80) 050 0.50 BA0517662
355 1.20 1.20 06721666 3.30 T.40 0.40) 771700633 |
3,22 1.10 1.90 B24132020 2.90 0.30 0.30 853531457
Z.92 0.90] 0.90 572950117 2.60) 0.30 0,30 1231662427
.64 0.90 0.50 14717 52962 2.30 D20 0.20 1241966745,
Z. 59 .90 B.50) PoAIGEBAGAD) 3.10) .30 0.30 2841375621
747 070 0,70 256241312 1.80) .20 0.20 7784398621] |
107 0.70 0.70 §34804916) 1.60 3.10 0.10 1971665236] |
1.78] 0.60 0.60 4713393575' 1.50 .20 0.20 5066320082] |
G | 0.70 0.70 8391162280 7.30) 510 0.0 2562167660
r | 3.70 .70 12107829673 T.20) .20 0.20 13136870211
EY] 0.60 0.60 TRe55444E20 1.00 0.10 0.10) 10266256004
20 120 1.10 1.10 710 34400 13333) 0.90 G.80 0.00) 10?18948215'
Total no. crvstals 58611200213 Tolai no. crystals 58674954022

Thus, 572 pm (in column 2 row 1) is the average size between 600 and 544 pum

shown in the first column. Similarly, 518.50 pm, is the average crystal size between
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544 and 493 pm. The procedure was followed for the successive size ranges. The
last row entry shows the high size and the average size = 1.20 Jym, which is the limit

of the capability of the Malvern particle sizer used in this study.

Column 3 shows the raw data of percentage cumulative under-size of the population

as measured by the Malvern particle sizer.

The fourth column shows the percentage of each average size. Thus the number of
crystals with average size of 572 um equals zero. In other words, there are no
particles with average size of 572 pum in the system. The average maximum size of
the particle in the system is shown in row no.16 of the second column, which is
130.50 um. It reveals that 0.10 % of the total number of crystals in the system have
an average size of 130.50 pym, Next, the number of crystals of average size: 118.00
Mm is also 0.10 % of the entirc number of crystals in the system, as shown in row

no.17.

Gypsum crystals were assumed to have constant density regardless of their size
(Jamialahmadi and Muller-Steinhagen 2000; Li et al 1997), and thus volume

percentage is identical to weight percentage. This is shown by column 5.

Finally, using Eq. 6.3, the number of crystals for cach size range was calculated and

the results are presented in column 6.

Similar calculations were carried out for the product crystals, which are shown in

columus 7 to 10 in Table 6.2.

Having calculated the number of crystals both at the start and the end of the
experimental run, it is now possible to plot the cumulative numbers in a population
density plot. Data from Table 6.2 were plotted as such and are shown in Figure 6.8.
As can be seen from Figure 6.8, the population density plot for both the conditions at
the start and end of the run does not yield a straight line. Instead, the plots show an

upward curvature at the lower size regions,
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Figure 6.8 A typical population density plot, showing the condition at the
start (lower curve) and end (upper curve) of an experimental run

In the present study, the growth rate calculation was carried out for crystals with
average sizes between 13.05 and 107.00 microns. As can be seen from Figure 6.8,
the population density plots show relatively smooth curves within the average size
ranges: 10.00 to 110.00 microns. As was found later in all experimental runs in this
study, plots of crystals with average sizes bigger than 110.00 microns always show
irregular curves and thus measurement of linear growth rate in this region was not

reliable.

It is well known that small crystals tend to agglomerate. In such cases it can be
difficult to discern whether the crystals actually grow or that the change in size is due
to agglomeration (Chan 1997a). To ensure that crystal growth was not due to
agglomeration, only fractions of crystals above 10.00 microns in size were used to

determine the growth rate.
The choice of size fractions between the size range: 13.05 and 107.00 micron was
made and classified into 15 fractions as follows: 107.00, 97.05, 87.75, 79.50, 72.05,

65.30, 59.15, 53.55, 48.55, 42.05, 34.50, 29.65, 24.60, 18.30, 13.05 microns.
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As it turned out later in the determination, the growth rate varies according to crystal

size, increasing with the increase in size.

6.3.3. Calculation of the linear growth rate

Determination of linear growth rate is discussed in section 2.10.2 of the Literature
Review — part 1 (= literature review on crystallisation). A typical example of the
experimental result is shown in Figure 6.9. It illustrates the population density plot
at zero and eight residence times, which correspond to the start and end of an

experimental run, respectively.

16.00

15.00 T

14.00 T

13.00 1 —s—Start of run —s—End of run

12.00 1

11.00 T

10.00 1+

Ln [n, #{micron)(litre)

9.00 +

8.00 +

8.00 + + + + +
0.00 20,00 40,00 60.00 80.00 100,00 120.00

Sphere equivalent crystal size, micron

Figure 6.9  Determination of linear growth rate from the cumulative number
oversize distribution

The distance between the two curves (measured by the straight lines connecting the
two curves), was used to calculate the growth rate of the crystals. The distance
represents one residence time chosen for this study (= 15 minutes), hence if the
growth rate unit is in micron per hour, the measured distance needs to be adjusted
accordingly, that is to be multiplied by 4. This procedure was proposed by Garside

and Jancic (Garside and Jancic 1976, Garside and Jancic 1978) and Jancic and
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Grootscholten (Jancic and Grootscholten 1984), and the results of such procedure are
presented in Table 6.3. Several representative population density plots for the

calculation of the linear growth rate are given in Appendix D.

Table 6.3 Typical growth rate of gypsum obtained in this study, showing the
dependence of growth on crystal size (gypsum grown in a pure

system without added admixtures)

Crystal size, L, Growth rate, G,
{micron) (micron)/(hour))
107.00 60.00
97.05 50.77
87.75 47.69
79.50 43,08
72.05 38.46
65.30 33.85
59,15 24.62
53.55 23.08
48 .55 21.54
42.05 15.38
34,50 9.23
29.65 6.15
24.60 6.13
18.30 6.12
13.05 3.08

6.4. Effects of Admixtures on the Growth Rate

6.4.1. Effects of individual admixtures on the linear growth rate of
gypsum

The presence of admixtures in a crystallising solution can have significant effect on
crystallisation kinetics. Among crystallisation kinetics aspects, which are affected by
the presence of admixtures, nucleation and growth of crystals are usually reported.
Other aspects of crystallisation, which can be influenced by admixtures, include

agglomeration, attrition, solubility of the crystals, width of metastable zones etc.

In some cases, nucleation is retarded by the presence of admixtures. In some other
cases, it is enhanced. The same phenomenon occurs to growth, that is, growth can
either be enhanced or retarded by admixtures. In this continuous crystallisation
study, three types of admixtures were investigated for their effect on crystallisation
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kinetics. In this section the effect of the three admixtures on crystal growth of
gypsum is presented. It was found that the growth of gypsum is clearly retarded by
the presence of the admixtures studied, whether they are present individually or in
combination. Tables 6.5 to 6.7 show the effect of individual admixtures on the
growth rate. Subsequent tables showing the effect of combined admixtures on the
growth rate are tabulated in Tables 6.8 to 6.10 in section 6.4.2. In all cases, the
growth rates were calculated based on the experimental data for CSD at steady state,
i.e. at equilibrium concentration of around 700 ppm of Ca’’; while the initial
concentration was 1,200 ppm of Ca®*. The remaining data on the growth rate,

especially those at an elevated temperature of 40°C are given in Appendix D.

Table 6.4 Comparison of growth rate of gypsum (micron/hour) in a pure

system at two different temperatures: 25°C and 40°C

Crystal size, Growth rate in pure system, micron/hour
(microns) At 25°C At 40°C
107.00 35.38 60.00
97.05 | 35.38 50.77
87.75 33.85 47.69
79.50 27.69 43.08
72.05 27.69 38.46
65.30 13.85 33.85
59.15 12.31 24.62
53.55 12.31 23.08
48.55 12.31 21.54
42.05 12.31 15.38
34.50 12.31 9.23
29.65 6.15 6.15
24.60 4.62 6.13
18.30 4.62 6.12
13.05 3.08 3.08
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Table 6.5 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of Fe*' at 25°C

Crystal size, Crystallisation temperature: 25°C
(microns) Oppm | 1ppm | 10 ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 28.15 | 20.80 | 13.79 0.00 0.00 0.00
97.05 3538 | 25.19 | 17.60 | 13.79 0.00 0.00 0.00
87.75 33.85 | 2074 | 16.00 | 13.79 0.00 0.00 0.00
79.50 27.69 | 14.81 14.40 | 13.79 0.00 0.00 0.00
72.05 27.69 593 13.79 | 13.79 0.00 0.00 0.00
65.30 13.85 5.93 12.80 | 13.79 0.00 0.00 0.00
59.15 12.31 5.93 5.17 5.17 0.00 0.00 0.00
53.55 12.31 5.93 5.17 0.00 0.00 0.00 0.00
48.55 12.31 5.93 3.45 0.00 0.00 0.00 0.00
42.05 12.31 5.93 0.00 0.00 0.00 0.00 0.00
34.50 12.31 0.00 0.00 0.00 0.00 0.00 0.00
29.65 6.15 0.00 0.00 0.00 0.00 0.00 0.00
24.60 4.62 0.00 0.00 0.00 0.00 0.00 0.00
18.30 4.62 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.6 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of Zn>" at 25°C

Crystal size,

Crystallisation temperature: 25°C

{microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 2876 | 13.07 | 16.67 7.84 12.90 6.62
97.05 3538 | 27.45 7.84 13.33 7.84 9.03 6.02
87.75 33.85 | 2484 | 1046 | 10.00 7.84 6.45 7.52
79.50 2769 | 2353 | 11.76 6.67 3.92 3.87 7.52
72.05 2769 | 2092 5.23 3.33 0.00 0.00 0.00
65.30 13.85 | 11.76 2.61 2.33 0.00 0.00 0.00
59.15 12.31 14.38 3.92 1.67 0.00 0.00 0.00
53.55 12.31 13.07 2.61 1.67 0.00 0.00 0.00
48.55 12.31 13.07 0.00 0.00 0.00 0.00 0.00
42.05 12.31 13.07 0.00 0.00 0.00 0.00 0.00
34.50 12.31 7.84 0.00 0.00 0.00 0.00 0.00
29.65 6.15 6.54 0.00 0.00 0.00 0.00 0.00
24.60 4.62 1.31 0.00 0.00 0.00 0.00 0.00
18.30 4.62 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.7 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of sodium isopropyl xanthate (SIPX) at 25'C

Crystal size, Crystallisation temperature: 25°C
(microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 25.71 12.31 10.53 5.03 0.00 0.00
97.05 3538 | 2429 | 10.77 7.89 5.03 0.00 0.00
87.75 33.85 | 20.00 9.23 7.89 5.03 0.00 (.00
79.50 27.69 | 18.57 7.69 6.58 2.52 0.00 0.00
72.05 2769 | 12.86 6.15 5.26 2.52 0.00 0.00
65.30 13.85 14.29 6.15 3.95 2.52 0.00 0.00
59.15 12.31 11.43 3.08 3.95 2.52 0.00 (.00
53.55 12.31 7.14 3.08 2.63 1.26 0.00 0.00
48.55 12.31 5.71 3.08 2.63 0.00 0.00 0.00
42.05 12.31 0.00 0.00 0.00 0.00 0.00 0.00
34.50 12.31 0.00 0.00 0.00 0.00 0.00 0.00
29.65 6.15 0.00 0.00 0.00 0.00 0.00 0.00
24.60 4.62 0.00 0.00 0.00 0.00 0.00 0.00
18.30 4.62 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00
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6.4.2. Effects of combined admixtures on the linear growth rate of

gypsum

Table 6.8 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Fe** and SIPX at 25°C

Crystal size,

Crystallisation temperature: 25°C

(microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 41.83 | 12.00 2.67 1.43 0.00 0.00
97.05 3538 | 41.83 | 12.00 2.67 1.43 0.00 0.00
87.75 33.85 | 3922 | 12.00 2.67 1.43 0.00 0.00
79.50 27.69 | 3399 6.13 1.33 0.00 0.00 0.00
72.05 27.69 | 26.14 6.13 1.33 0.00 0.00 0.00
65.30 13.85 | 13.07 5.33 1.33 0.00 0.00 0.00
59.15 12.31 10.46 2.67 0.00 0.00 0.00 0.00
53.55 12.31 2.61 2.67 0.00 0.00 0.00 0.00
48.55 12.31 5.23 0.00 0.00 0.00 0.00 0.00
42.05 12.31 5.23 0.00 0.00 0.00 0.00 0.00
34.50 12.31 3.92 0.00 0.00 0.00 0.00 0.00
29.65 6.15 0.00 0.00 0.00 0.00 0.00 0.00
24.60 4,62 0.00 0.00 0.00 0.00 0.00 0.00
18.30 4.62 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.9 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Zn>* and SIPX at 25°C

Crystal size, Crystallisation temperature; 25°C
{microns) Oppm | 1ppm | 10 ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 3130 | 21.48 | 18.67 13.33 13.01 10.37
97.05 3538 | 27.83 | 2148 | 17.33 12.00 | 11.38 5.93
87.75 33.85 | 2435 | 2148 | 14.67 10.67 | 11.38 4.44
79.50 27.69 | 2087 | 14.77 | 10.67 9.33 11.38 2.96
72.05 27.6% |+ 17.39 9.40 8.00 9.33 8.13 2.96
65.30 13.85 | 17.39 5.37 4.00 8.00 6.50 4.15
59.15 12.31 15.65 2.68 3.20 5.33 3.25 0.00
53.55 12.31 13.91 0.00 0.00 4.80 1.63 0.00
48.55 12.31 10.43 0.00 0.00 4.00 1.63 0.00
42.05 12.31 6.96 0.00 0.00 2.67 0.00 0.00
34.50 12.31 3.48 0.00 0.00 1.33 0.00 0.00
29.65 6.15 3.48 0.00 0.00 0.00 0.00 0.00
24.60 4.62 3.48 0.00 0.00 0.00 0.00 0.00
18.30 4.62 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00

6-26




Chapter 6

Table 6.10 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Fe3+, Zn>* and SIPX at 25°C

Crystal size,

Growth rate of gypsum, micron per hour

(microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 3538 | 30.00 | 24.83 10.06 7.77 5.00 0.00
97.05 35.38 | 2833 | 2345 7.55 6.80 3.33 0.00
87.75 33.85 | 28.33 19.31 5.03 6.21 3.33 0.00
79.50 27.69 | 30.00 | 20.69 2.52 5.83 3.33 0.00
72.05 27.69 | 30.00 | 16.55 0.00 3.88 0.00 0.00
65.30 13.85 | 2833 16.55 0.00 1.94 0.00 0.00
59.15 1231 | 26.67 | 16.55 0.00 1.94 0.00 0.00
33.55 12.31 | 30.00 | 16.55 0.00 0.00 0.00 0.00
48.55 12.31 30.00 | 15.17 0.00 0.00 0.00 0.00
42.05 12.31 | 26.67 5.52 0.00 0.00 0.00 0.00
34.50 12.31 | 21.67 2.76 0.00 0.00 0.00 0.00
29.65 6.15 15.00 0.00 0.00 0.00 0.00 0.00
24.60 4.62 3.33 0.00 0.00 0.00 0.00 0.00
18.30 4.62 3.33 0.00 0.00 0.00 0.00 0.00
13.05 3.08 1.67 0.00 0.00 0.00 0.00 0.00

6.5. Calculation of the Growth Rate Correlation

As can be seen from all the tables on growth rate (Table 6.3 to Table 6.10), the

growth rate is clearly highly dependent on crystal size, increases with increasing

crystal size. It indicates, therefore, that either size dependent growth or growth rate

dispersion phenomena (or both) were operative. In addition, the tables also show

that admixtures were observed to significantly inhibit the growth of gypsum.

Therefore, it was decided to correlate the crystal growth, G, as a function of the

characteristic crystal size, L, and the admixture concentration, C.

It has been known that there is a significant difference in effect between low and

high concentration levels of admixtures on growth rate (Liu and Nancollas 1973;

Mullin 1979; Nancollas 1983). Hence, the calculation of growth rate was carried out
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with regard to two different levels of concentration of admixtures: lower level (0.00
to 1.00 ppm) and, higher level (10.00 to 50.00 ppm). To obtain a more general
correlation, calculation of a correlation for the entire range of concentrations of

admixtures, which covers both lower level and higher level was also carried out.

For a fixed level of supersaturation and crystal surface area, correlation between the
growth rate, G, and the crystal size, L, as well as the admixture concentration, C,

was proposed to take the following general equation:

G =k L*(1+C)? (6.4)
where,

G = lincar growth rate, (micron)/(hour)

L = characteristic linear crystal size, micron

C = admixture concentration, ppm

k, @ and p = dimensionless constants.

6.5.1. Sample calculation for the growth rate correlation

Correlating growth rate with admixture concentration was previously carried out by
Dash (Dash 1993), for the crystallisation of KCl under the influence of Mg2+ and
SO,%, where the concentration was expressed as (1+C). The expression (1+C) was
used to facilitate a positive logarithmic number which was necessary when carrying

out the calculation involving pure condition where C = 0.00 ppm.

In order to calculate the dimensionless constants: k, ¢ and, p in Eq. (6.4), the

equation was linearised and takes the following form:
InNnG=lnk+alnL+pIn(1+C) (6.4a)

Regression analysis using Excell™ was then performed, to correlate G to L and

(1+C), which yielded the dimensionless constants: Kk, o and, PB.
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Because of the assumed linearity of the regression analysis in Excell™, it was
considered necessary to repeat the regression analysis using other program, where a
non-linear regression was performed. This non-linear regression was performed
using SPSS™, and the values of k, « and, B obtained previously in Excell™ were
used as initial values in the SPSS™, [t was found that in most cases, the
recalculation of regression analysis yielded higher values of R? than was the case in
the previous analysis. Therefore, all the regression calculations were carried out
twice using both the Excell™ and the SPSS™ programs, and the higher values of R
were chosen. Results of the non-linear regression calculations for the growth rate are

presented in Tables 6.11 to 6.16,

6.5.2. Growth rate correlation at 25°C

Table 6.11 Growth rate correlation for low admixture concentrations: 0.00 and

1.00 ppm, at 25°C
Admixtures Non linear growth rate correlation R’
Fe' G=0.02 L™ (1+Ce) ™" 0.90
Zn" G=0.08 L7 (14+Cz) "1 0.92
SIPX G = 0.03 L1.54 (1+CSIPX)—70.78 0.92
F€3+ + SIPX G = 0.009 L].BZ (1+CFE)—201.84 (1+CS[PX)372.3B 0.90
Zn” + SIPX G =0.065 L (1+Cz,) " (14+Coipx) " 0.92
F€3+ + Zn2+ + SIPX G =0.09 Ll IO (1+CF6)187.97(1+CZH)—199.00(1+CSIPX)—57.60 0.83

Table 6.12 Growth rate correlation for high admixture concentrations: 10.00 up

to 50.00 ppm, at 25°C
Admixtures Non linear growth rate correlation R*
Fe' G=0.001 L* (1+Cg)" " 0.83
7’ G = 0.000013 L°” (1+Cgz) 0.83
SIPX G =0.0014 L*" (1+Cgpx)™"* 0.90
Fe' + SIPX G =0.04 L™ (1+Cr)™ (1+Csppx) 0.93
Zn"" + SIPX G = 0.00033 L™ (1+C)"" (1+Cspx) " 0.90
Fe~ + 7 + SIPX G=020L"% (1 +CFe)612?'22(1 +CZ“)—2982.70 (1 +CSIPX)73548.31 0.77
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Table 6.13 Growth rate correlation for the entire admixture concentrations:

0.00 up to 50.00 ppm, at 25°C

Admixtures Non linear growth rate correlation R’
Fe’* G =0.007 L "® (1+Cg)™* ¥ 0.80
Zn" G=0.04L" (1+Cz) " 0.90
SIPX G=0.018L 1.63 (1+C31px)_16'69 0.90
Fe’ + SIPX G =0.008 L™ (1+Ce)™ @ (1+Cspx) 0" 0.94
Zn~ + SIPX G=0.012L"" (14+Cz)” * (1+Cspx) "' 0.91
FeB+ + Zn2+ + SIPX G — 00005 L 331 (1+CFE)-585].54(1+Czn)2665.79 (1+CS!PX)4033.59 0.88

6.5.3. Growth rate correlation at 40°C

Table 6.14 Growth rate correlation for low admixture concentrations: 0.00 and

1.00 ppm, at 40°C

Admixtures Non linear growth rate correlation R’
Fe' G=0.111L"" (1+Cge) "’ 0.94
Zn’" G =0.07 L' (1+Cz,)"" 0.96
STPX G=0.03 L' (1+Cspx) *° 0.94
Fe'” + SIPX G =0.04 L' (1+Cg) " (1+Csipx) - 0.95
72" + SIPX G=003L"" (1 +Czn)—39s.3u (1 +CSIPX)—877.70 0.94
Fe3+ + Zn2+ + SIPX G=0.09 LI A0 (1+CFC)68.70(1+Czn)—78.30 (1+CSIPX)—352.UU 0.95

Table 6.15 Growth rate correlation for high admixture concentrations: 10.00 up

to 50.00 ppm, at 40°C
Admixtures Non linear growth rate correlation R*
Fe'™ G =0.005 L*® (1+Cp.) > 0.87
Zn™ G = 0.0002 L% (1+Czy) 0.86
SIPX G=0.033L""" (1+Cgpx) " 0.84
Fe' + SIPX G=0.06 L' (1+Cre) >~ (1+Cspx)™" 0.90
Zn” + SIPX G=0.07 L™ (1+Cgp) > (14Cspx) > 0.89
Fe' +Zn" +SIPX | G=0.07 L' (1+Co) =7 (1+Czn) = (1+Csppx) 00| 080

Table 6.16 Growth rate correlation for the entire admixture concentrations:

0.00 up to 50.00 ppm, at 40°C

Admixtures Non linear growth rate correlation R”
Fo G=0.185 L " (1+Cry) “T023 0.02
Zn* G=0185L " (1+Cz) "™ 0.92
SIPX G=0.016 L ""® (1+Cgpx) 0.93
Foo + SIPX G=0284L 117 (1+Cre) _78'40(1+CSIPX) TT738 0.93
Zn™ + SIPX G =0.037 L™ (1+Cgy) *® (1+Cspx) 0.82
Fe3+ + Zn2+ £ SIPX G — 0264 L LT/ (1+CFe) 7122.UU£1+CZH) —65.20 (1+CSIPX) 253 0.88
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Interpretation of regression analysis is generally achieved, by firstly examining the
values of the coefficient of determination, R®. The R? values represent the
percentage of variation in the values of the dependent variable by the change in the
independent variable(s). In this study, the dependent variable is the crystal growth
rate, G, whereas the independent variables are the crystal size, L, and the admixture

concentration, (1+C), respectively.

Examination of the R? values contained in Tables 6.11 to 6.16 indicates that all R?
values are = 0.80 with the exception of one low value of 0.77 as shown in Table 6.12
for the correlation at higher concentrations involving three different admixtures for
the experiment conducted at 25°C. The values of R*> 0.80 implies that > 80% of the
variation in growth rate, G, is statistically directly caused by the change in both
crystal size, L, and admixture concentration, (1+C). Qualitatively, it means that
within the conditions used in the experiments, the growth rate of gypsum is affected

by the size of the crystals as well as the admixture concentration levels.

For both temperature levels of 25 and 40°C, the dimensionless constant, k, is less

than unity, which indicates that, G, is a weak function of L. and (1+C).

Most of the @ values are greater than unity, which suggest that the growth of the

crystals depends significantly on crystal size.

Admixture concentrations, however, show poor correlations. Tables 6.11 to 6.16
show that individual and combined admixtures could have different effects. The
combined admixtures have wider range of exponent values, B, compared to those of
individual admixtures, increases with increasing combinations of admixtures. This
might confirm the argument that the influence of admixtures on growth of crystals is
highly dependent on particular solvent-solute systems and that the effect of
admixtures on growth rate can already be significant even if they are present at a
very low concentration. Furthermore, the fluctuation in exponent values, [, could
have been caused by some interaction between the admixtures used. At the present

time, however, the nature or existence of such interaction can only be speculated.
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Two mechanisms of growth inhibition are proposed. Firstly, probably the more
feasible mechanism, is that the admixtures were adsorbed and subsequently occupied
active growth sites, such as kinks and steps, rendering the sites unavailable for
attachment of solutes or growth units to the crystal surface (Klepetsanis and
Koutsoukos 1998). This inhibition mechanism is invariably called “blocking” or
“poisoning” of the active growth sites, which results in slowing down or stopping the
crystal growth rate. Sarig and Mullin (Sarig and Mullin 1982) and more recently
Hamdona et ai. (Hamdona e al. 1993), Klepetsanis and Koutsoukos (Klepetsanis
and Koutsoukos 1998) and El Dahan and Hegazy (El Dahan and Hegazy 2000), all
investigating the effect of trace impurities on gypsum precipitation, reported the
same inhibition behaviour as proposed in this study. Furthermore, the same
inhibition mechanism was put forward by Benton et al. (Benton et al. 1993) in their
study on the inhibitory effects of organic and inorganic additives on barium sulphate

crystallisation.

The second mechanism is that, the admixtures were adsorbed onto the crystal
surface, forming a physical barrier to ward off transfer of growth units from solution
to the crystal surface, resulting in growth rate reduction. This type of mechanism is
generally found in crystallisation research involving the use of tailor-made additives,
such as the crystallisation of gypsum in the presence of «-amino acids (see page 409

Mersmann 1995).

The growth rates of gypsum found in this study are also comparable with those of
White and Hoa (White and Hoa 1977), Murray (Murray 1997) and, White and
Mukhopadhyay (White and Mukhopadhyay 1990) considering the difference in the

seed slurry density and supersaturation values.

Investigation of calcium sulphate scale by Linnikov [Linnikov, 2000 #319] indicates
that crystals of the same salts could have different growth rates even under the same
experimental condition . The same phenomenon seems to occur in this work in that
the growth rate of gypsum crystals was found to be size-dependent, whereas the

results of a number of similar studies show the opposite, as discussed below.
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The growth of potash alum and gypsum was found to be dependent on size at lower
size regions (Garside and Jancic 1976; Klima and Nancollas 1987). Garside and
Jancic used a 250 ml volume agitated vessel which behaved as an MSMPR for their
investigation and measured the growth rate of potash alum over the size range 3.00 to
70.00 microns. Klima and Nancollas (Klima and Nancollas 1987) studying the
growth of gypsum, found that growth rate was a linear function of size for crystal
sizes below 100 microns. Large crystals greater than 100 microns (they used varying
sizes of up to 700 microns) grew almost independently of size. Both Garside and
Jancic (Garside and Jancic 1976) and Klima and Nancollas (Klima and Nancollas
1987) used seeded crystallisation technique and found that for small crystals (< 100
microns), the overall kinetics of growth was determined solely by the surface
integration mechanism. For such mechanism, the crystal growth rate becomes a
function of the characteristics of the crystal surface. In a crystalliser vessel where a
very large number of crystals with differing sizes are present (which was the case in
this continuous crystallisation study), it was reasonable to expect that the growth

rates of individual crystals would vary.

