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Introduction

1. Introduction

There is a big effort in developing techniques to improve the seawater
desalinisation. That means to reduce the costs of fresh water and to reduce the
impacts on environment.

One of the most important factors that contribute to high production costs of

fresh water from seawater in desalination is scale formation (encrustation). Scale
formation e.g. CaCOs3; in seawater desalination is a crystallization phenomenon. This
phenomenon can be defined as crystallization of inorganic compounds in a multi-
component solution (seawater). This type of crystallization is considered to be
complicated, since the crystallization process is influenced by the compounds which
exist in seawater and the complex plant operational conditions.
Most known techniques that are used to reduce the encrustation in seawater
desalination are not based on crystallization processes as will be shown in the next
chapters. On this account, the motivation of this work is to find alternative
technologies to reduce the encrustation by applying the principles of crystallization.

It would be desirable therefore first to study the effect of inorganic compounds

on the nucleation step of crystallization in inorganic solutions. In order to fill the gap
in the literature in terms of finding an interpretation to the effect of additives
concerning suppression, enhancement or non of both of these effects on the
metastable zone width of inorganic solutions. This study will indeed be helpful in a
better understanding of crystallization processes.
Reducing the scale formation in seawater desalination can be achieved by a pre-
treatment process where a precipitation and a separation of CaCO;s is taking place. A
spontaneous precipitation of CaCOs3; in seawater can not occur without modifying the
degree of supersaturation of CaCOs; in seawater as it will be presented.

The aspects of using a pre-treatment process as alternative method by means of an
environmental friendly and economical solution will be discussed.
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2. State of the Art

2.1 Electrolyte solutions

Compounds that exist as ions, as cations and anions, when dissolved in water
are called electrolytes and thus, the mixture of cations, anions and water molecules
is called an electrolyte solution. This electrolyte solution can be formed pure or as
mixture according to the number of dissolved substances (solute) in water (solvent).
Further, the electrolyte solutions are divided into week and strong solution, this is due
to the ionization process of electrolytes that dissolve in water. There are references
which are dealing with types, properties, structures and the thermodynamics of
electrolyte solutions [MUR84], [ZEM86], [LOB89].

In solution and under special conditions (supersaturation), a solid phase can
form from the dissolved compounds. This phase separation process is called
crystallization. Generally speaking, crystallization from solutions can be achieved by
two steps, nucleation and crystal growth. Both steps are controlling the crystalline
products in terms of crystal shape, size distribution, purity and morphology.
Furthermore, they could strongly affect the product yield.

Decades ago, many researchers started to investigate and interpret the effect
of additives on nucleation and crystal growth processes. The methodology of their
research was so far concentrated on the conditions accompanied to the solid phase
formation (crystals in bulk solutions) [DAV74], [KUB97], [HEN98], [SANO04]. The liquid
phase structure changes of the bulk solutions [ONOG8], [KUB95] and [NYV98] were
hardly be considered. Especially, when they studied the effect of impurities on the
nucleation process.

Thereby, the present study will show how the change in the structure of solutions can
play a big role in interpreting the effect of impurities on the nucleation process.

2.2 Thermodynamics of ion solvation

Solvation is defined as the attraction and association of molecules of a solvent
with molecules or ions of a solute [DOG85]. As salts dissolve in a solvent they spread
out and become surrounded by solvent molecules. There are different types of
intermolecular interactions: ion-ion, ion-dipole and dipole-dipole attractions or van der
Waals forces which occur only in polar solvents. Figure 2-1 shows the sequence of
thermodynamic steps for a general case of salt dissolution in water.
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Figure 2-1: The enthalpy change of ion-dipole formation during the dissolution process
according to Norton [CTS08]

The dissolution process can be thermodynamically summarized as follows:

1.
2.

Breaking of solute ionic bonds, i.e. lattice enthalpy.

The spherical symmetrical field of individual ions may tear water dipoles out the
liquid structure (Breaking of hydrogen bonds in solvent, i.e. enthalpy of solvent).
A certain number of water molecules in the immediate vicinity of the ion are
trapped. And water dipole charged ends are oriented towards the center of ions
to form a hydration shell (primary solvation shell) of ion-dipole. It can have a
positive or a negative charge as shown in e.g. figure 2-2. The energy required to
form the shell of hydration is called the enthalpy of hydration. This energy
represents the ion-dipole intermolecular force interaction, which is the value
which depends on the ionic radius and charge [BURS88]. Further, it depends on
the temperature, pressure and number of water molecules in the hydration shell.

The enthalpy of hydration values for different inorganic compounds in terms of
cations and anions have been calculated through thermodynamic models as can be
found by Marcus [MAR87]. These values will be the factor of setting up a new rule to
study and interpret the effect of inorganic additives on the nucleation of inorganic
compounds, as will be described later.
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Figure 2-2: Hydration shell represented by ammonium nitrate dissolved in water [CTS08]

Accordingly, ion-ion intermolecular forces can be understood through the
following concepts:

1. Each solvated ion, i.e. ion-dipole may be assumed to undergo random motion
in solution.
2. The positive and negative charges of solvated ions may be trapped in the

columbic field of each other, the electrostatic force (F) between these ions can
be represented by the following equation [SANO7]:

Z,-7,-€
o @
With: z valence of ion (-)
e elementary charge (1.6022*107° ¢)
r distance between the ions (nm)
€ dielectric constant of the solvent (€ = € &)
Er relative dielectric constant (relative permittivity) of solvent (water
[DAV9I5])

€  vacuum permittivity (8.854187*107"2 ¢*/N.m?)
In concentrated electrolyte solutions, the electrostatic force is very strong between
the positive and negative ion-dipole in the bulk water.
From all of above, the intermolecular forces namely ion-ion and ion-dipole
interaction are the key factors to study the effect of additives on nucleation.

2.3 Solubility and nucleation

One of the basic requirements in crystallization process design is to find the
phase diagram of solute-solvent equilibrium. Generally speaking, the phase diagram
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can be defined as those equilibrium states (AG=0) between gas, liquid and solid
phases.

In crystallization based on liquid solution, liquid-solid phase equilibrium is the case
concerned. The term solubility represents the state of equilibrium between dissolution
and growth of solute (solid) in pure solution (liquid). The dissolution or growth
process is zero at that specific temperature and pressure. Figure 2-3 is an
experimental example to show the zones of K,SO, stability.
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Figure 2-3: Three zones that describe the stability states of K,SO, are shown. Here the
ultrasonic velocity is taken as a measure for the concentration [OMA99]. The upper limit of
the metastable zone (Nucleation) is found by measurement with a cooling rate of in this case
5 K/h. 1) The stable (undersaturated) zone: a crystal dissolution process can occur here. 2)
The metastable (supersaturated) zone: a crystal growth process can only occur here. 3) The
unstable (supersaturated) zone: instant nucleation happens here.

Normally one of methods to create a supersaturated state is for most
compounds to diminish the temperature of the solution. While for some other it is an
elevating in temperature that can change the system to the state of instability.
Consequently, the unstable region has been divided into two main areas, metastable
and unstable, by a nucleation curve (upper limit of the metastable zone) which
referred to first visible nuclei, of e.g. K;SO,4 as appeared in figure 2-3. This kind of
nucleation is classified as homogeneous nucleation. Nucleation has been classified,
e.g. by Mullin [MUL93] as shown below:
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Primary Secondary
/ \ (induced by crystalline

material of the same kind)

Homogenous Heterogeneous

(spontaneous) (induced e.g. by foreign particles)

It is worth while to mention that the changes in free energy which associated
with homogenous nucleation processes are illustrated below [MUL93]. The changes
in free energy leads to a formation of a new phase in the bulk solution and are
represented by equation 2-2:

AG (2-2)
AGs + AG,
AGs = 47y r? 4t
y AG, =2 P AG,
3
Change in free energy leads to formation Change in free energy leads to formation
of surface of volume

Hence, to form a new nucleus in a supersaturated solution, work should be done on
the system to change it from equilibrium state (AG = 0) to unstable state at which the
AG >0. The maximum value of AG that is required to create a cluster of a new crystal
can be found by minimizing the equation 2-2 as shown below:

: dj—rG= 8zyr+ 4z r* AG,=0 (2-3)
_2}/

r=—-~ 2-4

©AG, (2-4)

By substitution equation 2-4 in equation 2-2, this lead to:

167[7/3 Ay I’c2

crit 3(AG,)? 3 (2-5)
With:
AG,_,; Minimum value of free energy required for nucleation
y Interfacial tension
AG, Free energy change of the transformation per unit volume
r Critical size of nucleus

C
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In figure 2-4, the critical free energy can be seen with the corresponding critical

radius of a nucleus.

+ve

Free energy, AG
o

Size of nucleus, r

Figure 2-4: Free energy diagram to illustrate the nucleation in terms of critical radius of the
nucleus [MUL93]

As shown in figure 2-4 the value of AG, is always positive which gives an indication
of a non spontaneous process. Further AG,, (nucleation) is effected by different

conditions, e.g. temperature level and pressure level.

In contrast to the nucleation process (a kinetic process), the solubility is
defined purely by thermodynamics. It may be considered here the pure salt (M)
making a strong electrolyte solution of the constituent ions (A) and (B) saturated with
respect to that salt as illustrated in following equations [ZEM86]:

M = aA+ bB (2-6)
1 (T)= 7 (T)+ RT In(y;m,) (2-7)
Using the chemical potential thermodynamic concept equation 2-7 represent

equation 2-6 leads to:
(M) = a-p,(T) + b py (T) (2-8)

ty M)+ RTIn(yymy)=a [ux(T)+ RTIn(y,m )]+ b [ (T)+ RT In(ygmg)]

7



State of the Art

(at, (T)- [a w3 (T) +b 8(T)]) = RT In(” Amg; \ B)mB’ J (2-9)

It is known, that the x(T)is a reference chemical potential or the standard chemical

potential and the partial molar Gibbs free energy is also known as a chemical
potential. Thus, the left side of equation 2-9 can be substituted by the quantity of

G_io (T) . These quantities are given in form of AG ?i :

exp(_ ([aAGS (T) + bAGE (T)] - AG, (T»j _ (mmm mma)bj (2-10)
RT (ruMmy)
or
- (7ama)? - (7sMg)’ (2-11)
® (rmMy)

Where K, is the solubility product of a single compound (M) dissolved in pure water

at a certain temperature and one atmosphere total pressure. Solubility of any
substance can be calculated by using the solubility product and the activity coefficient
(7,) of the component which is normally be effected by the purity of the solution.

Hence, in the case of multi-component electrolyte solutions, many models may be
found to calculate the activity coefficients of solution such as the Guggenheim,
Bromley, Meissner and Pitzer model [ZEM86]. Thereby, the solubility can be
calculated.

2.4 Metastable zone width and influence of the additive

The design of crystallizers requires to respect a set of different conditions for
their design. One of these important conditions is the width of metastable zone
(MSZ). The MSZ width is important to achieve a desired product property in terms of
crystal shape, purity and size distribution. In industrial crystallization, the optimum
operation conditions for a crystallizer is in the middle of the width of the MSZ, in the
range of 0.1 < ATost /ATusz < 0.5 [MER98]. This level of supersaturated (MSZ) is
affected by many other conditions. One of these conditions is the level of impurities
existing in the solution. The impurity level might reduce or increase the width of
metastable zone. However, some additives are not effecting the MSZ width. This
depends on the type and amount of impurities in solution.

As it is well known, the metastable zone width is limited by the solubility and
nucleation curves as appeared in e.g. figure 2-3. The effect of impurities on the MSZ
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width can occur either by changing the nucleation or the solubility curves or just one
of them. The effect of impurities on the solubility curve is predictable through such
models as the Pitzer model. This needs to calculate the activity coefficient for multi-
component systems as mentioned in section 2.3. Therefore, the big challenge in
studying the effect of impurities on the MSZ width lies in the prediction and the
explanation of the effect of impurities on the nucleation curve which is unknown till
now. This can be seen quite clearly in many studies (e.g. [SAY01, TIT02, GIN93]). In
those studies experimentally found influences of additives on the width of the
metastable zone are shown without giving any interpretation to describe the found
effects.

2.5 Induction time

The induction time of precipitation can be defined as the time elapsed between
the establishing of a supersaturation and the first change in the systems physical
properties. This change is due to the formation a new solid phase in the bulk solution.
Experimentally, induction time is determined either visually, by turbidity, or by
measuring the change in concentration decreases through methods such as
conductivity, pH, or ultrasonic velocity of the solution. When the induction time is
determined visually, the measured time is a summation of the time required to form a
critical nucleus (t) and the time for the growth of this nucleus to a visible size (tg),
(tina= ti+ tg). However, the induction time is related to supersaturation as shown in
equation 2-12 [SOH92]:

B

T (logs) " (+12)

log(t;,s) =
Where
A= empirical constant

_a-N,-0V," (0
(23-R)?

a = geometric shape factor (equal to 16z / 3 of the spherical nucleus)

N, =6.0221415%10* mol™

V., =molar volume  cm®/mol

R =8.314 J/mol.K
f (®) = correction factor, if homogeneous equal 1, if heterogenous equal 0.01

o =interfacial energy J/m?

Basically, the measurement of the induction time is one of the essential steps
in the study of precipitation processes. Especially, to study scaling processes for
those insoluble substances such as CaCO3;, CaSO4 and Mg(OH); in e.g. seawater

9
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desalination processes. Where the process of precipitation takes relatively long time,
certainly, this depends on the level of the instant supersaturation. However, in many
industrial processes where scaling problems can occur a great effort has been spent
to prolong the induction time through employing different methods such as
suppression of calcium carbonate scale by antiscalants [HAS98], magnetic treatment
[HAS85] and surface coating techniques [WANOQ7] etc., to control the scaling problem
and achieve fresh water at low costs.

Seawater desalination (reverse osmosis or thermal process) is one of these
important industry processes, at which CaCOs; represented the main scaling problem.
In several studies [RED71], [SOH82], [KOU84], [GOM96], [ELF04] the induction time
of CaCOs3 in agueous solution was investigated at different conditions. However, it
is well known that the induction time is affected by different parameters such as the
level of supersaturation, presence the impurities, state of agitation, viscosity, etc
[MUL93].

It is rare to find a study in literature of direct measurement of the induction time for
CaCOs; in the bulk of a seawater solution! It can be useful, however, in many
applications to reduce the impact of CaCOs scaling.

10
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2.6 Seawater composition and saturation state

Seawater is defined as multi-component electrolyte solution, wherein the
solutes are primarily sodium and chloride ions, with lesser amounts of other inorganic
ions as can be seen in table 2-1. The total amount of dissolved solid content in
seawater is called salinity and usually expressed in part per thousand by weight. The
salinity of normal seawater is approximately 35 g/kg [BUT82].

