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ABSTRACT

The seeding crystallization of calcite and aragonite in seawater was evaluated theoretically and
experimentally. The level of supersaturation with respect to calcium carbonate, which is the driving
force for the crystal growth, was found to be influenced by the pH value of seawater, the
temperature and the seed morphology. It was proven experimentally and theoretically that the level
of supersaturation in seawater with respect to calcium carbonate is more sensitive to pH than to
temperature. The growth process of calcite or aragonite cannot start if the pH value of seawater is not
adjusted to be higher than 8.0 in the basic medium. An initial pH value of 8.2 is found to be enough
to initiate the growth process of both calcite and aragonite seeds. Calcite seeds were found to be
subjected to higher levels of supersaturation than aragonite.

Keywords:
Aragonite

Seeding crystallization; Seawater; Calcium carbonate; Scale control; pH, Calcite;

1. Introduction

One of the main obstacles which effectively contributes
in increasing the costs and operational problems in
thermal desalination units is the scaling of the heat
exchange surfaces. Scaling control and inhibition is
successfully achieved by using organic anti-scaling com-
pounds. However, using such anti-scaling additives
always goes in line with environmental impacts as well as
increasing costs of the desalination.

An alternative investigated in this study is the appli-
cation of seeding of seawater with selected seed crystals.
level of supersaturation will lead to a decrease of the
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amount of scaling materials in seawater, thus decreasing
the scaling potential of seawater. The seeding of seawater
with selected crystals composed of the same elements of
the scaling materials existing in seawater, e.g. calcite or
aragonite can have the potential to reduce the concen-
tration of calcium and carbonate ions. This ions cause
more than 98% of the scaling layers at temperatures less
than 90°C.

In the literature there are many old studies [1-22] of
experimental investigations which tried to answer the
question if a seeding technology can be practically applied
for scale inhibition on an industrial scale or not. These
studies gave positive and promising results concerning
the possible scaling control via seeding processes.
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Results presented by Pfefferkorn et al. [8,9] showed a
successful application of a seeding technology (CaSO,
crystals) for scale inhibition through an experiment con-
ducted in a pilot plant forced circulation evaporator with
a 3800 m’/d capacity. A control of the residence time of
crystals to achieve the required growth rate was found to
be a key factor of the successful of seeding process. This
parameter was controlled by implementing a settling
technique. A suspension density of 5 wt.% and a slurry
flow rate of 1.8 m/s were found to be optimum to
completely inhibit the gypsum scaling. Stickney and
Fosberg [10] introduced the concept of using a seeding
process inindustrial waste water treatments which is now
applied in evaporation equipments of a 50 m*/h capacity.
A vertical pipe falling film evaporator was used to con-
centrate waste water. The application of seeding tech-
nology was successful to inhibit the scaling of CaSO, and
Si0,.

The objective of this study is to find out the limits for
the application of seeding crystallization as a pretreatment
unit operation for scale control in thermal desalination
industry. The factors influencing the supersaturation
which is the driving force for the crystal growth were
studied theoretically and experimentally. The effect of
temperature, seed morphology and pH were evaluated.

2. Theoretical

The supersaturation is the driving force for calcium
and carbonate ions to leave the seawater and then to
integrate in the crystal lattice of seeds. However, the
supersaturation with respect to calcium and carbonate
ions in seawater is not a function of only one parameter
(temperature or concentration) like in a conventional
crystallization process. It is rather more complicated and
several chemical equilibrium reactions are controlling the
level of supersaturation for the growth of calcium carbo-
nate crystals in seawater.

The driving force for seeds growth in seawater is the
supersaturation (Q) which can be defined as:
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K,, in Eq. 1 is the solubility product of calcium carbonate
in seawater which is defined as:

K, =[Ca*] [CO}] @
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where [Ca™],, and [CO;],, are the equilibrium con-
centrations of calcium and carbonate ions in seawater in

mole/kg seawater. The seawater is supersaturated with
respect to calcium carbonate only when the value of Q is
greater than one. Obviously, calcite possesses a higher
supersaturation than aragonite at the same conditions due
to its smaller values of K.