6.6. Nucleation Rate Calculation

The Population Balance Equation (PBE) developed by Randolph and Larson
(Randolph and Larson 1988) is a well-defined method for the simultancous
determination of growth and nucleation rates of crystals grown in continuous
MSMPR crystallisers. It is essentially an accounting for crystals with respect to size.
As detailed in the Literature Review (Chapter 2 section 2.9. Nucleation Rate), the
PBE first calculates the growth rate, G, and uses the value obtained to subsequently
calculate the nucleation rate, B". The population balance assumes that a plot of
population density of crystals versus crystal size will yield a straight line and hence,
the growth rate, G, is constant regardless of crystal size. However, it has been
frequently observed that the plot breaks down at small size regions and the line is
curved. The curved nature of the plot suggests that the extrapolation to initial or zero
size required for the nucleation rate calculation is not warranted (Berglund and

Larson 1982). Furthermore, the curved line would suggest that nuclei might be
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created at several small sizes rather than at a single crystal size, L = 0, as determined

by Randolph and Larson's PBE plot.

Due to limitations imposed by particle sizing instruments, nucleation rate calculation
may sometimes have to resort to a particular technique, depending on the range of
particle size data available (Jancic and Grootscholten 1984). As shown by Jancic
and Grootscholten (previous citation) the population balance analysis is almost
always subjected to a sitnation where data for a certain part of the particle size

distribution, usually the small size region, is not available.

Clearly, if the population density plot curved in the small size region, the slope of
such a plot no longer has a single value and the intercept of it must accordingly be
determined. There can be several possible straight lines that can be drawn through
the plotted experimental data. Hence, nucleation and growth rate values may vary
depending on the slope and intercept of the particular straight line chosen. This
arbitrary choice is evidently one of several possible reasons why the resulting
calculations of the kinetics of one crystallising system can be different even when the
same experimental conditions are carefully applied. Undoubtedly, the most
appropriate intercept is one that sufficiently covers the smallest crystal size down to

which the size analysis is performed.

In this study, the technique for selecting a suitable intercept that was proposed by
Jancic and Grootscholten was adopted (Jancic and Grootscholten 1984). A linear
regression through the five smallest data points, which were obtained from CSD
analysis, was carried out as depicted in Figure 6.10, and the resulting equation
yielded the slope and intercept of a straight line. The nucleation rate was then

calculated using the obtained slope and intercept.
A sample calculation for nucleation rate using this method is presented for Fe'' =

0.00 ppm at 40°C. A regression line was drawn and the line obtained has the

following equation,
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Y =-2.1548 X +23.184 (6.6)
where,

Y  =logarithmic number of nuclei density, (no.of nuclei)/(micron)(litre}

X = sphere equivalent nuclei size, micron

with coefficient of determination, R* = 0.98.

Thus the growth rate, G, for the nuclei can be found from the slope of the straight

line as represented Eq. (6.6), as follows:

-1/(vr G) =-2.1548 or G =1/(0.25)(2.1548) = 1.856 uym/hour

where T is the mean residence time and is equal to 15 minutes or 0.25 hour.

The intercept of Eq. (6.6) is 23.184, thus the number of crystals at effectively zero

size, ng, 1S € 2188 50 11713 x 10'° per micron litre. Further, the nucleation rate can

be calculated using the following equation,

B’=n’G (6.7)
where,

B®  =nucleation rate, (no.of nuclei)/(micron)(hour)

n’  =nuclei density, (no.of nuclei)/{micron)(litre)

G = growth rate of nuclei, (micron)/(hour).

Therefore, the nucleation rate,
B®  =(1.1713 x 10'%)(1.856)

=2.1739 x 10" /(litre)(hour)
=2.1739 x 10 * of nuclei/(m*)(hour).
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Figure 6.10 Cumulative density population at small size region for the
determination of nucleation rate

6.6.1. Nucleation rate at 25°C

Table 6.17 Nucleation rate of gypsum as affected by individual admixtures:

Fe**, Zn**, and SIPX (no. nuclei x 10"*)/(m*)(hour) at crystallisation

temperature of 25°C
Concentration Nucleation rate and type of admixtures

of admixtures, ppm Fe’” Zn"" SIPX
6.00 1.22 1.22 1.22

1.00 1.68 1.66 1.25

10.00 2.04 2.31 2.02

20.00 2.40 3.40 2.17

22.00 6.33 3.44 2.60

25.00 6.65 3.55 3.601

50.00 8.31 8.56 3.67
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Table 6.18 Nucleation rate of gypsum as affected by combined admixtures of

Fe**, Zn*', and SIPX (no. nuclei x 10'*)/(m*)(hour) at crystallisation

temperature of 25°C

Concentration Nucleation rate and type of admixtures
of admixtures, ppm Fe’* + SIPX 7Zn> + SIPX Fe™ +Zn™" + SIPX

0.00 1.22 1.22 1.22

1.00 2.04 1.48 1.25

10.00 2.15 1.54 1.68
20.00 2.44 1.80 1.94
22.00 3.89 1.97 4.68
25.00 5.25 2.48 6.57

50.00 7.08 4.16 7.14

6.6.2. Nucleation rate at 40°C

Table 6.19 Nucleation rate of gypsum as affected by individual admixtures:

Fe**, Zn**, and SIPX (no. nuclei x 10"*)/(m*)(hour) at crystallisation

temperature of 40°C

Concentration Nucleation rate and type of admixtures

of admixtures, ppm Fe'" Zn” SIPX
0.00 217 2.17 2.17

1.00 1.84 0.07 0.58

10.00 2.97 1.17 0.86

20.00 4.30 2.14 1.22

22.00 5.16 3.91 3.15

25.00 5.28 5.57 3.45

50.00 8.81 7.08 3.66

Table 6.20 Nucleation rate of gypsum as affected by combined admixtures of

Fe**, Zn**, and SIPX (no. nuclei x 10"%)/(m*)(hour) at crystallisation

temperature of 40°C

Concentration Nucleation rate and type of admixtures
of admixtures, ppm Fe'' +SIPX Zn*" + SIPX Fe’' +Zn"' + SIPX
0.00 2.17 2.17 2.17
1.00 0.39 1.36 1.34
10.00 1.62 3.60 1.45
20.00 2.57 3.78 1.68
22.00 6.57 6.45 2.84
25.00 7.86 8.48 3.45
50.00 8.56 8.72 7.18
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Tables 6.17 to 6.20 summarise the nucleation rate values for all the admixtures used.
As can be seen, in each case, the nucleation rate increases with increasing admixture
concentrations. These results imply that the admixtures would have lowered the
surface tensions in the crystallising solution, and consequently the contact angles of
solute clusters with the crystal surfaces in the solution would have been decreased.
As the contact angle decreases, the critical free energy of formation of solute clusters

also decreases, causing an increase in nuclei formation.

The same phenomenon of increasing nucleation rate with the increase in temperature,
was also reported by Shor and Larson (Shor and Larson 1971), in their study on the
effect of surface active agents on the crystallisation kinetics of potassium nitrate
crystals. Nucleation rate of calcium oxalate was also found to increase in the
presence of low concentrations (up to 2.5 ppm) of glutamic acid (Azoury et al.
1983). A more recent study by Benton et al. (Benton ef al. 1993) on the
crystallisation of barium sulphate showed that phosphonate-based inhibitors also

acted as nucleation promoters.

The apparent inconsistency of the nucleation rate values at 1 ppm and 40°C, (which
instead of gradually increases to be consistent with the general trend, decreases for
all types of admixtures), can be aftributed to a competition which exists between
adsorption of the admixtures and of the nucleating substance onto the nucleus surface
(Sohnel and Garside 1992). In the absence of admixture no competition exists and
consequently a large quantity of nucleating substance is adsorbed onto the nucleus
surface, resulting in subsequent growth of nuclei. In the presence of one ppm of
admixture, however, both the nucleating units and the admixtures molecules must
compete to arrive at the surface, hence the number of the nucleating units adsorbed

onto the nucleus could be lower. In consequence, the nucleation rate decreases.

At higher concentrations of admixture (10 ppm and more) a large number of
admixtures molecules can no longer be adsorbed onto the surface and thus stay in the
solution acting as nucleus template. Thus, the nucleation rate increases again. Sarig
and Mullin (Sarig and Mullin 1982) reported the same phenomenon of fluctuating
nucleation behaviour in their study on the effect of AI’* and F (both at

concentrations of 0.00 to 81 ppm) on calcium sulphate precipitation. The
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phenomenon of “non-steady state” rates of nucleation of CaS04.2H,0 was also
reported by Massey and Hileman (Massey and Hileman 1977). They found that such
phenomenon occurred at low supersaturations, which is exactly the same case as in

the present study.

The nucleation rate values over the range of the admixture concentrations used in the
present work are comparable with other studies on the same crystallisation system.
White and Hoa (White and Hoa 1977) investigated the growth of gypsum crystals

13+, and K, reported values for the nucleation rate

under the influence of Fe?*, A
within the limits from 7.2 x 10" to 3.0 x 10"*/(m’. hour), for concentration levels
from 1,500 to 3,000 ppm Ca”" and a crystallisation temperature of 40°C. The slurry
density, which should be a significant factor, however, was not reported. Similar
laboratory continuous crystallisation of gypsum using seed slurry density of 15.00
g/L of solution, that is almost twenty times higher than that used in this study, was
carried out by Murray (Murray 1997) and yielded nucleation rate values from 1.87 x
10" to 2.94 x 10" per (m’ hour). The nucleation rate values reported in this study

are, therefore, comparable with the results of the two previous studies.

Summary

In this chapter, experimental results and discussion of a seeded continuous
crystallisation (MSMPR) of calcium sulphate dihydrate (CaSO4+.2H;0) or gypsum in
the presence of admixtures are presented. The aim of the experiment was to
investigate the behaviour of gypsum crystallisation in the presence of admixtures,

since the knowledge of such behaviour can be a useful tool for scale prevention

measures especially when gypsum is one of the major components of the scale.
The following features were noted in this study:

1. The seeded continuous crystallisation experimental runs reasonably satisfied the

conditions of an ideal MSMPR, in terms of:
o Solution concentration in the crystalliser

o  Slurry or magma density in the crystalliser
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o Crystal size distribution (CSD) in the crystalliser.

The experimental data of crystal size distribution (CSD) were suitable to be used

to calculate the linear crystal growth rate, G, and the nucleation rate, B,

The linear crystal growth rate, G, was found to be dependent on size, increases

with increasing crystal size.

Both in the pure and in the presence of admixtures, the linear crystal growth
rates were generally higher for the higher crystallisation temperature of 40°C
rather than for that at 25°C.

In general, the admixtures tested were able to inhibit the crystal growth rates, but

to enhance the nucleation rates.

In almost all cases, in the concentration range studied, higher admixture
concentrations induce high retardation on the growth rates. On the contrary, the

higher the admixture concentrations, the higher the nucleation rates.

Since the growth rate was found to be dependent on crystal size, a correlation
between these two parameters and the admixture concentrations was attempted.
For a fixed level of supersaturation and crystal surface area, it was proved that
for each crystallisation temperature: 25°C and 40°C, the correlation function can

be presented as the following general equation:

G=kL* (1+C)’

where:

G = linear growth rate, micron/hour
k, aand = dimensionless constants

L = crystal size, micron
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C = concentration of the admixtures used, ppm

For both crystallisation temperatures of 25°C and 40°C, and within the range of
the admixture concentrations used, the correlation is best presented in three
separate categories: (a) low admixture concentrations, (b) high admixture

concentrations, and (c) combined low and high admixture concentrations.

The correlation function is best applied to the low concentration category (=
category (a)), followed by the combined low and high admixture concentration
category (= category (c)). The high concentration category (= category (b))

shows the poorest correlation.

10. For both crystallisation temperatures of 25°C and 40°C, the correlation function

11

12.

13.

reveals the following:
o The growth rate, G, is significantly dependent on crystal size, L.

o The growth rate, G, is a weak function of admixture concentrations, C.

The mechanism of crystal growth inhibition was assumed to be that of adsorption
of admixtures onto the active growth sites, which resulted in decreasing or

stopping the growth.

Since the growth rate was found to be size-dependent, the McCabe's AL law (see
section 2.9 in Chapter 2) for the calculation of crystal growth and nucleation is
violated. Hence, the nucleation rates calculated and presented in this study are
the "effective” nucleation rate, which means that the nuclei were not formed at

one single size.

In either the absence or the presence of individual admixture of Fe’', Zn*", and

SIPX, the nucleation rate calculation resulted in the following details:

o For pure gypsum, higher crystallisation temperature results in higher

nucleation rate.
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+ . . . .
o In the presence of F e’ as admixture, higher crystallisation temperature results
in higher nucleation rate, increases with an increase in admixture

concentrations.

o In the presence of either Zn’* or SIPX as admixture, higher crystallisation
temperature results in lower nucleation rate, decreases with an increase in

admixture concentrations.

14. In the presence of combined admixtures, of either Fe’" + SIPX, Zn’" + SIPX, or

F&*+ Zn* " +SIPX, higher crystallisation temperature results in lower nucleation
rates for lower concentrations, but higher nucleation rates for higher

concentrations.

15. Both the nucleation and growth rate values of gypsum found in this study, either

in the absence or in the presence of admixtures, generally agree with those in the

literature.

The next chapter (Chapter 7) deals with a once-through pipe flow experiment, where

Jactors influencing gypsum scale formation on the inner surfaces of pipes under

isothermal conditions are discussed. These factors include concentration levels, fype

of admixtures, fluid flow rate and type of piping materials. The intention is that the

outcomes of this pipe flow experiment will be compared with those of the present

chapter. Hence, a better understanding might be gained of the behaviour of gypsum

crystallisation occurring in vessels and in flowing solutions.
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CHAPTER7 GYPSUM SCALING IN ISOTHERMAL FLOW SYSTEM

7.1. Introduction

Scaling is the formation of a solid layer on equipment surfaces and piping systems
and is one of the persistent problems encountered in many industrial operations such
as distillation, cooling and heating of liquids, mixing, evaporation, crystallisation etc
(Hasson 1981). The solid layer may become increasingly thicker during the process
and the resulting deposit reduces the capacity of production through resistance to
heat transfer, restriction of materials flow, corrosion and wearing out of construction
materials etc (Bott 1988). Scale formation and its subsequent deposition increase the
energy requirement, such as that for pumping, as well as the cost associated with
maintenance and replacement of parts. Thus the operational and technical problems
may eventually translate into substantial economic penalties (Bott 1995; Gill 1999;

Pritchard 1988).

Scale formation is mainly due to dissolved inorganic components crystallising out of
the solution, which is supersaturated with respect to the dissolved components. In
many industrial processes and applications, gypsum or calcium sulphate dihydrate (=
CaS04.2H,0), was found to be one of the main constituents of the scale (He et al.
1994; Headley ef al. 2001; Klepetsanis 1999; Liu and Nancollas 1973; Nancollas and
Reddy 1974). The scale forms when crystals agglomerate and attach onto the wall of

the pipes or processing equipment and gradually coat the surface as a scale layer.

Research aimed at preventing or controlling gypsum scaling has been very extensive,
and significant advances have been made. Earlier studies by Hasson and Zahavi
(Hasson and Zahavi 1970), Liu and Nancollas (Liu and Nancollas 1973) and many
others, mainly focused on the kinetics of scale formation. Most of the later studies
(Bansal and Muller-Steinhagen 1993; Bansal er al. 1997; Bansal ef al. 2000; Bott
1995; Chamra and Webb 1994; Li and Webb 2000; Linnikov 1999; Middis et al.
1998; Mori ef al. 1996; Sudmalis and Sheikholeslami 2000), on the other hand, have

put emphasis on external factors influencing the deposition of the scale. These



Chapter 7

factors include hydrodynamics of the scale forming solutions, the characteristics of

the solid surface, the configuration of the heat transfer equipment etc.

Conflicting results on the effect of hydrodynamics on scale deposition have been
reported by Andritsos and Karabelas (Andritsos and Karabelas 1992). They showed
that the flow rate either increased or decreased the mass of scale deposited over a
certain period of time. Clearly, this is due to the nature of the solid-fluid interface
layer and the shear stress induced to the scale by the flow. These two incompatible
forces are further complicated by other parameters such as the presence of
admixtures, which may exert a significant effect on the nature of the interface layer

as well as on the characteristics of the scale deposited (Myerson 1993).

This chapter presents an investigation on the formation of gypsum scale on the inner
surfaces of pipes of different diameters and materials. Effects of supersaturation,
type and dosage of inhibitor species type, fluid velocity, and type of piping materials
on the scaling rate were examined. The experiments were performed in a once-
through pipe flow system, where conditions were maintained so that effects caused
by foreign particle deposition and removal of scale by shear forces were minimised.

This chapter is divided into the following sections:

7.1. Introduction

7.2. Mechanism of Scale Formation

7.3. Experimental

7.4. Results and Discussion

7.5. Conclusions

7.6. Comparison between the Growth Rate of Gypsum in the Continuous Crystalliser

and Gypsum Scale Formation in the Scaling Experiments.
Section 7.6 describes an attempt to correlate the growth of gypsum in a crystalliser

vessel (as detailed previously in Chapter 6) with that in a flowing solution, which is

discussed in this chapter.
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7.2. Mechanism of Scale Formation

The main pre-requisite of scaling is the existence of adequate supersaturation. This
is true for scale deposition in either a heated or an isothermal system. Once
sufficient supersaturation is attained, the process of scaling begins and this may

proceed through the following stages (Andritsos and Karabelas 1992; Hasson 1981).

1. Nucleation: creation of nuclei or growth centres, which can take place on the solid

surface such as the wall of the pipe, as well as in the bulk of the solution.

2. Diffusion: transport of solvated ions, molecules or tiny crystalline matter to the
solid surface. In a pipe the diffusion is assumed to proceed radially outward from the

centre of the pipe.

3. Deposition/Growth: the transported scaling components are subsequently
adsorbed either directly onto the solid surface or onto the surface of the crystals
attached to the solid surface.

4. Removal: detachment of the deposit layer due to shear stress exerted by the
flowing fluid.

5. Ageing: changes to the scale characteristics, caused by recrystallisation, phase
transformation, Ostwald ripening, etc., which may either strengthen or weaken the

scale deposits.

The five steps of scaling mechanism described above may occur concurrently or
consecutively. In addition, any two or more mechanisms may produce a synergistic

effect (Hasson et al. 1996).

Some scale formation in industries takes place without a temperature gradient that is,
under isothermal conditions. This can be found, for example, in potable water
supply lines (Hasson 1981) and in mineral processing plants (Northwood 1995). The
scale formation study presented in this paper was carried out at ambient temperature
of 25°C to simulate the condition of the flotation piping system in a certain mineral

processing plant (Headley et al. 2001; Northwood 19953).
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7.3. Experimental

7.3.1. Choice of experimental variables

Since the formation of scale is essentially a crystallisation phenomenon, the level of
supersaturation of the crystallising solution is a dominant factor. Therefore, the first
factor to be investigated in this study was the supersaturation, which is presented as
the concentration of the scaling solution in ppm of Ca®". All factors studied are

listed as follows.
7.3.1.1. Concentration level

Preliminary trials showed that at concentrations below 2,000 ppm with respect to
Ca*’, the amount of scale formed on the surfaces of the coupons (explanation about
the coupons is given in section 7.3.2) was very small, making accurate weighing of
the scale extremely difficult. In addition, removal of the scale from the coupons for
subsequent scanning electron microscopy (SEM) examination without damaging the
scale structure proved to be difficult. On the other hand, using Ca®* concentration
above 6,000 ppm resulted in a very rapid scale deposition and in clogging of the test
section. It was thus decided that the experiments be conducted at Ca®
concentrations between 2,000 and 6,000 ppm. The preparation of the supersaturated
solutions used in the experiment is detailed in section 7.3.3. The normal solubility of

gypsum at 25°C is at Ca** concentration of 611 ppm.

7.3.1.2. Type and concentration of admixtures

The effect of admixtures on gypsum and its related calcium sulphate salts has been
an active area of research (as discussed in the Introduction). However, a unified
theory is probably very unlikely. Instead, the effect appears to be system-specific,

that is, dependent on the system under investigation.

Two different admixtures have been chosen for this study, namely Fe’* and sodium
isopropyl xanthate (SIPX). Fe®™ was selected as it is found in significant amounts in
mineral processing water (Northwood 1995) and because it is one of the corrosion
products of steel (Weijnen and van Rosmalen 1984). SIPX was chosen due to its
popular usage as a flotation agent in mineral processing (Cousins and McPhail 1996;

Headley et al. 2001; Verma et al. 1999).
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7.3.1.3. Flow rate of solution

In most cases, scaling occurs in flowing systems, and thus fluid velocity can be an
important factor. The effect of flow rate on scale formation is complex. As an
example, the aging stage may weaken the deposit strength, but the actual detachment
of the deposit is dependent on the intensity of shear stress exerted by the flow. It can
be likened to the shedding of old leaves from trees (Epstein 1983). As the leaves
grow older their bonds to the twigs weaken, but the final detachment is dependent on
the strength of the wind, which is the flow of the air (= fluid). Further, as advanced
by Bott (Bott 1995), the removal mechanism involves the "sticking probability”
value of the-scale to the solid substrate. The precise magnitude of sticking
probability value is extremely difficult to obtain since it is dependent on various
factors: characteristics (size, density, porosity etc.) of the scale, characteristics
(roughness, topography etc.) of the substrate, characteristics (flow rate, entrained

particles, temperature etc.) of the flowing solution,

To avoid such complexities, in this study, low flow rate values (0.4 to 1.3 cm per
second), which correspond to the Reynolds number in the laminar region, were
chosen in order that the effect of the removal phenomenon on the scale deposition
could be considered negligible. Experimentally, it can be seen through the
transparent plastic tubing (see section 7.3.5. Description of a typical experimental

run), that there were no particles carried away by the upward flowing solution.

7.3.1.4. Type of piping materials

It is well known that process equipment uses different type of materials depending on
the chemicals or substances to be processed. In this project, the effect of four types

of piping materials, i.e. PVC, copper, brass and stainless steel was studied.

7.3.2. Description of the experimental set-up

The experimental set-up is illustrated in Figure 7.1. Briefly, it consists of two major
parts: two vessels each with a working volume of up to eight litres where gypsum
forming solutions are kept and a test section where gypsum scale is deposited. One
of the vessels contains CaCl, solution as Ca®™ provider, the other vessel contains
Na;S0O; solution as SO~ provider. The two solutions were transported through the
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test section using one peristaltic pump (Masterflex™ peristaltic pump supplied by
Cole Palmer Instrument Co.) at predetermined flow rates. The peristaltic pump was

fitted with two heads, to ensure the same and accurate flow rates of the two solutions.

To avoid the possibility of nucleation occurring in the solution before the test
section, the two solutions were transported separately from their respective vessels
and thus mixing of the solutions occurred just at the inlet of the test section where the
two solutions met. The test section consists of two flanged tubular units which were
made of stainless steel and eight pairs of semi annular coupons which can be inserted
into the tubular units and serve as scale surfaces (Andritsos and Karabelas 1991).
The flanged tubular units were made of stainiess steel and have a length of 8 cm and
an inner diameter of 1.8 cm. Each semi annular coupon has a length of two cm and
its internal diameter is either 1.3 or 0.7 em. In order to firmly fix the alignment of
the two tubular units, tongues and grooves were machined onto their opposing
flanges. The spent liquor coming out from the test section was collected into a vessel
to allow more gypsum to crystallise out of the liquor. The spent liquor and the
gypsum formed were then discarded. All accessories were thoroughly cleaned with
flowing tap water followed by rinsing with distilled water to avoid contamination.
Prior to cleaning, a dilute HCI solution was used to soak the tubular units and the
coupons after each experimental run to dissolve and remove traces of adherent

scales.

The admixtures used in the experiments were dissolved in distilled water and then
added into the vessel containing the Na;SOy solution. The solutions entered the test
section from the bottom side in order to lessen the effect of gravity, which can induce
removal of the scale. In addition, for a downward flow, the fluid must flow fast and
fully occupy the pipe cross section for otherwise it will tend to flow down one side of
the pipe. In such a case, parts of the pipe, which are not covered by the fluid, would

stay dry, resulting in non uniform scaling.
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7.3.3. Preparation of the supersaturated solutions

Gypsum-forming solutions for the experiment were prepared by making equimolar
amounts of stock solutions of calcium chloride and sodium sulphate, respectively.
Calcium chloride solution was made by dissolving CaCl,.2H>O crystals in distilled
water at room temperature followed by filtration through 0.22 um Millipore™ filter
paper (Amjad 1985). The solution of sodium sulphate was prepared in the same
manner. The two solutions were kept separately and extreme care was taken to keep
the solutions free from dust, insoluble matter etc. The chemicals, glasswares, filter
paper etc used, were the same as those used in the batch and continuous
crystallisation study carried out previously. It is obvious that each step of an
experimental run is subject to both random and systematic errors. In this scale

formation study, the random errors will likely occur in the following steps.

1. Weighing and dissolving crystals of both CaCl,.2H,0 and Na;SO; for the
stock solution.
2. Subsequent measuring of the volumes for the preparation of the scaling

solutions.

Error estimation was calculated for the preparation of the supersaturated solutions
and is tabulated below. A sample calculation for the error estimation with respect to

this scaling experiment is presented in Appendix E.

Table 7.1 Supersaturated solutions of gypsum prepared for the scaling

experiments
Ca’" concentrations
Expected, (ppm) Calculated, (ppm)
2,000 2,000 + 20
3,000 3,000 £42
4,000 4,000+ 71
5,000 5,000 = 109
6,000 6,000 = 154

7.3.4. Preparation of the test section

Before each experimental run both the tubular units and the semi annular coupons
were washed with detergent and flowing tap water followed by HCI soaking, and

rinsing with acetone and distilled water. Subsequently, the coupons were dried in an
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oven, allowed to cool and were then carefully weighed. Next they were inserted mto
the tubular units. Finally, the tubular units with the semi annular coupons inside

were fitted onto the experimental rig.