Table 2-1: Composition of the natural and artificial seawater [DANG7]

lon Ato_mic Artificial Natural seawater
weight seawater (g/kg) (a/kg)
Cl™ 35.453 19.353 19.353
Na* 22.9898 10.764 10.76
SO 96.06 2.701 2.712
Mg? 24.312 1.297 1.294
Ca? 40.08 0.408 0.413
K* 39.102 0.387 0.387
HCO, 61.01 0.142 0.142
Br- 79.91 0.066 0.067
Sr2* 87.62 0.014 0.008
H,BO, 61.83 0.026 0.026
E- 19.00 0.001 0.001

Normally, for research study, artificial Table 2-2: Preparation of artificial
seawater is used in order to minimize  seawater, here 35 g/kg salinity
the biological effects and to provide a

reproducible  solution of  known Salt Unit mass (g/kg)
composition. The preparation methods NaCl 23.926
f artificial t be found i
of artificial seawater can be found in N2,SO. 4.008
many references such as [MILOO] and
[DAN67]. Table 2-2 shows the KCl 0.677
requirement amounts of inorganic salts NaHCOs; 0.196
to prepare artificial seawater with 35.17 KBr 0.098
g/kg salinity. Further, ASW with HsBO3 0.026
different values of salinities can also be NaF 0.003
obtalnec.j.through .the. use c?f the same MgCl, 5072
composition that is listed in table 2-2
. . CaCly 1.147
but after multiplying by a conversion
factor. SrCl, 0.014
Total dissolved salts 35.17

11
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Chemically, seawater as a complicated electrolyte solution can form sparingly soluble
compounds such as CaCO;, CaSO,4 and Mg(OH), which can be deposited on the
outer surface of heat transfer units in desalination systems.

It is worthwhile to mention that CaCOs is in saturation state in seawater, where
the supersaturation of CaCO3; in surface seawater was first noted in the central
Atlantic by Wattenberg and Timmerman in 1936. Also it appears that most surface
waters of the world’'s oceans are supersaturated with respect to CaCOs. This non
equilibrium state of the CaCO; system in surface seawater has generally been
attributed to some non-specific inorganic reaction kinetic control [CHA70]. In contrast
the CaCOs3 state in deep seawater is undersaturated because its solubility increases
strongly with pressure and salinity. Also to a lesser extent an effect comes from the
slight decreases in solubility with decreasing temperature. Hence, this decrease of
saturation with depth is not due to a change in total carbonate or alkalinity [CHAT7O].
Table 2-3 shows the degree of supersaturation of CaCOs; in the surface and deep
seawater as calculated by BUTLER [BUT82].

It has been investigated that when Table 2-3: Degree of supersaturation of CaCO;
S~7, the deposition rate of CaCO; in natural seawater (T = 25 °C, salinity = 35
is quite small, this value is  9/kg) [CHA7O]

considered a critical value of

, ) Parameter Surface Depth
supersaturation. The larger this
value is the more the deposition Om 6730 m
rate will increase and remain Pressure 1 atm 667 atm
roughly constant for a fixed pH 8.25 8.10
condition [GLAO1]. The degree of [COZ ] 0.00023 | 0.00007
supersaturation of the CaCO3; value
in the surface of seawater s [Ca*][CO;"] 0.00239 | 0.0000006
considered to be very small. . [Ca? ][COZ]
Hence, the surface of seawater is K, 5.2481 0.3802
generally  supersaturated  with

CaCOgs but it will not precipitate from
natural seawater in a convenient
experimental time [CHAT70].

Here it is very necessary to mention that the CaCOs activity coefficient in seawater
was calculated and included with solubility product (K ) in the calculation of the

degree of supersaturation.

12
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2.7 Chemical definition of scales

Scaling can be defined as the non wanted deposit of inorganic compounds on
surfaces as an example on a heat exchanger. The most negative effect of scaling is
in decreasing the efficiency of the heat transfer rate affecting the yield of the process.
The biggest problem that faces the seawater desalination industry other than
corrosion is the scale formation. Many intensive studies showed the most important
conditions, which are accompanying the scale formation in seawater desalination.
Scales can be divided into two main classes in the seawater desalination [GLA 01]:

2.7.1 The alkaline scale: Ca* +COZ — CaCo, (2-13)

Reaction mechanism | (acidic mechanism):

Step 1: CO, +H,0 < HCO; +H* (2-14)

Step 2: HCO; < COZ +H* (2-15)

Reaction mechanism |l (alkaline mechanism):

Step 1: CO, + OH "~ & HCO; (2-16)
Step 2: HCO, +OH ™ < CO2 +H,0 (2-17)
The overall reaction: 2HCO, < CO, +COZ +H,0 (2-18)

Normally the COs% ions are the limiting reactants in seawater, which is, however, not
enough to reach the required degree of supersaturation for a precipitation. But when
changes in the conditions of:

» Temperature and pressure

» Concentration of HCO,

» Concentration of CO, gas dissolved
occur, equation 2-18 can shift to the right side and this will lead to an increase in the
concentration of COs% in the bulk solution of seawater. This is essential to form the
major scales of CaCOs3 in seawater desalination.

2.7.2 The non alkaline scale: Ca** +S0O; — CaSO, (2-19)

This kind of scales has a different chemical mechanism which is not the case here.
13
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2.8 Desalination methods

Desalination can be defined as any process that removes salts from water.
Desalination processes may be used in municipal, industrial, or commercial
applications. With improvements in technology, desalination processes are becoming
cost-competitive with other methods of producing usable water.

There are two major types of technologies that are used around the world for
desalination. They can be broadly classified as either thermal or membrane. Both
technologies need energy to operate and produce fresh water. Within those two
broad types, there are sub-categories (processes) using different techniques. The
major desalination processes are identified in table 2-4:

Table 2-4: Desalination Technologies and processes

Thermal Technology Membrane Technology
Multi-Stage Flash Distillation (MSF) [WANO7] Electrodialysis (ED)
Multi-Effect Distillation (MED) Electrodialysis reversal (EDR)
Vapor Compression Distillation (VCD) Reverse Osmosis (RO)

Thermal technologies, as the name implies, involve the heating of saline water and
collecting the condensed vapour (distillate) to produce pure water. Thermal
technologies have rarely been used for brackish water desalination, because of the
high costs involved. They have, however, been used for seawater desalination and
can be sub-divided into three groups: Multi-Stage Flash Distillation (MSF), Multi-
Effect Distillation (MED), and Vapour Compression Distillation (VCD).

Membrane technologies can be subdivided into two broad categories as can be
seen in table 2-4, Electrodialysis (ED) is a voltage-driven membrane process. An
electrical potential is used to move salts through a membrane, leaving fresh water
behind as product water. The Electrodialysis Reversal (EDR) unit operates on the
same general principle as an ED unit, except that both the product and concentrate
channels are identical in construction.

In relation to thermal processes, Reverse Osmosis (RO) is a relatively new process
that was commercialized in the 1970s. Currently, the RO processes use pressure as
the driving force to push saline water through a semi-permeable membrane into a
product water stream and a concentrated brine stream [HAROS].
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2.9 Problems caused by scaling

One of biggest challenges that face the seawater desalination industry is
scales formation. Scales formation occurs due to the elevating the degree of
supersaturation of scales (sparingly soluble inorganic compounds). Scales causes
reduction in the performance of desalination process, this reduction can be seen in
different ways according to the types of technology as following:

2.9.1 Thermal technologies

The effect of scaling in this technology can be summarized in two main types:

» Formation of an insulating film on the tube surface, which leads to additional
resistances to heat transfer, hence, resulting in a reduction of plant thermal
efficiency.

» Narrowing the passage way of seawater. This leads to higher pumping costs.

Both effects are involved in the increase of the saline water production cost [GLAO1].

2.9.2 Membrane technologies

Reverse osmosis plants have at their heart a membrane that if damaged
reduces output, increases costs and gives poor water quality. It is therefore important
to keep it clean.

When the sparingly solubility compounds are exposed along the membrane surface
due to an increase in their concentrations, a precipitation process starts onto the
membrane surface that results in a scale formation. The amount of scales will be
increased with time leading to a reduced output and increased product water
conductivity.

The worst of these solids being calcium carbonate and calcium sulphate and so the
prevention of their precipitation is vital if the membrane is to function efficiently
[ACCO08].

2.10 Methods of scale reduction; disadvantages

A lot of efforts have been carried out to find methods in order to prevent the
scaling phenomena from taking place in industrial applications. Chemical and
mechanical treatments are widely used in industry. Dosing traces of amounts of
chemicals that are inhibiting crystal growth of the scaling materials is called chemical
treatment [HAS98]. This treatment is effective but it has a disadvantage in terms of
not being friendly to environment and it is costly. Another kind of chemical treatment
is known as acid cleaning [HANO3]. Even though, acid treatment is a very effective
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method, it contributes to increase corrosion in case of an excess acid addition. Large
quantities of acid; leads to increasing costs.

The mechanical treatment has different mechanisms. One of these mechanisms is a
mechanical cleaning; this can be achieved through circulating sponge balls injected
inside the tubes of the heat exchanger. By this way the scaling in the heat exchanger
can be reduced [ALB93].

In the literature it was further suggested to prevent scale formation by removing
minerals from the feed in a prior unit operation [NIS04]. This can be achieved by
using equipments in which the precipitation and separation process can take place
for the scaling materials.

2.11 Aims of research work

The crystallization industry is still facing many challenges at different levels in
terms of e.g. obtaining the desired product and solving industrial problems by using
crystallization technology. One of these challenges is to study the width of
metastable zone of inorganic compounds. Since the most important influences on the
width of the metastable zone is due to the kind and concentration of the impurities
existing in solutions. However, the presence of impurities in a solution leads to
different disturbances in the yield of a product. So far only an experimental
determination for the effects of impurities exists in the relevant literature, however,
without any interpretation of these results. Most explanations of nucleation and
crystal growth in presents of additives start at the solid phase but do not take into
account the change in the structure of the solution when additives are added to a
solution.

In the present work, it is investigated if the properties of intermolecular

interactions of cations and anions of each additive, solvent and salt in the solution
are the key to the interpretation of the influence of additives on the metastable zone
width of inorganic compounds.
The polythermal method was used to measure the effect of the additives, e.g. A
Fe®*, Ba*, Li* and K* on the MSZ width of ZnSO,. These additive ions were selected
according to a suggested rule which takes the amount of hydration enthalpy values
into account as will be illustrated.

A better understanding for the thermodynamics of crystallization processes of
multi-component systems can contribute highly in improving and modifying methods
to solve different problems in crystallization applications. One of these applications is
the seawater desalination. Since the scale reduction is still a competitive topic in
terms of minimizing the process cost and environmental impact due to use of
chemical methods.

3+
™,
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The other important part in this work is to show the possibility to reduce scale
formation e.g. in seawater desalination. The principal idea of the concept is a
reduction of the amount of calcium ions, which are causing the main scaling problem
in seawater desalination such as CaCO3; and CaSOg scales. This reduction of calcium
ions can be carried out before the feed of the seawater goes into the desalination
unit. It can be defined as pre-precipitation and pre-separation unit. In this unit, it is
suggested to use the power of ultrasound to accelerate the precipitation of calcium
carbonate after modifying the degree of supersaturation in seawater.

Moreover, the crystal growth of natural calcite has been used to see if a reduction of
the CaCO3; concentration is possible in seawater?

The induction time of CaCOs; in artificial seawater after modifying the degree of
supersaturation was investigated. This is necessary in understanding the kinetics of
CaCOg3 precipitation in artificial seawater that will be very helpful in selecting a
suitable method to achieve the reduction purpose. In addition, this will fill the shortfall
in the literatures.

2.12 Present work methodology
2.12.1 Suggested rule to select the additives

On the basis of the dissolution steps as illustrated in the figure 2-1, it is
suggested to create a selection rule that takes the amount of hydration enthalpy
values into account as shown in table 2-5. Where some inorganic compounds have
been classified in terms of their hydration enthalpy values for cations and anions
[MURB84]. According to this table different groups (see figure 2-5) can be obtained to
study the effect of additives on the MSZ width. In table 2-5, rows and columns refer
to the hydration enthalpy values of the cation and anion of the salts, respectively.

Table 2-5: Classification of inorganic compounds in terms of hydration enthalpy value

Hydration enthalpy

(kJ/mol) Additives
Anion values 1500-1000 500-0 Cations Anions
Cation values
©000-4000 Aly(SO4)s AIClI; Al SO% or CI
4000-3000 ScCls Sc* SO* or CI
2500-2000 ZnS0O, or CuSO, cu? SO% or CI
2000-1500 FeSO, FeCl, Fe®* SO% or CI
1500-1000 BaCl, or MgCl, | Ba** or Mg** | SO* or CI
1000-500 Li,SO, LiCl Li* SO% or CI
500-0 K,SO, KCI K* SO* or CI
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The first group can be obtained by selecting as an example ZnSO, as the compound
to study and the other salts {Alx(SO4)s;, FeSO4, BaCl,, Li,SO4 and KySO4} as
additives. This is how a selection procedure for additives for the rest of the
compounds in the table can be set up. Therefore it can be studied if this rule can be
used to explain the effect of additives on the MSZ width with respect to their
hydration enthalpy values.

Aly(SO4)3 AICl;
FeSO, /FGC'Z CuSO,
ZnS0O, éBaCIZ Licl = MgCl, K,SO, —> BaCl,

E Li,SO, BaCl, Li,SO,
KoSOy

Figure 2-5: Some groups (main compounds and potential additives), which are obtained
from table 2-5 in order to study the additive effect

2.12.2 Suggested methods to reduce scaling in seawater desalination

Two principles of crystallization have been suggested to reduce the resource
of CaCOj; scaling from artificial seawater:

»  Crystal growth

The principle of crystal growth can be applied through providing a growth
medium for CaCOs in artificial seawater without chemical addition. A fluidized bed
crystallizer was used for this purpose.