In seawater the supersaturation of carbonate and
calcium ions during the crystal growth of different poly-
morphic forms of calcium carbonate seeds is governed
mainly by several reactions which take place during the
crystal growth. These reactions form the so-called carbo-
nate system in seawater, which are summarized schemati-
cally in Fig. 1.

As Fig. 1 shows the concentration of carbonate ions
[CO; ] in seawater is determined from the liquid /solid,
liquid/liquid and liquid / gas equilibrium reactions which
occur simultaneously during the crystal growth of calcium
carbonate in seawater. The concentration of carbonate ions
[CO; ]inseawater can be determined from the knowledge
of these equilibrium reactions and from the empirical
relations in the literature [23-29]. Obviously the concen-
tration of carbonate ions [CO; ] in seawater, which deter-
mines the level of supersaturation with respect to calcium
carbonate, is affected directly by pH and temperature of
seawater.

Therole of temperature and pH in controlling the mole
fractions of CO,, HCO, and CO; in seawater at constant
salinity was investigated by Millero [30]. The calculations
showed that at constant pH, the mole fraction of CO;
increases with increasing temperature. Increasing the pH
value to more than 7.5 will result in a decrease of HCO,
and anincrease of CO§’, and therefore the thermodynamic
driving force for the crystal growth will be increased (see
Eq. (1).

Rearrangement of Eq. (1) to include all the above-
mentioned parameters by using the liquid/liquid equili-
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Fig. 1: Equilibrium reactions that take place in seawater
during crystal growth of calcium carbonate seeds.
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brium constants (see Fig. 1) will yield:

O [Ca**].TA 3)
K,,(2+[H'V/K,)

where TA is the total alkalinity of seawater inmol/kg. The
total alkalinity in seawater is defined as its capacity to
neutralize acidic solution. This is dependant on carbonate,
bicarbonate and hydroxide ions in seawater. The total
alkalinity results from these three components. Quanti-
tatively the total alkalinity can be determined using the
end point potetiometric titration (pH = 4.3) method.

The only parameter which depends on the solid /liquid
equilibrium in Eq. (1) is the value of K,, (the solubility
product). It represents the equilibrium solubility of the
crystals in seawater. The value of K,, depends on the
temperature, salinity of seawater and the crystal mor-
phology of calcium carbonate (calcite or aragonite).

The parameters TA, K,, and [H'] are the most effective
parameters which influence the supersaturation. These
parameters determine the amount of carbonate ions in
seawater, which is the key parameter and can be mani-
pulated to increase the level of supersaturation. The
values of these parameters are strongly dependent on the
pH and the temperature of the seawater.

In a closed seeded batch crystallizer, [CO; ] decreases
due to the crystal growth of calcium carbonate seeds in the
metastable seawater. This is accompanied by a pH-decay
as can be obtained from the following equation which
represents a combination of the liquid phase equilibrium
reactions in Fig. 1:

K,K,[H,CO,]

CO? = -
| ! [H']

(4)

3. Results and discussion
3.1. Calculation of effect of temperature on supersaturation

Changing the temperature of seawater at constant
salinity will result in changing the values of pH, Ksp, K, K,,
K, and TA. Also the solubility of carbon dioxide in
seawater or its partial pressure above the seawater (P,)
will be affected by temperature. This will be reflected
finally on the concentration of carbonate ions, which is the
most important component affecting the driving force for
the crystal growth of calcium carbonate in seawater.

The calculated supersaturation with respect to calcite
and aragonite as function of seawater temperature is
shown in Fig. 2. The results presented in Fig. 2 indicate
that increasing temperature to, e.g., 40°C will increase the
supersaturation (Q) with respect to calcite to about 4 and
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Fig. 2. Changing supersaturation with respect to calcite and
aragonite with temperature at constant salinity of 35 g/kg.

with respect to aragonite to about 2.5. Referring to the
results presented in Fig. 2, the growth rate at this level of
supersaturation is still very low for both polymorphs and
thus it will not be attractive for the industrial seeded
crystallization process to operate the process at moderate
temperature levels. This is due to the decrease in pH with
temperature. It is, however, recommended to manipulate
the pH to increase the supersaturation level at low
temperatures.