Y

Test section ——>

CaCl, Na,850, Spent Liquor
LR &

E’- Gypsum
S ]

Figure 7.1 Schematic representation of the flow system experimental set up

Figure 7.2 Photograph of the test section showing the coupons, the tubular unit

and the flange

7.3.5. Description of typical experimental run

A predetermined amount of calcium chloride and sodium sulphate solutions were
placed in separate vessels as described previously, to provide a certain supersaturated
gypsum solution for the test section. For the experimental runs using admixtures, the
admixture solution was added into the Na;SOq solution. The pump was activated
and the starting time was recorded. Occasionally, all the connecting tubes were

checked for flow rate and leakage and to ensure that there were no air bubbles
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formed inside the tubes, for otherwise the bubbles will interfere with either the flow
rate uniformity and/or the deposition mechanism. At the end of the run, the pump
was switched off. The tubular test section was disconnected and left in a vertical
position until no more drippings of solution were seen. The semi-annular coupons
were carefully withdrawn from the tubular units and were placed in an oven at a
temperature of 60°C overnight. The following day the coupons together with the
adherent scale were weighed. The difference between the weight before and afier the
experiment is the weight of the mass of the scale deposit. The scale samples

obtained were morphologically analysed using SEM (Phillips XL30).

7.3.6. SEM analysis of the scale samples

The scale deposited on the surface of the coupons was carefully removed using a
paper tissue. It was then placed in vials ready for the SEM analysis. The analysis of
the scale samples using SEM consisted of two steps: coating and imaging. Gold
sputter coating was used and, it was done in a vacuum coating unit (DYNAVAC
Sputter Coater Model SC150) as follows. First, some of the samples (= the scale
crystals) were sprinkled onto double-sided sticky tape attached to an aluminium stub.
Next, the stub with the attached samples was placed inside the vacuum coating unit
and the unit was activated to remove the air inside its chamber, and replace it with
argon gas. Replacing the air with the argon gas is necessary, since the latter is a
better carrier for the gold atoms to transfer, sputter and cover the surface of the
specimen. After a sufficient vacuum level had been achieved, the vacuum pump was
switched off and the valve to sputter the gold coating was switched on. When the
gold coating had achieved a certain thickness, it was stopped. The gold-coated
specimen was left inside the vacuum chamber for a few minutes to cool. Finally, the
specimen was removed from the chamber and placed inside the SEM unit (Phillips
XL30), and the micrographs of the specimen were taken and printed. The

micrographs were also saved into disk-files for future use.
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7.4. Results and Discussion

7.4.1. Effect of supersaturation

Since supersaturation is the primary driving force for crystallisation, it is expected
that an increase in supersaturation level will result in an increase in the amount of
gypsum scale deposited on the pipe wall. Figure 7.3 illustrates this situation. In all
experiments using different type of piping materials, the mass of deposited gypsum

increases with increasing concentration.

35
N 31 e PVC
E_ 2.5 1 -u- Brass
g 2
i —— Copper
w X 1.5 - 55
0o
L
[P
[}
v 0.5 1
7]
g o . . ‘
059 1000 2000 3300 4000 5000 6000 7000
-1
Ca*’concentration, ppm

Figure 7.3 Effect of Ca*' concentration level on scale deposition after four hours

for various piping materials (at a low flow rate of 0.4 cm/sec)

Table 7.2 Regression correlation between type of pipe materials and mass of

gypsum scale deposited

Type of pipe materials Polynomial regression equation R’

(Y = mass of scale, kg/m® ; X = calcium ion concentration, ppm)

PVC _ Y =1.107 X" - 0.0003 X + 0.2550 0.98
Brass Y =2.107 X*- 0.0007 X + 0.6986 0.99
Copper Y =2. 107 X7 - 0.0007 X + 0.7748 0.99
Stainless steel Y =2.107 X" - 0.0008 X + 0.8350 1.00
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Polynomial regression lines (quadratic functions) were found to be suitable for the
correlation between the concentration level and the mass deposited. As is shown in
Table 7.2, the high R? values (> 0.98) for all types of the piping materials indicate

the suitability of the correlation.

7.4.2. Effect of flow rate and admixture concentrations

Mass of scale, kg/sgm

Fe* concentration, ppm

Figure 7.4 Effect of Fe’™ concentrations on gypsum scale deposited after four
hours for various piping materials (at a low flow rate of 0.4 cm/sec

and a concentration level of 2,500 ppm of Ca®")

Figures 7.4 and 7.5 show the effects of F ¢** concentrations at different fluid flow
rates on the mass of gypsum scale deposited. As can be seen in the two figures, in
general, higher concentrations of Fe" have higher retarding effect on the scale build
up, up to about 15 ppm. Data for Figure 7.4 were taken at a linear fluid flow rate of
0.4 cm per second while those for Figure 7.5 were obtained at a linear fluid flow rate
of 1.3 cm per second. Figures 7.4 and 7.5 imply that the effect of flow rate depends
on the pipe material, e.g. different strength of adhesion of the scale to different
material (see Table 7.3 for an easier comparison). Clearly, fluid moving at a higher
flow rale exerts stronger shear stress on the scale deposit, which results in the

removal of it.
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Figure 7.5 Effect of Fe’" concentrations on gypsum scale deposited after four
hours for various piping materials (at a higher flow rate of 1.3 cm/sec

and a concentration level of 2,500 ppm of Ca®)

Table 7.3 Mass of gypsum scale deposited after four hours in the presence of

Fe** (at a concentration of 2,500 ppm of Ca®*), in kg/m’

Pipe materials Admixture, Low flow rate, High flow rate,
ppm 0.4 cm/sec 1.3 cm/sec
0 0.038 = 0.001 0.050 £ 0.002
7.5 0.029 + 0.002 0.019+0.001
PVC 15 0.015+ 0.001 0.014 £ 0,001
20 0.030 + 0.001 0.005 = 0.000
0 0.051 + 0.002 0.041 £ 0,002
7.5 0.026 + 0.002 0.007 £ 0.000
Brass 15 0.012 = 0.001 0.007 + 0.000
20 0.017 £ 0,001 0.006 + 0.000
0 0.044 £ 0.002 0.054 £ 0.002
7.5 0.023 £ 0.002 0.007 + 0.000
Copper 15 0.014 £ 0.001 0.009 £ 0.001
20 0.015 £ 0.001 0.010 + 0.001
0 0.053 £0.002 0.041 £ 0.002
7.5 0.043 = 0.003 0.008 + 0.001
Stainless steel 15 0.009 + 0.000 0.007 £ 0.000
20 0.022 £0.001 0.018 £0.001
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Figure 7.6 Effect of SIPX concentrations on gypsum scale deposited after four
hours for various piping materials (at a low flow rate of 0.4 cm/sec

and a Ca®" concentration of 2,500 ppm)
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Figure 7.7 Effect of SIPX concentrations on gypsum scale deposited after four
hours for various piping materials (at a higher flow rate of 1.3 cm/sec

and a Ca®" concentration level of 2,500 ppm)

The effect of SIPX on gypsum scale deposition is shown in both Figures 7.6 and 7.7.

For an easier assessment, the effect of flow rate on the scale deposited for each type
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of material is shown in Figures 7.8 to 7.11, respectively. In addition, the data for

Figures 7.6 and 7.7 are also presented in Table 7.4.

Table 7.4 Mass of gypsum scale deposited after four hours in the presence of
SIPX (at a concentration of 2,500 ppm of Ca®), in kg/m2

Pipe materials Admixture, Low flow rate, High flow rate,
ppm 0.4 cm/sec 1.3 cm/sec
0 0.038 £ 0.001 0.050 + 0.002
5 0.024 £0.003 0.031+0.004
PVC 10 0.009 £ 0.000 0.018 = 0.002
20 0.004 + 0,000 0.026 = 0.002
0 0.05t £ 0.002 0.041 £ 0.002
5 0.029 4 0.004 0.019 % 0.003
Brass 10 0.003 £ 0.000 0.006 £ 0.001
20 0.001 £0.000 0.007 £+ 0.000
0 0.044 +£ 0.002 0.054 £ 0.002
5 0.023 £ 0.003 0.022+0.003
Copper 10 0.002  0.000 0.006 % 0.000
20 0.001 % 0.000 0.006 £ 0.000
0 0.053 = 0.002 0.041 £ 0.002
5 0.009 + 0.000 0.019 £ 0.003
Stainless steel 10 0.003 £ 0.000 0.004 + 0.000
20 0.0003 £ 0,000 0.001 £ 0.000

As can be seen, in most cases, increasing the concentrations of SIPX resulted in less

scale formation.

For the PVC, as shown in Figure 7.8, the mass of scale deposited was higher for a

higher flow rate. A possible explanation for this behaviour is that the bonding

between PVC and gypsum could be higher than that for the other materials tested.
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Figure 7.8 Effect of SIPX concentrations on gypsum scale deposited after four
hours for PVC (at low and higher flow rates of 0.4 and 1.3 cm/sec,

respectively and a Ca*' concentration level of 2,500 ppm).
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Figure 7.9 Effect of SIPX concentrations on gypsum scale deposited after four
hours for brass (at low and higher flow rates of 0.4 and 1.3 cm/sec,

respectively and a Ca®' concentration level of 2,500 ppm).
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Figure 7.10 Effect of SIPX concentrations on gypsum scale deposited after
four hours for copper (at low and higher flow rates of 0.4 and

1.3 cm/sec, respectively and a Ca®* concentration level of 2,500

ppm)
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Figure 7.11 Effect of SIPX concentrations on gypsum scale deposited after
four hours for stainless steel (at low and higher flow rates of 0.4
and 1.3 cm/sec¢, respectively and a Ca®™ concentration level of

2,500 ppm)
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7.4.3. Effect of type of piping materials
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Figure 7.12 Effect of type of piping materials on gypsum scale deposited in
the absence of admixtures (at a low flow rate of 0.4 cm/sec and
a concentration level of 4,000 ppm Ca™)
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Figure 7.13 Effect of type of piping materials on gypsum scale deposited in

the absence of admixtures (at a high flow rate of 1.3 cm/sec and

a concentration level of 4,000 ppm Ca®")
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The effect of piping materials on scaling is not well understood. Figures 7.12 and
7.13 show such effect, which is determined by the amount of scale deposited on the
pipe made of particular materials, under otherwise the same operating conditions.
Four linear regression lines were drawn to approximate the rate of formation for each
type of the pipes used. As can be seen, the rate of formation seems to vary with
different pipe materials: PVC the highest and stainless steel the lowest. Comparison
of the two figures also shows that the higher flow rate seems to result in less scale
deposit, which is consistent with the argument that the mass deposited decreases with

increasing flow rate.

The effect of piping materials on scale deposition might be more related to the
roughness of the surface, which could be inherently different in each type of
material, as well as being a result of the methods of manufacture. It could be argued
that once the pipe surfaces had been entirely covered by the scale layer, the
roughness would have no appreciable effect on the scale growth. However, it may
still influence the removal or the ageing processes. Microscopically, the entire
surface of a pipe consists of crevices and cracks which provide sites for attachment
of the scale building components when they are transferred towards the pipe wall.
The characteristics of the crevices and cracks will affect the strength of the
attachment. It can be assumed that the rougher the surfaces, the stronger the
attachment, and hence the more difficult to detach. In another study (Linnikov
1999), it was observed that the nucleation rate of calcium sulphate crystals increases
with surface roughness. In addition to the effect of the substrate
microstructure/roughness, future studies may look into other possible effects as

detailed in section 8.2.3 in Chapter 8.

The linear regression lines that approximate to the rate of formation on each pipe
material were extrapolated to obtain the projected values of induction time. It can be
seen that the values are between 1 and 2 hours for a low flow rate (Fig. 7.12), and 2
to 4 hours for a high flow rate (Fig. 7.13). These predicted values are compared with
the values of the induction time obtained in this scaling experiment, which is

discussed in the following section.
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In all cases, PVC was found to have the highest rate of gypsum scale deposition. In
descending order from the highest to the lowest rate of deposition, the piping

materials can be listed as follows: PVC, brass, copper and stainless steel.

7.4.4. Induction time

In a crystallisation process, there is usually a lapse of time between the attainment of
supersaturation and the detectable changes in the crystallising solution property,
signalling the onset of crystal formation. This period of time is widely known as the
induction time or induction period, and consists of two successive parts, that is, (1)
the period necessary for the formation of nuclei to reach a critical size, and (2) the
time needed for these nuclei to grow to a detectable size. Since the term “detectable
changes” is open to various interpretations; the concept of induction time could not
be considered as fundamental in a erystallisation process (Sohnel and Mullin 1988).
Different interpretations exist, because a variety of measurement techniques are
available to determine the induction time. Four methods are generally used: visual,
turbidimetry, by concentration, and by conductivity, respectively (Sohnel and
Garside 1992). Therefore, for one crystallisation system, a discrepancy in results for
the induction time may be obtained, depending on the method of measurement. For
example, the visual method works by detecting the first visible crystals in the
solution. It is perhaps the least recommended method, since it relies on the
capability of the instrument, down to which smallest crystal size it can measure.
Thus, even within one method, different values of induction time may exist. In other
words, the exact duration of the induction period of a crystallisation process may not

be found.

The induction time is affected by many factors. With respect to scale formation, it is
related to the nature of the components in the scaling solutions and the characteristic
of the surface (Bott 1997; Hasson et al. 1996). As an example, a rough surface is
generally favourable for nucleation sites; hence the induction time could be short
since such sites promote heterogeneous nucleation. Also, it was reported that the
duration of induction period was greatly affected by the concentration of the

admixtures present, the temperature, and the amount of seed crystals added into the
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crystallisation system (Amjad 1985). In an attempt to better understand the
behaviour of the crystallisation of gypsum in the presence of admixtures, including
the scaling experiment, the induction time of each of the system was examined. As
detailed in Chapter 4, during the batch crystallisation experiments carried out in this
study, no induction time was observed. The same situation was found for the

continuous crystallisation experiments, as presented in Chapter 6.

Several data on induction time with respect to gypsum crystallisation either i pure
system or in the present of admixtures are presented in Table 7.5. As can be seen,
the induction time may not be observed in crystallisation and/or scaling experiments,
in either the absence or the presence of admixtures. In addition, the table indicates
that investigation on gypsum scale formation using isothermal flow system has
probably never been attempted. Experiments on scale formation using continuous

crystallisation systems are also very few.
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Table 7.5 Induction time in crystallisation/scaling experiments obtained by

several authors

No. Crystallisation Admixtures Induction time, | References
or Scaling (hours)
System
1 Unseeded batch Citric acid, esterified citric 0.0 (Al-Sabbagh
{gypsum) acid, defoaming agent et al. 1996)
2 Seeded batch None 0.0 (Lin and
(gypsum) EDTA .0 Nancollas
NTMP 0-35 1973)
ENTMP 0-25
TENTMP 0-25
HEDP 0
(NH;)sM0o;0,, 0
3 Seeded batch None 0 (Weijnen and
{gypsumy) HEDP 0 van Rosmalen
(10 — 10° M) 1984)
4 Seeded batch None ~0 (Chan 1997)
(gypsum) Industrial process water ~0
5 Seeded batch None 0 (He et al.
{(gypsum) NaCl 0 1994)
6 Isothermal flow None 0.0 {Andritsos and
(CaC0;, Karabelas
1995)
7 Isothermal flow None 0.0 {Andritsos and
(CaCOy, Karabelas
1992)
8 Isothermal flow None 0.0 {Andritsos and
(CdS) Karabelas
1992)
9 Isothermal flow None 0.0 {Andritsos and
{PbS) Karabelas
1992)
10 Isothermal flow None 0.0 {Andritsos and
(CdS & PbS) Karabelas
1992)
11 Isothermal flow None +) (Hasson et al.
{CaCOy, Na-hexamethaphosphate 0 1996)
Acrylic polymer 0
12 Sceded and unseeded | Fe'', A, Ni™~ 2-67" (Adams and
continuous crystallisation Papangelakis
{gypsum) 2000)
13 Seeded None 0 (Jamialahmadi
continuous crystallisation and Muller-
(gypsum) Steinhagen
2000}

*) existed but not measured.

**) the measurement technique was not explained.
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The induction time in the scaling experiments was determined by measuring the
conductivity of the crystallising solution using a conductivity meter (Yokogawa,

Model SC82).

It was discussed in Chapter 4 that the second order kinetics shows a reasonable fit to
the data obtained for the batch crystallisation of gypsum. In addition, the experiment
shows that there was no induction period (as can be seen from Figure 4.1 in
Chapter 4), which is in agreement with some of the previous experiments listed in
Table 7.3. In cases where induction period is not observed, the crystallisation of
gypsum with equivalent concentration of ions could be considered to follow the

second order kinetics (Amjad 1985).

In the scaling experiments carried out in the present study, a distinction should be
made with respect to the induction period and the predicted time for the onset of the
scale formation (as detailed in section 7.4.3 Effect of type of piping materials).
Induction period, by definition, is the lapse of time from the achievement of
supersaturation until the first visibie nuclei are detected. Depending on the system
under consideration, this period of time can be either long or short. On the other
hand, the decrease in the concentration of Ca’" of the solution as shown by the
change in conductivity, was due to nuclei formation. It is logical, that the
change/decrease in Ca®™ concentration could have been recorded, although the

formation of scale had not yet started.

Once the nuclei formed and attached on the surface of the pipe wall, they
accumulated, and after several hours, as predicted previously by Figure 7.12 or
Figure 7.13, these nuclei could have grown and accumulated as scale deposits. This
phenomenon can be explained in connection with the topography of the pipe wall,
which although visually smooth, may not be sufficiently smooth at the microscopic
level. Therefore, nuclei formation was started immediately in the “cracks and pits”
on the surface of the pipe wall. As scaling experiment progressed, the availability of
relatively constant supersaturated flowing solution enhanced the formation of new
nuclei, which might take place on top of the previously formed ones. In fact, Hasson
and Zahavi (Hasson and Zahavi 1970) observed that the initial stage of scale

deposition consisted of the nucleation of crystals, which adhered to the metal surface.
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As explained previously, the induction time in the scaling experiments performed in
the present work was investigated using a conductivity method. Figures 7.14 and
7.15 show the results of this induction time measurement at a concentration level of

2,000 ppm of Ca®".
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Figure 7.14 The conductivity of the pure gypsum solution versus the scaling
experiment time for am initial concentration of 2,000 ppm Ca™

and solution temperature of 18.3°C (first experiment)
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Figure 7.15 The conductivity of the pure gypsum solution versus the scaling
experiment time for an initial concentration of 2,000 ppm Ca®

and solution temperature of 20.6°C (second experiment)
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Figure 7.16 The conductivity of the gypsum solution in the presence of 10
ppm of SIPX, versus the scaling experiment time for an initial
concentration of 2,000 ppm Ca®™ and solution temperature of
19.2°C

Figures 7.14 and 7.15 clearly illustrate that at a concentration level of 2,000 ppm of
Ca®", the gypsum solution shows significant or measurable induction time. It can be
seen from the figures that the induction time is about 105 minutes at 10.3°C and 97

minutes at 20.6°C.

Induction time in the present of admixtures is usually longer than that in a pure
system. This phenomenon is also prevalent in the present study, where the SIPX was
added into the gypsum solution. As can be scen in Figure 7.16, the induction time as
calculated from the intersection of tangents, in the present of SIPX is about 1,400

minutes.
Having observed the induction times as shown in Figures 7.14 and 7.15, it can be

concluded that the predicted values of the induction time derived from Figures 7.12

and 7.13 respectively, are reasonably materialized.
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7.4.5. Morphology of the gypsum scale deposits

The morphology and surface topography of crystals may reveal information about
the mechanism of crystal growth. A crystal morphological study may be of value in
predicting the growth rate or to help prevent crystals from forming. With respect to
scale formation processes such a study may indicate way to lessen scale formation,
since some properties of scale deposit (especially physical properties) are related to
morphology. As an example, a porous scale is obviously morphologically different
from that of a dense or compact scale. The difference may, in turn, affect the thermal
conductivity of the scale deposit. Further, the thermal conductivity as a temperature-
related factor, may affect kinetics of scale formation. Thus, there could be a
significant interrelationship between the scale formation process and the morphology

of the scale.

Removal rate of a scale deposit formed in a flowing condition may also be affected
by the morphology. It is logical to assume that a compact scale is more difficult to

remove than a porous and loosely bound one.

In the gypsum scale formation in isothermal flow system experiments, carried out in
the present study, the effect of admixtures on the morphology of the gypsum scale
deposits was investigated. Scanning electron micrographs of the deposits were taken
and subsequently used to reveal the morphology and surface topography of the
deposits .

Tt is well known that calcium sulphate salts form different phases under different
temperature levels. Hence, a once-through pipe flow experiment under isothermal
condition was carried out and maintained to ensure that only one phase was formed,

in this case, calcium sulphate dihydrate (= CaS04.2H,0) or gypsum.

Scaling is a rate-driven phenomenon in which two simultancous opposing steps,
namely the deposition and removal stages determine its ultimate rate. The mass

deposition rates of scale deposits are affected by several factors. It is thercfore
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important to observe how the scale morphology has been affected by such factors. In
fact, it is common to include morphological studies in any investigation on scale
formation. After each experimental run, therefore, the scale deposits formed inside
the coupons were removed and collected for SEM analysis. Since SEM can progduce
pictures with high magnification and depth of fields, the micrographs obtained using
SEM can easily be used to detect the structure of the deposits as well as any
structural changes of the scale. Figures 7.17 to 7.20 presented in the next section

show such micrographs of the scale deposited on the surface of PVC coupons.

Figure 7.17 shows an SEM view of typical gypsum crystals obtained from the scale
deposit after four hours, which formed in pure conditions, that is in the absence of
admixtures. Figure 7.17a depicts the well-known needle and plate like shape of
gypsum crystals precipitated from pure solutions. It can be seen that the deposits
consist of crystals of different sizes. Such a feature is typical of pure gypsum scale
deposit (Al-Sabbagh er al. 1996; El Dahan and Hegazy 2000; Klepetsanis and
Koutsoukos 1998). Enlargement of the micrograph as depicted in Figure 7.17b,
clearly shows the typical gypsum crystal morphology with dominant (010), (120),
(001) and (100) faces, which are commonly observed (Bosbach et al. 1996; Rinaudo
et al. 1988).

Figure 7.18 depicts the scanning electron micrographs of pure gypsum scale
formation after 4 (Fig. 7.18a) and 8 hours (Fig.7.18b), respectively. As can be secen
in Figure 7.18b, after 8 hours, the scale is seen to consist of clumps of leaf-like
aggregates, which protrude in different directions and wedge into one another.
Figure 7.18b may also indicate the tendency of the protruding crystals to orient to a
certain direction, namely to the direction of flow (indicated by the direction of the

white line).

7-27



Chapter 7

Figure 7.17 Morphology of pure gypsum scale crystals after 4 hours of

scaling, (b) enlargement of (a)

This aggregation could be the result of a bridging mechanism in which nuclei formed
between crystals grow and are simultaneously adsorbed onto more than one crystal
face. Such mechanism was also observed during inhibition of the growth of gypsum
by trace amount of polyacrylic acid (PAA) at room temperature (Oner 1998), and in

the formation of gypsum scale layer on a heated metal pipe (Krause 1993).

Figure 7.18 Morphology of pure gypsum scale formed: (a) after 4 hours, (b)

after 8 hours
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Figure 7.19 Morphology of gypsum scale after 4 hours: (a) pure gypsum,
(b) in the presence of SIPX, (c) in the presence of Fe*'

Figure 7.19 shows a typical series of micrographs of scale formed after 4 hours in
pure gypsum solutions, in the presence of SIPX and in the presence of Fe’,
respectively. All faces of pure gypsum crystals (Fig. 7.19a) are flat and smooth (even
when viewed at higher magnification than those of Figs. 7.19b and 7.19¢), whereas
those grown in the presence of admixtures are markedly rough and seem to be
covered with cracks and masses of small crystallites. A similar roughening of crystal
faces was reported in a number of investigations (Davey 1982; Rinaudo et al. 1988,
Weijnen and van Rosmalen 1985). An investigation on the influence of various
polycarboxylates on the precipitation of gypsum by Weijnen and van Rosmalen
(Weijnen and van Rosmalen 1985), showed that the faces of the gypsum crystals
obtained were highly roughened. They argued that the roughening effect is the result
of the protonated carboxylic acid groups, which were adsorbed onto the crystal
surface. Another explanation was given by Rinando et /. (Rinaudo ef a/. 1988) who
maintained that the occurrence of fractures is due to the presence of metallic ions or
their complexes making bonds with the uppermost oxygen atoms of the sulphate
groups of the gypsum crystals. Such complexes may be weakly attached to the
crystal surface and, being present at the surface, may be washed away by the flowing
solution, and crack the surfaces open. Hence the surfaces are roughened. Still
another explanation could be that adsorption of the admixtures onto the crystal
surface results in the disruption of the otherwise "normal' growth rate of pure crystals
(Ogden 2002). Since gypsum is a fast growing crystal, the disruption could be
significant, so that the growth steps do not advance in a regular manner. Hence, the

surface becomes rough.
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Finally, there is another explanation for the roughening of the surface: the effect of
the flow of the solution. Had the solution been kept stagnant, the effect of the
admixtures could be the opposite, i.e. the smoothing of the surface (Dirksen and Ring
1991). The mechanism of this proposal is that the admixture molecules were
adsorbed and filled in the step and kink faces making them gradually shallower and
flatter, and thus a smooth surface is obtained. With the flowing solution, many
admixture molecules were possibly not able to settle into the kinks and steps and,
instead such molecules were carried away by the solution. Hence causing the surface

of the scale to be uneven or rough.

It is difficult to distinguish the individual admixture effect, but it appears that both of
the admixtures used caused the roughening of the scale surfaces. The micrographs
indicate that agglomeration has extensively occurred and that some crystals no longer
retain their straight needle-like shape but become slightly curved. Such curved
crystals were also found in a number of investigations on gypsum cither using a
crystalliser vessel (McCartney and Alexander 1958; Rinaudo et af. 1988) or on
heated metal surfaces (Amjad 1988). Rinaudo ef al. (Rinaudo et al. 1988) argued
that the occurrence of such curved gypsum crystals was caused by partial
replacement of some water molecules by the admixtures either in their ionic forms or
their complexes. Clearly, this could be a sound argument if the volume of the water
molecules is different from that of the complexes, so that the complexes do not
perfectly fit into the space lefi by the water molecules in the crystal structure. As a
result the crystals might be curved. An earlier report on the effect of admixtures on
gypsum by McCartney and Alexander (McCariney and Alexander 1958) showed that
the curved gypsum crystals were obtained at an clevated temperature of 70°C, in
which the formation of the curved crystals was extremely rapid. Hence, it was
argued that at the elevated temperature of 70°C, the admixture could not effectively
prevent nucleation. Once the nuclei formed, they might grow rapidly due to the high
temperature. It is possible that the rapid growth causes imperfect surface structure

and may result in curved crystals.
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Figure 7.20 Morphology of scale in pure system after 8 hours: (a) top layer,
(b) bottom layer

In practical situations, scale formation usually takes a long time and, thus cannot
easily be simulated in a laboratory work. In this study a scale formation time of 8
hours has been chosen as the longest, for practical reasons. It was found that
prolonging scaling experiments has the effect of making the scale deposits denser. In
Figure 7.20, a micrograph is shown of the scale deposits after eight hours of
experimental run. As can be seen, the compactness of the scale increases from the
top of the scale to the bottom, and it was qualitatively noticed that the scale becomes
more difficult to remove with time. In a once-through flow system, as was used in
this study, the supersaturation is maintained at a constant level, and consequently the
scale growth continues. In the beginning, when the first scale deposits attached to
the pipe wall, the scale structure is relatively porous. This type of structure is
favourable for nucleation sites and with the availability of supersaturated solution
flowing past and between the cavities, which exist in the scale, more nuclei are
generated. The nuclei created grow to become crystallites, filling the cavities.
Hence, gradually the scale becomes denser. With the slow flow rate used in this
study, it is believed that the nuclei are able to stick rather firmly onto the scale
surface and grow, rather than being washed away as it might occur in a fast flowing
solution. Obviously, as the scale formation proceeds, it accumulates, so that the

bottom layer, having been longer in the process, becomes denser than the top layer.
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7.5. Conclusions

7.5.1. Conclusions on the effects of the experimental parameters tested

Gypsum scaling experiments in an isothermal flow system were carried out to
estimate the mass of gypsum scale deposited as affected by supersaturation level,
admixtures, fluid flow rate and type of pipe materials. It was found that the mass of

the gypsum scale deposited over a fixed period:

1. Increases with concentration (in the range 2,000 to 6,000 ppm of Ca™), and

that the correlation can be represented by quadratic functions.
2. Decreases with increasing concentration of Fe’” and SIPX.