»  Precipitation

The power of ultrasound has been used to accelerate the precipitation of
CaCOs3 in the bulk solution of seawater. This precipitation cannot occur without
modifying the supersaturation of calcium carbonate. Because the degree of
supersaturation is considered very low when it is compared with S~7 (see section
2.6), as illustrated in table 2-6. In spite of increasing the temperature and salinity, it
shows a small difference in the degree of supersaturation. The calculations have
been done according to the degree of supersaturation defined by equation 2-20 [ALR
04].
_[Ca*][CO;]
S a—

sp

S (2-20)
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Table 2-6: Degree of supersaturation (S) of CaCOs; in seawater as a function of salinity and
temperature

Salinity
T (°C) |(g/kg) PH | Ksp cacite | [Ca%] | [COsZ] | Year Yeor S
25 35 7.82 |6.411E-07 | 0.01027 | 0.00017 | 0.2282 | 0.0228 2.73
25 45 7.9 |9.045E-07 | 0.01320 | 0.00030 | 0.2398 | 0.0154 4.41
25 55 7.91 [1.247E-06 | 0.01614 | 0.00040 | 0.2607 | 0.0103 | 5.23
25 65 7.91 [1.721E-06 | 0.01907 | 0.00048 | 0.2903 | 0.0066 | 5.29
25 75 7.9 [2.410E-06 | 0.02201 | 0.00050 | 0.3296 | 0.0042 | 4.60
25 85 7.91 | 3.451E-06 | 0.02494 | 0.00051 | 0.3802 | 0.0025 3.68
80 35 7.68 |4.356E-07 | 0.01027 | 0.00060 | 0.1914 | 0.0123 14.07
80 45 7.67 | 6.895E-07 | 0.01320 | 0.00086 | 0.2024 | 0.0074 | 16.39
80 55 7.72 | 1.054E-06 | 0.01614 | 0.00120 | 0.2222 | 0.0044 18.45
80 65 7.76 | 1.597E-06 | 0.01907 | 0.00152 | 0.2507 | 0.0026 18.16
80 75 7.77 | 2.439E-06 | 0.02201 | 0.00170 | 0.2889 | 0.0015 15.37
80 85 7.71 | 3.789E-06 | 0.02494 | 0.00159 | 0.3390 | 0.0008 10.48

It should be observed that the CaCOg activity coefficient in seawater was calculated
and is included together with the solubility product (K, ) in the calculation of the

degree of supersaturation in equation 2-20.

Furthermore, the limit of metastable zone of CaCOj; in pure water has been
investigated [ELFO04]. Table 2-7 shows the conditions for the spontaneous
precipitation of calcite at T=30 °C.

Table 2-7: The required degree of supersaturation for spontaneous CaCOj; precipitation

T(C) | [Ca?] | [CO?] 2 ts (min) | S=rY [Ca][CO5™]/ Ksp cacite
30 0.005_|0.000136 | 0.783183 11 172.3
30 0.004 |0.000131| 0.786566 16 133.4
30 0.003 |0.000123 | 0.785697 22 94.0
30 | 0.0025 |0.000112| 0.820394 32 74.6
30 | 0.0015 |0.000048| 0.933858 120 21.8
30 0.001 | 0.000035] 0.930877 | 1000 105

Consequently, the degree of supersaturation can be increased artificially by adding a
compound containing calcium ions or compounds which are sources of carbonate
ions. In the case of seawater desalination, the carbonate ions are the limiting
reactant affected by different conditions of temperature, pressure, bicarbonate ions
concentration and the amount of CO, gas dissolved in seawater. Moreover, the
calcium ions are caused also by another kind of scaling which is known as CaSQO,.
Therefore, only the addition of CO;~ ion can achieve the logic of the goal of reducing

Ca® ions, i.e. the scale formation in seawater. This can be done by the addition of
e.g. NaHCO:s.
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3. Experimental Work

The principle work of some experimental methods, tools and equipments that
are used in this work have been explained in details in many previous works which
will be referred in this chapter as references. Here only the new information should
be mentioned to describe the experimental work.

To achieve the aims of this work three different types of experimental methods
were carried out:

e Polythermal and isothermal methods to determine:

» The effect of inorganic impurities on the width of the metastable zone of
inorganic compounds.

®» The induction time of calcium carbonate in artificial seawater.

e The fluidized bed crystallizer technique to reduce the calcium ion
concentration in artificial seawater by:

» Seeds of natural calcite.
» The hot finger technique.

e Ultrasonic irradiation to accelerate the precipitation process of CaCOs; in
artificial seawater.

The following analyzing techniques have been used:
1. The atomic absorption spectroscopy to determine the change of the calcium
ion concentration in samples.
2. The X-ray diffraction technique to analyze the type of the solid product.
3. The complex metric titration method to determine the total concentration of
calcium and magnesium ions in seawater.

3.1 Polythermal and isothermal methods
3.1.1 The effect of inorganic impurities on the width of the metastable zone

Principally the determination of the metastable zone width can be achieved by optical
detection. The polythermal method is used in this work and is described by Nyvlt
[NYV85]. The measurement of metastable zone can also be carried out by means of
an ultrasonic device [OMA99] which has the advantage in terms of online
measurement, and data recording. Figure 3-1 shows the experimental setup used
here. The prepared solution is divided into a number of parts of equal volume.
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The number (N) of stages corresponds to the number of additives which are added to
every part of the solution separately. The aim of carrying out these measurements in
parallel is to reduce the total required time for all experiments. Furthermore, each run
was repeated three times to have at the end the average of three points each. The
other important factor is the selection of the concentration of additives to start with. It
is important to start with addition of a trace of amounts at first in order to observe the
expected maximum change in MSZ width which has been shown in the literature.

Thermometer

09

Magnetic stirrer

!

Figure 3-1: Experimental setup for the measurements of the effect of the additives on the
metastable zone width

The operation conditions of experiments to determine the effect of impurities on the
metastable zone of e.g. zinc sulfate, lithium chloride and potassium sulfate are
shown in the tables 3-1, 3-2 and 3-3, respectively.

Table 3-1: Operational conditions of the measurements of the effect of impurities on the
metastable zone width of ZnSO,

Impurities A|2(SO4)3, FeSO4, BaC|2, Li2804 and K2804
Stirring rate 300 rpm

Volume of solution 300 mL

Cooling rate 10 K/h

Saturation temperature | 26 °C

Table 3-2: Operational conditions of the measurements of the effect of impurities on the

metastable zone width of LiCl

Impurities AICls, FeCl,, MgCl, and BaCly,
Stirring rate 300 rpm

Volume of solution 300 mL

Cooling rate 10 K/h

Saturation temperature 15.5 °C
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Table 3-3: Operational conditions of the measurements of the effect of impurities on the

metastable zone width of K,SO,

Impurities CuSO0Oq., BaCl, and Li,SO4
Stirring rate 300 rpm

Volume of solution 300 mL

Cooling rate 10 K/h

Saturation temperature | 25.5 °C

3.1.2 Induction time of calcium carbonate in artificial seawater

The induction time measurements of
precipitation in bulk solution can be carried out in
different ways. The most important factor which
should be taken it into account in determination
the induction time is a fast sensitive method for
detection [MUL93].

In the present work, the online pH measurement
of the bulk solution was selected as detection
method to determine the induction time of CaCO3
in the artificial seawater.

The experimental requirements on a set-up for
the determination of the induction time of CaCO3
in ASW are shown in the figure 3-2. The
experiments were conducted in 0.5 L thermostat
vessel, with a magnetic stirrer, and a condenser
to keep the volume of the solution constant during

Condenser

pH meter

Figure 3-2: Experimental set-up
of the measurements of the
induction time of CaCO; in
artificial seawater

each run and to allow the dissolving carbon dioxide in the seawater solution to
equilibrate with the atmosphere. A pH meter (AIMEMO 2290-8) was used to record
the online change in the concentration of the bulk solution with time.

The operational volume of the artificial seawater [DAN67] of a specific salinity has
been fixed 125 mL for each run. The online pH measurements start when the
temperature of the artificial seawater is constant with time. A certain amount of
NaHCO3; was added as solid phase in order to avoid a change in the ASW
concentration, what would be the case by the addition of the NaHCO3; in aqueous

solution form.
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3.2  Fluidized bed crystallizer

3.2.1 Seeds of natural calcite

A fluidized bed crystallizer is a laboratory equipment used to measure the
growth and dissolution rates of crystals in suspension from supersaturated solution.

Figure 3-3 shows the equipment as it is built in the laboratory and previously used
and described e.g. by [KRU92].
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Figure 3-3: Schematic diagram of a fluidized bed crystallizer

Artificial sea water with a specific salinity (see [DANG7]) is prepared to circulate in the
closed system. The temperature in the fluidized bed is controlled to obtain the
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required level of supersaturation staying within the metastable zone width. No
nucleation should occur. Furthermore, the temperature of the stock solution should
always be at a certain level in the tank where the solution should always be in an
undersaturated condition. To achieve a supersaturation of CaCOj3; the saturated
solution has to be heated. This is due to the fact that CaCO3; has solubility which
diminishes with increasing temperature as can be seen in figure 3-4.
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Figure 3-4: Solubility curve of calcite and aragonite in the seawater with 35 g/kg salinity
[MUCS83]

The fluidized bed crystallizer can serve to see if a reduction of the amount of CaCO3
in seawater due to growth of CaCOs3 seeds occurs while fluidized in the seawater.

Usually the available size of seeds of CaCO; is not larger than 10-20 um (see
commercial products). This size is not appropriated for the operation of fluidized bed
crystallizer. Therefore, natural calcite crystals (see figure 3-5) were used where the
length of each crystal is about 18 mm. These natural calcite crystals are grinded in a
mortar. Then the product has been sieved to get the desired size fractions that are
between 500-1000 um was collected.
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Figure 3-5: Natural calcite originating from cavities in the lava layers from northwest of Brazil

3.2.2 The hot finger technique

The concept of applying the overgrowth process of CaCO3; on a heat transfer
surface which is already coated with an initial scale layer of CaCO3 to reduce scaling
problem, is a result of study has done by Hasson [HAS67]. The study of mechanism
of CaCO; scale deposition on heat-transfer surfaces showed that the rate of
deposition is increased with surface temperature increased. Therefore and to exam
the possibility of reducing CaCOs; amount in the seawater, a hot metallic heat
exchanger that coated with CaCO;3; as shown in figure 3-6 has been used. The
coating process can be achieved by immersing the hot finger for several days at 80
°C in the solution of CaCO3; which is over saturated.

The reduction of concentration of the CaCOz; measurements can be carried

out by keeping the circulating seawater at a temperature lower than the temperature
of the surface of heat exchanger which is connected with a thermostat. This leads to
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the most important conditions which accelerate the decomposition process in terms

of:
» Diffusion process of reactant Ca** and HCOs™ from bulk seawater to the scale

surface interface.
» Chemical reaction of producing the CO;” and CO, at the scale surface

interface.
» Crystallization of CaCO3; on the scale surface layer.

Hot finger

Coated surface

Thermostat

Figure 3-6: Hot finger fixed in the fluidized bed

3.3 Ultrasonic irradiation

The process of CaCOs3 precipitation can be achieved using the apparatus
shown in figure 3-7. It consists of three main parts: 1) Ultrasound generator and
probe to accelerate the precipitation process in terms of creating very high local
pressures and temperatures [GUOO06]; 2) Condenser to keep the volume of seawater
constant during the time of the experiment; 3) water bath and thermostat to control
the temperature of seawater in the vessel. The experimental conditions of measuring
the reduction of calcium ions are illustrated in table 3-4.

Table 3-4: Operational conditions of experiments

Operational condition Values Units
Temperature 50, 60, 70, 80, 90 °C
Mass of NaHCO; 0,1,15,2,25,3,35,4 g
Operational time 2,4,6 min
Power of ultrasound 20, 40, 60, 80, 100 W
Seawater salinity 35, 59, 80 g/kg H,O

The temperature of the artificial seawater (ASW) was kept constant using a water
bath. Then the degree of supersaturation of CaCO3 has been increased by addition
of stoichiometric amounts of sodium bicarbonate as shown in table 3-4. An ultrasonic
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power input with a specific intensity leads to very fast precipitation process producing
a solid product, which can be obtained after a high pressure filtration with a 0.45 ym
pore size filter paper. Two methods were used to determine the changes in the
calcium ions content in the seawater. A quality test using X-ray diffraction to analyze
the solid product. And atomic absorption spectroscopy (AAS) that has been used to
determine the calcium ion concentration change in ASW. Additionally, the complex
metric titration method was used to determine the total amount of magnesium and
calcium ions in ASW as quantity methods [UOCO08]. Other operational conditions
studied are related with the CO, releasing rate which is accompanying the CaCOs;
process.

Ultrasound probe

2

Ultrasound generator

Magnetic stirrer

Thermostat

Figure 3-7: Schematic diagram of the experimental apparatus.
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4. Results

In this
»

4.1

411

chapter, the results of the experimental work will be shown:

The effects of inorganic additives on the metastable zone width of inorganic
compounds, selected according to the suggested rule (see section 2.12.1).
Results of the measurements of CaCOj3; induction time in artificial seawater at
different level of supersaturation, temperature and salinity.

CaCOg3 reduction from artificial seawater by the use of a fluidized bed
crystallizer, without modifying the CaCO3; supersaturation.

CaCOg3 reduction from artificial seawater by the use of an ultrasound
technique, with modifying the CaCOj3; supersaturtion by NaHCOj3 addition.
Statistical error test results: every experimental result is subjected to two
categories of errors:

. Random_error: this kind of error is caused by unknown and unpredictable

changes in the experiment. These changes may occur in the measuring
instruments or in the environmental conditions. Statistical methods are used
normally to analyze the data and to find how the data are precise. For
example, the mean of a number of measurements of the same quantity is the
best estimate of that quantity and the standard deviation of the
measurements as well shows the accuracy of the estimate. Moreover, the
standard error (SE) also can be used to obtain more accurate estimation of
the true mean. Since, the smaller the value of the standard error is the more
accurate is the mean. For the results, here vertical error bars are used to
represent the standard deviation of data mean for each measurement
separately. As well as, standard error (SE) values are also used to analyze the
data.

Systematic error: this kind of error usually results from the measuring
instruments and experimenters. The accuracy of a measurement is its
nearness to the true value of the quantity being measured. Consequently, the
measurement of weight, volume and temperature can be considered as the
determining factors for systematic errors for this work.

The effect of selected inorganic additives on the MSZ width of inorganic
compounds

The effects of Al(SO4)s, FeSO4, BaCl,, Li,SO, and K;SO4 on the MSZ
width of ZnSO,

The effect of the additives AI**, Fe?*, Ba®*, K*, Li* and CI" on the MSZ width

and the pH of ZnSO, are shown in figures 4-1 to 4-10. These results represent the
first group of selected ions as additives of table 2-5.
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4.1.1.1 The effect of Alx(SO4)3 on the MSZ width of ZnSO,

Figure 4-1 shows the change in the MSZ width of ZnSQ, as a function of Al**

ion addition to ZnSQO, solution. A very small amount (about 5 ppm) of salt was added
at the beginning of each experiment to reveal if the maximum change in the MSZ
width can be found as it was reported by Titiz-Sargut and Ulrich [TIT02]?

In figure 4-1 it can be seen that there is a change in the MSZ width as a line
with a maximum due to Alx(SO4)3 addition in the concentration range between 5 and
30 ppm. By adding more AI** ions to the solution a decrease in the MSZ width is
achieved. In addition, the pH value of ZnSO, solution is seen to be constant (about
pH=4) with the variety of AI** ion concentration (10 - 50 ppm).

The most important factor in the change in the MSZ width due to additives is
the combined change of the saturation and nucleation temperature. Figure 4-2 shows
the saturation and nucleation temperature as a function of AI** ions concentration. It
is clear that the change in MSZ width of ZnSO, is due to the change in both the
saturation and the nucleation temperature.
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Figure 4-1: Effect of A" ions on the MSZ width and pH of ZnSO,— water solution
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Figure 4-2: Effect of A" ions on the saturation and nucleation temperature of ZnSO, —
water solution

The slope of the saturation temperature curve is increased with a small
increase of AI** ions (in the range of 10-30 ppm). Then, there is no further change in
the slope when the addition of A** increased beyond the value of 30 ppm.