3. Is little affected by the flow rate (in the range 0.4 - 1.3 cm sec’!), over a

narrow range of flow rates.

4. Ts highest on PVC, followed by brass and copper, and lowest on stainless

steel.

Measurement of the mass of the scale deposited could be improved by in sifu
monitoring using a quartz microbalance. Similar investigations to account for the
effect of flow rate in the turbulent region, of other types of admixtures as well as of
different piping materials would lead to a more comprehensive understanding about
the scaling of gypsum and thereafter its prevention from occurring. Such

investigations are currently being conducted independently in the research group.

7.5.2. Conclusions on the morphology of the gypsum scale deposits

Analyses of the morphology and surface topography of the scale samples result in the

following:
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. The scale deposits obtained in this once-through isothermal flow system

experiment were characteristic of gypsum crystals.

. The scale deposits consisted of gypsum crystals, which grew and formed
aggregates with one another. The aggregates oriented themselves with the

direction of the fluid flow.

. In the presence of admixtures the scaling solutions produced scale deposits
with rough surfaces. This surface roughening may have been caused by a
combined effect of the nature of the adsorbed admixtures and the fluid

flow.

. The observed roughening of crystal surfaces was found to be the same for

both admixtures.

. Prolonging the scaling time, while keeping all other factors constant,
resulted in denser scale deposits. This might be caused by the formation
and growth of crystals, which occur in the space between the crystals
forming the scale deposits, and these then trapped and attached. The
continuous formation and growth of the crystals was due to the relatively

constant supersaturation conditions of the flowing fluid.

7.6. Comparison between the Growth Rate of Gypsum Crystals in the

Continuous Crystalliser and Gypsum Scale Formation in the

Scaling Experiments

The present study investigated the role of impurities and additives, collectively

known as admixtures, in the crystallisation of gypsum. Three phases of experimental

work were carried out: (1) batch crystallisation, (2) continuous crystallisation, and

(3) scale formation in a once through pipe flow system. The results of the three

phases of experiments show that in most cases the admixtures tested were able to

reduce the growth rate of gypsum. It was described previously (sec Summary of

Chapter 4) that the residence time used in the continuous crystallisation experiment
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was determined from the result of the batch crystallisation study. Thus, a link was
established between phase 1 and phase 2 of the project. An attempt was also made to
correlate the experimental results obtained from phase 2 and phase 3 of the project.
This was carried out by quantitatively comparing the growth rate of the gypsum
crystals obtained in the continuous crystallisation with the gypsum scale formation

obtained in the scaling experiments.
7.6.1. Mass balance around the MSMPR crystalliser

A mass balance is calculated for the continuous crystallisation experiments carried
out in this study. Such calculation is necessary since the mass growth rate of gypsum
crystals in the crystalliser should correspond to the decrease in Ca*" concentration

(Ca*" is one of the lattice ions) over the same period of time.

A sample calculation was carried out for the crystallisation of pure gypsum, that is,

in the absence of any admixtures, at 25°C.

One residence time = 15 minutes.

Volumetric flow rate of gypsum solution = 100 ml/min.

Therefore, volume of the solution for one

residence time =15x 100 = 1500 ml
= 1.5 litre.

Slurry density in 1 litre solution at the beginning of the run = 0.7925 g (measured).

Slurry density at steady state =2.7689 g (measured).

Ca®* concentration at the beginning of the run = 1,221 ppm {measured).

Ca*" concentration at steady state = 735 ppm (measured).

The increase in slurry density =(2.7689-0.7925) g
=1.9764 g.

The decrease in Ca>* concentration = (1221 -735) ppm
=486 ppm.
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The decrease in Ca’” concentration should correspond to the gypsum crystals formed.
Hence, gypsum crystals theoretically obtained at the expense of the decrease in Ca®*

concentration at the end of the experimental run (= steady state) can be calculated as

follows:
The atomic weight of Ca®* =40 g/mol.
The molecular weight of gypsum (CaS0,.2H,0) =172 g/mol.
Therefore, gypsum crystals theoretically obtained:
=172/40 x 486 mg/L
=2089.8 mg
= 2.0898 g.

Hence, the slurry density expected at steady state = slurry density at the beginning of

the run + gypsum crystals formed
=(0.7925 + 2.0898) g/L
=2.8823 g/L.

Slurry density measured at steady state =2.7689 g/L.

The difference between the calculated and the experimental values of slurry density
=(2.8823 - 2.7689) g/L.
=0.1134 g/L.

The discrepancy between these two values could be argued as follows.

A 15 minute residence time may be too short for the calcium ions to become nuclei
and subsequently grow to become gypsum crystals large enough to be retained by the
filter paper used. Consequently, these small gypsum crystals passed the filter paper.
Hence, the weight of the crystals obtained was lower than its calculated value. It is
also likely that some of the gypsum crystals formed scaled up the wall of the
crystalliser and the crystalliser internals. As a result, the expected increase in slurry

density would be less.
Measurement of slurry density is described in Chapter 5 (section 5.7.2. Sampling

for slurry density). A typical slurry density versus residence time plot is depicted in

Figure 6.2 in Chapter 6 (section 6.2. Attainment of Steady State).
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Briefly, a 50 ml sample was isokinetically withdrawn from the crystalliser. It was
immediately filtered and washed with isopropanol. The filtered solids were dried in
an oven until a constant weight was reached. The difference in weight between the
filter paper used and the filter paper plus the solids, equals the weight of the gypsum
crystals obtained. This difference in weight was subsequently multiplied by 20 to
give the weight of crystals in g/L of sample, which is equal to the slurry density in

the crystalliser.

The sample calculation described previously, shows that the mass balance around the

crystalliser could be considered as reasonable.

7.6.2, Calculation of the mass growth rate for the continuous

crystalliser

The continuous crystallisation experiments were carried out using the seeded
method: therefore, the growth was assumed to take place on the surface of the seeds.
Since the small size crystals (below 13.05 microns) were found not to grow, only the
surface area of the seeds with sizes from 13.05 microns to 107 microns was
calculated. Table 7.6 shows a sample calculation for the seed crystal surface for
continuous crystallisation in the absence of admixtures, carried out in the present

study.

The difference in slurry density at the beginning and at the end of the experimental
run is the mass growth rate, and this was used to calculate the growth rate per surface

area of the seeds.

The slurry density at the start of the run = 0.7925 g/L.
The slurry density reached a relatively stable value after 4 residence times (= 4 x 15

minutes = 1 hour), and at the end of the run the value = 2.7689 g/L.

The mass difference = 2.7689 — 0.7925 g = 1.9764 g.

Hence, the growth rate = the mass difference/the total surface area
=1.9764 g/0.050746514 m*
= 38.9465 g/m*

=0.0389 kg/m* hour.
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Table 7.6 Surface area of crystals in the continuous crystallisation of gypsum

in the absence of admixtures

No. of crystals Crystal size, Surface area, Surface area,
(#/litre) micron micron® m°
1865 107 67080495.86 6.70805E-05
3031 97.05 89686461.28 8.96865E-05
4955 87.75 119863728.2 0.000119864
7966 79.5 158170115.6 0.00015817
12273 72.05 200155983.4 0.000200156
19685 65.3 263700925.7 0.000263701
30660 59.15 337001257.3 0.000337001
45112 53.55 406406742.6 0.000406407
60562 48.55 451427017.7 0.000451427
100224 42.05 556741512.2 0.000556742
172045 34.5 643324540.5 0.000643325
298503 29.65 824418954.7 0.000824419
685529 24.6 1303304571 0.001303305
19907476 18.3 20944415891 0.020944416
45569822 13.05 24380815517 0.024380816

=0.050746514 m*
~0.051 m>.

Total surface area

7.6.3. Calculation of the scale formation scaling experiment

The scaling experiment was carried out at a volumetric flow rate of 30 ml/min.
Hence, in one hour, the volume of solution that passed the test section = 30 x 60 =
1,800 ml. In addition, the scaling experiment was carried out for 4 hours. Since the
induction time was approximately 2 hours (see Figures 7.14 and 7.15), the period
taken for the calculation of the scale formation was 4 hours — 2 hours = 2 hours. The
volume of the scaling solution used in 2 hours = 1,800 x 2 = 3,600 ml. The masses
of scale shown in Table 7.7 are those, which have been recalculated for the duration
of 2 hours. Table 7.7 presents the data of the scale formation in comparison with

those of the continuous crystallisation experiments, in the presence of 0, 10 and 20
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ppm of Fe**, respectively. In Table 7.8, similar data are presented for SIPX as
admixtures.

Figures 7.21 to 7.24 display the rate of growth on scale formation on the inner walls
of the pipe, as affected by the admixtures selected, as a function of the flow rate of
the scaling solution. The mass growth rate of gypsum in the continuous crystalliser is

included in all the graphs for comparison.

As can be seen, in the absence of any admixture (Fe = 0 ppm or SIPX = 0 ppm), the
rate of growth of crystals in the crystalliser is consistently higher than the scale
formation in the scaling system regardless of the flow velocity of the scaling

solution.
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Figure 7.21 Comparison between gypsum scale formation on the inner
surfaces of different type of pipes and gypsum growth rate in
crystalliser, showing the effect of Fe*
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Figure 7.22 Comparison between gypsum scale formation on the inner

surfaces of different type of pipes and gypsum growth rate in

crystalliser, showing the effect of Fe**
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Figure 7.23 Comparison between gypsum scale formation on the inner
surfaces of different type of pipes and gypsum growth rate in
crystalliser, showing the effect of SIPX
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Figure 7.24 Comparison between gypsum scale formation on the inner

surfaces of different type of pipes and gypsum growth rate in

crystalliser, showing the effect of SIPX
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Figures 7.21 to 7.24 display the rate of growth of scale formation on the inner walls
of the pipe, as affected by the admixtures selected, as a function of the flow rate of
the scaling solution. The mass growth rate of gypsum in the continuous crystalliser

is included in all the graphs for comparison.

As can be seen, in the absence of any admixture (Fe = ¢ ppm or SIPX = 0 ppm), the
rate of growth of crystals in the crystalliser is consistently higher than the scale
formation in the scaling system, regardless of the flow velocity of the scaling

solution.

It could be postulated that the activation energy required for the formation of scale
on the surface of the pipe walls is higher than that required for growth on the gypsum

seeds in the crystalliser.

Figure 7.21 to 7.24 also indicate that SIPX is more effective in standing the scale
formation than Fe’*. This could be a result of the difference in molecular structure
between SIPX and Fe'". The C chain structure in SIPX might have scaled as
“blanket” on “fence” to cover the surface of the nuclei attached to the pipe surface.
Hence, more nuclei are prevented from receiving the scale forming units which

results in less growth.

This present study shows that the effect of flow rate on scale formation for the two
admixtures tested appears to be conflicting. For Fe™*, higher fluid flow rate resulted
in less mass of scale. On the contrary, in the presence of SIPX, an increasc in flow

rate is reorganised by a corresponding increase in the mass of scale deposited.

Clearly, in the case of Fe’', the stronger shear stress exerted on the scale deposit by
the fluid flowing at a higher flow rate, is sufficient to result in the partial removal of

it.

The phenomenon observed for SIPX, especially for PVC, in which higher flow rate
results in more scale deposit, could be due to the charge in the diffusional resistance
(Andritsos and Karabelas 1992; Andritsos and Karabelas 1995; Andritsos et al.
1996).
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Fluid moving at a high flow rate exerts stronger shear stress on the vicious diffusion
layer covering the scale, which results in the thinning of the thickness of the layer.
As the layer becomes thinner, the diffusion rate of the scale building components
towards the wall of the pipes becomes faster. In other words, more ions or molecules
or particulate matter are transported to the pipe walls. Hence, more scale may
deposit. Clearly, the two effects of fluid flow rate are opposing, and different effects
appear to be dominant in the two cases of Fe’" and SIPX admixtures. This suggests
that different scale morphologies and/or adhesion strengths participate in the

observed phenomena.

Overall, as can be seen from Figures 7.21 to 7.24, the attempt to compare the rate of
growth of gypsum crystals grown in a crystalliser with the rate of gypsum scale

formation on the surface of pipe walls appears to be quantitatively reasonable.

Summary

This chapter presents experimental results and discussion of gypsum scale formation
experiments in a once-through pipe flow system. The aim of the experiments was to
investigate the behaviour of gypsum scale formation in flowing solutions and in the
presence of admixtures, since the knowledge of such behaviour can be a useful tool
for scale prevention measures especially when gypsum is one of the major
components of the scale. The experimental parameters selected in this investigation

are as follows:

1. Concentrations: 2,000; 3,000; 4,000; 5,000 and 6,000 ppm of Ca*

2. Flow rates of scale forming solutions: 0.4 and 1.3 cm/second

3. Types of admixtures: F e and sodium isopropyl xanthate (= SIPX)

4. Concentrations of admixtures for each type: 0.00 to 20.00 ppm, tested at 5

ppm intervals.
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The scale forming solutions were prepared from calcium chloride dihydrate and
sodium sulphate crystals, respectively, i.e. the same as the solutions used in the batch

and continuous crystallisation studies discussed previously (in Chapters 4, 5 and 6).

The experimental rig comsists of two major parts: two 8-litre vessels, which
separately contain the scale forming solutions, and the tubular test section which
serves as the scale surface. The conditions of the experiment were maintained so
that effects caused by foreign particle deposition and removal of scale by shear

forces were minimised.

The effect of the chosen experimental parameters on the behaviour of gypsum scale
formation was measured as the mass of the gypsum scale deposited on the inner wall

of the pipes. The mass of gypsum scale was found.:

1. To increase with concentration (in the range 2,000 to 6,000 ppm of Ca®),
and that the correlation between the mass of the deposited scale per unit

tube area and the concentration can be presented by quadratic functions.

2. To decrease with increasing concentration of Fe't and SIPX.

3. To be little affected by the flow rate (in the range 0.4 - 1.3 cm per second).

4. To be highest on PVC, followed by brass and copper, and lowest on

stainless steel.

The scale samples obtained, were also analysed morphologically using SEM, and the

analysis resulted in the following:
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The scale deposits were observed to be characteristic of gypsum crystals.

The scale deposits grow through crystal agglomeration mechanism, and it
was observed that the direction of the fluid flow might effect the

orientation of the growth.

In the presence of admixtures, the surfuce of the scale was rougher
compared to that of pure gypsum scale. This surface roughness was
assumed to be due to the effect of admixtures used and that of the flowing
solutions. In addition, using SEM images alone, it was not possible to
distinguish the effect of either the combined or the individual admixtures

on the scale surface morphology.

Longer scale experiment time resulted in denser scale deposits. This was
assumed to be the result of continuous formation and growth of the scale,

since the flowing scaling solutions had relatively constant supersaturation,

The findings of the gypsum scaling experiments discussed in this chapter are

reviewed in comparison with that of the continuous crystallisation experiments,

which has been presented previously in Chapter 6. Overall, the aitempt to compare

the rate of growth of gypsum crystals grown in a crystalliser with that of gypsum

scale formation on the surface of pipe walls appears to be quantitatively reasonable.
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Chapter 8

CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1. Overall Conclusions

8.1.1. Batch crystallisation

1. In the presence of the admixtures used (= SIPX and isopropyl thionocarbamate),
the crystallisation rate decreases. For both admixtures increasing the
concentrations will result in further decrease and the isopropyl-thionocarbamate
has higher inhibition effect than SIPX. Suppression or inhibition of the
crystallisation rate may be caused by the adsorption of the admixture molecules

onto the crystal surfaces.

2. Both the pure system and the system with isopropyl thionocarbamate as
admixtures produced high activation energies (Ea > 40kJ/mol), which is
indicative of surface reaction process. Hence, it was concluded that the use of
the second order kinetics model for the batch crystallisation of pure gypsum and

that in the presence of thionocarbamate carried out in this study, is warranted.

3. In the presence of SIPX, the growth of the gypsum crystals was inhibited, but
the activation energy decreased, Initially, this finding is contrary to expectation.
However, it can be rationalised that this discrepancy was probably caused by the
nature of both the crystal surfaces and the crystallising solutions, and that
different types of reaction mechanisms might simultaneously occur, resulting in

lower activation energy.

4. The secded batch crystallisation experiments carried out in the present study
showed that the added seed crystals start growing immediately upon addition
into the supersaturated solution, i.e. there is no induction time in this particular
system. The reduction of calcium ion concentrations takes place rapidly in the

first 5 to 10 minutes of the experimental run.
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Addition of the sclected admixtures either individually or in combination,
significantly affects the crystallisation kinetics, that is, reduces the rate of

crystallisation.

The value of the reaction order was taken as 2, and was proved to be reasonably

satisfactory.

An increase in temperature (25°C to 45°C) enhances the rate constant, but at
higher temperatures the effect of the two admixtures on the rate constant is

almost the same.

Isopropyl thionocarbamate seems to have a higher inhibition effect on gypsum
growth than SIPX. This might be caused by the difference in molecular
structure between the two admixtures. The longer C chains of isopropyl
thionocarbamate compared to that of STPX might have acted like a fence to more

effectively block the growth sites and thus stopping the propagating steps.

Overall, the activation energy values calculated from this seeded batch
crystallisation are: 60.00 £ 3,00, 57.39 + 2.87, and 37.65 + 1.88 kJ/mol, for pure
gypsum, and solutions containing isopropyl thionocarbamate, and SIPX,
respectively. The value for SIPX may not be very accurate due to the poor

correlation (coefficient of determination, R* = 0.84) of the data obtained.

The low activation energy in the presence of SIPX might be the result of the

following factors.

First, defects or imperfection of the crystal surfaces (which could be induced by the

SIPX) might cause easier incorporation of the growth units resulting in lower

activation energy. Second, the system with SIPX in this study does not satisfactorily

obey the second order rate mechanism. Third, two or more competing reactions

might occur resulting in inconsistency of the activation energy value. Finally, there

may be competition between diffusion and surface integration processes, since the

experiment was performed with an intermediate supersaturation level, which is a

supersaturation ratio of 3.3.
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11. The SEM micrographs of the crystals obtained at the end of experimental run
cither with pure system or in the presence of either SIPX or isopropyl
thionocarbamate show that the crystals are covered with small and fluffy masses.
These small masses could be crystallites or nuclei, indicating that the seeds were
possibly able to grow. Alternatively, they were unable to grow, therefore
resulting in surface nucleation. However, these SEM micrographs would not
likely be able to distinguish the effect of the individual admixtures used, on

crystallisation kinetics.

12. Measurement of the admixture adsorption on the crystal surface shows that
higher admixture concentrations (within the range used in the experiments)
resulted in more admixtures being adsorbed on the crystal surface. These results
show good agreement with similar studies on gypsum conducted earlier by other

researchers (Nestler 1968).

8.1.2. Continuous (MSMPR) crystallisation

1. The seeded continuous crystallisation experimental runs reasonably
demonstrated the conditions of an ideal MSMPR, in terms of:
1} Solution concentration
2) Slurry density
3) Crystal size distribution (CSD).

2. The rate of de-supersaturation is extremely fast for the first 15 minutes of the
experimental run, but changes to gradual decrease from that time onwards. The
de-supersaturation curve indicates that steady state condition with respect to the
solution concentration is achieved after the seventh residence time. Similar to
the batch crystallisation (see section 8.1.1 no.d), in this continuous

crystallisation the induction period did not occur.

3. The low initial seed concentration of 0.800 gram per litre of solution was

adequate to facilitate the growth and thus the crystallisation experiment.
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Most of the de-supersaturation curves for the system with admixtures show a
lower decrease than was the case for the pure gypsum. This clearly indicates
that the admixtures were capable of inhibiting the formation of gypsum, and
hence confirms the expected aim of this continuous crystallisation study that the
selected admixtures would be able to affect the crystallisation kinetics. In
addition, the de-supersaturation curves show that a steady state condition for all
admixture concentrations tested could be achieved in around the 8" residence

time.

It was found that the growth of gypsum is clearly retarded by the presence of the
admixtures studied, whether they are present individually or in combination. In
all cases, the growth rates were calculated based on the experimental data for
CSD at steady state, i.e. at equilibrium supersaturation of around 700 ppm of

Ca®"; while the initial supersaturation was 1,200 ppm of Ca®.

The growth rate is highly dependent on crystal size, and increases with
increasing crystal size. It indicates, therefore, that either size dependent growth
or growth rate dispersion phenomena (or both) were operative. In this study, it
was assumed that agglomeration phenomenon did not occur between crystals
with sizes >10 pm (see section 6.3.2 in Chapter 6). Future studies may verify
this assumption, since the deviation of the population density versus size plot on

semi-log scale could be partly the result of agglomeration effects.
Both in the absence and in the presence of admixtures, the linear crystal growth

rates were generally higher for the higher crystallisation temperature of 40°C

compared to 25°C.
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8. For a fixed level of supersaturation, there is a correlation between the growth
rate, G, and the crystal size, L, as well as the admixture concentration, C, and
that the correlation was proposed to take the following general equation:

G =k L* (1+C)F

where,

G = linear growth rate, (micron)/(hour)

L = characteristic linear crystal size, micron

C = concentration of admixtures, ppm

k, e and B = dimensionless constants.

9. TFor both crystallisation temperatures of 25°C and 40°C, and within the range of
the admixture concentrations used, the correlation is best presented in three
separate categorics: (a) low admixture concentrations, (b) high admixture
concentrations, and (¢) combined low and high admixture concentrations.

10. The correlation function is best applied to the low concentration category (=
category (a)), followed by the combined low and high admixture concentration
category (= category (c)). The high concentration category (= category (b))
shows the poorest correlation.

11. For both temperature levels of 25 and 40°C used in this continuous
crystallisation study, the dimensionless constant, k, in the growth rate
correlation, is less than unity, which indicates that the growth rate, G, is a weak
function of crystal size, L, and the admixture concentration, (1+C).

12. Most of the « values are greater than unity, which suggest that the growth of the
crystals depends significantly on crystal size.

13. The exponent values, B, fluctuate significantly, which might indicate that the

influence of admixtures on the growth of crystals is highly dependent on
particular solvent-solute systems. In addition, fluctuation could have been
caused by some interaction between the admixtures used. At the present time,

however, the nature or existence of such interaction can only be speculated.
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Two mechanisms of growth inhibition are proposed. Firstly, probably the more
feasible mechanism, is that the admixtures were adsorbed and subsequently
occupied active growth sites, such as kinks and steps, rendering the sites
unavailable for attachment of solutes or growth units to the crystal surface
(Klepetsanis and Koutsoukos 1998). This inhibition mechanism is invariably
called “blocking” or “poisoning” of the active growth sites, which results in
slowing down or stopping the crystal growth rate. The second mechanism is that
the admixtures were adsorbed onto and covered the crystal surface, forming a
physical barrier to ward off transfer of growth units from solution to the crystal

surface, resulting in growth rate reduction.

The nucleation rate was calculated using the technique proposed by Jancic and
Grootscholten (Jancic and Grootscholten 1984). The technique involves a linear
regression through the five smallest data points from CSD analysis and the
nucleation rate was calculated using the slope and intercept of the regression
line. Hence, the nucleation rates calculated and presented in this study are the
"effective” nucleation rate, which means that the nuclei were not formed at one

single size.

In each case, the nucleation rate increases with increasing admixture
concentrations. It was assumed that the admixtures could have lowered the
surface tensions in the crystallising solution, and consequently the contact angles
of solute clusters with the crystal surfaces in the solution could have been
decreased. As the contact angle decreases, the critical free energy of formation

of solute clusters also decreases, causing an increase in nuclei formation.

The variation of the nucleation rate values could be attributed to the following
proposal. There could be a competition between adsorption of the admixtures
and of the nucleating substance onto the nucleus surface (Sohnel and Garside
1992). In the absence of admixture no competition exists, and consequently a
large quantity of nucleating substance is adsorbed onto the nucleus surface,
resulting in subsequent growth of nuclei. Depending on the ratio of the quantity
of the admixtures and the nucleating substance {(or growth units) in the solution,

the competition may result in decreasing or increasing the nucleation rates.
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18. In either the absence or the presence of individual admixture of Fe**, Zn*", and

SIPX, the nucleation rate calculation resulted in the following details:

e For pure gypsum, higher crystallisation temperature results in higher

nucleation rate.

e In the presence of Fe’' as admixture, higher crystallisation temperature resulis
in higher nucleation rate, increasing with an increase in admixture

concentrations.

e In the presence of either Zn*" or SIPX as admixture, higher crystallisation
temperature results in lower nucleation rate, decreasing with an increase in

admixture concentrations.

o In the presence of combined admixtures, of either Fe*" + SIPX, Zn®* + SIPX,
or Fe*™+ Zn®" + SIPX, higher crystallisation temperature results in lower
nucleation rates for lower concentrations, but higher nucleation rates for

higher concentrations.

8.1.3. Gypsum scale formation

1. The effect of the chosen experimental parameters on the behaviour of gypsum
scale formation was investigated through measuring the mass of the gypsum
scale deposited on the inner wall of the pipes. The mass of gypsum scale was

found:

¢ To increase with supersaturation (in the range 2,000 to 6,000 ppm of Ca™,
and that the correlation between the mass of the deposited scale and the

supersaturation can be represented by quadratic functions.

e To decrease with increasing concentration of Fe’' and SIPX. This indicates

that both Fe*'and SIPX are able to inhibit the growth rate of gypsum
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To be little affected by the flow rate (in the range 0.4 - 1.3 cm per second).

To be highest on PVC, followed by brass and copper, and lowest on stainless

steel.

To be higher for higher flow rate for PVC, in the presence of concentrations
of SIPX tested. The reason for this phenomenon (no.5) is not yet understood.
One possible explanation could be that the higher flow rate might have
caused the interface layer between the scale and the flowing selution to
become thinner. Hence, more growth units were able to reach the pipe wall
resulting in more scale being deposited. Undoubtedly, for this reasoning to
be true, it should apply to all the pipe materials tested. Therefore, it would be
likely that the scale structure and the adhesion strength between the scale and
the substrate could have been participated in this phenomenon. Possibly, the
adhesion between the scale and PVC is strong enough for the higher flow rate
not to dislodge the scale on PVC, whereas it does dislodge it on other

materials.

The effect of piping materials on scaling is not well understood. The rate of

scale formation is roughly linear with time, but seems to vary with different

materials: PVC is the highest and stainless steel the lowest. The effect might be

more related to the roughness of the surface. In can be assumed that the rougher

the surface the stronger the attachment, resulting in more scale deposited. In

addition, substrate hydrophobicity/hydrophilicity and surface energy might

affect the gypsum scale particle-substrate interactions and adhesion to the

substrate.

The induction time for the pure solution of gypsum at 2,000 ppm of Ca®* was

about 2 hours. In the presence of admixtures (SIPX was selected) the induction

time was significantly prolonged.
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4. The scale samples obtained were also analysed morphologically using SEM, and

the analysis resulted in the following:

e The scale deposits were observed to be characteristic of gypsum crystals.

e The scale deposits appear to grow through a crystal agglomeration

mechanism.

e In the presence of admixtures, the surface of the scale was rougher compared
to that of pure gypsum scale. This surface roughness was assumed to be due
to the combined effects of the admixtures used and the flowing solutions.
Using SEM images alone, it was not possible to distinguish the effect of
either the combined or the individual admixtures on the scale surface

morphology.

e Longer scale experiment times resulted in denser scale deposits. This was
assumed to be the result of continuous formation and growth of the scale,

since the flowing scaling solutions had a relatively constant supersaturation.

8.2. Recommendations

8.2.1. Batch crystallisation

1. It is suggested to investigate other types of flotation agents normally used in
mineral processing industries. In addition, the crystallisation solution may be

taken directly from plant site.

2. It is suggested to investigate the topography and morphology of the crystals

before and after the experiment.

3. The amount of the admixtures adsorbed onio the crystal surface could be
investigated further, to allow the calculation of the concentration of the

admixtures adsorbed per area of crystal surface.
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4, Based on SEM micrographs, the gypsum crystalline products were covered with
small fluffy masses. This suggests that noticeable secondary nucleation
occurred. Future studies should carry out a population balance analysis to
confirm whether or not the total number of crystals increased (for secondary

nucleation) or decreased (if significant agglomeration simultaneously occurred).

5. Due to the lower activation energies estimated, it is recommended to conduct
batch crystallisation experiments involving the variation in agitation rate to

verify if volume diffusion limitation played a significant role.

8.2.2. Continuous crystallisation

1. CSD measurements may be carried out using different techniques, which is not
based on laser diffraction. In this way, the validity of the measurement of the

CSD carried out in the present study could be compared.

2. Tt is suggested to conduct an experiment where crystallisers in series are used.

This is to investigate the achievement of steady state.

3. It is suggested to apply this continuous crystallisation method to other systems,
such as the continuous crystallisation of CaCO; or BaSQs, both of which are

among the main components of scale.

4. Tn this study, it was assumed that agglomeration phenomenon did not occur
between crystals with sizes >10 pm (see section 6.3.2 in Chapter 6). Future
studies may verify this assumption, since the deviation of the population density
versus size plot on semi-log scale could be partly the result of agglomeration

effects.
5. It is suggested that to establish the crystallo-chemical identity of the seeds as

pure gypsum (with no hemihydrate impurities), a powder XRD analysis could be

more useful.
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8.2.3. Gypsum scale formation

1. Since determination of the mass deposited on the pipe walls can be difficult if
very small amount of scale is formed, it is suggested to conduct a similar study
where in situ monitoring of the scale mass is applied. This could be

accomplished using a Quartz Crystal Microbalance (QCM).

2. Future studies could utilise high resolution SEM back-scattered image analysis
of the four different substrates before and after scale formation to further
investigate the pivotal role played by the substrate surface structure or the
surface chemistry. Accurate description of the sizes of asperities on the surfaces
which might provide anchor sites for critical-size nuclei could be obtain by using

atomic force microscopy (= AFM).

3. Looking at the greater fouling behaviour at PVC substrate surface, in
comparison with brass, copper and stainless steel; it is suggested that future

studies may look into that phenomenon by considering the following propertics:

¢ Substrate hydrophobicity/hydrophilicity
e Substrate surface energy

e Passivation effects due to possible metal oxide film formation.

4, A similar study with fluid rates in the turbulent region could be carried out.
Such studies could be useful to determine the sticking probability values (as
discussed in the Literature Review — Part 2). Such a study could also help
explain the conflicting results obtained in the present work, i.e. the different
effect of flow rate on the mass of the scale deposited under the influence of Fe'

and SIPX, respectively.

5. A similar experiment but with a temperature gradient (= a non isothermal
experiment) is suggested, the result of which could be compared to scaling

problems in other areas, such as for the heat transfer equipment.

6. 1t is suggested to carry out similar studies where the first nuclei attached on the

inner wall of the pipes can be observed. This would necessitate the use of flush
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mounted small coupons inserted into the test section, which can be removed at
any time without disrupting the experiment. To preserve the hydrodynamics of
the system, similar coupons should replace the removed coupons immediately.
This type of experiment will allow visual monitoring of the scale build up,

which is the progress of the scale formation.

7. The possibility of particulate adsorption, viz. adsorption of fine crystals
nucleated in the bulk liquor at the pipe walls needs to be looked at in future
studies. Such studies could be useful since the process of scale formation may

involve both precipitation and particulate fouling.

8. Different type of piping materials (other than those used in the present study)
may be tested, so that a wider range of knowledge between piping materials and
mass of scale deposited can be gained. Consequently, such studies could be

applicable to different industrial settings.
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CHAPTER9 CHAPTER SUMMARIES

9.1. Summary of Chapter 2: the Literature Review — Part 1.
Crystallisation of Gypsum in the Presence of Admixtures

The literature review reveals the following features.

Crystallisation is a complex process. The properties of a crystallising solution are
the decisive factors to influence the end product because the formation of a crystal
embryo or nucleation and its subsequent growth into a crystalline product are
heavily dependent on such properties, particularly the level of supersaturation. The
existing knowledge about nucleation is extensive and the origin of nucleation is two
fold. Firstly, it originates from the dissolved solutes, which is described as true
nucleation.  Secondly, the origin can be the materials alreadv undergoing the
process of crystallisation but have not yet achieved their final form, hence the name
is apparent nucleation. The growth of crystals is significantly influenced by the

characteristics of the crystal surfaces.

It is almost impossible for a crystallisation process to proceed in a condition which
is free from the presence of admixtures and that a minute amount of admixtures
could have a very significant effect on crystallisation and its subsequent handling of
the crystal products. The literature review also reveals that as yet there is no
general conclusion or a systematic theory regarding the effect of admixtures on

crystallisation. The effect is unique to crystallisation system under consideration.

Gypsum crystallisation is generally regarded as an unwanted phenomenon, due to its
contribution to the scale formation, which is one of the persistent problems in many
industries. Studies on the crystallisation of gypsum in the presence of admixtures are

extensive, but general conclusions are vet widely varied.

MSMPR studies are regarded as a highly reliable and established technique to
extract crystallisation kinetics such as nucleation and growth rates. However, in an
MSMPR crystalliser, the crystallisation time is not an independent variable, so that it
must first be selected. The selection was carried out by examining the performance

of a batch crystalliser.
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Crystals are produced with varying sizes so that distribution of crystals with regard
to their size, which is known as Crystal Size Distribution (CSD) is one of the main
characterisation of crystals. The quality of a crystalline product is frequently related
to its CSD.

CSD data of a erystallisation process is needed in order to extract the crystallisation
kinetics, mainly, nucleation and growth rates, and this extraction is made possible
through the utilisation of a Population Balance Equation (PBE). A Population
Balance Equation is essentially a discreet accounting of crystal product, and
therefore it can also be applied to any particulate processes. While the PBE was
originally developed for the unseeded MSMPR, it was later developed to cover the
seeded MSMPR.

Calculation of nucleation and growth rates can be carried out in a number of ways

depending on the characteristics of the CSD.

Crystallisation of gypsum is closely related to scale formation due to the following
reasons, First, gypsum is crystalline matter formed through a crystallisation
process. Second, one of the main components of the scale was found to be gypsum.
In the process of crystallisation, admixture effects cannot be overlooked since most
crystallisation takes place in the presence of admixtures. A unified theory on the
effects of admixtures on crystallisation of gypsum is as yet unavailable. Hence, it
was felt that the crystallisation of gypsum in the presence of admixtures carried out
in this study would add to the existing kmowledge. The study was carried out in a
continuous (MSMPR) crystailiser using three different admixtures: Fi e’ and Zn’* (in
their sulphate salts), and sodium isopropyl xanthate (SIPX} and their combinations.
There were several reasons for the choice of the crystallising system. First,
crystallisation process in an MSMPR can achieve steady state, hence extraction of
experimental crystallisation kinetics under state condition is possible. Second, the
Department of Chemical Engineering at Curtin University of Technology has been
and is actively involved in assisting mineral processing industry to alleviate the
burden of scaling problem with particular emphasis on gypsum scaling. Third, the
flotation water in one of the mineral processing plants with which the Department of

Chemical Engineering associates, was found to contain a significant amount of
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metallic ions: Fe’* and Zn®*. Fourth, sodium isopropyl xanthate (SIPX) is one of the

flotation agents used in the above-mentioned mineral processing plant.

The next chapter (Literature Review — Part 2: Gypsum Scaling: Effect of
Admixtures on Gypsum Crystallisation Kinetics) discusses further the scaling of
gypsum, as one of the main components of scale formation in industry. Some
researchers studied the crystallisation of gypsum with specific aim to reveal the
phenomenon of scaling and thereafter to control its formation. Their studies were

either carried out using a laboratory beaker test, crystallisers or piping system.

9.2. Summary of Chapter 3: the Literature Review — Part 2: Gypsum
Scaling: Effects of Admixtures on Gypsum Crystallisation Kinetics

Some conclusions may be drawn from this review.

Classification of fouling in industrial applications into six major categories is well

defined from which methods of prevention and control of fouling may be developed.

The current understanding of the five steps of fouling is reasonably clear. Each step
is affected by chemical and physical characteristics as well as hydrodynamics of the

system.

Admixtures of various types have been used to prevent and control scale formation,
which leads to a clearer understanding of the scaling problems. The effect of

admixtures on scale formation appears to be system-specific.

Scale deposit may likely consist of more than one main constituent, of which the
process is labelled composite or mixed scaling. In such cases, the nature of the
deposit is affected by the presence of co-precipitate and the resulting effect was not
additive. Most studies on compasite scaling have been carried out for a mixture of

CaS0Q,; and CaCO;.

Research on scale prevention has ultimately led to prediction and modelling of
scaling rates. Attempts to model combined scaling mechanism have been carvied out

but the results seem to be specific to the system under consideration. On the other
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hand, modelling based on one single operative mechanism has proved to be

applicable in some systems such as calcium carbonate and gypsum scaling.

In mineral processing industries, unreliable data with respect to the chemical
properties of the process water may be encountered, therefore a comprehensive and
accurate documentation of such properties is required before any scale prevention

measures are attempted,

The problem of scaling, including that of gypsum, is complex, depending not only on
the nature of the scaling solutions and the presence of admixtures but also on
external factors such as the hydrodynamics of the system. For these reasons, a
unified theory, which will explain every aspect of scaling phenomenon satisfactorily,
is very unlikely to be obtained. Instead, addressing the problem of scaling may have
to greatly rely on specific empirical data. However, it should be sufficient to show
that much gypsum scaling research has been found to be helpful in elucidating the

scaling problem encountered by many industries.

9.3. Summary of Chapter 4: Batch Crystallisation of Gypsum in the
Presence of Admixtures

This chapter discusses the study of a seeded batch crystallisation of gypsum in the
presence of admixtures. Two types of admixtures were selected: sodium isopropyl
xanthate (= SIPX) and isopropyl thionocarbamate. The content of this chapter is

summarised as follows:

1. The experimental design used in this batch crystallisation study is exploratory

using the so called "One-factor-at-a-time" method, since past research in this

area had used various operating conditions. The variables investigated are the
type and concentration of admixtures, seed slurry density and crystallisation run
times. This was necessary due to the lack of comparable studies on which to

base crystalliser settings.
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The experimental set up and conditions for this seeded batch crystallisation are

as follows:

Volume of crystalliser : 2 litres

Agitation speed 2125 rpm

Crystallisation temperature : 25, 35 and 45°C

Crystallisation run times : up to 90 minutes.

Method of analysis ; atomic absorption spectrometry.
Crystallising solutions : CaCly and Na SOy solutions.

The crystallisation process was followed by measuring the desupersaturation of
Ca’™™ versus crystallisation time. Subsequently, the result of the crystallisation
process was presented as the reaction rate constant, k, using a second order

reaction rate constant.

In the presence of the admixtures used, the crystallisation rate decreases. For
both admixtures increasing the concentrations will result in further decrease and
the isopropyl thionocarbamate has higher inhibition effect than SIPX. The
suppression or inhibition of the crystallisation may be caused by adsorption of

the admixture molecules onto the crystal surfaces.

The Arrhenius parameter, A, of the crystallisation reaction was calculated to
determine the activation energy and subsequently the mechanism of the

crystallisation process.

In this study, both the pure system and the system with isopropyl
thionocarbamate as admixtures, produced high activation energies (Ea > 40
ki/mol), which is indicative of a surface reaction process. Hence, it was
concluded that the use of the second order kinetics model for the batch
crystallisation of pure gypsum and that in the presence of isopropyl

thionocarbamate carried out in this study, is warranted.
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7. In the presence of SIPX, the growth of the gypsum crystals was inhibited, but the
activation energy decreased. Clearly, this finding is contrary to the theory. It
was assumed that this discrepancy was probably caused by the nature of both the
crystal surfaces and the crystallising solutions, and that different types of
reaction mechanisms might occur at the same time resulting in lower activation

energy.

8. Measurement of the admixture adsorption on the crystal surface shows that
higher admixture concentrations (within the range wused in this batch
crystallisation experiments) resulted in more admixtures being adsorbed on the
crystal surface. Moreover, the measurement results show good agreement with

similar studies on gypsum conducted previously .

The next chapter discusses the materials and methods for crystallisation of gypsum
carried out in a continuous (= MSMPR) mode. Some parameters used in the
continuous crystallisation experiments were taken from the results of the baich
crystallisation discussed in the present chapter. These parameters include mean

residence times, agitation speed and type of some admixtures used.

9.4. Summary of Chapter 5: Materials and Methods for Continuous
Crystallisation

This chapter discusses the materials and methods used in the continuous (MSMPR)
crystallisation experiments carried out in this study. The discussion covers six main

topics as follows:

1. Calculation of mass balance to determine the quantities of raw materials needed
and crystal product produced, as well as the stream flow rates and their

compositions.

2. Description of the laboratory continuous (MSMPR) crystalliser including an
explanation of its major components: the seed tank, the liquor tank and the
crystalliser, as well as considerations of the capability of the peristaltic pumps

used.
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3. Preparation of crystallising solutions: CaCly and Na;SOy solutions, respectively,
and gypsum crystals as seeds. This section includes calculations of the quantities
of solutions and seeds needed for the entive experiments. The preparation of
gypsum crystals as seeds covers the seed making, the uniformity of the crystals

produced and the characterisation with respect to morphology and chemical

purity.

4. Description of how the continuous crystallisation run was performed, how to
ensure achievement of steady state and hence representative MSMPR

crystallisation operation.

5. Sampling and measurements to extract the experimental data, which includes
data for solution concentration with respect to Ca*”*, sturry density, and crystal
size distribution (= CSD). This section covers an explanation of the accuracy of
the Calcium Selective Electrode used for the solution concentration

measurement, the iso-kinetic sampling for the slurry density and the CSD.

6. Discussion on the selection of an appropriate experimental desz'gnlto be adopted
in this study by examining three factors: (1) type of admixtures, (2) concentration
of admixtures, (3) crystallisation temperatures. Three different admixtures were
used: Fe'*, Zn**, and sodium isopropyl xanthate (SIPX). Concentrations of
admixtures were varied as follows: (1} 1 ppm, (2) 10 ppm, (3} 50 ppm. Two
levels of crystallisation temperatures were selected: (1) 25°C, (2) 40°C. 4

balanced incomplete randomised block design was considered appropriate for

this continuous crystallisation study.

9.5. Summary of Chapter 6: Continuous Crystallisation of Gypsum in
the Presence of Admixtures

In this chapter, experimental results and discussion of a seeded continuous
crystallisation (MSMPR) of calcium sulphate dihydrate (CaSO.+.2H,0) or gypsum in
the presence of admixtures are presented. The aim of the experiment was to

investigate the behavieur of gypsum crystallisation in the presence of admixtures,
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since the knowledge of such behaviour can be a useful tool for scale prevention

measures especially when gypsum is one of the major components of the scale.
The following features were noted in this study:

1. The seeded continuous crystallisation experimental runs reasonably satisfied the

conditions of an ideal MSMPR, in terms of:
o Solution concentration in the crystalliser
o Slurry or magma density in the crystalliser
o Crystal size distribution (CSD) in the crystalliser.

2. The experimental data of crystal size distribution (CSD) were suitable to be used

to calculate the linear crystal growth rate, G, and the nucleation rate, B’

3. The linear crystal growth rate, G, was found to be dependent on size, increases

with increasing crystal size.

4. Both in the pure and in the presence of admixtures, the linear crystal growth
rates were generally higher for the higher crystallisation temperature of 40°C
rather than for that at 25

5. In general, the admixtures tested weve found to be able to inhibit the crystal

growth rates, but to enhance the nucleation rates.

6. In almost all cases, in the concentration range studied, higher admixture
concentrations induce high retardation on the growth rates. On the contrary, the

higher the admixture concentrations, the higher the nucleation rates.

7. Since the growth rate was found to be dependent on crystal size, a correlation
between these two parameters and the admixture concentrations was attempted.
It was proved that for each crystallisation temperature: 25°C and 40°C, the

correlation function can be presented as the following general equation:
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G=kL"(1+C)f

where:

G

= linear growth rate, micron/hour

k, a andf = dimensionless constants

L

C

10.

11.

12.

= crystal size, microns
= concentration of the admixtures used, ppm

For both crystallisation temperatures of 25°C and 40°C, and within the range of
the admixture concentrations used, the correlation is best presented in three
separate categories: (a) low admixture concentrations, (b) high admixture

concentrations, and (c) combined low and high admixture concentrations.

The correlation function is best applied to the low concentration category (=
category (a)), followed by the combined low and high admixture concentration
category (= category (c)). The high concentration category (= category (b))

shows the poorest correlation.

For both crystallisation temperatures of 25°C and 40°C, the correlation function

reveals the following:
The growth rate, G, is significantly dependent on crystal size, L.
The growth rate, G, is a weak function of admixture concentrations, C.

The mechanism of crystal growth inhibition was assumed to be that of adsorption
of admixtures onto the active growth sites, which resulted in decreasing or

stopping the growth.

Since the growth rate was found to be size-dependent, the McCabe's AL law (see
section 2.8 in Chapter 2) for the calculation of crystal growth and nucleation is
violated. Hence, the nucleation rates calculated and presented in this study are
the "effective” nucleation rate, which means that the nuclei were not formed at

one single size.
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13. In either the absence or the presence of individual admixture of Fe'*, zn**, and

SIPX , the nucleation rate calculation resulted in the following details:

e For pure gypsum, higher crystallisation temperature results in higher nucleation

rate.

o In the presence of Fe’™ as admixture, higher crystallisation temperature resulls
in higher nucleation rate, increasing with an increase in admixture

concentralions.

o In the presence of either Zn'" or SIPX as admixture, higher crystallisation
temperature results in lower nucleation rate, decreasing with an increase in

admixtitre concentrations.

14. In the presence of combined admixtures, of either Fe’™ + SIPX, Zn’" + SIPX, or
Fé™+ Zn®* + SIPX, higher crystallisation temperature results in lower
nucleation rates for lower concentrations, but higher nucleation rates for higher

concentralions.

15. Both the nucleation and growth rate values of gypsum found in this study, either
in the absence or in the presence of admixtures, generally agree with those in the

literature.

The next chapter (Chapter 7) deals with a once-through pipe flow experiment, where
Jactors influencing gypsum scale formation on the inner surfaces of pipes under
isothermal conditions are discussed. These factors include concentration levels, type
of admixtures, fluid flow rate and type of piping materials. The intention is that the
outcomes of this pipe flow experiment will be compared with those of the present
chapter. Hence, a better understanding might be gained of the behaviour of gypsum

crystallisation occurring in vessels and in flowing solutions.
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9.6. Summary of Chapter 7: Gypsum Scaling in Isothermal Flow System

This chapter presents experimental results and discussion of gypsum scale formation
experiments in a once-through pipe flow system. The aim of the experiments was to
investigate the behaviour of gypsum scale formation in flowing solutions and in the
presence of admixtures, since the knowledge of such behaviour can be a useful tool
for scale prevention measures especially when gypsum is one of the major
components of the scale. The experimental parameters selected in this investigation

are as follows:

1. Concentration levels: 2,000; 3,000; 4,000; 5,000 and 6,000 ppm of Ca®*
2. Flow rates of scale forming solutions: 0.4 and 1.3 em/second

3. Types of admixtures: Fe&'* and sodium isopropyl xanthate (= SIPX).

4. Concentrations of admixtures for each type: 0.00 to 20.00 ppm, tested at 5 ppm

intervals.

The scale forming solutions were prepared from calcium chloride dihydrate and
sodium sulphate crystals, respectively, i.e. the same as the solutions used in the batch

and continuous crystallisation studies discussed previously (in Chapters 4, 5 and 6).

The experimental rig consists of two major parts: two 8-litre vessels, which
separately contain the scale forming solutions, and the tubular test section which
serves as the scale surface. The conditions of the experiment were maintained so
that effects caused by foreign particle deposition and removal of scale by shear

forces were minimised.

The effect of the chosen experimental parameters on the behaviour of gypsum scale
formation was measured as the mass of the gypsum scale deposited on the inner wall

of the pipes. The mass of gypsum scale was found:

1. To increase with concentration (in the range 2,000 to 6,000 ppm of Ca®*), and
that the correlation between the mass of the deposited scale and the

concentration can be presented by quadratic functions.
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To decrease with increasing concentration of Fe'" and SIPX.
To be litile affected by the flow rate (in the range 0.4 - 1.3 cm per second)..

To be highest on PVC, followed by brass and copper, and lowest on stainless

steel.

The scale samples obtained, were also analysed morphologically using SEM, and the

analysis resulted in the following:

1.

2.

The scale deposits were observed to be characteristics of gypsum crystals.

The scale deposits grow through crystal agglomeration mechanism, and the

growth was seen to orient to the direction of the fluid flow.

In the presence of admixtures, the surface of the scale was rougher compared to
that of pure gypsum scale. This surface roughness was assumed to be due io the
effect of admixtures used and that of the flowing solutions. In addition, using
SEM images alone, it was not possible to distinguish the effect of either the

combined or the individual admixtures on the scale surface morphology.

Longer scale experiment time resulted in denser scale deposits. This was
assumed to be the result of continuous formation and growth of the scale, since

the flowing scaling solutions had relatively constant supersaturation.

The findings of the gvpsum scaling experiments discussed in this chapter are

reviewed in comparison with that of the continuous crystallisation experiments,

which has been presented previously in Chapter 6. Overall, the attempt to compare

the rate of growth of gypsum crystals grown in a crystalliser with that of gypsum

scale formation on the surface of pipe walls appears to be quantitatively reasonable.
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Nomenclature

S.I. (Systéme International d’Unités} units are used in this work.

Greek notation

o, B : dimensionless constants, (Eq. 6. 4)

v : interfacial free energy, (Egs. 2.2; 2.15)

: a parameter, denoting the number of times any particular treatment

appears in the experiment (sec. 5.8.6.1)

A : incremental quantity

& : thickness of the diffusion (unstirred) layer, um, (Eq. 2.15)

& : thickness of the diffusion or boundary layer, cm, (Eq. 4.2)

AC : concentration driving force, (Eq 3.1)

AG : Gibbs free energy, (sec. 2.2.2.2.a)

AGhomogeneous : Gibbs free energy for homogeneous nucleation, (Eq 2.6)

AGheterogeneous : Gibbs free encrgy for heterogeneous nucleation, (Eq 2.6}

AGyoume  : free energy change for the phase transformation per unit volume,
(Eq. 2.1)

AGgumee - free energy change for the formation of nucleus surface, (Eq. 2.2)

Ap : chemical potential difference per solute molecule, (Eq. 2.1)

c : supersaturation

: =8-1, where S = c¢/c*, dimensionless, (Eq. 2.14)

oj : specific energy of the i-th plane, erg/particle (Eq. 2.7)

c,’ : variance of the differences of two treatment values m a complete block
design, (Eq. 5.6)

0'k2 : variance of the differences of two treatment values in an incomplete
block design, (Eq. 5.6)

Psolution : density of gypsum-water solution = 1.0 g/cm’, (Eq.5.1)

Peypsum - density of gypsum, g/em®, (Eq. 5.2)

Pwater : density of water, g/cm3 (Eq. 5.2)

pi : density of crystal, mg/ml, (Eq. 6.1)

z : Summation.
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Msolution : viscosity of gypsum-water solution, g/cm.sec, (Eq. 5.1)

3] : wetting angle, (Eq. 2.6)

T : mean residence time, (Eq 2.18)

Q : volume of the growth particle in the crystal, ml, (Eq. 2.15)

: chemical properties of the solution, (Eq. 3.3).