In contrast, the nucleation temperature of ZnSO4 has shifted to the lowest
point when 10 ppm of AI** ions was added as to be seen in figure 4-2. But after this
limit and up to 50 ppm, the nucleation temperature was increased.

Here it is very important to mention that the vertical error bars as shown in the
figures 4-1 and 4-2 are referring to the standard deviation values. The standard
deviation value of each measurement can be recalculated from each figure by
dividing the length of certain vertical bars on the length of the reference bar which
can be found on the right side in each figure. This is a reference bar application. In
addition, it can be used also to give a fast comparison. The value of the reference bar
for those figures is equal to the maximum value of standard deviation which might
be reached by any result of each experiment.

The standard error (SE) is an addition of statistical evaluation method that has been
used as shown in the figures 4-1 and 4-2. One can see how the value of standard
error changed proportionally with length of vertical error bars. Additionally, figures 4-1
and 4-2 show the horizontal error bars that referred to the accuracy percentage of the
weight of Alx(SO4)s, the volume of ZnSO, solution and the temperature reading which
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totally equals 1% of measured value of mass, volume and temperature, respectively.
This value of systematic error is used for the reset results of studying the additive
effect on the MSZ width.

4.1.1.2 The effect of FeSO, on the MSZ width of ZnSQO,4

In figure 4-3 the Fe** ion addition in the concentration range between 5-150
ppm shows no effect on the pH value of the solution and no change in the MSZ width
of zinc sulphate. Figure 4-4 shows the image of the effect more clear when the
saturation temperature of ZnSQO, is constant with an addition of Fe?" ions. In contrast,
the slope of the nucleation curve is decreasing very slightly with a Fe?* addition only
in the range between 5-50 ppm.

The variation of error bar values in terms of standard deviations is shown in
figure 4-3. The values of the error bars can be estimated by comparing each bar
length with the length of the reference bar on the lower right side in the figure 4-3.
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Figure 4-3: Effect of Fe?" ions on the MSZ width and pH of ZnSO,— water solution

On the other hand, the standard deviation of each saturation temperature point
is very low as to be seen in figure 4-4, but on the contrary, in the case of nucleation
curve it is seen to be high. Additionally, the standard error of each measurement
point of the saturation temperature is seen to be low compared to the nucleation
curve.
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Figure 4-4: Effect of Fe*" ions on the saturation and nucleation temperature of ZnSO,—
water solution

4.1.1.3 The effect of BaCl, on the MSZ width of ZnSQO,

Figure 4-5 shows the same response to an Aly(SO4); addition to the ZnSO,4
solution in terms of reaching a maximum enlargement of MSZ width. This maximum
increase happens at a lower addition amount of Al**=10 ppm, than in the case of
Ba®" = 25 ppm. Further, the pH of ZnSO, solution is seen to be constant with BaCl,
addition in the concentration range between 5-100 ppm.

The maximum enlargement of MSZ width is due to both the change in the
saturation and nucleation temperature as to be seen in figure 4-6. In the other words,
an addition of 25 ppm of Ba?* ion leads to an increase in the saturation temperature
to 27.33 °C above the saturation temperature of the pure solution that is equal to
26.67 °C. At the same time, the nucleation temperature has been shifted from 23.85
°C to 23.10 °C. One may see the change in saturation and nucleation temperature
separately is very small but when one sees the combined change for both saturation
and nucleation, it is seen to be high (MSZ width =1.41).

The error bars, as shown in figure 4-5, are due to the error that occurred by

the nucleation measurements (see figure 4-6).
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28 1 n==6 n=4 n=2 n=2
n=4
n=4
27
[y SE=0,15 SE = 0,04 SE =0,00
6\ ’
26 % K,
NN
:ou.) 07 4
25
O
S, 24 -
- X!
[ )]
23 R s
o o
BB,
R SE =0,25 SE =0,28 SE =0,21
22
—o— T Ba®*
21 1 sat VIs ba
—O0— T, vrs Ba™

20 T T T T T T 1
0 20 40 60 80 100 120

Ba®" concentration [ppm]
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4.1.1.4 The effect of Li,SO4 0on the MSZ width of ZnSO,

From the data in the figure 4-7, there can no effect on the MSZ width of ZnSO,4

be found due to the Li* ion addition in the concentration range between 5-150 ppm.
But on the other hand, the lithium ion has a very small effect on the saturation and
nucleation temperature as to be seen in figure 4-8. This effect can be observed when
the Li* ions are in the concentration range 5 to 10 ppm. By adding more than these
limit, the saturation and nucleation temperature show a constant change.
In terms of a statistical indication, the standard deviation value of MSZ width
measurements is quite high for point that corresponds to 5 ppm of Li* on the MSZ
width curve (see figure 4-7). This is because of the highest value of the standard
deviation of the nucleation temperature measurement for the same additive
concentration as plotted in figure 4-8.

The pH value of the ZnSO,4 — water solution is plotted as a function Li* ion
concentration as presented in figure 4-7. The pH of the solution is determined
constant with Li* ion addition in the concentration form 5 ppm to 150 ppm.
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Figure 4-7: Effect of Li" ions on the MSZ width and pH of ZnSO,4— water solution
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Figure 4-8: Effect of Li" ions on the saturation and nucleation temperature of ZnSO,— water
solution

4.1.1.5 The effect of K»SO, on the MSZ width of ZnSO,

The change in the MSZ width appears to have a minimum due to the K* ion
addition as shown figure 4-9. This effect is inversely different compared to both an
Al(SO,), and a BaCl, addition. The minimum suppression of the MSZ width of

ZnSO, happened at the concentration of K* = 50 ppm. By adding more K" ions but
not more than 150 ppm, the MSZ width of ZnSO4 will be increased to reach its
maximum value of pure ZnSOg4-water solution. Furthermore, the pH of the solution
was not affected by the K* ions addition in a concentration range of 5 -150 ppm.

Figure 4-10 shows the saturation and nucleation temperature as a function of
K* ions. It can be seen that the saturation temperature was not affected by the
addition of K™ ions. On the other side, there is a change in the nucleation temperature
of ZnSO, - water solution. On this basis, the effect of K" ions on the MSZ width of
ZnS04 that has been shown in figure 4-9 was only the result of the change in the
nucleation temperature.

The standard deviation values are relatively high when compared to the length
of reference bar especially for the first and second measurements as shown in figure
4-9. These large values of standard deviation result obviously from the nucleation
temperature measurements as to be seen in figure 4-10.
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Figure 4-10: Effect of K" ions on the saturation and nucleation temperature of ZnSO,— water
solution
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4.1.2 The effects of AICI3, FeCl,, MgCl,, and BaCl, on the MSZ width of LiCl

The effect of the additives AI**, Fe?*, Mg** and Ba** on the MSZ width and the
pH of LiCl are shown in the figures 4-11 to 4-18. These results represent the second
group of selected ions as additives from table 2-5.

4.1.2.1 The effect of AICI; on the MSZ width of LiCl

The pH function of LiCl-water solution is decreasing from 2.48 to 0.61 with
adding Al** ions in the concentration range of 5-75 ppm as shown in figure 4-11. On
the other side, this addition of AICI; to LiCl solutions shows no effect on the MSZ
width of LiCl for the same concentration of AI** ions. However, from the presented
data in figure 4-11, the average value of MSZ width of LiCl is 2.71 °C. The shown
effect of AI** ion on the MSZ width of LiCl is seen more clearly in figure 4-12. Both
functions of saturation and nucleation temperature are not changed significantly with
addition of AICls.

The standard deviation values are very low as to be seen in figure 4-11 and
figure 4-12, except the measurement point which corresponds to the AI’* ion
concentration equal 50 ppm.
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Figure 4-11: Effect of AI** ions on the MSZ width and pH of LiCl— water solution
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Figure 4-12: Effect of AI** ions on the saturation and nucleation temperature of LiCl— water
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4.1.2.2 The effect of FeCl, on the MSZ width of LiCl

The effect of Fe?* ions on the MSZ width of LiCl is plotted in figure 4-13. The
minimum suppression in MSZ width of LiCl happened at the concentration of Fe?* =
35 ppm. By adding more of Fe?* ions, the suppression of LiCl of the MSZ width will
be less as can be seen at a Fe?* ion concentration of 75 and 150, respectively. This
change in the MSZ width of LiCl is only due to the change in the nucleation
temperature as to be seen in figure 4-14. Since the nucleation temperature is raised
from about 10.5 to 12 °C in the concentration range of Fe** ions between 10 to 150
ppm. On the other side there is no effect on the saturation temperature of LiCl
solution due to a Fe?* ion addition.

The pH of LiCl solution was not changed by Fe?* ion addition as shown in
figure 4-13. Furthermore, the standard deviation values are quite high especially for
the last two points of MSZ width measurement. The high values of standard deviation
are caused by the nucleation temperature measurement as one may see in figure 4-
14.
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4.1.2.3 The effect of MgCl, on the MSZ width of LiCl

Figure 4-15 shows the effect of Mg®" ion addition (10-125 ppm) on the MSZ
width of LiCl-water solution. The maximum enlargement in the MSZ width of LiCl
occurs at 75 ppm of the Mg?* ion concentration. By adding 125 ppm of Mg®* ion, the
MSZ width of LiCl will be less than its value without Mg®* ion addition.

Figure 4-16 shows the saturation and nucleation temperature as a function of
Mg?* ion addition to the LiCl-water solution. The saturation temperature has
decreased very slightly with the Mg?* ion addition. In addition, the nucleation
temperature was decreased to a minimum value at the Mg® ion concentration of 75
ppm. On this basis, the MSZ width of LiCl was changed due to both changes of the
saturation and nucleation temperatures, respectively. Moreover, the standard
deviation values are low for the first three measurements of the saturation and
nucleation temperatures. But it is high for the last two measurements.

The pH value of the LiCl solution is increased with increasing the value of Mg?*
ions in the solution as shown in figure 4-15. An adding of 10 ppm of Mg?* ions leads
to a sharp increase in the pH but thereafter only to a slight increasing in pH.
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Figure 4-15: Effect of Mg®* ions on the MSZ width and pH of LiCl— water solution
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Figure 4-16: Effect of Mg?* ions on the saturation and nucleation temperature of LiCl— water
solution

4.1.2.4 The effect of BaCl, on the MSZ width of LiCl

There is a significant decrease in the MSZ width of LiCl as shown in figure 4-
17 due to the Ba*" ion addition (15 ppm < [Ba**] < 100 ppm). But there is also an
increase in the pH value of LiCl-water solution due to that addition.

In figure 4-18, the effect of Ba?* ion addition as BaCl, on the saturation and
nucleation temperature of LiCl is displayed. One may see that the saturation
temperature has not been changed with Ba?* ion addition in the concentration range
between 15-100 ppm. In contrary, there is an increase in the nucleation temperature
from 11 to 11.90 °C due to that addition.

The standard deviation values of MSZ width, saturation temperature and

nucleation temperature results as to be seen in figures 4-17 and 4-18 are very low
except the third point measurement of MSZ width.
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4.1.3 The effect of CuSQ,, BaCl, and Li,SO, on the MSZ width of K,SO4

The effect of the additives Cu?*, Ba?* and Li* on the MSZ width and the pH of
K2SO4 are shown in the figures 4-19 to 4-24. These results represent the third group
of selected ions as additives from table 2-5.

4.1.3.1 The effect of CuSO,4 on the MSZ width of K,SO4

Figure 4-19 shows the effect of Cu?* ion addition on the MSZ width of a
K>SOg-water solution. The maximum enlargement in the MSZ width of K,SO4 occurs
at 50 ppm of Cu?* ion addition. By adding more Cu?* ions, the MSZ width of K,SOy, is
reduced again.

Figure 4-20 shows the saturation temperature of K,SO4 - water solution with
respect to the Cu?* ion addition. But this addition shows a different effect on the
nucleation temperature of K,SO4-water. The minimum suppression in the nucleation
was recorded at 50 ppm concentration of Cu®* ions.

The pH function of K,SO4-water solution shows a constant change with Cu®*
ion addition as plotted in figure 4-19.
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Figure 4-20: Effect of Cu?* ions on the saturation and nucleation temperature of K,SO,4—
water solution

4.1.3.2 The effect of BaCl, on the MSZ width of K,SO,

The MSZ width of K,SO4 was changed due to the BaCl, addition (5 ppm <
[Ba?*] < 250 ppm) as shown in figure 4-21. The maximum enlargement of MSZ width
of K.SO4 happened at [Ba**] = 50 ppm. After this limit of additive addition, the MSZ
width of K,SO4 is decreasing smoothly.

It can be seen in figure 4-22 that the addition of Ba** ions to the K,SO,
solution is effecting both saturation and nucleation temperatures to a small degree.
The combination of these two effects a relatively high effects on the MSZ width of
K>SO,. Additionally, it can be seen that the standard deviation values are rather low
for nucleation temperature and saturation temperature, respectively. This leads to
low values of the standard deviation for the MSZ width of K,SO,4 solution as to be
seen in figure 4-22.

The other important effect caused by Ba®* ion addition is the change of the pH
the of K;SO4 solution. In figure 4-21 a polynomial decreasing in pH value can be
seen. It is due to Ba?* addition in the concentration range of 5-75 ppm.
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Figure 4-22: Effect of Ba®* ions on the saturation and nucleation temperature of K,SO,—
water solution
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4.1.3.3 The effect of Li,SO, on the MSZ width of K,SO,4

Figure 4-23 shows the MSZ width of K,SO, solution as a function of Li" ion
addition (5 ppm < [Li"] £ 250 ppm). By an addition of 50 ppm of Li* ions to the
solution, a maximum enlargement was found. This maximum value of MSZ width of
K2SO, solution is not as high as in the pure solution. Furthermore, adding more Li*
ion than 50 ppm leads to deceasing MSZ width.

There is no change in pH of the K,;SO, solution, as to be seen in figure 4-23, due to
the Li,SO4 addition.

Figure 4-24 shows both changes in saturation and nucleation temperature as
a function of Li* ion addition in range 5 ppm < [Li*] < 250 ppm. One may see that the
changes in the saturation and nucleation temperature are quite similar. Also it is
shown by figure 4-24 that the standard deviation values are very small. This can also
be found for the standard deviation value of MSZ width of K,SO, solution as to be
seen in figure 4-23.
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Figure 4-23: Effect of Li* ions on the MSZ width and pH of K,SO,— water solution
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4.2 Determination the induction time of CaCOs in artificial seawater

The induction time of CaCOs; precipitation can be determined by measuring
the change in the pH of seawater solution starting from the moment of NaHCO;
addition until the CaCOg precipitation has happened as shown in figure 4-25. The
initial pH value of seawater at 30 °C has been decreased from 8 to 7.46 due t0 0.3 g
of NaHCO3; addition to the ASW. Then a gradual increasing in the pH value was
recorded till the precipitation of CaCOs3 occurred as shown in area 1 in figure 4-25. In
this figure area 2 represents the period of precipitation from the start (5.67 h,
pH=7.97) until the end of the process (10.23 h, pH=7.61).