General notation

A : a temperature dependent constant, (Eq. 2.14)
: Arrhenius parameter (Eq. 4.8a)
: area for scale growth
: a dimensionless constant, {(Eq.3.4)
: surface area of crystal, (Eqgs. 2.17; 2.18 and 4.5)
 cross section area of tube, cm’ , (section 5.4.4.1)
: notation for treatment in experimental design, {Table 5.10)
a : surface area of a solute entity in the cluster surface, (sec. 2.2.2.1.a)
: mean distance between growth units in crystal, um, (Eq. 2.15)
: number of treatments in an experiments, (section 5.8.6.1)
B : a temperature dependent constant, (Eq. 2.14)
: a factor, dimensionless, (Eq. 2.15)
: a dimensionless constant, { Eq. 3.4)

: notation for treatment in experimental design, (Table 5.10)

B’ : nucleation rate, (Eq. 6.7)
b : number of blocks in an experiment, (sec. 5.8.6.1)
C : solution concentration, (Eq. 2.21)

: concentration of growth units in the bulk of the solution, g/cm3 ,
(Eq. 4.2)
: concentration of admixtures used, ppm
: notation for treatment in experimental design, (Table 5.10)
Ca : lattice ion concentration in the crystallising solution, (in this present
work = concentration of Ca®")
Cap : lattice ion concentration of the solution at time t = 0, ppm, (Eq. 4.7)

Cay . lattice ion concentration of the solution at time t, ppm, (Eq. 4.6)
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CSD

CS[PX
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Ceq

dC/dx

- dC/dt
- dCa/dt
dm/dt
dm/dt
dWw/dt

Nomenclature

: lattice ion concentration of the solution at equilibrium, ppm, (Eq. 4.6)
: concentration in the bulk of the solution, (sec. 2.2.3.2.f)

: concentration of growth units in the bulk of the solution at equilibrium

conditions, g/cm3, (Eq. 4.4)

: concentration of growth units in the crystal/solution interface, g/lem’,

(Eq. 4.2)

: concentration of Fe’*, ppm, (Table 6.19)

: saturation concentration at particular ionic strength, (Eq. 2.21)
: crystal size distribution

: concentration of SIPX, ppm, (Table 6.19)

: concentration of Zn*', ppm, (Table 6.19)

: a factor, (Eq. 2.15)

: equilibrium concentration of a saturated solution, (particles)/(ml),

(Eq. 2.15)

: concentration gradient of growth units in the diffusion layer,

g/(em*)(cm),
(Eq. 2.8)

: growth rate, (Eq. 2.21)

: rate of lattice ion concentration decrease due to crystallisation, ppm/min
: rate of scale deposition, (Eq. 3.3)

: rate of mass increase, g/sec, (Eq. 4.1)

: differential rate of growth, g/hour, (Eq. 2.35)

: coefficient of surface self-diffusion, szl’SGC, {Egs. 2.13; 2.15; 2.17)

- diffusion coefficient, cm%/sec, (Eq. 4.1)

: notation for treatment in experimental design, (Table 5.10)

: average distance between adsorbed species in the boundary layer, um,

(Eq. 2.13)

: activation energy, (Eq. 3.2)

: notation for treatment, (Table 5.10)

: elementary charge, (Egs. 2.8 to 2.11)

: activation energy, kJ/mol, (Egs. 3.2 & 4.8)

: efficiency factor, (Eq. 5.6)

: amount of energy liberated, erg/particle, (Egs. 2.8 to 2.11)
: shape factor, (Eq.2.36)
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: notation for treatment in experimental design, (Table 5.10)

- gravitational constant, (g)(cm)/(dyne)(sec’) (Eq. 5.2)

: rate of crystal growth, (Eq. 2.18)

: linear growth rate, micron/hour, (Eq. 6.4)

: growth rate of nuclei, micron/hour, (Eq. 6.7)

: heat exchanger, (sec. 3.5.3)

: step height, micron, (Eq. 2.18)

: distance of the i-th plane from the centre of the crystal, micron (Eq. 2.7)

: rate of formation of a critical nucleus per unit surface area per unit time,

(Eq. 2.18)

: internal diameter, (sec. 5.4.1)

: a constant factor, (Eq. 2.19)

: Boltzmann constant, (erg)/(particle)(OK), (Eq. 2.15)

: crystallisation rate constant, (Eq. 2.26)

: growth rate constant, (Eq. 2.21)

: crystallisation rate constant, pprn'1 min™', (Eq. 4.6)

: reaction rate constant, (Eq. 4.8a)

: number of treatments in one block, (sec. 5.8.6.1)

: a dimensionless constant, (Eq. 6.4)

: surface shape factor, (Eq. 2.2)

: D/8, (Eq. 4.3)

: proportionality or rate constant, dimensionless, {Eq. 4.4)

: reaction rate constant, (Eq. 3.1)

: volumetric shape factor, dimensionless, (Eq. 2.1) & (in Chapter 6)
: a dimensionless constant, (Eq. 3.3)

: a dimensionless constant, (Eq. 3.3)

: a dimensionless constant, (Eq. 2.26)

: size of cluster, (Eq. 2.1)

: crystal size, cm or micron, (in Chapter 5 and Chapter 6)

: characteristic linear crystal size for the i-th size range, micron, (Eq. 6.1)

: linear rate of face growth perpendicular to crystal surface, (um)/(sec),

(Eq. 2.15)

: difference in length between two adjacent crystal size ranges, micron,

(Eq. 6.1)
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my : crystallisation rate or scale deposition rate, (Eq. 3.1)
mV : electrode potential, (Table 5.7)
M : total mass of crystals, mg, (Eq. 6.1)

MSMPR  : mixed suspension mixed product removal, (in Chapter 5)
n : step density,
= number of steps per unit length in a given area, (Eq. 2.16)
: growth order or reaction rate order, {Eq. 2.21) or (Eq. 3.1)
: population density of crystals, (Eq. 2.30)

14 : total number of crystals in the i-th size range, (Eq. 6.1)
n° : nuclei density, (no. of nuclei/(micron)(litre}), (Eq. 6.7)
n(L) : population density of crystals of size L, (Eq. 2.22)

N : reaction order, dimensionless, (Eq. 2.27)

: total number of particles in the phase layer, (Eq. 2.12)

: total number of observations, (in Chapter 5)

Nactual : total number of observations, (in Chapter 5)

Nc : number of crystals, dimensionless

Nar : total number of liquid species in the phase layer, (Eq. 2.12)
Nas : total number of solid species in the phase layer, (Eq. 2.12)
Nre : particle Reynolds number, dimensionless, (Eq. 5.1)

P : sticking probability, dimensionless, (Eq. 3.3)

PBE : Population Balance Equation, (sec. 5.3)

PGA : polyglutamic acid, (sec. 2.4)

PSD : Particle size distribution, (sec. 2.6)

PVS : polyvinyl sulfonate, (sec. 2.4)

Qi : volumetric flow rate, (Eq. 2.32)

q : step flux,

= number of steps passing a given point per unit time, (Eq. 2.16)
r : radius of cluster, (Eq. 2.3)

: number of observations or replication, (in Chapter 5)

: ion distance, (Egs. 2.8 to 2.11)
R : crystal growth rate, g/sec, (Eq. 2.14)

: universal gas constant, 8.31 (kJ)/(mol)(°K), (Eq. 4.8)
R? : correlation coefficient, (Eq. 4.2)

Ry : heat resistance of fouling layer, (sec. 3.5.3)
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Nomenclature

Rg - mass growth rate, g/m” hour, (Eq.2.35)

s : number of cooperating spirals on crystal surface, (Eq. 2.15)
: a function of the number of nuclei sites, (Eq. 3.1)

) : sample variance, (Eq. 5.4)

S : supersaturation level, (Eq. 2.5)
: number of growing sites, (Eq. 2.21)

SEM : scanning electron microscopy
SIPX : sodium isopropyl xanthate, (in Chapter 4)
T : absolute temperature, °K, (Eq. 4.8a)
T, - absolute temperature of the surface where scale develops, K, (Eq. 4.7)
t : mean time period, (Eq. 2.13)
: crystallisation time, minutes, (Eq. 2. 28)
u : step velocity, (Eq. 2.16)
U : terminal velocity of crystal in the slurry inside the tubing, cm/sec,
(Eq. 5.2)
Vo : superficial velocity, cm/sec, (Eq.5.1)
v¥ : rate of spread of nucleus, (Eq. 2.20)
Vm : molecular volume, (Eq. 2.1)
Vv : crystalliser volume, (Eq. 2.30)
VTE : vertical tube evaporator, (sec. 3.5.3)
Wiet : net or overall deposition rate, (Eq. 3.4)
Whart : deposition rate due to particulate fouling, (Eq. 3.4)
Worecip : deposition rate due to precipitation fouling, (Eq. 3.4)
Wremoval : removal rate, (Eq. 3.4)
X : sphere equivalent nuclei size, micron, (Eq. 6.6}

- Ca®* concentration, ppm, (Table 7.2)
Y : log. number of nuclei density, (no. of nuclei/(micron)(litre}), (Eq.6.6)

: mass of scale, kg/m?, (Table 7.2)
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Nomenclature

Subscripts

1,2 : input and output conditions, respectively, (Eq 2.30)

b . quantity related to the bulk of the solution, (sec. 2.2.3.2.f)

c : value at critical state, (Eq. 2.19)

d : deposition

H : “half-central” position of growth unit relative to crystal plane, (Eq. 2.8)
1 : quantity related to the interface, (sec. 2.2.3.2.1)

K : position of growth unit at the edge of a completed plane, (Eq. 2.10}
p : position of growth unit in the centre of a completed plane, (Eq. 2.11)
R : position of growth unit in a corner of a completed plane, (Eq. 2.9)
r : Teaction

s : value at the surface

net : net or overall value

part : particulate

precip : precipitation

i : value in crystal/solution interface

eq : value at equilibriun

G : growth

t : value at time t

0 : value at time =0

a : value at activation

re : Reynold number

solution  : value for gypsum-water solution

t : terminal value

gypsum  : value for gypsum

water : value for water

f : value for factor

i : value for the ith component

v : volumetric

Fe : value for Fe®"

Zn : value for Zn™*

SIPX : value for SIPX
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Nomenclature

Superscripts

* : quantity related to critical state, (Egs. 2.4 to 2.5)
: quantity related to saturated condition, (sec. 2.2.3.2.1)
: quantity related to nucleus, (Eq. 2.20)
g : reaction order, (Eq. 4.5)
i : an empirical exponent representing reaction order, dimensionless

: indicating average amount, (Eq. 2.32)
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Appendix A Batch Crystallisation Experimental Data

Table A—1 Desupersaturation of Calcium ions versus erystallisation time in

the batch crystallisation (see Figure 4.1 in Chapter 4)

Admixtures Crystallisation time, Ca™
(g/L) {minutes) concentrations,
(ppm)
No admixtures 0 1901
(blank #1) 5 1112
10 1093
15 1004
20 995
30 965
40 957
60 - 949
90 940
No admixtures 0 1762
(blank #2) 5 1325
10 1130
15 1020
20 988
30 971
40 9265
60 956
90 954
0.20 SIPX 0 1956
5 1260
10 1109
15 1040
20 1026
30 1003
40 973
60 965
90 929




0.30 SIPX 0 1951

5 1208

10 1088

15 1050

20 1010

30 919

40 883

60 844

90 839

0.40 SIPX 0 1919

5 1248

10 1097

15 1041

20 963

30 925

40 892

60 842

g0 833

0.07 isopropyl 0 1875
thionocarbamate 5 1253
10 1093

15 1033

20 952

30 952

40 932

60 836

90 832

0.14 isopropyl 0 1851
thionocarbamate 5 1218
10 1097

15 1069

20 1006

30 943

40 921

60 918

90 821

A2




0.21 isopropyl 0 1868
thionocarbamate 5 1213
10 1092
15 1068
20 1125

30 992

40 968

60 933

90 840

Table A-2  Typical data for the calculation of reaction rate constant (data for

Figure 4.2 in Chapter 4)
Admixture Crystallisation time, | Ca™ concentrations, F
(minutes) (ppm)
0 1762 ¢
None = blank #2 2 1325 (0.001455
5 1130 0.004429
15 1020 0.013801
20 988 0.028175
30 971 0.055506
40 965 0.079672
60 956 0.102454
90 954 -
Notes:
1 1
- =kt
Ca,—Ca, Ca;-Ca,
where,
kt =F

Ca, = Ca’* concentrations at time t,
Cagq = Ca®* concentrations at t = 90 minutes,

Cay = Ca’" concentrations at t = 0 minutes.
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Table A-3  Typical data for the determination of activation energy, E, (to be
read in conjunction with Figure 4.5 in Chapter 4: 0.07 g/L
isopropyl thinocarbamate at 25, 35 and 45°C respectively)

Absolute temp. (T) | /T Time, Ca*
K (minutes) | (pm) | tn k
1875 0

298 0.0033 5 1253 0.0014 - 82782
10 1093 0.0029
15 1033 0.0040
20 952 0.0074
30 952 0.0074
40 932 0.0090
60 836 0.2847
90 832 -
0 1834 0

308 0.0032 5 1053 0.0029 -7.4253
10 956 0.0052
15 886 0.0098
20 874 0.0115
30 836 0.0228
40 831 0.0260
60 824 0.0318
90 794 -
0 1880 0

318 0.0031 5 1038 0.0031 -6.8234
10 915 0.0069
15 873 0.0106
20 854 0.0139
30 816 0.0329
40 804 0.0562
60 802 0.0615
90 787 -
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Appendix B Mass Balance for the Continuous Crystallisation

System

Stream Flow Rates and Feed Consumption

One residence time = 15 minutes
= (.25 hour.
Crystalliser working volume = 1.5 litres.
Slurry density in the crystalliser ={(.800 g/L.
Seed tank working volume = 4.0 litres.
Slurry density in the seed tank =4.00 g/L.
Liguor tank working volume = 9.6 litres.
Slurry density in the liquor tank =0.00 g/L.
Crystalliser product flow rate =1.5 L/15 min
= 1,500 mL/15 min
=100 mL/min.
Amount of seed crystals in crystalliser = (0.800 g/L)(1.5L)
= 1.200 grams.
Flow rate for 0.800 g of seeds =1.200 g/15 min
= (.08 g/min.
Slurry density in seed tank =4.00 g/L
= 4.00 g/1000 ml
= (.0040 g/ml.
Therefore, volumetric seed flow rate entering the crystalliser is:
= (0.08 g/min)(ml/0.0040 g)
= 20 ml/min.
Material balance equation:
Flow rate in = Flow rate out
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Flow rate in = seed tank flow rate + liquor tank flow

rate.
Flow rate out = crystalliser product rate
=100 ml/min.
Therefore, the flow rate in = 100 ml/min.
Seed tank flow rate (calculated) = 20 ml/min.
Therefore, liquor tank flow rate = (100 - 20) ml/min
= 80 ml/min.

The total consumption of the solution was calculated by assuming the number of

residence times to achieve a steady state condition.

1. Assuming six residence times

Six residence time =6 X 15 minutes
= 90 rmnutes.

Seed slurry consumption = (90 min)(20 ml/min)
=1,800 ml
= 1.8 litres.

Liquor consumption = (90 min)(80 ml/min)
=7,200 ml
= 7.2 litres.

2. Assuming eight residence times

Eight residence time = § x 15 minutes
= 120 minutes.

Seed slurry consumption =120 min x 20 mV/min
= 2,400 ml
= 2.4 litres.

Liquor consumption = (120 min){80 ml/min}
=9,600 ml
= 9.6 litres.
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Concentration level

In Crystalliser = 1,200 ppm.
In Seed Tank =611 ppm.
In Liquor Tank =to be determined from the calculation of

mass balance on Ca”" in the following

section.

Mass balance on Ca*

Amount of Ca *":

1.In Crystalliser =100 mL (1,200 mg/1,000 ml})
=120.00 mg.

2.In Seed Tank =20 mL (611 mg/1,000 ml)
=12.22 mg.

3.In Liquor Tank ={120.00-12.22) mg
=107.78 mg.

Assuming the level of concentration in the Liquor Tank =X,

Then, X =107.78 (1000/80)
= 1347.25 mg /1,000 ml
=1,347.25 ppm
~ 1,350 ppm.

Preparation of the Crystallisation Solutions

Gypsum solutions with different concentration levels with respect to Ca> were
prepared by mixing solutions of CaCl,.2H,0 and Na,SO4, respectively. The solution
of CaCl,.2H,0 as Ca® provider was made by dissolving crystals of CaClz.2H,0 in
distilled water. Similarly, the solution of Na;SO; as SO47 provider was prepared in
the same manner. The two solutions were separately kept and only mixed
immediately prior to the experimental run. Extreme care was laken to keep the

solutions free from dust, insoluble matter etc.
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The following material balance shows a sample calculation for the preparation of the

gypsum solutions.

Sample Calculation: basis 1 minute

Crystalliser seed density =0.800 g/L.

Residence time = 15 minutes.

Crystalliser working volume = 1,500 ml.

Product withdrawal = crystalliser volume/residence time
= 1,500 ml /15 minutes
= 100 ml/min.

Amount of seeds in the crystalliser for the batch mode, that is at the start of the
crystallisation run = seed density in crystalliser x crystalliser
volume
= (0.800 g/litre)(1.5 litres)
=1.200 g.
Flow rate of seeds in the crystalliser = amount of seeds in crystalliser/residence
time
=1.200 g/15 minutes
= (.0800 g/min.
Seed slurry density in the seed tank =400 g/l
= (.004 g/ml.

Flow rate of slurry from the seed tank:
= seed flow rate in crystalliser/seed slurry
density in seed tank
= (0.0800 g/min )/(0.0040 gr/ml)
= 20 mi/min.
Flow rate from liquor rate = product withdrawal — seed slurry flow
rate
= (100 ml/min) - (20 ml/min)

= 80 ml/min.
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Concentration level

In crystalliser = 1,200 ppm of Ca®",

In seed tank =611 ppm of Ca®’ (=saturation level at
25°C).

In liquor tank =10 be determined.

Calculation of the amount of Ca*

In Crystalliser = product flow rate x (1,200 mg/1,000 ml)
= (100 ml/min) x (1,200 mg/1,000 ml)
=120.00 mg.

In Seed Tank = seed tank flow rate x (611 mg/1,000 ml)
= (20 ml/min ) x (611 mg/1,000 ml)
=12.220 mg.

In Liquor Tank =in Crystalliser — in Seed Tank
={120-12.22)y mg
= 107.780 mg.

Thus the concentration level in the liquor tank :
= amount of Ca*"in liquor tank x

(1,000/liquor tank flow rate)

=107.78 mg x (1,000/80 ml)
=1,347.25 ppm
~ 1,348 ppm.

Calculation of the amount of CaS04.2H,0 and Na,SO, required for the
crystallisation solutions

1. In Crystalliser

Working volume = 1,500 ml
Concentration level = 1,200 ppm,

= 1,200 mg of Ca’" per 1,000 ml solution.
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For 1,500 ml, the amount Ca®* of required = (1,500 m1/1,000 ml) x 1,200 mg
= 1,800 mg.

The solution for the crystalliser was prepared by dilution of the stock solutions of 0.5
M of CaCl, and 0.5 M of Na;SQ,, respectively. Stock solution of 0.5 M CaCl,
contains 0.5 mol of CaCl; per litre. Meanwhile, 0.5 mol of CaCl, equals 0.5 mol of

N
Ca’'.

0.5mol of Ca** =0.5x40 g =20 g of Ca** per litre.
20 g of Ca** per litre = 20,000 mg of Ca*" per 1,000 ml.

Therefore, for 1,800 mg of Ca*" the stock solution which should be taken
= (1,800 mg/20,000 mg)(1,000 ml)
=90 ml.

90 ml of 0.5 M CaCl; solution = (90 ml/1,000 ml) x 0.5 mol
=0.045 mol.

Thus, the stock solution of 0.5 M of Na,SQ4 which should be taken
= (0.045 mol/0.5 mol) x 1,000 mli
=90 ml,

Procedure for the preparation of the crystalliser solution

Take 90 ml of 0.5 M CaCl, solution and dilute it with distilled water to make 500 ml.
Take 90 ml of 0.5 M Na,SO, solution and dilute it with distilled water to make 500
ml. Pour both solutions into the crystalliser while stirring, and then, add 500 ml of

distilled water to make 1,500 ml of solution.

For the entire experiments, the stock solutions required were:

For 0.5 M CaCl; solution =90 ml x 30
= 2,700 ml.
For 0.5 M Na;SOy4 solution =90 ml x 30
= 2,700 ml.
CaCl,.2H,0 required = (0.5 mol/1,000 ml ) x 2,700 ml
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=1.35 mol

=(1.35 mol) x (MW of CaCl;.2H,0)
= (1.35 mol) x (147.02 g/mol)
=198.477 g.

NaSOq4required = (0.5 mol/1,000 ml) x 2,700 ml
=1.35 mol
=(1.35 mol) x (MW of Na;S04)
=(1.35 mol) x (142.04 g/mol )

=191.754 g.
2. In Seed Tank
Working volume = 3.5 litres.
Volume of the solution prepared = 4.0 litres.
Concentration of Ca®* = saturated solution
=611 ppm

=611 mg Ca”" per 1,000 ml solution.
Therefore, the amount of Ca*‘required = (4,000 m1/1,000 ml) (611 mg)

=2,444 mg.
The saturated solution was prepared from the stock solutions of 0.5 M CaCl, and
0.5 M Na,;SO, respectively. The stock solution of 0.5 M CaCl, contains 20,000 mg
Ca®" per litre of solution (see previous calculation for Crystalliser). Hence, the stock

solution required for 2,444 mg Ca®* = (2,444/20,000) (1,000 ml)

=122.2 mlL
=(122.2/1,000)(0.5 mol)
=0.0611 mol.
Since the saturated solution consists of equimolar amounts of CaCl; and Na,SO4

solutions, the stock solution of Na,SO, required is also 0.0611 mol.

Procedure for the preparation of the seed tank solution

Place three litres of distilled water in the Seed Tank. Add 122.2 ml of 0.5 M CaCl,
stock solution slowly with stirring. Next, add 122.2 ml of 0.5 M Na,;S0, stock
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solution also slowly with stirring. Finally, add an additional of 755.6 ml of distilled

water to obtain 4,000 ml of saturated solution of gypsum.

For the entire experiments, the stock solutions required were:

For 0.5 M CaCl; solution =122.2 mIx30
= 3,666 ml.

For 0.5 M Na>SO,4 solution =122.2 mlx30
= 3,666 ml.

CaCl,.2H,0 required = (0.5 mol/1,000 ml) x 3,666 ml
=1.833 mol

= (1.833 mol) x (MW of CaCl,. 2H,0)
= (1.833 mol) x (147.02 g/mol)
=269.4877 g.

Na;SO4required = (0.5 mol/1,000 ml) x 3,666 ml
=1.833 mol
= (1.833mol) x (MW of Na,SOy4)
=(1.833mol) x (142.04 gr/mol)

=260.3593 g.
3. In Liquor Tank
Working volume = 9.6 litres
=10,000 mL
Concentration level =1,350 ppm of Ca®",

= 1,350 mg Ca’"per 1,000 ml of solution.
For 10,000 ml, the amount of Ca** required:

= (10,000/1,000)(1,350 mg

=13,500 mg.
The supersaturated solution for the Liquor Tank was prepared by diluting the stock
solutions. The stock solution of 0.5 M CaCl, contains 20,000 mgr of Ca®* per 1,000
ml solution (see previous calculation for Crystalliser). Therefore, the stock solution
required for 13,500 mg Ca” = (13,500/20,000) (1,000) ml

=675 ml

=0.3375 mol.
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Likewise, the stock solution of 0.5 M Na»SQO4 required
=0.3375 mol
= (0.3375/0.5)(1,000)
=675 ml

Procedure for the preparation of the liguor tank solution

Place four litres of distilled water in the liquor tank. Add 675 ml of 0.5 M CaCl,
stock solution slowly with stirring. Next, add four litres of distilled water followed
by 675 ml of 0.5 M Na,SO, stock solution, also slowly with stirring. Finally, add an
additional of 650 ml distilled water to obtain 10,000 ml solution.

For the entire experiments, the stock solutions required were:

For 0.5 M CaCl; solution =675 ml x 30
=20,250 ml.

For 0.5 M Na,;SO, solution =675 mlx 30
= 20,250 ml.

CaCl;.2H;0 required = (0.5 mol/1,000 ml) x 20,250 ml
=10.125 mol

={10.125 mol) x (MW of CaCl,.2H;0)
= (10.125 mol) x (147.02 gr/mol)
=1488.5775 g.

Na,SO4 required = (0.5 mol/1,000 ml) x 20,250 ml
=10.125 mol
=(10.125) x (MW of Na,SOy)
=(10.125) x (142.04 g/mol)
=260.3593 g.
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Calculation of the amount of seeds for one crystallisation run

1. In Crystalliser

Seed density = 0.800 g/L..

Amount of seeds for the batch mode = seed density x crystalliser volume
=(08¢gL)x(1.5L)
=1.200g.

2. In Seed Tank

Seed density in seed tank =4.00 g/L.

Seed tank flow rate =20 ml/min.

One residence time in the crystalliser = 15 minutes.
Crystallisation time = 8 residence times

= § x 15 minutes
= 120 minutes.
Volume of the solution required = flow rate x crystallisation fime
= (20 ml/min) x 120 minutes
= 2,400 ml
= 2.4 litres.
Volume at the bottom of seed tank which was unable to be pumped = 1 litre.
Therefore, volume to be prepared =(2.4 + 1) litres
= 3.4 litres ~ 3.5 litres.
Amount of seeds required = volume x seed density
= (3.5 L) x (4g/L)
=14.00 g.

Therefore, the total amount of seeds required for one crystallisation run
=(1.2+14) g
=15.200 g.

The amount of crystal as seeds required for the entire experiments

= (15.2000) (30) g =456.00 g.
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Appendix C Assessment of the Experimental Design Used in

the Continuous Crystallisation Experiment

In any experimental work, especially when a large number of repetitive
measurements have to be made, it is useful at some stage, to assess whether the
selected experimental design will be able to yield data from which conclusive

inferences may be drawn.

From the implementation of the balanced incomplete block design used in the
continuous crystallisation experiments (the experimental design scheme is presented
in Table 5.11 in Chapter 5), the results for the 50 ppm admixture concentration

level are shown in Table C-1 as follows.

Table C-1 Growth rates of gypsum crystals at 50 ppm admixture

concentrations
Types of Admixtures Growth rates of crystals References
Fe*” No growth at 25°C for all crystal sizes Table 6.5 Ch.6
SIPX No growth at 25°C for all crystal sizes Table 6.7 Ch.6

No growth at 40°C for all crystal sizes Table D-5 Appendix

D
Fe’ + SIPX No growth at 40°C for all crystal sizes Table D-6 Appendix
(50 ppm each) D
Fe*" + Zn®" + SIPX 0 ,
(50 ppm each) No growth at 25°C for all crystal sizes Table 6.10 Ch.6

Table C-1 shows that, for both individual and combined admixtures, a concentration
of 50 ppm resulted in complete growth retardation, and thus might be too high for the

reduction of gypsum crystal growth investigated in this study. Hence, it is useful to
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see, whether a lower concentration level would be sufficient for a complete growth

retardation.

In the original experimental design (in Table 5.11 in Chapter 5), the medium
concentration level of admixtures was set at 10 ppm (the overall range used as shown
in Table 5.11, is: 0, 1, 10, 50 ppm). Therefore, it was believed that a concentration
level of 10 ppm could give a clue as at what concentration level the complete

retardation of growth might occur.