8,4 -

t ,=5.67h,pH=797

8,2 A pH_ =8

8,0 4

7,8 4

pH of artificial seawater [-]

7,6

pH vrs t_,

7,4 T T T T T T T T T T 1

ting [N]

Figure 4-25: Determination the induction time of CaCQOj; precipitation in 125 mL ASW, 35
g/kg salinity, T=30 °C, NaHC03=0.3 g, stirrer speed=250 rpm

Figures 4-26 to 4-29 are showing a clear image of the relation between the
time required for CaCOj3; precipitation and the amount of NaHCO3; added in artificial
seawater at different levels of temperatures and salinities.
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4.2.1 Induction time at 35 g/kg salinity

4.2.1.1 Effect of NaHCO;3; addition on the induction time of CaCO3

Polynomial inverse relation can be shown in figure 4-26 between the induction
time of CaCO3 in ASW and the mass of NaHCO3; addition for a temperature level of
30, 40, 50 and 70 °C. The induction time for CaCOs is increased with decreasing
temperature for the same amount of NaHCO3. But this increase becomes smaller
with increasing temperature whenever the amount of NaHCO3; addition is exceeding
about 1 g. On the other hand, vertical tangents can be drawn for each induction time
— mass of NaHCO3 curve in the limit of induction time measurement below 24 h.
Each tangent can be used to determine the minimum addition of NaHCO; to
precipitate CaCOs3; for each operational temperature. Consequently, 0.129 g, 0.072 g,
0.072 g and 0.036 g are representing the minimum mass of NaHCO3; that can be
added at 30, 40, 50 and 70 °C, respectively, in order to precipitate CaCOgs in the limit
of induction time measurements below 24 h.
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Figure 4-26: The effect of NaHCOj3; addition on the induction time of CaCO3; in 125 mL
artificial seawater, 250 rpm, 35 g/kg salinity
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4.2.1.2 Induction time of CaCO; as a function of supersaturation and
temperature (30, 40, 50 and 70 °C)

The experimental results are showing a linear relation between the induction
time log(ting) for CaCOs in artificial seawater and supersaturation level log(S) for 30,
40, 50 and 70 °C as illustrated in the figure 4-27. These results are showing a good
agreement with the following equation (see section 2.5):

109(te) = & (4-1)

——+A
log?(S)

It can be seen that the slopes of those lines are increasing with rising temperature.

Also one can observe that the decrease of CaCO; supersaturation leads to an

increase in the induction time for the temperatures 30 and 40 °C. A small change in

the supersaturation level leads to a big change in the induction time for the

temperatures 50 and 70 °C.

A statistical evaluation is presented in figure 4-27 as vertical bars for the
induction time measurements and horizontal bars for the supersaturation
measurements. These bars are referred to the standard deviation of the average of
each point.

1
&2
+*
38 82 5475
4’\6’\ '3723'\29‘ 5
5,0 - Y y= £ 122
AD*
N = EAAB 0 ’\933
4.8 ;3861\26)(
y
4,6 -
4.4 -
w A
= 42 -
2
> 4,0 -
iel
3,8
3,6 A T=30°C
' X T=40°C
& A T=50°C
3,4 o T=70°C
3,2 T T T T T T 1
0,0 2,0e-6 4,0e-6 6,0e-6 8,0e-6 1,0e-5 1,2e-5 1,4e-5

T (log(8))” [K™]

Figure 4-27: Induction time as a function of supersaturation for temperatures 30, 40, 50 and
70 °C, where y = log(t, ;) and x =T .(log(S)) ™
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4.2.2 Induction time at 55 g/kg salinity

4.2.2.1 Effect of NaHCO;3; addition on the induction time of CaCO3

Figure 4-28 shows similar effects on the induction of CaCO3; due to NaHCO;
addition as shown in figure 4-26. The difference between the two measurements is
that the induction time of CaCOs is here in 55 g/kg artificial seawater and before was
35 g/kg. Furthermore, the order of magnitude of increase of induction time with
decreasing level of operational temperature is become smaller when the amount of
NaHCOj3; addition is exceeding about 2 g.

For case of 55 g/kg seawater salinity, 0.22 g, 0.086 g and 0.0319 g is the
minimum mass of NaHCO; given that can be added at 30, 50 and 70 °C,
respectively, in order to precipitate CaCOs in the limit of induction time measurement
in less than 24 h.
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Figure 4-28: The effect of NaHCO3; addition on the induction time of CaCOj; precipitation in
artificial seawater, 250 rpm, 55 g/kg salinity
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4.2.2.2 Induction time of CaCOs; as a function of supersaturation and
temperature (30, 50 and 70 °C)

The results of the induction time measurements as a function of the level of
supersaturation are shown in figure 4-29. The induction time is related linearly to the
level of supersaturation for 30 °C and 50 °C. Also here the slope of the induction time
is increasing with increasing the temperature as illustrated by the following equations:

log(t,,) = o021 0276 at T=30 °C (4-2)
T°.1og°(S)
6
log(t) = = 10 31158 at T=70 °C (4-3)
T°.log“(S)
S
N ©
o &
52 1 s <
N &

5.0 1 A gl [+

484 ¢
@,
;E 4.6 1 a
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0,0 20e-6 4,0e6 6,0e-6 8,0e-6 1,0e-5 12e5 14e5 1,6e-5

T2 . (log(S))? [K]

Figure 4-29: Induction time as a function of supersaturation for temperatures 30 and 70 °C,
where y = log(t,,)and x =T ~.(log(S)) ™
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4.3 Reduction of CaCO3 by seeding; without chemical addition

The result of measuring the reduction of Ca®" ion concentration in artificial
seawater by using the atomic absorption spectroscopy is presented in figure 4-30. As
to be seen the change in Ca?* ion concentration due the use of fluidizing calcite
seeds with time is extremely small. The temperature of 35 g/kg artificial seawater that
was in contact with those seeds was 90 °C.
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Figure 4-30: Calcium ion reduction by using a fluidized bed crystallizer, T=90 °C, mass of
calcite seeds=5 g, seed size=1 mm, 35 g/kg salinity of artificial seawater

4.4 Reduction of CaCOg3 by a hot finger; without chemical addition

Instead of using calcite seeds, a hot finger coated with calcite was used as a
media for the CaCOj3 growth process. Figure 4-31 shows the change in [Ca®* + Mg?"]
ion concentration in ASW with time. There is no change in Ca?* ion concentration for
the values with a residence time of 1, 2, 3 and 4 h. But there is a very small change
in the Ca?* concentration when the residence time was very long, 720 h, as shown in
figure 4-31.

Furthermore, the change in the pH of seawater was small over the time of
those measurements as to be seen in figure 4-31.
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Figure 4-31: Calcium ion reduction by using a fluidized bed crystallizer, Tasw=30 °C,
Thotfinger=90 °C , 35 g/kg salinity of artificial seawater

4.5 Reduction of CaCOj; by precipitation; supersaturation modified by
NaHCO;

451 Reduction of calcium ion versus NaHCO3 addition

The reduction of calcium ions in artificial seawater is essential to reduce the
potentional of scale formation. Figure 4-32 shows the experimental and calculated
results of CaCOj; precipitation in the bulk of artificial seawater. A mathematical fit was
used to find an equation (4-4) for the experimental data:

[Ca?*+ Mg?*] =0.1109-0.0149 M +2.1422e-3 M?-4.9973e-5 M? (4-4)

The determination of the total amount of Ca?* and Mg?* ions in ASW is referred to the
amount of CaCOs3; precipitation. A very fast precipitation process in the bulk of ASW
by ultrasonic irradiation is not possible without increasing the supersaturation of
CaCOj3 in ASW! The trend of the [Ca®**+ Mg?'] decrease due to NaHCO5 addition as
shown in figure 4-32 is an indication of increasing the amount of CaCO3 precipitated.
The slop of the decreasing curve goes to zero since the addition of NaHCOs3; is
exceeding the limit of 2.5 g which is corresponding to the value of S=345.74, as may
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be seen in figure 4-33. In this figure the degree of supersaturation of CaCO3; has

been calculated before and after the addition of NaHCOs to the artificial seawater.

A Experimental
— Calculated

[Ca®"+Mg**] [mol/L]

0,07 T T T T 1

NaHCO3 [g]

Figure 4-32: Calcium ion reduction due to the power of ultrasound and the modification of
the degree of supersaturation. Ultrasonic power = 100 W, T=50 °C, Vasw= 125 mL, t= 2 min,
horn depth =2 cm and salinity=59 g/kg
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Figure 4-33: Degree of supersaturation (S) as a function of mass of NaHCO;. Ultrasonic
power = 100 W, T=50 °C, Vasw= 125 mL, t= 2 min, horn depth =2 cm and salinity=59 g/kg
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The degree of supersaturation was increased beyond the limit of meta-stability which
is sufficient for precipitation of CaCOj3;. However, the values of S are around 345.74
where the maximum amount of S is obtained due to 2.5 g of NaHCO3 addition (see
figure 4-32).

On the other hand, figure 4-34 shows the results of the X-ray diffraction
analysis for the solid product of CaCOs; which is precipitated out of the artificial
seawater as described previously.

This pattern has been compared with the profile of pure CaCOs. It indicates that the
state of matching between the two patterns in terms of the 2-theta-scale shows a
significant matching. But the intensity of the peaks is not similar.
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Figure 4-34: XRD patterns of CaCOj; precipitated from artificial seawater (ASW) compared
with pure CaCOs;

4.5.2 Reduction of calcium ion versus operational temperature

The effect of an increasing temperature on the calcium ion reduction can be
seen clearly in figure 4-35. It is a large difference in Ca®* ion reduction to be seen
between the temperatures value of 50 and 90 °C. On the other hand, figure 4-36
shows the values of the degree of supersaturation which are corresponding to each
temperature value.
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Figure 4-35: Calcium ion reduction versus operational temperature changing by using the
power of ultrasound and the modification of the degree of supersaturation. Ultrasonic power
=100 W, Vasw= 125 mL, t= 2 min, horn depth =2 cm and salinity=59 g/kg
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Figure 4-36: Degree of supersaturation (S) as a function of temperature. Ultrasonic power =
100 W, Vasw= 125 mL, t= 2 min, horn depth =2 cm and salinity=59 g/kg
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4.5.3 Reduction of calcium ion versus operational time, power of ultrasound
and salinity

In this work, it has not been examined the induction time and how ultrasound
can effect it. Since it is already known that the power of ultrasound reduces the
induction time [LYCO02].

The increase in time of ultrasonic power input is not making a large change in the
reduction of calcium ions as may be seen from figure 4-37. The slop of the curve is
only slightly negative with increasing time.
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Figure 4-37: Calcium ion reduction versus operational time. Ultrasonic power = 100 W,
Vasw= 125 mL, horn depth =2 cm, T=50 °C and salinity=59 g/kg

Another operational condition has been studied, the effect of power input by
ultrasound on the reduction process. Figure 4-38 shows an expected result of the
power of ultrasound that is not affecting the rate of total Mg** and Ca?* ion reduction.
Furthermore, it can be seen from figure 4-38 that the yield of calcium ions as a
function of salinity 35, 59 and 80 g/kg due to 2.5 g NaHCOg3 addition is increasing
with increasing salinity of the seawater.
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Figure 4-38: Calcium ion reduction versus salinity and power of ultrasound, Vasw= 125 mL,
T=50 °C, t= 2 min, horn depth =2 cm
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5. Discussion
5.1 The effect of additives on the MSZ width

Nucleation of inorganic compounds in their pure and impure aqueous solutions
is the case of this study for this section (see section 2.4).
5.1.1 ZnS0O4-H,0 solution

The figures 4-1 to 4-10 show different effects of suppression, enhancement
and also non of both effects on the metastable zone width of ZnSO,.

5.1.1.1 Effect of Al(SO4);3

Only the decrease in the width of MSZ (nucleation is increased) can be
explained by means of the hydration enthalpy. The highest difference between the
values of hydration enthalpies of AI** and Zn?* ions, as shown in table 5-1, might be
the reason of releasing the Zn?* ions from ion-dipole bonds to be free in solution and
bind with SO,4* as ionic bonds as a result decreasing in free energy of formation that
is required to form a nucleus of ZnSO,.

Table 5-1: Hydration enthalpies of individual ions of Aly(SO4);-ZnS04-H,0 at 25 °C [Mar87]

Cation AgH[kI/mol] | n Anion Ay H kI /mol] | n
AP -4715 20.4 S04~ -1035 3.1
Zn** -2070 9.6 OH" -520 2.7

H* -1103 12.0

On the other hand the same concept using the hydration enthalpy to explain
the increase in MSZ width (nucleation is decreased) for pure ZnSO, due to AP
addition is not possible. There are other important kinds of interaction forces, e.g.
ion-ion that should also be taken into account. This interaction force can be
estimated according to the equation 2-1 as can be seen in table 5-2.

Table 5-2: The electrostatic force of ion-ion interaction occurred in Aly(SO4)3;-ZnS0O4-H,O

ion-ion Y4\ Z, ri [nm] | ro[nm] F [N]
Al-OH 3+ 1- 0.053 0.133 3.20702E-09
Al-SO4 3+ 2- 0.053 0.230 2.77067E-09
Zn-OH 2+ 1- 0.075 0.133 1.70966E-09
Zn-SOq4 2+ 2- 0.075 0.230 1.59025E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
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Hence the interaction force between AI**-OH" is larger than Zn?*-OH", which leads to
an increase in H* ions that interact with SO4%. The ability of Zn?* ion to bind itself with
the sulphate ions will be reduced. This might be the reason of the increase in the
MSZ width due to very small addition of Aly(SO4); (nucleation is reduced).

5.1.1.2 Effect of FeSO,
The Fe?" ion shows, figure 4-3, no effect on the MSZ width of ZnSO,4 due to
the similar value of hydration enthalpy and the similar number of water molecules in

hydration shell (see table 5-3) for both Fe** and Zn?* ion.

Table 5-3: Hydration enthalpies of individual ions of FeS0O,4-ZnS0,4-H,0 at 25 °C [Mar87]

Cation A H[kI/mol] | n Anion A H kI /mol] | n
Fe” -1972 9.2 S0,% -1035 3.1
Zn°" -2070 9.6 OH -520 27

H* -1103 12.0

Additionally, both ions have the same strength of ion-ion force where the radius
distance between Fe**- SO,* and Zn**- SO,* is similar. Furthermore, both have the
same product charge as can be seen in table 5-4. As a result the structure of ZnSO,4
dose not changes due to addition of small amounts of FeSOa,.