Table C-2 Growth rates of gypsum crystals at 10 ppm admixture

concentrations
Types of Growth rates of crystals References
Admixtures
Fe™' At 25°C: no growth for crystals with sizes < 42.05 pm Table 6.5
ry n
Ch.6
Zn™ At 40°C: no growth for small crystals (< 24.60 um) Table D-4
Appendix D
At 25°C: no growth for crystals with sizes < 42.05 pm Table 6.7
SIPX Ch.6
At 40°C: no growth for very small crystals (< 18.30pm) Table D-5
Appendix D
At 25°C: no growth for crystals with sizes < 48.55 pm Table 6.8
Fe’™ + SIPX Ch.6
(10 ppm each) | At 40°C: no growth for very small crystals (< 18.30pm) Table D-6
Appendix D
Zn* +SIPX | At 25°C: no growth for crystals with sizes < 59.15 pm Table 6.9
(10 ppm each) Ch.6
Fe&™+Zn” + | At 25°C: no growth for small crystals (< 29.65 pm) Table 6.10
SIPX Ch.o
At 40°C: no growth for very small crystals (< 24.60 pm) | Table D-8
(10 ppm each) Appendix D

Table C-2 shows that in general, small crystals were not able to grow in the presence
of 10 ppm of the admixtures studied. It was then concluded that a complete crystal
growth inhibition might take place somewhere between 10 and 50 ppm, and
therefore, an arbitrary value of 25 ppm concentration was chosen, and some of the

results for this selected concentration level are tabulated in Table C-3.
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Table C-3 Growth rates of gypsum ecrystals at 25 ppm admixture

concentrations
Types of Growth rates of crystals References
Admixtures
Fe'* At 25°C: no growth for all crystal sizes Table 6.5
Ch.6
SIPX At 25°C: no growth for all crystal sizes Table 6.7
Ch.6
Fe*' + 8IPX At 40°C: no growth for all crystal sizes Table D-6
(10 ppm cach) Appendix D

Experiments at 25 ppm show that, in some cases, a complete reduction of growth is
noted. This situation is shown in Table C-3 and indicates that even the 25 ppm
concentration level might still be too high for a complete growth retardation.
Therefore, a lower concentration level between 10 and 25 ppm was chosen, i.e. 20
ppm. Results from the experiments at 20 ppm is tabulated in Table C-4 and show
that in general, for both individual and combined admixtures, small crystals
experienced no growth. Yet no complete growth reduction for all crystal sizes was
found. Hence, it would be reasonable to expect that the complete growth retardation

might take place between 20 and 25 ppm.
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Table C-4 Growth rates of gypsum crystals at 20 ppm admixture
concentrations
Types of Growth rates of crystals References
Admixtures
Fe’' At 25°C: no growth for crystals with sizes < 53.55 pm Table 6.5
Ch.6
Zn’* At 40°C: no growth for crystals with sizes < 42.05 pm Table D-4
Appendix D
SIPX At 25°C: no growth for crystals with sizes < 42.05 pm Table 6.7
Ch.6
At 40°C: no growth for very small crystals (< 24.60um) | Table D-5
Appendix D
At 25°C: no growth for crystals with sizes < 59.15 um Table 6.8
Fe*" + SIPX Ch.6
(20 ppm cach) At 40°C: no growth for erystals with sizes < 79.50um Table D-6
Appendix D
At 25°C: no growth for crystals with sizes < 53.55 um Table 6.9
Zn”" + SIPX Ch.6
(20 ppm each) At 40°C: no growth for very small crystals (< 24.60pum) Table D-7
Appendix D
At 25°C: no growth for crystals with sizes < 72.05 pm | Table 6.10
Fe' + Zn™ + SIPX Ch.6
(20 ppm each) At 40°C: no growth for very small crystals (< 24.60pm) Table D-8
Appendix D

It was found that a complete growth retardation occurred for Fe’" at 22 ppm and

25°C. Tt would be likely that a concentration level of as either 20 or 21.5 or 22.5 ppm

resulted in the same complete growth inhibiton. Based on the result at 22 ppm of

Fe’*, the original experimental design was adjusted to include admixture

concentrations of: 20, 22 and 25 ppm. Thus, the implementation of the continuous

crystallisation studies was that of “exploratory” experiment.

The same type of

experiment was then adopted for the third phase of project, that is the scaling of

gypsum.
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The assessment on the sclected experimental design, its implementation and its

adjustments is summed up as follows.

1. In general, the upper level of admixture concentration in the original
experimental design, which is equal to 50 ppm, was found to be too high for

complete growth retardation.

2. The experimental design selected (as discussed and tabulated in section
5.8.6.2 in Chapter 5), was implemented, but additional admixture
concentration levels were needed and so they were tested. These are: 20, 22

and 25 ppm, respectively.

3. Within the range of the experimental conditions selected for this continuous
crystallisation experiments, it was assumed that 22 ppm was probably the
lowest concentration level, at which a complete growth retardation could be

expected.

4. Tt was indicated that the crystallisation of gypsum in the presence of
admixtures, might better be investigated by the method of exploratory

experiment rather than by a well defined experimental design.
5. Having found a discrepancy between the selected experimental design and its

implementation, it was decided that the subsequent experiments on gypsum

scaling be performed in an exploratory manner.
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Appendix D Continuous Crystallisation Experimental
Data

Table D-1 Comparison of growth rate of gypsum (micron/hour) in pure

system and in 1.00 ppm of Fe’* at 25°C

Crystal size, Crystallisation temperature: 25°C
(microns) (Growth rate in pure system | Growth rate in 1.00 ppm Fe
107.00 35.38 28.15
97.05 35.38 25.19
87.75 33.85 20.74
79.50 27.69 14.81
72.05 27.69 5.93
65.30 13.85 5.93
59.15 12.31 5.93
53.55 12.31 5.93
48.55 12.31 593
42.05 12.31 5.93
34.50 12.31 0.00
29.65 6.15 0.00
24.60 4.62 0.00
18.30 4.62 ' 0.00
13.05 3.08 0.00




Table D-2  Comparison of growth rate of gypsum (micron/hour) in pure

system and in 1.00 ppm of Fe** at 40°C

Crystal size, Crystallisation temperature: 40°C
(microns) Growth rate in pure system | Growth rate in 1.00 ppm Fe "

107.00 60.00 36.67
97.05 50.77 31.67
87.75 47.69 30.33
79.50 43.08 28.33
72.05 38.46 25.00
65.30 33.85 23.33
59.15 24.62 23.33
53.55 23.08 23.33
48.55 21.54 23.33
42.05 15.38 16.67
34.50 9.23 10.00
29.65 6.15 8.33
24.60 6.13 6.67
18.30 6.12 5.00
13.05 3.08 3.03




Table D-3  Comparison of growth rate of gypsum (micron/hour) at different

concentrations of Fe** at 40°C

Crystal size, Crystallisation temperature: 40°C
(microns) Oppm | 1ppm | 10 ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 36.67 | 17.78 18.5 6.2 0.00 0.00
97.05 50.77 | 31.67 | 1630 16.9 6.2 0.00 0.00
87.75 47.69 | 30.33 | 14.81 13.8 3.1 0.00 0.00
79.50 43.08 | 2833 | 11.85 12.3 0.00 0.00 0.00
72.05 3846 | 20.00 ; 1037 9.2 0.00 0.00 0.00
65.30 33.85 | 23.33 8.89 3.1 0.00 0.00 0.00
59.15 2462 | 23.33 8.30 1.5 0.00 0.00 0.00
53.55 23.08 | 23.33 7.41 1.5 0.00 0.00 0.00
48.55 21.54 | 23.33 5.93 0.00 0.00 0.00 0.00
42.05 15.38 | 16.67 4.44 0.00 0.00 0.00 0.00
34.50 9.23 10.00 2.96 0.00 0.00 0.00 0.00
29.65 6.15 8.33 0.00 0.00 0.00 0.00 0.00
24.60 6.13 6.67 0.00 0.00 0.00 0.00 0.00
18.30 6.12 5.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 3.33 0.00 0.00 0.00 0.00 0.00




Table D-4  Comparison of growth rate of gypsum (micron/hour) at different

concentrations of Zn®* at 40°C

Crystal size, Crystallisation temperature: 40°C
{microns) Oppm | lppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 45.16 | 30.00 | 19.35 14.19 | 22.67 | 20.00
97.05 50.77 | 43.87 | 26.67 | 1419 | 1032 | 1733 | 13.85
87.75 4769 | 4129 | 20.00 | 1032 | 1032 | 18.67 | 13.85
79.50 4308 | 37.42 | 10.00 6.45 10.32 | 12.00 | 10.77
72.05 3846 | 36.13 5.00 6.45 10.32 5.33 10.77
65.30 33.85 | 33.55 5.00 5.16 9.03 5.33 12.31
59.15 2462 | 3226 5.00 3.87 3.87 2.67 10.77
53.55 23.08 | 28.50 5.00 2.58 2.58 2.67 6.15
48.55 21.54 | 27.10 3.33 1.29 1.94 0.00 3.08
42.05 15.38 | 20.65 3.33 0.00 0.00 0.00 0.00
34.50 9.23 15.48 1.67 0.00 0.00 0.00 0.00
29.65 6.15 14.19 1.67 0.00 0.00 0.00 0.00
24.60 6.13 7.74 0.00 0.00 0.00 0.00 0.00
18.30 6.12 3.87 0.00 0.00 0.00 0.00 0.00
13.05 3.08 2.58 0.00 0.00 0.00 0.00 0.00




Table D-5  Comparison of growth rate of gypsum (micron/hour) at different

concentrations of sodium isopropyl xanthate (SIPX) at 40°C

Crystal size, Crystallisation temperature: 40"C
(microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 57.14 | 18.46 | 1241 | 1032 5.26 0.00
97.05 50.77 | 5571 | 1846 | 1241 | 10.32 5.26 0.00
87.75 47.69 | 5429 { 1692 | 1241 | 1032 5.26 0.00
79.50 43.08 | 51.43 | 1538 | 12.41 11.61 0.00 0.00
72.05 3846 | 14.29 | 1077 | 1241 5.16 0.00 0.00
65.30 33.85 | 14.29 6.15 12.41 3.87 0.00 0.00
59.15 24.62 | 14.29 6.15 12.41 2.58 0.00 0.00
53.55 23.08 | 11.43 6.15 12.41 1.29 0.00 0.00
48.55 21.54 7.14 6.15 5.52 0.00 0.00 0.00
42.05 15.38 7.14 3.08 2.76 0.00 0.00 0.00
34.50 9.23 7.14 3.08 1.38 0.00 0.00 0.00
29.65 6.15 5.71 3.08 1.38 0.00 0.00 0.00
24.60 6.13 0.00 3.08 0.00 0.00 0.00 0.00
18.30 6.12 0.00 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.00 0.00 0.00 0.00 0.00 0.00




Table D-6  Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Fe* and SIPX at 40°C

Crystal size, Crystallisation temperature: 40°C
{microns) Oppm | lppm | 10 ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 4526 | 14.40 7.14 12.00 0.00 0.00
97.05 50.77 | 40.88 | 14.40 7.14 8.00 0.00 0.00
87.75 47.69 | 36.50 | 12.80 4.29 5.33 0.00 0.00
79.50 43.08 | 3650 | 12.80 0.00 2.67 0.00 0.00
72.05 3846 | 33.87 | 11.20 0.00 2.67 0.00 0.00
65.30 3385 | 3358 9.60 0.00 2.67 0.00 0.00
59.15 2462 | 32.12 8.00 0.00 2.67 0.00 0.00
53.55 23.08 | 30.66 6.40 0.00 1.33 0.00 0.00
48.55 21.54 | 29.20 4.80 0.00 0.00 0.00 0.00
42.05 15.38 | 29.20 4.80 0.00 0.00 0.00 0.00
34.50 9.23 20.44 3.20 0.00 0.00 0.00 0.00
29.65 6.15 11.68 1.60 0.00 0.00 0.00 0.00
24.60 6.13 2.92 1.60 0.00 0.00 0.00 0.00
18.30 6.12 2.84 0.00 0.00 0.00 0.00 0.00
13.05 3.08 0.88 0.00 0.00 0.00 0.00 0.00




Table D-7 Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Zn** and SIPX at 40°C

Crystal size, ' Crystallisation temperature: 40°C
(microns) Oppm | 1ppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 63.33 | 34.67 | 26.67 | 2581 | 2245 14.81
97.05 5077 | 60.00 | 3333 | 26.67 | 2581 | 22.45 593
87.75 47.69 | 33.33 | 32.00 | 26.67 | 25.81 22.45 5.93
79.50 43.08 | 26.67 | 28.00 | 26.67 | 25.81 | 22.45 5.93
72.05 38.46 | 26.67 | 2000 | 26,67 | 2097 | 22.45 5.93
65.30 33.85 | 23.33 1067 | 26.67 | 2065 | 22.45 5.93
59.15 2462 | 15.00 9.33 2667 | 1548 | 14.29 593
53.55 23.08 | 15.00 6.67 26.67 2.58 10.20 5.93
48.55 21.54 | 10.00 6.67 13.33 6.45 0.00 0.00
42.05 15.38 6.67 4.00 6.67 5.16 0.00 0.00
34.50 9.23 5.00 2.67 5.33 5.16 0.00 0.00
29.65 6.15 3.33 1.33 1.33 0.00 0.00 0.00
24.60 6.13 3.33 2.67 0.00 1.29 0.00 0.00
18.30 6.12 0.00 2.67 0.00 2.58 0.00 0.00
13.05 3.08 0.00 0.80 0.00 0.00 0.00 0.00




Table D-§  Comparison of growth rate of gypsum (micron/hour) at different

concentrations of combined admixtures: Fe3+, Zn** and SIPX at

40°C
Crystal size, Growth rate of gypsum, micron per hour
(microns) Oppm | lppm | 10 ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
107.00 60.00 | 52.80 | 25.00 | 24.00 16.77 12.66 6.67
97.05 50.77 | 52.80 | 20.00 | 24.00 16.77 12.66 6.67
87.75 47.69 | 44.80 | 16.67 | 24.00 16.77 12.66 0.67
76.50 43.08 | 40.00 | 16.67 | 24.00 16.77 10.13 6.67
72.05 3846 | 3840 | 1500 | 17.33 16.77 7.59 1.67
65.30 33.85 | 36.80 | 13.33 17.33 16.77 7.59 0.00
59.15 2462 | 36.80 | 11.67 17.33 16.77 5.06 0.00
53.55 23.08 | 35.20 8.33 17.33 2.58 1.27 0.00
48.55 21.54 | 32.00 8.33 17.33 2.58 1.27 0.00
42.05 15.38 | 32.00 6.67 13.33 2.58 0.00 0.00
34.50 0.23 16.00 3.33 2.67 2.58 0.00 0.00
29.65 6.15 16.00 1.67 1.33 2.58 0.00 0.00
24.60 6.13 12.80 0.00 (.00 1.29 0.00 0.00
18.30 6.12 4.80 0.00 0.00 1.29 0.00 0.00
13.05 3.08 3.20 0.00 0.00 0.00 0.00 0.00




Table D-9  Desupersaturation data for Fe’" as admixtures at 25°C
No. of Ca”’ concentrations, ppm
residence | Fe= Fe= Fe = Fe= Fe= Fe= Fe=
time Oppm | lppm | 10ppm | 20ppm | 22 ppm | 25 ppm | 50 ppm

0 1221 1209 1205 1232 1227 1218 1229
1 825 1007 1129 1151 1171 1158 1209
2 786 925 1123 1149 1145 1147 1204
3 770 920 1121 1148 1138 1145 1203
4 757 916 1121 1147 1135 1145 1201
5 748 901 1113 1139 1130 1144 1199
6 735 892 1109 1131 1130 1144 1198
7 735 892 1109 1131 1129 1144 1198
8 735 892 1109 1131 1129 1144 1198

Table D-10 Desupersaturation data for Zn** as admixtures at 25°C

No. of Ca”' concentrations, ppm
residence | Zn= n= Zn= Zn= Zn= In= Zn=
time Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 1221 1214 1235 1197 1219 1224 1198
1 825 1129 1083 1084 1128 1172 1167
2 786 1128 1041 1049 1107 1156 1146
3 770 1036 1012 1028 1087 1131 1140
4 757 940 992 1026 1079 1122 1138
5 748 930 965 1025 1068 1098 1135
6 735 927 963 1025 1051 1094 1135
7 735 927 963 1025 1051 1054 1135
g 735 927 963 1025 1051 1094 1135




Table D-11  Desupersaturation data for SIPX as admixtures at 25°C
No. of Ca”" concentrations, ppm
residence | SIPX = | SIPX = | SIPX= | SIPX= | SIPX= | SIPX= | SIPX =
time Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 1221 1215 1219 1220 1224 1207 1223
1 825 894 1170 1181 1201 1186 1213
2 786 864 1152 1165 1195 1179 1210
3 770 847 1148 1159 1187 1171 1208
4 757 831 1146 1151 1171 1169 1207
5 748 820 1134 1148 1158 1167 1207
6 735 817 1131 1145 1149 1167 1207
7 735 817 1130 1145 1149 1167 1207
8 735 817 1130 1145 1149 1167 1207

Table D-12  Desupersaturation data for Fe*' + SIPX as admixtures at 25°C

No. of Ca” concentrations, ppm

residence | Fe+ Fe + Fe + Fe + Fe + Fe+ Fe +
time SIPX = | SIPX= | SIPX= | SIPX= | SIPX= | SIPX= | SIPX =
Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 1221 1210 1224 1211 1214 1218 1218

1 825 1097 1195 1185 1198 1207 1213

2 786 1061 1176 1173 1186 1197 1208

3 770 1039 1171 1158 1181 1194 1205

4 757 1028 1168 1151 1179 1193 1203

5 748 1017 1162 1149 1178 1192 1201

6 735 1009 1158 1146 1178 1190 1201

7 735 1002 1157 1143 1178 1189 1201

8 735 1002 1157 1143 1178 1189 1201




Table D-13  Desupersaturation data for Zn*" + SIPX as admixtures at 25°C

No. of Ca”" concentrations, ppm
residence | Zn + Zn+ Zn+ Zn+ Zn+ Zn+ Zn+
time SIPX = | SIPX=| SIPX= SIPX= SIPX= | SIPX= | SIPX=
Oppm | lppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 1221 1213 1224 1215 1198 1214 1224
1 825 1073 1088 1114 1115 1188 1221
2 786 1041 1069 1096 1092 1180 1214
3 770 1015 1060 1091 1087 1174 1211
4 757 1011 1056 1089 1084 1176 1198
5 748 1005 1049 1082 1076 1178 1194
6 735 1002 1042 1079 1072 1172 1193
7 735 1000 1039 1079 1072 1170 1193
8 735 1000 1039 1079 1072 1170 1193
Table D-14  Desupersaturation data for Fe'* + Zn*" + SIPX as admixtures at
25°C
No. of Ca” concentrations, ppm
residence | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn
time + SIPX | +8IPX | +SIPX= | +8IPX= | +SIPX= | + SIPX={ + SIPX=
=0ppm | =1ppm | 1) ppm 20 ppm 22ppm | 25ppm | 50 ppm
0 1221 1214 1218 1223 1201 1217 1203
1 825 1093 1161 1174 1166 1186 1188
2 786 1025 1138 1145 1147 1177 1181
3 770 1016 1130 1133 1139 1178 1182
4 757 1002 1124 1127 1132 1170 1181
5 748 989 1121 1121 1127 1165 1181
6 735 984 1115 1119 1122 1163 1181
7 735 982 1113 1119 1120 1163 1181
8 735 082 1113 1119 1120 1162 1181




Table D-15 Desupersaturation data for Fe** as admixtures at 40°C

No. of Ca”' concentrations, ppm
residence | Fe= Fe= Fe= Fe= Fe= Fe= Fe=
time Oppm | lppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 1189 1194 1197 1216 1212 1209 1205
1 798 720 1120 1132 1140 1152 1190
2 792 769 1104 1151 1167 1180 1184
3 810 851 1090 1144 1159 1162 1182
4 765 853 1098 1119 1142 1151 1182
5 761 857 1098 1085 1131 1146 1182
6 746 836 1080 1062 1102 1137 1182
7 735 851 1086 1084 1102 1135 1182
8 723 847 1074 1084 1102 1133 1182

Table D-16 Desupersaturation data for Zn** as admixtures at 40°C

No. of Ca”" concentrations, ppm
resi.dence Zn=0 | Zn= ZIn=10 | Zn=20 | Zn=22 | Zn=25 | Zn=350
time ppm ppm ppm ppm ppm ppm ppm

0 1189 1156 1225 1212 1219 1196 1219
1 798 848 1066 1100 1122 1136 1168
2 792 823 1020 1068 1095 1116 1140
3 810 842 981 1042 1075 1112 1131
4 765 842 953 1045 1063 1100 1126
5 761 842 937 1032 1064 1089 1126
6 746 842 937 1021 1044 1088 1126
7 735 842 937 1019 1043 1083 1126
8 723 842 937 1019 1043 1083 1126




Table D-17 Desupersaturation data for SIPX as admixtures at 40°C

No. of Ca”" concentrations, ppm
residence | SIPX =| SIPX = | SIPX= | SIPX= | SIPX= | SIPX= | SIPX =
time 0 ppm 1 ppm 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 1189 1214 1215 1220 1216 1216 1207
1 798 852 1167 1178 1185 1190 1195
2 792 822 1144 1159 1180 1184 1192
3 810 815 1133 1140 1172 1176 1192
4 765 809 1126 1139 1151 1170 1192
5 761 801 1126 1132 1142 1162 1192
6 746 800 1126 1130 1142 1158 1192
7 735 801 1126 1130 1142 1158 1192
8 723 801 1126 1130 1142 1158 1192

Table D-18 Desupersaturation data for Fe** + SIPX as admixtures at 40°C

No. of Ca”" concentrations, ppm

residence | Fe+ Fe + Fe + Fe + Fe + Fe + Fe +
time SIPX = | SIPX=| SIPX= SIPX= SIPX= | SIPX= | SIPX =
Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 1189 1204 1202 1218 1211 1226 1217

1 798 1091 1169 1190 1195 1216 1210

2 792 1047 1146 1175 1183 1197 1198

3 810 1020 1135 1161 1178 1192 1196

4 765 997 1132 1156 1169 1190 1196

5 761 986 1132 1149 1167 1186 1196

6 746 986 1132 1149 1167 1186 1196

7 735 986 1132 1149 1167 1186 1196

8 723 986 1132 1149 1167 1186 1196




Table D-19 Desupersaturation data for Zn*"+ SIPX as admixtures at 40°C

No. of Ca’ concentrations, ppm

residence | Zn+ Zn+ Zn+ Zn+ Zn+ Zn+ Zn+
time SIPX = | SIPX= | SIPX= SIPX= SIPX= | SIPX= | SIPX=
Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 1189 1223 1215 1202 1211 1209 1227

1 798 1067 1076 1094 1125 1178 1201

2 792 1032 1053 1087 1093 1172 1192

3 810 086 1044 1072 1080 1169 1188

4 765 978 1041 1074 1075 1169 1181

5 761 978 1039 1067 1062 1169 1181

6 746 978 1039 1057 1059 1162 1181

7 735 978 1032 1057 1059 1162 1181

8 723 978 1033 1055 1059 1162 1181

Table D-20  Desupersaturation data for Fe'* + Zn* + SIPX as admixtures at

40°C
No. of Ca“” concentrations, ppm

residence | Fe+Zn | Fe+2Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn
time +8IPX | +8SIPX | +5IPX= | +S5IPX= | +8IPX= | +SIPX= | +5SIPX=
=0ppm | =1ppm | 10ppm | 20ppm | 22 ppm 25 ppm 50 ppm

0 1189 1204 1207 1216 1212 1220 1219

1 798 1074 1144 1170 1174 1198 1215

2 792 1003 1121 1141 1152 1182 1187

3 810 972 1108 1132 1150 1173 1175

4 765 969 1096 1125 1142 1170 1175

5 761 969 1096 1106 1129 1164 1175

6 746 969 1096 1106 1127 1153 1175

7 735 969 1096 1107 1127 1154 1175

8 723 969 1096 1106 1127 1154 1175




Table D-21  Slurry density at 25°C for Fe’"
No. of Slurry density, gram/L
residence | Fe= Fe= Fe= Fe = Fe= Fe= Fe=
time Oppm | lppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm

0 0.7925 | 0.8097 | 0.8017 0.7894 0.8026 | 0.8094 | 0.7898
1 0.9891 | 0.9794 | 0.9892 0.8412 0.8942 | 0.8372 | 0.8176
2 1.8447 | 1.5242 | 1.1246 0.9001 0.9974 | 0.8627 | 0.8316
3 2.4843 - - - - - -
4 27618 | 1.8477 | 1.1927 0.9294 1.0926 | 0.9245 | 0.9102
5 2.7601 - - - - - -
6 27705 | 1.9405 | 1.1769 1.0128 1.1972 | 0.9832 | 0.9645
7 2.7704 - 1.1988 1.0110 1.2011 | 0.9882 | 0.9662
8 2.7689 | 2.0723 | 1.1946 1.0149 1.2017 | 0.9884 | 0.9675

Table D-22  Slurry density at 25°C for Zn®*

No of Slurry density, gram/L
residence | Zn= Zn= In= Zn = Zn= Zn= Zn=
time 0 ppm lppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm

0 0.7925 | 0.7246 | 0.7991 | 0.8124 | 0.8119 | 0.8072 | 0.8114
1 0.9891 | 09121 | 09002 | 09442 | 09745 | 09702 | 0.9076
2 1.8447 - 0.9026 - - - 0.9103
3 2.4843 | 1.4202 | 1.4902 | 1.2610 | 1.3260 | 0.9906 -
4 2.7618 - - - - - 0.9142
5 27601 | 1.8976 | 1.8560 | 1.4051 | 1.4179 | 1.079%4 -
6 27705 | 19115 | 1.8572 | 1.4074 | 1.5104 | 1.2356 | 0.9202
7 27704 | 19104 | 1.8565 | 1.4092 | 1.5174 | 1.2497 | 0.9225
8 27689 | 19123 | 1.8560 | 1.4082 | 1.5160 | 1.2489 | 0.9216




Table D-23  Slurry density at 25°C for SIPX
No of Slurry density, gram/L
residence | SIPX = | SIPX = | SIPX= | SIPX= | SIPX= | SIPX= | SIPX=
time Oppm | lppm | 10ppm | 20ppm | 22 ppm | 25 ppm | 50 ppm
0 0.7925 | 0.7952 | 0.8012 | 0.7942 | 0.8071 | 0.8143 | 0.8978
1 0.9891 | 0.9727 | 09241 | 0.8724 | 0.8489 | 0.8271 | 0.9026
2 1.8447 | 1.1849 | 0.9874 | 0.9451 | 0.9271 | 0.8386 | 0.9002
3 2.4843 - - - - - -
4 2.7618 | 2.2856 | 1.1275 | 0.9725 | 09574 | 0.8371 | 0.9023
5 2.7601 - - - - - -
6 27705 | 2.4715 | 1.1801 | 1.0059 | 1.0041 | 0.8454 | 09111
7 2.7704 | 2.4662 | 1.1521 | 1.0040 | 1.0026 | 0.8427 | 09112
8 27689 | 24791 | 1.1792 | 1.0076 | 1.0419 | 0.8496 | 09105
Table D-24  Slurry density at 25°C for Fe’* + SIPX
No. of Slurry density, gram/L
residence | Fe + Fe + Fe + Fe + Fe + Fe + Fe+
time SIPX= | SIPX=| SIPX= | SIPX= | SIPX= | SIPX= | SIPX~=
Oppm | Ippm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 0.7925 | 0.8012 | 0.7982 0.7694 0.8124 | 0.8075 | 0.7927
1 0.9891 | 0.8941 | (0.8004 0.8071 0.8479 | 0.8447 | 0.8004
2 1.8447 | 0.9273 | 0.8095 0.8194 0.8527 | 0.8579 | 0.7928
3 2.4843 - - - - - -
4 2.7618 | 1.0075 | 0.9278 0.9042 0.9117 | 0.8881 | 0.8092
5 2.7601 - - - - - -
6 27705 | 1.1478 | 0.9804 0.9235 0.9201 | 0.8974 | 0.8101
7 27704 | 1.1502 | 0.9862 0.9272 0.9214 | 0.9004 | 0.8124
8 27689 | 1.1729 | 0.9874 0.9251 0.9285 | 0.8978 | 0.8104




Table D-25  Slurry density at 25°C for Zn*" + SIPX
No of Slurry density, gram/L
residence | Zn+ Zn + Zn+ Zn+ Zn+ Zn+ Zn+
time SIPX= | SIPX= | SIPX= | SIPX= | SIPX= | SIPX= | SIPX=
0 ppm lppm | 10ppm | 20ppm | 22 ppm | 25 ppm | 50 ppm
0 0.7925 | 0.7867 | 0.7746 | 0.7995 | 0.8213 | 0.8164 | 0.8009
1 0.9891 | 1.2481 | 0.8174 | 0.8570 | 09107 | 0.8274 | 0.8251
2 1.8447 | 1.5194 | 0.9091 | 09152 | 09570 | 0.8596 | 0.8414
3 2.4843 - - - - - -
4 27618 | 1.7079 | 1.1269 | 0.9718 | 0.9904 | 0.8802 | 0.8375
5 2.7601 - - - - - -
6 27705 | 1.8083 | 1.2610 | 1.0992 | 1.1673 | 0.8842 | 0.8869
7 27704 | 1.8179 | 1.2642 | 1.1211 | 1.1562 | 0.8821 | 0.8805
8 2.7689 | 1.8212 | 1.2673 | 1.1264 | 1.1726 | 0.8796 | 0.8872
Table D-26  Slurry density at 25°C for Fe’* + Zn*" + SIPX
No of Slurry density, gram/L
residence | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn
time + SIPX +S8IPX | +SIPX= | +8IPX = | + SIPX = | + SIPX= | +SIPX =
=0ppm | =lppm | 10ppm | 20 ppm 22ppm | 25ppm | 50 ppm
0 0.7925 | 0.8356 | 0.8077 | 0.8201 0.8095 | 0.7992 | 0.7029
0.9891 | 1.0793 | 0.8526 | 0.9017 | 0.8246 | 0.8014 | 0.7109
2 1.8447 | 1.2095 | 0.9947 | 0.9703 0.5093 | 0.8108 | 0.7202
3 2.4843 - - - - - -
4 2.7618 | 14115 | 1.0211 1.0649 | 0.9476 | 0.8461 | 0.7603
5 2.7601 - - - - - -
6 27705 | 1.6701 | 1.0217 | 1.1194 1.0800 | 0.8661 | 0.7901
7 2.7704 | 1.6621 | 1.0177 | 1.1270 1.0808 | 0.8472 | 0.7872
g 2.7689 | 1.6745 | 1.0289 | 1.1278 1.0872 | 0.8873 | 0.7985




Table D-27  Slurry density at 40°C for Fe*'

No. of Slurry density, gram/L
residence | Fe= Fe= Fe= Fe= Fe= Fe= Fe=
time Oppm | lppm | 10ppm | 20ppm | 22 ppm | 25 ppm | 50 ppm

0 0.8074 | 0.7992 | 0.8117 0.7614 0.7892 | 0.8245 | 0.8152
1 0.9525 | 0.9591 | 0.9135 0.8446 0.8083 | 0.8315 | 0.8229
2 1.2761 | 1.1665 | 0.9980 0.9592 0.9437 | 0.9221 | 0.8332
3 - - - B - - -
4 1.9691 | 1.5213 | 1.0632 1.0863 1.0211 1.0076 | 0.8652
5 - - . - - - -
6 2.4591 | 2.0419 | 1.2134 1.2079 1.1019 | 1.0067 | 0.8679
7 24702 | 2.0705 | 1.2107 1.2009 1.1475 | 1.0347 | 0.8668
8 2.4783 | 2.0462 | 1.2143 1.2062 1.1092 | 1.0479 | 0.8672

Table D-28  Slurry density at 40°C for Zn*

No of Slurry density, gram/L
resi.dence Zn = Zn= Zn = Zn= Zn= Zn= Zn=
time 0 ppm lppm | 10ppm | 20ppm | 22 ppm | 25 ppm | 50 ppm

0 0.8074 | 0.8249 | 0.8207 | 0.7994 | 0.8310 | 0.8079 | 0.8109
1 0.9525 | 1.0026 | 0.9274 | 0.9041 | 0.9472 | 0.9220 | 0.9505
2 1.2761 | 1.4231 | 1.2315 | 1.0824 | 09913 | 0.9754 | 0.9967
3 - - - - - - -
4 1.9691 | 1.7524 | 1.5190 | 1.2734 | 1.0067 | 1.0728 | 1.0079
5 - - - - - - -
6 24591 | 19825 | 1.7233 | 1.4045 | 1.1571 | 1.0009 | 1.0994
7 24702 | 1.9606 | 1.7641 | 1.4091 1.1518 | 1.0104 | 1.0902
8 24783 | 1.9807 | 1.7182 | 1.4020 | 1.1627 | 1.0063 | 1.0945




Table D-29  Slurry density at 40°C for SIPX

No of Slurry density, gram/L
residence | SIPX = | SIPX= | SIPX= | SIPX= | SIPX~= | SIPX= | SIPX =
time 0 ppm lppm | 10ppm | 20 ppm | 22 ppm | 25 ppm | 50 ppm
0 0.8074 | 0.8146 | (.8294 | 0.8102 | 0.7946 | 0.7992 | 0.8195
1 0.9525 | 0.9968 | 0.8530 | 0.8771 | 0.8241 | 0.8401 | 0.8180
2 1.2761 | 1.4568 | 0.8732 | 0.8962 | 0.8739 | 0.8916 | 0.8307
3 - - - - - - -
4 1.9691 | 1.7395 | 0.9246 | 0.9245 | 0.9135 | 0.9227 | 0.9018
5 - - - - - - -
6 2.4591 | 2.2763 | 0.9826 | 0.9863 | 0.9868 | 0.9739 | 0.8629
7 24702 | 2.3026 | 0.9980 | 0.9801 | 0.9820 | 09713 | 0.8635
8 2.4783 | 2.3261 | 0.9764 | 0.9874 | 05742 | 09767 | 0.8630
Table D-30  Slurry density at 40°C for Fe** + SIPX
No. of Slurry density, gram/L
residence | Fe + Fe + Fe + Fe + Fe+ Fe + Fe +
time SIPX = | SIPX=| SIPX= SIPX= SIPX= | SIPX= | SIPX =
Oppm | 1ppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 0.8074 | 0.7892 | 0.8212 0.8092 0.8301 | 0.7900 | 0.8126
1 0.9525 | 0.8537 | 0.8763 0.8163 0.8392 | 0.8042 | 0.8128
2 1.2761 | 0.9568 | 0.8791 {.8585 0.8581 | 0.8071 | 0.8129
3 - - - - - - -
4 1.9691 | 1.2495 | 0.8962 0.9017 0.8574 | 0.8100 | 0.8421
5 - - - - - - 0.8664
6 24591 | 1.5826 | 09123 0.9271 0.8925 | 0.8201 | 0.8678
7 2.4702 | 1.5802 | 0.9263 0.9279 0.8964 | 0.8107 | 0.8756
8 2.4783 | 1.5860 | 0.9247 0.9312 0.8931 | 0.8124 | 0.8764




Table D-31  Slurry density at 40°C for Zn** + SIPX
No of Slurry density, gran/L
residence | Zn+ Zn+ Zn+ Zn + Zn+ Zn+ Zn+
time SIPX = | SIPX= | SIPX= | SIPX= | SIPX= | SIPX= | SIPX=
0 ppm lppm | 10ppm | 20ppm | 22ppm | 25 ppm | 50 ppm
0 0.8074 | 0.8107 | 0.8094 | 0.8361 | 0.8224 | 0.8096 | 0.7962
1 0.9525 | 09526 | 09271 | 09075 | 0.8506 | 0.8116 | 0.8057
2 1.2761 | 1.2774 | 09738 | 0.9527 | 0.9507 | 0.8402 | 0.8200
3 - - - - - - -
4 1.9691 | 1.4923 | 1.2679 | 0.9996 | 1.0072 | 0.8572 | 0.8179
5 - - - - - - -
6 24591 | 1.7295 | 1.3806 | 1.1701 | 1.2867 | 0.8887 | 0.8802
7 24702 | 1.7402 | 13725 | L1.1874 | 1.2775 | 0.8766 | 0.8702
8 24783 | 1.7430 | 1.3872 | 1.1902 | 1.2971 | 0.8972 | 0.8729
Table D-32  Slurry density at 40°C for Fe** + Zn>* + SIPX
No of Slurry density, gram/L
residence | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn | Fe+Zn
time + SIPX + SIPX | + SIPX= | + SIPX= | + SIPX= | + SIPX= | + SIPX=
=0ppm | =1ppm | 10ppm | 20ppm | 22ppm | 25ppm | 50 ppm
0 0.8074 | 0.8342 | 0.8016 | 0.7698 | 0.7895 | 0.7992 | 0.8129
1 0.9525 | 0.9677 | 0.8172 | 0.8066 | 0.8032 | 0.8059 | 0.8160
2 1.2761 | 1.1629 | 0.8402 | 0.8771 | 0.8272 | 0.8187 | 0.8179
3 - - - - - - -
4 1.9691 | 1.3571 | 0.9307 | 0.9081 | 0.8514 | 0.8279 | 0.8294
5 - - - - - - -
6 24591 | 1.5719 | 09976 | 0.9409 | 0.8764 | 0.8643 | 0.8301
7 24702 | 1.5706 | 0.9901 | 0.9379 | 0.8701 | 0.8624 | 0.8342
8 24783 | 1.5783 | 1.0231 | 0.9452 | 0.8787 | 0.8639 | 0.8368
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Appendix E Gypsum Scaling Experiment

1. A Sample Calculation for the Error Estimation in Preparing the
Scaling Solution

1.1. Calculation of the solutions required

Scaling experiment time = 4 hours.
Flow rate of the scaling solution = 30 ml/min.
Volume of solution needed for 4 hours = 7,200 ml.
Therefore, the volume of the Na;SOy4 solution = 3,600 ml.
Likewise, the volume of the CaCl; solution = 3,600 ml.

For easier handling, 4,000 ml each of the two solutions (Na;SO4 and CaCly) were

made. Thus,

volume of the Na,SO, solution = 4,000 ml,
volume of the CaCl; solution = 4,000 ml.
and

The total volume to be made = §,000 ml.

The two solutions were prepared by separate dissolution of crystals of Na;SO4 and
CaCly.2H,0, respectively, in distilled water. The molecular weight: Na,SO, =
142.04; CaClL.2H,0 = 172.17.

2,000 ppm of Ca™  =2,000 mg Ca* /litre.
For 8,000 litres =2,000x 8 mg = 16,000 mg Ca®*
=16 g Ca®".
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Therefore, the CaCl,.2H,;0 crystals needed =(172.17/40) x 16 grams
= 68.868 grams
= 0.4 mol.

Similarly, the NaxSO4 crystals needed = 0.4 mol
= 0.4 x 142.04 grams
= 56.816 grams.

1.2. Calculation of error in weighing

Error in weighing 68.868 grams of CaCl;.2H;0 =0.0001 g
= (0.0001/68.868)
=0.00014 %.

Error in weighing 56.816 grams of Na,SO4 =0.0001 g
= (0.0001/56.816)
= 0.00018 %.

Total error in weighing = 0.00014 % + 0.00018 % = 0.00032 %.

The systematic error of the balance used was not known.

1.3. Calculation of error in solution preparation

Volume of CaCl; solution required = 4,000 ml
The solution was measured using a 2,000 ml volumetric flask with an uncertainty of

0.6 ml.

Therefore, the systematic error =2 x (0.6/2,000) x 100 %
=0.06 %.

For the Na;SO, solution, the systematic error is the same as that for the CaCly

solution.
Therefore, the systematic error for Na;SQOy solution =0.06 %.
Total error in solution preparation =2x0.06 %

=0.12 %.
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Therefore, the total error in the preparation of the 2,000 ppm Ca’ solution = total

error in weighing + total error in solution preparation = (0.00032 +0.12) %
=0.12 %.
Hence, the concentration of the calculated 2,000 ppm of Ca** =2,000+0.12 %
= 2,000 = 2.4 ppm.

The balance used for weighing might have up to 1% uncertainty (Taylor 1997) but
this cannot be rigorously justified. It was decided, therefore, that the systematic error
for the balance was not included. Had the systematic error for the balance been
included, the 2,000 ppm Ca® solution would have uncertainty equals 2.12 %, or the

solution concentration = 2,000 + 42.4 ppm.

2. A Sample Calculation for the Error Estimation in the Scaling
Experimental Run (for 2,000 ppm of Ca** solution)

In the experimental run, errors might arise from the pumping (= pump reliability) and

the time recording.

Error in pumping =3 % of the set flow rate.

Error in time recording = 0.5 % (Taylor 1997).

Error in weighing of the mass of the scale deposited = error due to uncertainty in the
balance used =X g+0.0001 g,

(where X = weight of the deposits, in grams).

Error from the solution preparation =0.12 % (see sec. 1.1 above).

Error contributed by the pumping of the solution =3 %.

E-3



Error in recording the scaling experiment time using stopwatch
= 0.5 % (Taylor 1997).

For example, weight of clean coupon =6.3619 g.

Error in weighing the clean coupon (= the surface onto which the scale would attach)
= (0.0001/6.3619) x 100 %
=0.00157 %.

For example, the weight of the coupon after the run = 6.3740 g.

Error in weighing of the coupon with the attached deposits (= after the run)
= (0.0001/6.3740) x 100 %
=0.00157 %.

Therefore, the total error in weighing the mass of the deposits
= (0.00157 + 0.00157) %

=0.00314 %.

The total error for the entire scaling experiment using 2,000 ppm of Ca®"is:

1. Error due to the solution preparation =0.12 %

2. Error due to pumping =3%

3. Error due to time recording =0.5%

4. Error due to weighing of the scale =0.00314 %
Total error =3.62 %.
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Appendix E-1 Gypsum scaling data for Figure 7.3 (Tables E-1 to E-5)

(Effect of Ca®* concentration level on scale deposition after four hours for various
piping materials in the absence of admixtures at a low flow rate of 0.4 cm/sec).

Table E-1 Scaling data at Ca** = 2,000 ppm

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(2) scale, (kg/m®) (%)

(g)

PVC 6.3588 6.3715 0.0104 3.91
Brass 37.5078 37.5108 0.0024 3.85
Copper 39.9778 39.9792 0.0011 3.85
Stainless 35.9664 35.9678 0.001t 3.85
steel

Table E - 2 Scaling data at Ca®* = 3,000 ppm

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

63 scale, (kg/m°) (%)

(8)

PVC 6.3588 6.3715 0.0104 3.91
Brass 37.9291 37.9369 0.0064 3.85
Copper 40.0536 40.0807 0.0221 3.85
Stainless 35.9772 35.9832 0.0049 3.85
steel

Table E - 3 Scaling data at Ca** = 4,000 ppm

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/mz) (%)

(g)

PVC 6.3611 6.3947 0.0274 3.88
Brass 37.9283 37.9473 0.0155 3.82
Copper 40.0519 40.066 0.0115 3.82
Stainless 35.9766 36.0065 0.0244 3.82
steel
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Table E — 4 Scaling data at Ca®* = 5,000 ppm

Type of pipe { Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m®) (%)

(2

PVC 6.3612 6.5284 0.1365 391
Brass 37.9302 38.1016 0.1399 3.85
Copper 40.0534 40.2114 0.1290 3.85
Stainless 35.9746 36.1302 0.1270 3.85
steel

Table E — 5 Scaling data at Ca®* = 6,000 ppm

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/mz) (%)

(g)

pPvC 6.3566 6.6397 0.2311 3.90
Brass 37.9278 38.263 0.2736 3.85
Copper 40.0521 40.3677 0.2576 3.85
Stainless 35976 36.2797 0.2479 3.85
steel

E-6




Appendix E-2 Gypsum scaling data for Figure 7.4 (Tables E-6 to E-9)

(Effect of Fe*on gypsum scale deposited after four hours for various piping
materials at a low flow rate of 0.4 cm/sec and a concentration of 2,500 ppm of Ca™).

Table E — 6 Scaling data in the absence of inhibitor

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m”) (%)

(g)

PVC 6.3659 6.4115 0.0379 4.94
Brass 38.1528 38.2156 0.0512 4.89
Copper 40.1051 40.1595 0.0444 4.89
Stainless 35.9760 36.0413 0.0533 4.89
steel

Table E - 7 Scaling data in the presence of 7.5 ppm of Fe**

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(2) scale, (kg/rnz) (%)

(g)

PVC 6.3642 6.3999 0.0291 6.71
Brass 38.0739 38.1053 0.0256 6.65
Copper 40.0846 40.1126 0.0228 6.65
Stainless 35.9756 36.0283 0.0430 6.60
steel

Table E - 8 Scaling data in the presence of 15 ppm of Fe**

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

63 scale, (kg/m’) (%)

(g

PVC 6.3625 6.3812 0.0153 5.29
Brass 38.0579 38.0722 0.0117 5.24
Copper 40.0827 40.1004 0.0144 5.24
Stainless 35.9762 35.9870 0.0088 5.24
steel
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Table E - 9 Scaling data in the presence of 20 ppm of Fe**

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m") (%)

(g)

PVC 6.3625 6.3995 0.0302 4,94
Brass 38.0154 38.0356 0.0165 4.89
Copper 40.0755 40.0944 0.0154 4.88
Stainless 35.9759 35.9914 0.0126 4.89
steel




Appendix E-3 Gypsum scaling data for Figure 7.5 (Tables E-10 to E-13)

(Effect of Fe'*on gypsum scale deposited after four hours for various piping

materials at a high flow rate of 1.3 ¢m/sec and a concentration of 2,500 ppm of Ca

Table E — 10 Scaling data in the absence of Fe**

2+).

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/mz) (%)

()

PVC 10.0922 10.1251 0.0499 4.51
Brass 61.3975 61.4243 0.0406 4.48
Copper 64.6659 64.7017 0.0543 4.48
Stainless 56.7172 56.7439 0.0405 4.48
steel

Table E — 11 Scaling data in the presence of 7.5 ppm of Fe®*

Type of pipe

Mass of coupons,

Mass of coupons +

Scale formation,

Error estimate,

() scale, (kg/m®) (%)
(g)
PVC 10.0856 10.0984 0.0194 7.34
Brass 61.3042 61.3687 0.0068 7.31
Copper 64.6431 64.6475 0.0067 7.31
Stainless 55.8736 55.8786 0.0076 7.31
steel

Table E- 12 Scaling data in the presence of 15 ppm of Fe**

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

3) scale, (kg/m”) (%)

9]

PVC 10.0877 10.0968 0.0138 5.93
Brass 61.3585 61.3628 0.0065 5.89
Copper 64.641 64.6468 (.0088 5.89
Stainiess 55.8403 55.8451 0.0073 5.90
steel
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Table E - 13 Scaling data in the presence of 20 ppm of Fe®*

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(8 scale, (kg/m®) (%)

(g

PVC 10.0874 10.0908 0.0051 5.57
Brass 61.3426 61.3463 0.0056 5.54
Copper 64.6351 64.6416 0.0098 5.54
Stainless 56.6047 55.6165 0.0179 5.54
steel
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Appendix E-4 Gypsum scaling data for Figure 7-6 (Tables E-14 to E-17)

(Effect of SIPX on gypsum scale deposited after four hours for various piping

materials at a low flow rate of 0.4 cm/sec and a concentration of 2,500 ppm of Ca

Table E-14 Scaling data in the absence of SIPX.

2+).

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

{(2) scale, (kg/m®) (%)

()

PVvC 6.365 64115 0.0380 3.88
Brass 38.1528 38.2156 0.0513 3.82
Copper 40.1051 40.1595 0.0444 3.82
Stainless 35.976 36.0413 0.0533 3.82
steel

Table E — 15 Scaling data in the presence of 5 ppm of SIPX

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,
(g) scale, (kg/m°) (%)
(g

PVC 6.3659 6.3952 0.0239 13.88
Brass 38.1414 38.1763 0.0285 13.82
Copper 40.1011 40.129 0.0228 13.82
Stainless 35.9763 35.9875 0.0091 13.82
steel

Table E - 16 Scaling data in the presence of 10 ppm of SIPX.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m’) (%)

(2)

PVC 6.3629 6.3739 0.0090 8.88
Brass 38.1413 38.1462 0.0040 8.82
Copper 40.1003 40.1033 0.0024 8.82
Stainless 35.9757 35.9799 0.0034 8.82
steel
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Table E- 17 Scaling data in the presence of 20 ppm of SIPX.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

4] scale, (kg/m®) (%)

§29)

pPv(C 6.3627 6.3672 0.0037 0.38
Brass 38.1418 38.1431 0.0011 6.32
Copper 40.1007 40.1014 0.0006 6.32
Stainless 35.9756 35.976 0.0003 6.32
steel
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Appendix E-5 Gypsum scaling data for Figure 7.7 (Tables E-18 to E-21)

(Effect of SIPX on gypsum scale deposited after four hours for various piping
materials at a high flow rate of 1.3 cm/sec and a concentration of 2,500 ppm of Ca™).

Table E - 18 Scaling data in the absence of SIPX.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,
(g) scale, (kg/m’) (%)
(g)
PVC 10.0922 10.1251 0.0499 451
Brass 61.3975 61.4243 0.0406 448
Copper 64.6659 64.7017 (0.0543 4.48
Stainless 56.7172 56.7439 0.0405 4.48

steel

Table E — 19 Scaling data in the presence of 5 ppm of SIPX.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,
(&) scale, (kg/m”) (%)
(g

PVC 10.0926 10.113 0.0309 14.51
Brass 61.394 61.4065 0.0189 14.48
Copper 64.6642 64.6789 0.0223 14.48
Stainless 56.3287 56.3415 0.0194 14.48
steel

Table E — 20 Scaling data in the presence of 10 ppm of SIPX.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, } Error estimate,

(g) scale, (kg/m®) (%)

(g)

PVC 10.0894 10.1012 0.0179 9.51
Brass 61.3929 61.3971 0.0064 9.48
Copper 64.6633 64.667 0.0056 9.48
Stainless 56.3171 56.3197 0.0039 9.48
steel
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Table E — 21 Scaling data in the presence of 20 ppm of SIPX.

Type of pipe | Mass of coupens, | Mass of coupons + | Scale formation, | Error estimate,

(2) scale, (kg/m®) (%)

(g)

PVC 10.0897 10.1069 0.0261 7.01
Brass 61.3946 61.3992 0.0070 6.98
Copper 64.6657 64.6699 (.0064 6.98
Stainless 56.3153 56.3161 0.0012 6.98
steel
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Appendix E-6 Gypsum scaling data for Figure 7-12 (Tables E-22 to E-25)

(Effect of type of piping materials on gypsum scale deposited in the absence of any

admixtures at a low flow rate of 0.4 cm/sec and a concentration level of 4,000 ppm

of Ca™).

Table E- 22 Scaling data after four hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Frror estimate,

(g) scale, (kg/mz) (%)

€3]

PVC 6.3587 6.4685 0.089¢6 3.91
Brass 37.9293 38.0314 0.0833 3.85
Copper 40.0534 40.1371 0.0683 3.85
Stainless 359748 36.0514 0.0625 3.85
steel

Table E — 23 Scaling data after eight hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m’) (%)

(2)

PVC 6.359 6.6443 0.2329 3.96
Brass 37.9314 38.2384 0.2506 391
Copper 40.055 40.3237 0.2193 3.91
Stainless 35.9765 36.164 0.1530 3.91
steel

Table E- 24 Scaling data after 12 hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/mz) (%)

(&)

PVC 6.3593 6.7476 0.3169 4.02
Brass 37.9278 38.2617 0.2725 3.97
Copper 40.0519 40.3299 0.2269 3.97
Stainless 35.9757 36.2784 0.2471 3.97
steel
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Table E — 25 Scaling data after 16 hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,
(g) scale, (kg/m®) (%)
(g)
PVC 6.3571 7.0305 0.5496 4.08
Brass 37.9278 38.539 0.4988 4.03
Copper 40.0519 40.6359 0.4766 4.03
Stainless 35.9762 36.3997 0.3457 4.03

steel
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Appendix E-7 Gypsum scaling data for Figure 7-13 (Tables E-26 to E-29)

(Effect of type of piping materials on gypsum scale deposited in the absence of any

admixtures at a high flow rate of 1.3 cm/sec and a concentration level of 4,000 ppm

of Ca?).

Table E — 26 Scaling data after four hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

() scale, (kg/mz) (%)

£9)

PVC 10.085 10.1179 0.0497 4.54
Brass 61.3029 61.3276 0.0374 451
Copper 64.6042 64.6334 0.0443 4.51
Stainless 58.1467 58.168 0.0323 4.51
steel

Table E- 27 Scaling data after eight hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m’) (%)

(g)

PVC 10.0849 10.2506 0.2512 4.60
Brass 61.3046 61.4867 0.2760 4.57
Copper 64.6056 64.7767 (0.2593 4.57
Stainless 58.1485 58.1988 0.0762 4.57
steel

Table E- 28 Scaling data after 12 hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(® scale, (kg/m’) (%)

(g)

PVC 10.0844 10.1372 0.0800 4.66
Brass 61.2938 61.3473 0.0811 4.63
Copper 64.5962 64.6341 0.0574 4.63
Stainless 58.1483 58.1678 0.0296 4.63
steel
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Table E- 29 Scaling data after 16 hours of scaling time.

Type of pipe | Mass of coupons, | Mass of coupons + | Scale formation, | Error estimate,

(g) scale, (kg/m®) (%)

(g)

PVC 10.0831 10.2541 0.2592 4.72
Brass 61.2939 61.4651 0.2595 4.69
Copper 64.5959 64.828 0.3518 4.69
Stainless 58.1488 58.426 0.4202 4.69
steel
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