Table 5-4: The electrostatic force of ion-ion interaction occurred in FeS04-ZnS0O4-H,O

ion-ion Z; Z, ro[nm] | ro[nm] F [N]

Zn-OH 2+ 1- 0.075 0.133 1.70966E-09
Fe-OH 2+ 1- 0.078 0.133 1.66139E-09
Zn-S0Oy4 2+ 2- 0.075 0.230 1.59025E-09
Fe-SO4 2+ 2- 0.078 0.230 1.55942E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09

5.1.1.3 Effect of BaCl,

Figure 4-5 shows the same response to Aly(SO4); addition to the ZnSO,
solution but with the low effect on the MSZ width of ZnSO,. This is due to AH__,. is
lower than AH,. as shown in table 5-5 and 5-1. Where value of
AH sor- <AH_, <AH_.. . The releasing of ions from the ion-dipole due to decreasing
temperature of the solution is sequenced starting from the low value of hydration
enthalpy to the highest one. In other words, SO/ ions will be released from ion-dipole
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bond, then Ba®* ions and at the end Zn?* ions to be free in the solution. Releasing the
ion from ion-dipole depends on how much heat exchange between the system and
the surrounding takes place, indeed this corresponds to the level of the temperature
of the solution. That is the case of the addition of the Ba** ion, it needs extra heat to
be removed from the system compared to pure case i.e., the nucleation temperature
has to be shifted from 23.85 °C to 23.10 °C. This means, however, the use of the
hydration enthalpy concept is applicable to explain the decrease but not the increase
in the nucleation temperature of ZnSO,!

Table 5-5: Hydration enthalpies of individual ions of BaCl,-ZnSO4-H20 at 25 °C [Mar87]

Cation AgH°[kI/mol] | n Anion ApgH°[kI/mol] | n
Ba®* -1332 5.3 S0~ -1035 3.1
Zn** -2070 9.6 OH" -520 2.7

H* -1103 12.0 cr -367 2.0

Furthermore, the Zn?*-S0,* ions force interaction is larger than the interaction
forces between the cations and anions in the BaCl,—ZnSO4—water solution as shown
in table 5-6. In this table, the difference between the value of electrostatic forces of
Zn**- SO4* and Ba**- SO,% is high (i.e., Zn*" ion is the dominator). Thus, it is not
suitable to use the concept of ion-ion interaction force to explain the change in
nucleation temperature which is extremely small.

Table 5-6: The electrostatic force of ion-ion interaction occurred in BaCl,-ZnS0O,-H,O

ion-ion Y4\ Zy r{ [nm] | ro[nm] F [N]
Zn-OH 2+ 1- 0.075 0.133 1.70966E-09
Zn-SOq4 2+ 2- 0.075 0.230 1.59025E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
Zn-Cl 2+ 1- 0.075 0.181 1.12864E-09
Ba-SO4 2+ 2- 0.136 0.230 1.10434E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
Ba-OH 2+ 1- 0.136 0.133 1.02219E-09
H-CI 1+ 1- 0.030 0.181 8.30694E-10
Ba-Cl 2+ 1- 0.136 0.181 7.36067E-10

5.1.1.4 Effect of Li,SO4

In figure 4-8, the nucleation temperature has been shifted from 24.38 °C to 25.27 °C.

This effect is not because of the lower value of AH . <AH <AHZn2+ as shown in

S02-
the table 5-7, but it is because the Li* ion can be trapped by a higher number of water
molecules (n) than SO4Z. i.e. the reduction of the water molecules that can interact
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with SO, in the solution. This means SO, ions can be released from ion-dipole
bonds to be free in solution with less amount of cooling.

Table 5-7: Hydration enthalpies of individual ions of Li,SO4-ZnS0O,4-H,0 at 25 °C [Mar87]

Cation ApgHkI/mol] | n Anion A H kI /mol] | n
Li* -531 5.2 S0,% -1035 3.1
Zn** -2070 9.6 OH" -520 2.7
H* -1103 12.0

On the other hand, the Li* ion has a low ion-ion strength force compared with
Zn?* as shown in table 5-8. As a result, the Zn?*-S0,4> ions interaction is dominating
the process of ZnSO4 nucleation.

Table 5-8: The electrostatic force of ion-ion interaction occurred in LioSO4-ZnS0O4-H>,0

ion-ion Z; Z, r{ [nm] | ro[nm] F [N]
Zn-OH 2+ 1- 0.075 0.113 2.09276E-09
H-OH 1+ 1- 0.030 0.113 1.80856E-09
Zn-SOq4 2+ 2- 0.075 0.230 1.59025E-09
Li-OH 1+ 1- 0.069 0.113 1.11651E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
Li-SO4 1+ 2- 0.069 0.230 8.27358E-10

5.1.1.5

In figure 4-10 the small change of the nucleation of ZnSO4-H,0O due to the K*
ion addition is not explainable in terms of the AH

Effect of K,SO,4

value of the zinc ion as shown in table 5-9.

K1+

value compared to the hydration

Table 5-9: Hydration enthalpies of individual ions of K;SO4-ZnSO4-H,0 at 25 °C [Mar87]

Cation AgH°[kI/mol] | n Anion A H kI /mol] | n
K* -334 2.6 S04~ -1035 3.1
Zn** -2070 9.6 OH -520 27
H* -1103 12.0

The interaction forces between the K" ion and the anions in the K,SO4~ZnS04
—H,0 solution are very small, see table 5-10, when it is compared to the Zn* ion.
Since the K* ion has a larger radius and lower charge than the Zn** ion. Thus, using
the concept of ion-ion interaction is not applicable.
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Table 5-10: The electrostatic force of ion-ion interaction occurred in Li»SO4-ZnS0O4-H,O

ion-ion Z; Z ri[nm] | ro[nm] F [N]

Zn-OH 2+ 1- 0.075 0.113 2.09276E-27
Zn-S0Oy4 2+ 2- 0.075 0.230 1.59025E-27
H-OH 1+ 1- 0.030 0.113 1.80856E-27
H-SO4 1+ 2- 0.030 0.230 1.09418E-27
K-OH 1+ 1- 0.138 0.113 5.87027E-28
K-SO4 1+ 2- 0.138 0.230 5.46185E-28

5.1.2 LiCI-H,0 solution

The figures 4-11 to 4-18 show different effects of suppression, enhancement
and also non of both effects on the metastable zone width of LiCl.
5.1.2.1 Effect of AlICl;

There is no change in the nucleation temperature of LiCl due to addition of Al**
ion in the range concentration 5-75 ppm to the solution. This result was not
anticipated, be cause of the high value of enthalpy of hydration of A”** ion, see table

5-11. The structure of the solution in terms of ion-dipole interaction should be
changed. Therefore, the concept using the hydration enthalpy is not applicable!

Table 5-11: Hydration enthalpies of individual ions of AICI;- LiCI-H,O at 25 °C [Mar87]

Furthermore, the concept of electrostatic force interaction between the ions
due to AI** addition to LiCl is not applicable, too, as can be seen in table 5-12.

Table 5-12: The electrostatic force of ion-ion interaction occurred in AICIs- LiCl -H,O

ion-ion Z; Z, ro[nm] | ro[nm] F [N]
Al-OH 3+ 1- 0.053 0.133 3.20702E-09
Al-Cl 3+ 1- 0.053 0.181 2.02626E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
Li-OH 1+ 1- 0.069 0.133 9.06365E-10
H-CI 1+ 1- 0.030 0.181 8.30694E-10
Li-Cl 1+ 1- 0.069 0.181 5.91733E-10
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5.1.2.2 Effect of FeCl,

The nucleation temperature of LiCl is raised from about 10.5 to 12 °C in the
concentration range of Fe®* ions between 10 to 150 ppm as shown in figure 4-14.
The highest difference between the value of hydration enthalpy of Fe?* and Li* ions,
and the numbers (n) of water molecules in the hydration shell of Fe?*-dipole which is
more than the Li*-dipole, see table 5-13. This lead to release the Li* ions from ion-
dipole to be free in the solution and can bind with the CI" as ionic bonds and as a
result reduce the free energy of formation that is required to form a nucleus of LiCl.

Table 5-13: Hydration enthalpies of individual ions of FeCl,- LiCI-H,0O at 25 °C [Mar87]

Cation A HkI/mol] | n Anion A gH[kI/mol] | n
Fe” -1972 9.2 Cr -367 2.0
Li* -531 5.2 OH" -520 2.7
H* -1103 12.0

Table 5-14 shows the interaction electrostatic force when Fe?" is added to the
solution of LiCl. Those values are unusable for the interpretation of the effect of Fe®*
by means of ion-ion interaction concept.

Table 5-14: The electrostatic force of ion-ion interaction occurred in FeCl,- LiCI-H,O

ion-ion Z; Z, r{ [nm] | ro[nm] F [N]
Fe-OH 2+ 1- 0.078 0.133 1.66139E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
Fe-ClI 2+ 1- 0.078 0.181 1.10265E-09
Li-OH 1+ 1- 0.069 0.133 9.06365E-10
H-ClI 1+ 1- 0.030 0.181 8.30694E-10
Li-Cl 1+ 1- 0.069 0.181 5.91733E-10

5.1.2.3 Effect of MgCl,

The interpretation of the Mg®* ion effect on the nucleation temperature of LiCl-
H,O solutions as shown in figure 4-16 can be explained in the same way as
explaining the effect of the AI** ion addition as shown in section of 5.1.1.1. The value
of the hydration enthalpy of the Mg?* ion that is needed for the interpretation is
presented in table 5-15. In addition, the electrostatic forces of ion-ion interaction in
MgCl,- LiCI-H,O values are shown in table 5-16.
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Table 5-15: Hydration enthalpies of individual ions of MgCl,- LiCI-H,O at 25 °C [Mar87]

Table 5-16: The electrostatic force of ion-ion interaction occurred in MgCl,- LiCI-H,O

ion-ion y4) Z, r{[nm] | ro[nm] F [N]
Mg-OH 2+ 1- 0.072 0.133 1.76006E-09
H-OH 1+ 1- 0.030 0.133 1.39197E-09
Mg-ClI 2+ 1- 0.072 0.181 1.15557E-09
Li-OH 1+ 1- 0.069 0.133 9.06365E-10
H-CI 1+ 1- 0.030 0.181 8.30694E-10
Li-Cl 1+ 1- 0.069 0.181 5.91733E-10

5.1.24

Effect of BaCl,

Cation AgH°[kI/mol] | n Anion A H kI /mol] | n
Mg”* -1949 10.0 Cr -367 2.0
Li* -531 5.2 OH -520 2.7
H* -1103 12.0

In table 5-17, Ba®" ion has the highest value of enthalpy of hydration, this led
to release the Li* ions from ion-dipole bonds to be free in solution and bind with CI" as
ionic bonds as a result is the decrease in the free energy for the formation that is
required for nucleation. Hence, the nucleation temperature of LiCl-H,O is increased
as shown in figure 4-18.

Table 5-17: Hydration enthalpies of individual ions of BaCl,- LiCI-H,O at 25 °C [Mar87]

The electrostatic force (F) values, see table 5-18, of Ba**-CI ions and Li*-CI
ions to some degree are similar. Hence, the electrostatic force is not playing a role in

explaining the effect of BaCl, on the nucleation temperature of LiCI-H,O.

Table 5-18: The electrostatic force of ion-ion interaction occurred in BaCl,- LiCI-H,O

ion-ion Y4\ Z, ri [nm] | ro[nm] F [N]
H-OH 1+ 1- 0.030 0.133 1.39197E-09
H-CI 1+ 1- 0.030 0.181 1.39197E-09
Ba-OH 2+ 1- 0.136 0.133 1.02219E-09
Li-OH 1+ 1- 0.069 0.133 9.06365E-10
Ba-Cl 2+ 1- 0.136 0.181 7.36067E-10
Li-Cl 1+ 1- 0.069 0.181 5.91733E-10
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5.1.3 K5»S0,-H,0 solution

The figures 4-19 to 4-24 show different effects of suppression, enhancement
and also non of both effects on the metastable zone width of K,SO,.

5.1.3.1 Effect of CuSO,

Addition of Cu?* ions to K,S0O4-H,0 solution has decreased the nucleation by a
small degree, this very small change can not be explained by means of the value of
enthalpy of hydration of Cu®* ion, which has the highest value as shown in table 5-17.
Figure 4-20 shows different result than what was expected to increase the nucleation
temperature of K,SO4 solution due to Cu®* ion addition!

Table 5-17: Hydration enthalpies of individual ions of CuSO,4- K;SO,4-H,0 at 25 °C [Mar87]

Cation A, H°[kJ /mol] n Anion A H[kI/mol] | n
cu?’ -2123 9.9 S0,% -1035 3.1
K* -334 2.6 OH -520 2.7
H* -1103 12.0

The electrostatic force interaction of K-S0, has the lowest value as seen in
table 5-18. This might be the reason of the small degree in decrease of the
nucleation temperature of K,SO4. Where the energy of formation is increased to
release more K ion form K-dipole to interact with SO,* ions that are strongly
interacting with the Cu®* ions due to high value of the electrostatic force of Cu-SOs.

Table 5-18: The electrostatic force of ion-ion interaction occurred in CuSO4- K;SO4-H,O

ion-ion Z; Z ri[nm] | rp[nm] F [N]

H-OH 1+ 1- 0.030 0.133 1.80856E-09
Cu-OH 2+ 1- 0.096 0.133 1.69334E-09
Cu-SOq4 2+ 2- 0.096 0.230 1.39197E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
K-OH 1+ 1- 0.138 0.133 5.87027E-10
K-SO4 1+ 2- 0.138 0.230 5.46185E-10

5.1.3.2 Effect of BaCl,

The effect of Ba?* ion on the nucleation temperature of K,SO4-H,O solution
has a similar interpretation as shown in section 5.1.3.1. Taking, however, into
account the value of the hydration enthalpy of the Ba?* ion and the electrostatic force
of interaction of Ba?*-S0,4* and K*-SO,* the interpretation are as shown in tables 5-
19 and 5-20.
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Table 5-19: Hydration enthalpies of individual ions of BaCl,- K.S04-H,0 at 25 °C [Mar87]

Cation Ay g H°[kJ /mol] n Anion AgH[kI/mol] | n
Ba®* -1332 53 S0,% -1035 3.1
K -334 2.6 OH -520 2.7
H* -1103 12.0 Cl -367 2.0

Table 5-20: The electrostatic force of ion-ion interaction occurred in BaCl,- K;SO,-H,0

ion-ion Z; Z, r{[nm] | ro[nm] F [N]
H-OH 1+ 1- 0.030 0.133 1.39197E-09
Ba-SO4 2+ 2- 0.136 0.230 1.10434E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
Ba-OH 2+ 1- 0.136 0.133 1.02219E-09
H-ClI 1+ 1- 0.030 0.181 8.30694E-10
Ba-Cl 2+ 1- 0.136 0.181 7.36067E-10
K-SO4 1+ 2- 0.138 0.230 5.46185E-10
K-OH 1+ 1- 0.138 0.133 5.03579E-10
K-Cl 1+ 1- 0.138 0.181 3.63433E-10

5.1.3.3

Effect of Li,SO,4

The small difference between the values of hydration enthalpies of Li* and K*
ions, as shown in table 5-21, might be the reason of no significant changed of the
nucleation temperature of K,SO4-H,0 due to Li* addition as shown in figure 4-22.

Table 5-21: Hydration enthalpies of individual ions of LioSO4- Ko.SO4-H,0 at 25 °C [Mar87]

Cation AygHkI/mol] | n Anion Ay H kI /mol] | n
Li* -531 5.2 S04~ -1035 3.1
K -334 2.6 OH -520 2.7
H* -1103 12.0

On the other hand, the very small decrease in nucleation temperature might
be due to the electrostatic force interaction between Li* and SO4* ions which is larger
than in the case of K* and SO,* ions, see table 5-22.

Table 5-22: The electrostatic force of ion-ion interaction occurred in Li,SO4- K,SO4-H,O

ion-ion Z, Z, ri[nm] | ra[nm] F [N] |
H-OH 1+ 1- 0.030 0.133 | 1.80856E-09
Li-OH 1+ 1- 0.069 0.133 | 1.11651E-09
H-SO4 1+ 2- 0.030 0.230 1.09418E-09
Li-SO4 1+ 2- 0.069 0.230 | 8.27358E-10
K-OH 1+ 1- 0.138 0.133 | 5.87027E-10
K-SO4 1+ 2- 0.138 0.230 | 5.46185E-10
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The previous results showed that the concept of the hydration enthalpy values
(ion-dipole force) and ion-ion forces interaction can be used to explain the effect of
some additives on the width of the metastable zone. But it dose not explain some of
the other cases. It is suggested to examine the concept of intermolecular forces
interaction with more and different cases of additives to clarify the still not explainable
cases.

5.2 Theinduction time of CaCOQs in artificial seawater

The change in pH of seawater solution is an indication of the chemical change
in carbonate system of seawater solution (see section 2.7-1). Thus, this led to
choose the pH measurement as method to determine the induction time of CaCOg3
nucleation in artificial seawater, e.g. [RUS92]. The HCO, ion in ASW has been
increased by NaHCO3 addition as mentioned before (see section 2.12-2). In figure 4-
25, the pH of 35 g/kg artificial seawater has been changed rapidly from 8 to 7.46
once the NaHCO; was added. This change in pH solution can be interpreted
according to the following reversible reactions [Gla01]:

Reaction mechanism | (acidic mechanism):

Slow
Step 1: CO,+H,0 < HCO; +H" (5-1)
Instant
Step 2: HCO, < COZ +H" (5-2)

Reaction mechanism Il (alkaline mechanism):

Slow

Step 1: CO,+0OH™ < HCO, (5-3)

Instant

Step 2: HCO; +OH~ < COZ +H,0 (5-4)

As can be seen in reaction 5-2, the increasing in the concentration of HCO, ion

leads to shift the reversible reaction to the right direction instantly (Le Chatelier's
Principle). As a result, the pH of seawater was decreased rapidly and CO?™ ions

were increased at the same time which led to increase the supersaturation of CaCO3
in artificial seawater. Subsequently, the pH value of ASW was slowly increasing with
time (see area 1 in figure 4-25) due to raising the hydroxyl ion according to the
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backward reaction in equation 5-3. The time of raising the concentration of the
hydroxyl ions in ASW is affected by the high concentration of HCO, ions, CO,

concentration in ASW and the slow rate constant of the reaction. This raise in the
hydroxyl ions will continue until the precipitation of CaCOj3 occurs.

Later on, another region can be seen in figure 4-25. Area 2 is representing the start
of CaCOg precipitation and growth. The pH value in this area has been decreased

slowly due to the consumption of CO}  ions which are required for the CaCOj;

growth. This slow consumption leads to shift the reversible reaction in equation 5-2 to
the right direction. Hence, the H" ions are increased during the up take process of

CO? ions for a slow growth of CaCO; due to the low level of supersaturation as a

result of the CaCOj; precipitation. The growth of CaCO3 will continue until the level of
supersaturated of CaCO3; will be very small and not enough for further growth. This is
due to the reduction in Ca* ions which are considered the limiting reactant only after
the NaHCO3 addition to artificial seawater and CaCO3 precipitation occurred.

The last region in figure 4-25 is the area 3 which represents the no growth process of
CaCOs. In this area, it can be observed that the pH is increased. This is due to the
occurrence of the backward reaction 5-3.

There are no data available that can be shown of a similar study of
determination of the induction time of CaCOj; precipitation in artificial seawater as a
result of NaHCO3 addition. It is very important in estimating the applicability of
using the ultrasonic technique as precipitation accelerator. However, the
NaHCO3; has been used before for softening of seawater [HAY77] and for CaCOs3;
precipitation [DRI04]. In addition, Na,CO3; has been used for the removal of calcium
sulfate impurities from evaporated seawater [GURO05]. Furthermore, Pytkowicz
[PYT65] has determined the induction time for inorganic precipitation of CaCO3; over
a wide range of supersaturation in natural seawater and in artificial seawater free of
magnesium ions. Supersaturation was increased by adding a solution of Na,CO:s.
The induction time of CaCO3; was found to be very short in magnesium-free artificial
seawater comparable with normal artificial seawater. In addition, Rushdi et al.
[RUS92] has investigated the effect of [MgZ+] to [Ca®**] mole ratio on the induction
time and mineralogy of CaCOs precipitation while Na,CO3; was added.

In the other words, both NaHCO3 and Na,CO3; compounds can be used to precipitate
CaCOg; out of the seawater. But which compound of those can be logically used in

terms of the chemical reaction nature of each HCO, ion and CO;™ ion as shown in
equations 5-1 and 5-4, respectively? The answer can be characterized according to
the type of reaction. An extra amount of COZ ions in seawater can lead to deplete

water molecules in seawater which occurs not in the case of NaHCO5; addition.
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Hence, the addition of NaHCO3; will be more logical compared to Na,COj3; addition by
means of product yield of pure water. Furthermore, commercially sodium carbonate
is coasted more than sodium bicarbonate (e.g. see [MERO08]).

5.2.1 Effect the mass addition of NaHCO3 at 35 and 55 g/kg salinity (Sa.)

The mass of NaHCO; addition and operational temperature, together can
strongly effect the induction time of CaCOs precipitation. Those two parameters can
be found in the following equations [ALRO4]:

K" .[HCO; ]

COZ )= 5-5
[ 3 ] [H +] ( )
w -084226- 27411288 1 437130, In(T)+ ( 0.128417- w} -Sa. +
K;" =EXP T (5-6)
0.1195308- Sa.- 0.0091284-Sa.*®
-171.945-0.077993T+ %‘29% 71.595Log(T) +
KSSF;/,VCNC“E = 10/\ 178 34 (5-7)
(- 0.77712+0.0028426 T+ —— jSa.O'S -0.07711-Sa +0.0041249.Sa.**
K
L x 1. P T e (5-8)
S [Ca™][CO; ]

The induction time is changing inversely with the concentration of COZ™ ions as

shown in equation 5-8. Since the CO}~ ions are changing reversible with temperature

and salinity of the seawater as can be seen in figure 5-1 which represents equation
5-6. When equation 5-6 is substituted in equation 5-5, the induction time will
decrease with increasing temperature for the same level of NaHCO; addition as
shown in figures 4-26 and 4-28.

At the same time of the elevating of the COZ ion concentration due to an increasing

temperature, the solubility product of calcite KJ',.. is decreasing (see figure 5-2).
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Figure 5-1: Second dissociation constant Figure 5-2: Solubility product of calcite in
of reaction (5-2) versus temperature at 35 seawater versus temperature at 35 and 55
and 55 g/kg salinities g/kg salinities according to equation (5-7)

This is an additional effect on the decrease of the induction time of the precipitation
of CaCOj3. But the order of magnitude in change of K" is higher than the change of

KSW

sp,calcite *

This means the change in the temperature is more effective on K"

than K"

sp,calcite *

On the other hand, the change in the temperature becomes ineffective

concerning the induction time compared to the effect of the mass of NaHCO3; when
the addition exceeds 1 g and 2 g for 35 and 55 g/kg salinity, respectively, as
predicted in figures 4-26 and 4-28. This can be explained by equation 5-5, where the

increase in both the temperature and the HCO, concentration can increase the
concentration of CO? ions. However, the effect of increasing the K" = f (T, Salinity)
is not as high as the increase in the concentration of HCO, within the temperature
range of 30-70 °C. The limits of K;" can be seen in figure 5-1 as maximum and

minimum limit of K;" versus temperature.

The salinity of seawater refers to the content of salt concentrations ratio as it is
known, a higher salinity contains a higher content of Ca* ions and CO?™ ions. The

solubility product is slightly decreased with increasing the salinity of artificial seawater
(see figure 5-2). Therefore, the induction time of CaCOs3 at higher salinity should be
shorter for the same amount of NaHCO; addition.

This can be clearly verified according to the mathematical relation between the
induction time and solubility product on one side, and the product of the

concentrations of Ca®and CO.~ which represented the denominator of equation (5-

8) on the other side. But figure 5-3 shows a different result. An increasing in the
induction time due to an increase in the seawater salinity for the same amount of
NaHCO3; addition! Rushdi et al. [RUS92] was found that the induction time of CaCOj;
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was increased with increasing the Mg?* ion concentration in seawater. Consequently,
the induction time of CaCO3; in seawater increased at higher salinities (higher content
of Mg?* ions) for the same amount of NaHCO3 addition as shown in figure 5-3.

25,0

4 °C, 35 g/kg

225 °C, 35 g/kg

20,0 A °C, 35 g/kg

' °C, 55 g/kg

17,5 °C, 55 g/kg

°C, 55 g/kg
15,0 A
= 12,5 4

el
~= 10,0 -
7,5
5,0
A\ S T
2,5 1 N0 S~ e

0,0

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
NaHCO, [g]

Figure 5-3: The effect of NaHCO; addition on the induction time of CaCOj; precipitation in
artificial seawater, 250 rpm, 35 and 55 g/kg salinity

5.2.2 Interfacial tension (surface energy) of CaCO3in ASW

One of the necessities to determine the induction time is to calculate the
interfacial energy between the nuclei surface and the liquid solution. Interfacial
tension is given by equation (2-12). Interfacial tension between the CaCO3 and the
liquid solution of seawater can be calculated from the slope of those lines as shown
in the figures 4-27 and 4-29. The molar volume of CaCOs is 36.932 cm*/mole for
calcite and the correction factor f(®)=0,01. This value is valid when the nucleation

is heterogeneous; this is indeed true, since foreign particles of NaHCO3; were added
to the metastable artificial seawater. The values of interfacial tension given in table 5-
23 are increased with the temperature for the 35 and 55 g/kg salinity. Further the
interfacial tension is decreased with increasing the salinity for the same level of
nucleation temperature 70 °C.
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Table 5-23: Estimated values of interfacial energy between the CaCO; and seawater

T[°C] Salinity [g/kg] o [miim?]
30 35 26.97
40 35 29.68
50 35 57.40
70 35 93.67
30 55 29.99
70 55 70.84

Several values of interfacial energy of CaCO3; can be found 7, 19.5, 205 and 280
mJ/m? in the literature [SOH82] for calcite nucleation (homogenous) in the pure and
impure solutions. Unfortunately, for the case of CaCO3; nucleation in seawater, there
can be no data found in literature to compare the interfacial energy of CaCO3; with

these results.
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5.3 Scale reduction of CaCO3 in seawater desalination
5.3.1 Crystal growth

As mentioned in the section 2.6, the seawater under atmospheric pressure is
metastable to CaCOs, thereby, theoretically the driving force which is required for the
overgrowth of CaCOg3 on the calcite in seawater is there! But is the growth rate high
enough to achieve the aim of reducing the main scaling compound (CaCO3) before
the seawater enters e.g. the desalination plant in the available short time?

The answer is in the experimental results as shown in figures 4-30 and 4-31.
Wherein those figures the reduction in Ca?* ions is extremely low over a long
residence time! The degree of supersaturation of CaCO; (S) in artificial seawater is
not high enough to achieve the fast crystal growth (see table 2-6) as proven by the
results. Additionally, the magnesium ions in seawater are suppressing the rate of
nucleation and growth rate of CaCO3; [PYT65], [RED76]. The proposed method to
reduce Ca?' ions is therefore not suited to achieve the reduction process as
necessary.

5.3.2 Precipitation

When the precipitation of any compound occurred in its solution, the
supersaturation is damping very fast. CaCOj precipitation can only occur when COZ

ions are increased per unit volume of seawater. This can be done by chemical
addition or reducing the amount of solvent.

The measured results of the induction time as shown in figures 4-26 and 4-28 is
essential in employing the power of ultrasound to accelerate the precipitation process
of CaCOs;. Thus, the time of precipitation will be controlled. Since shorting the time of
precipitation is essential to increase the yield of the overall process.

A set of experiments were carried out. Focusing on the most important
operational variables studying the Ca" ion reduction as a function of:

» Optimal amount of HCO, ion addition

» Operational temperature
» Operational time of ultrasound
» Power of ultrasound and seawater salinity
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5.3.2.1 Calcium ion reduction as a function of NaHCO3; mass and temperature

In figure 4-32, the effective limit of NaHCO3; mass addition has been found to
be equal to 2.5 g which leads to a maximum reduction of Ca?* ions. An addition of
more leads to a smaller increase in the degree of supersaturation (see figure 4-33).
This might be due to the reduction in the dissociation amount of bicarbonate to
carbonate ions if a certain point at defined operational conditions is passed. Hence,
the optimum value of NaHCO; which can be added to achieve the maximum
reduction of calcium ions is adding 2.5 g of NaHCO3; as shown in figure 4-32. The
maximum percentage of Ca®* ion reduction is equal 24.32 % by mol.

This reduction can be increased to reach 75 % by mol when the operation
temperature is increased to 90 °C as can be seen in figure 4-35. Thus, the
temperature can play an effective role on the amount of CaCOg3 precipitated. This
behaviour is due to an increase in the dissociation rate of bicarbonate to carbonate
ions with increasing the temperature. The numerical value of the numerator in the
equation 2-20 has increased with remaining denominator without a significant
change. Since the solubility product of CaCO3; as shown previously in figure 5-2 is not
changing very much when the temperature has increased.

The methods used to measure the Ca?* ion concentrations in artificial
seawater are showing different results in percentages of the reduction of Ca®* ions.
Figure 5-4 shows the concentration of Ca®" ions measured by atomic absorption
spectroscopy (AAS).

By AAS a reduction of Ca®" ions
900

are equal to 94.25 % by mol. 500 |
Comparing this value with that one 700 |

. . . Pure ASW
obtained using the complex metric 600 - :

titration method to determine the 500 1
total amount of magnesium and 4001

300 1
calcium ions in ASW, a significant

200 -
difference can be recognized 100 |

[Ca”*] [ppm]

Increasing S

between those values. Hence, the 0 o e

accuracy of the methods used to T[°C]
determine the Ca®" ion is playing an

Figure 5-4: Calcium ion (measured by AAS)

essential role in evaluation the reduction versus 90 °C, with and without

. 2+ - .
efficiency of Ca™ ion reduction. modification of the degree of supersaturation (S).

Ultrasonic power= 100 W, Vasw= 125 mL, t= 2 min,
horn depth= 2 cm and salinity= 59 g/kg
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Figure 4-34 shows the X-ray diffraction results of the precipitated solid material. It is
shown that the intensity of the pattern peaks are not similar, this can be explained in
terms of the differences between the two cases of CaCOs; crystallization conditions.
One of the reasons is the precipitation of CaCO3; in the multi-components system, in
our case is the precipitation in the seawater. It is known that the magnesium ion has
an influence on the CaCO3; crystal growth and morphology. This can be related to a
substitution of magnesium ions instead calcium ions in the CaCOj crystal lattice
[RED76, SAB93]. Moreover, it was reported that the peak intensity of limestone
soaked by saline solution was changed. Due to the effect of saline solution on the
limestone particles surface [CHA98]. In our case, the intensity of the diffraction of
CaCO3; has shown a lower value than the pure substance. Another possibility to
explain the change in the diffracted intensity is in the change of the degree of
crystallinity of CaCO3; which can be influenced by the power of ultrasound. In this
work, the most important result of the X-ray is to investigate the general type of the
solid that is produced by precipitation.

5.3.2.2 Operational time of ultrasound, power of ultrasound and salinity
change

Increasing the active time of ultrasonic irradiation is not an effective factor on
the Ca?* ion reduction. The little change found in the total amount of magnesium and
calcium ions in ASW after an increase of radiation time are shown in figure 4-37. This
change can be explained by the prolonged time of created locally high temperature
and pressure. Hence the time of reaction will be increased. As a result the rate of
CaCOg precipitation is slightly increased as has been reported by Nishida [NIS04].

On the other hand, it has been found that the results (see figure 4-38)
achieved are similar insensitive to total power input of ultrasound concerning the
precipitation rate of CaCOg in pure aqueous solution [NIS04].

5.3.3 An environmentally friendly and economically solution to reduce scaling

As shown in section 2.9 the problems caused by scale formation in seawater
desalination and encrustation reduction can be solved (see section 2.10). For a
comparison, table 5-24 shows the most conventional methods and the suggested
method to reduce scale formation in seawater desalination.
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Table 5-24: The most conventional methods used to reduce scales in seawater desalination

Need extra
Method _ efficiency Disadvantages
equipment
» High risk of corrosion and
» Acid cleaning yes very effective hazard
» High costs
. ) » Unfriendly to environment
» Additives no very effective i
» High cost
. » Expansive process of
» lon exchange yes very effective _ _
chemical regeneration
» Minerals removal yes very effective |*» Needs probably extra
(suggested method) (needs to be equipment to reduce the CO,
proved in industrial emission (future assessment)
praxis) ,
» Extra costs are required

The profit of using the suggested method is:

»  Production and marketing CaCOs3 that is produced from seawater.

» Reducing of the potential of scales formation in seawater desalination.
» No corrosion risk.

» No toxic additives are used.

»  Environmental friendly.

Further studies for an evaluation have to be done as follows:

»  The optimum amount of NaHCO3 addition has to be found over a wide range
of temperatures to determine the maximum reduction of Ca?* ions.

»  The minimum operation time, the minimum power input of the ultrasound and
the total amount of CO;, release (CO, emission problem) has to be found.

» A study of the crystal size distribution, shape, morphology and purity of the
crystalline products of CaCO3 with a comparison to the standard quality has to
be done.

» A study comparing the CaCO3 product yield to the maximum reduction of Ca**
ions is needed.

»  All above experiments should be carried out in artificial seawater alongside to
the real seawater in order to take the biological effect into account.

Here, it is very necessary to show in a simple way how much CaCOs; can be
produced from seawater? Assuming a 100% of calcium ions to be converted to
CaCOs. This calculation can be done according to the following equations:
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-~ Ca’ +COZ — CaCo, (5-9)
. [Ca*1=[COZ ]1=[CaCO,] mole/kg (5-10)
+ [Ca®']=2.934-10* #Salinity  mol/kg,,,,.., [ALRO4] (5-11)
. [CaC0O,]1=2.934-10" *Salinity mol/kg.., . (5-12)
. [CaC0O,]=0.029366 * Salinity  9/KQ anater (5-13)

Equation 2-13 is represented by
figure 5-5 which shows the mass
of CaCOj; that can be produced at

2,6 - —e— Massg,q,, Vrs Salinity
different levels of salinity, when 241
the assumption is made of a 100 % 2,2 4
% conversion of calcium to CaCOj3 gg 2,0 1
after the addition of NaHCOs; to § :2
seawater. It can be seen how the = 1:4,
production mass of CaCOj is 23 1,2 1
extreme small can be proved to ;’g’

the mass of seawater used. 30 40 50 60 70 80 90
Moreover, to have a clear Salinity [g/kg]

impression on the total mount of

CaCO; that can be produced Figure 5-5: CaCO3 mass production against

according to the data found in salinity of seawater, 100% conversion assumed

literature of the typical production

rate of fresh water. A desalination plant capacity of fresh water production is 25.000
ton/day [GRAO4]. The typical mass ratio of fresh water out let to the intake feed of
seawater is equal 1:3 [GLAO1]. Consequently, the inlet feed of seawater is 75.000
ton/day. Thus, by applying equation 5-13 for 35 and 59 g/kg salinity, it gives 77.09
and 129.95 ton/day of CaCOs, respectively.

After all, designing and manufacturing a new process might be suggested to
produce CaCOj; from seawater and reduce the scale formation. This suggestion
might only be valid when a complete economic evaluation study will be carried out.
The out come depends mainly upon investment costs of employing the suggested
method which should be equal (or less than) to the total costs caused due to the
impact of scale formation in seawater desalination plant plus the profit of marketing
the CaCOs3 produced from seawater. l.e. keeping the price of fresh water at the same
market level and solving the problem of encrustation in seawater industry in friendly
way to environment.
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6. Conclusion

Interpreting the effect of impurities using the concept of intermolecular
interactions by means of ion-ion and ion-dipole forces in solution due to changes of
its content by additives is in some cases possible as summarized in table 6-1.

Table 6-1: Summarized the success of the suggested method in interpreting the effect of
additives on nucleation temperature

Solution additive Interpretation
ion-dipole jon-ion
A " -
FeZ’ " "
ZnS0O4 — H20 Ba®  and CI + -
Li* ~ ~
K" ~ ~
AP ~ -
FeZ’ - "
LiCl — H,O -

Mg + +
Ba®* and Cl ¥ B
cu? ~ n
K2SO4 —H20 Ba®* and CI ~ "
Li* + n

Note: (+) successful, (-) unsuccessful

The suggested rule of taking the hydration enthalpy values as main factor can be
used in explaining the effect of some additives but not without using the strength of
ion-ion force for some other cases of additives. This might be due to not taking into
account the dipole-dipole attraction forces (Van der Waals forces). The suggested
concept is already helpful in some cases where additives influence the width of the
MSZ. Unfortunately not all cases could be treated satisfactory up to now. Further
experiments and theoretical improvements (e.g. introducing dipole-dipole
interactions) are required. Even so, the partially success which is shown in this study
that the change in the structure of the solution due to presence the impurities is the
key of interpretation of their effect.

Additionally, it should be mentioned that the maximum change in the MSZ width that
was recorded in literature, can not be generalized. Because the experimental results
found here showed no appropriate effect and but to postulate also a minimum
change in the MSZ width due to adding a very small amount of additives is possible.
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Conclusion

On the other hand, the possibility of reducing the amount of the calcium ions in
artificial seawater is shown in this work by adopting two concepts. Reduction by
crystal growth and precipitation of CaCOs in seawater.

The crystal growth principle can not be applied to serve to reduce scale
formation in seawater desalinisation due to the experimental results which proved no
significant reduction in the calcium ions in artificial seawater.

On the other side, precipitation of CaCOg3 in artificial seawater is promising to
solve the scaling problem in seawater desalinisation. This process as such can not
be carried out without modifying the degree of supersaturation of CaCOs; in the
artificial seawater for all salinities. The degree of supersaturation was increased by
addition NaHCO3;. The induction time of CaCO3; precipitation in artificial seawater has
been reduced with increasing the mass of NaHCOg for a certain limit of addition. An
increase in the temperature of precipitation is decreasing significantly the induction
time.

The reduction process that is achieved by the precipitation process of CaCOs;
can be accelerated by the power of ultrasound. The optimum degree of
supersaturation which can achieve the maximum reduction of calcium ions is equal to
345.74 at 50 °C and 2 min operation time. The required value to be obtained for the
maximum reduction of calcium ions of different kinds of salinities and volumes of
seawater are related to the above mentioned conditions. The operational conditions
of mass of NaHCO3 addition, temperature, time of ultrasound, power of ultrasound

and seawater salinity were studied. There were no changes on the [Ca2++ Mgz+] ion
reduction due to the change of the power of ultrasound. The most important
conditions that should be optimised are temperature, time and mass of addition for
NaHCO;. The highest value of temperature and time are related to the optimum
amount of NaHCO3 addition that can achieve the maximum reduction of calcium ions.

The optimisation process can be carried out by taking the costs of the pre-treatment
of the process plus the benefit of producing CaCO3; and environmental effects as
essential factors, which are, however, so far not in consideration in this stage of the
study. Then again, the result of this optimisation process should be compared with
other methods described in literature to estimate the applicability of the method
presented here as an alternative solution for scale prevention in seawater
desalination.

81



Summary

7. Summary

The most important influences on the width of the metastable zone are the
kind and concentration of the impurities existing in the solution. The presence of
impurities in solution leads to different disturbances on the yield of a product. Only an
experimental determination for the effects of impurities exists in the relevant literature
without any interpretation of the existing results. Most explanations of crystal growth
under additive effects start at the solid phase but do not take into account the change
in the structure of the solution when additives are added to a solution.

Here it was investigated if the properties of intermolecular interactions cations and
anions each for additive, solvent and salt in solution are the key to an interpretation
of influences of additives on the metastable zone width of inorganic compounds.

The polythermal method was used to measure the effect of the additives, e.g. AI**,
Fe**, Ba**, Li* and K* on the MSZ width of ZnSO,, A", Fe?*, Mg and Ba** on the
MSZ width of LiCl and Cu®*, Ba*, Li* on the MSZ width of K;SO,. These additive
ions were selected according to a suggested rule, which takes the amount of
hydration enthalpy values into account. The results show that the additives affect the
MSZ width not always as expected. Also it is explained that the effect of some
additives on the MSZ width can be given in terms of hydration enthalpy values and
ion-ion interaction forces. This approach is, however, still not sufficient to interpret the
effect of all additives.

Also this study shows the possibility to reduce scale formation e.g. in seawater
desalination. The principal idea of the concept is a reduction of the amount of calcium
ions, which are causing the main scaling problem in seawater desalination such as
CaCO3; and CaSOq scales. This reduction of calcium ions can be carried out before
the feed of the seawater enters the desalination unit. It can be defined as
precipitation and separation unit. In this unit, it is suggested to use the power of
ultrasound to accelerate the precipitation of calcium carbonate after modifying the
degree of supersaturation in seawater. By adding a stoichiometric amount of an
inorganic compound that is the source of carbonates ions. Normally the CO?~ ions

are the limiting reactant in seawater, which is not enough to reach the required
degree of supersaturation for a precipitation. Thus NaHCO3; was added to increase
the degree of CaCOs supersaturation in artificial seawater. The induction time of
CaCOg precipitation was investigated after modifying the degree of supersaturation.
As a result the interfacial tension of CaCOs; in artificial seawater was determined at
different level of temperature and salinity without applying the power of ultrasound.
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On the other hand, the power of ultrasound was used to accelerate the CaCOg3
precipitation as essential to accelerate the process of calcium ion reduction in
seawater.

The experimental work is focused on several operational variables studying the
calcium ion reduction as a function of:

1. Optimum amount of HCO, ions addition

2. Operational temperature
3. Operational time of ultrasound
4. Power of ultrasound and seawater salinity

The maximum necessary addition of HCO, ions in seawater was determined to

reach a maximum decrease in calcium ions. As a result of this reduction the
conditions to control the scale formation will be achieved. Additionally, it was found
that the closer the process to optimal operation conditions of temperature and time is
the more increased is the efficiency of reduction. In addition, there has been no
change recorded in calcium ion reduction due to the change of power input of power
of ultrasound. This work can be considered a first step to evaluate the combined
chemical-mechanical methods as anti-scaling operations in seawater desalination.
Environment and economic aspects would benefit if the present results could be
transferred to industry.

83



Nomenclature

8. Nomenclature
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Electrostatic force between ions
Valence of ion

Elementary charge

Distance between ions

Overall excess free energy
Surface excess free energy
Volume excess free energy

Minimum value of free energy required for nucleation
Free energy change of the transformation
Critical size of nucleus

Temperature
Gas constant
Concentration of component (i)
Partial molar Gibbs free energy

Gibbs free energy of formation of component (i) at
standard condition
Solubility product constant

Induction time of precipitation
Avogadro’s number

Molar volume

Molality of carbonate ion in seawater
Molality of calcium ion in seawater

Degree of supersaturation of CaCOg in seawater
solubility product constant of CaCOg3 in seawater

solubility product constant of CaCOg in seawater

Total concentration of Ca** and Mg?* ion in seawater

Mass of NaHCO3

Volume of artificial seawater
Time of ultrasonic irradiation
Enthalpy of hydration of ion

Number of water molecules in hydration shell
Salinity

Second dissociation constant of carbonic acid in
seawater

Jim®

m

°C
J/mol K

mol/L
J

kJ/mol

mol?/L?
S

mol
cm?® /mol

mol/kg
mol/kg

mol?/kg?
mol?/kg?
mol/L

g
mL

min
kJ / mol

g/kg H20O
mOI/kgsqution



Nomenclature

Greek letters

£ Dielectric constant of the solvent C?/N.m?
& Relative dielectric constant -

€ Vacuum permittivity C?/N.m?
4 Interfacial tension mJ/m?
o Interfacial tension mJ/m?

& (T)  chemical potential at certain temperature and pressure J

u°(T)  chemical potential at standard condition J
7i Activity coefficient of component (i) -
2t Total activity coefficient -

Abbreviations

MSZ Metastable zone

ASW Artificial seawater

AAS Atomic absorption spectroscopy
rpm Revolution per minute

M Mass of CaCOs3

CaCo,
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