3.2. Effect of variation of pH on level of supersaturation

Changing the value of pH at certain constant values of
temperature and salinity can dramatically influence the
carbonate system of seawater and hence the super-
saturation. All the chemical equilibrium reactions can be
shifted by the variation of the pH of seawater. The cal-
culated influence of an increase of the pH value of
seawater from 7.98 to 8.5 at a constant temperature of
25°C and a constant salinity of 35 g/kg on the carbonate
ions concentration and total alkalinity is shown in Figs. 3
and 4, respectively.

Figs. 3 and 4 display a strong increase in carbonate ion
concentration and total alkalinity due to increasing pH.
The increase of the pH value of seawater at constant tem-
perature and salinity will have the following conse-
quences which effects directly the supersaturation (Q):

* TA will strongly increase, Q will increase [see Eq. (3)];

o [H'] will decrease, Q will increase;

* K, and K, remain constant at constant temperature
and salinity

The calculated supersaturation (Q) with respect to
calcium carbonate polymorphs (calcite and aragonite) at
the different pH values is presented in Fig. 5. The results
presented in Fig. 5 are of paramount importance for
industrial seeding crystallization processes. Obviously,
increasing the pH value from its normal level (~8) to a
higher level, e.g. 8.2, will be sufficient to achieve the
required supersaturation around Q = 6, which is the mini-
mum required level to obtain a fast enough growth rate
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for both calcite and aragonite at 25°C and 35°C to get
sufficient crystal growth [19]. The results calculated in
Fig. 5 represent a key information for the control of the
seeding crystallization in seawater.
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Fig. 3. Variation of carbonate ion concentration in seawater
with pH at constant temperature of 25 °C and constant
salinity of 35 g/kg .
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Fig. 4. Variation of the total alkalinity in seawater with pH
at constant temperature of 25°C and constant salinity of

35 g/kg.
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Fig. 5. Effect of pH on the supersaturation level in seawater
with respect to calcite and aragonite seeds at constant tem-
perature of 25°C and constant salinity of 35 g/kg.

4. Experimental investigations

In order to assess the key calculated results in Fig. 5
experimentally, seawater in a 500 mL stirred batch
crystallizer was seeded by calcite and aragonite under the
same conditions of salinity, temperature and seeding
ratio. The measured rate of the pH decay for calcite is
faster than that for the aragonite morphology (see Fig. 6).
The faster pH decay for calcite seeds means that the
crystal growth rate of calcite is faster than the crystal
growth rate of aragonite according to Eq. (4). These ex-
perimental results indicate that the calcite seeds are
subjected to higher supersaturation levels than aragonite
seeds under the same conditions. This is in agreement
with the calculated results of Fig. 5.

The role of pH in changing of the level of super-
saturation was experimentally tested by seeding seawater
with calcium carbonate (calcite) at different initial pH
values. The measurements are conducted in an agitated
batch crystallizer at constant temperature, salinity, stirrer
speed and seeding ratio. In all seeded batch experiments
which were conducted at different initial pH values, a
decrease in the pH value of seawater with time is
measured.

During the crystal growth of calcite seeds in seawater,
the concentration of carbonate ions in seawater will
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Fig. 6. Measured rate of pH decay of seawater with calcite and
aragonite seeds. Stirrer speed (N) = 269 rpm, temperature
(T) = 50°, initial pH = 8.3, seeding ratio (SR) = 1 g/L, salinity
(S)=45g/kg.
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Fig.7. Measured pH value with time during crystal growth of
calcite in seawater. Salinity (S) = 35 g/kg, stirrer speed (N) =
269 rpm, seeding ratio (SR) = 1 g/L, temperature (T) = 50°C.
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decrease. Consequently, more [H'] ions will be generated
according to Eq. (4); therefore, a pH decrease will be
associated with the crystal growth of calcite in seawater
(seeFig.7). The measured faster rate of pH decay at higher
initial pH values means faster initial growth rates and
thus higher initial levels of supersaturation. These results
agree with the calculated results in Fig. 5.

5. Conclusions

The results obtained in this study indicate that the
growth process of calcium carbonate in seawater can be
realized under certain conditions for possible application
of seeding crystallization processes as a pretreatment unit
operation. The key factor is to create the required amount
of supersaturation to initiate crystal growth. The level of
supersaturation can be manipulated by changing the pH
and the temperature of seawater. Applying this method
on industrial scale will be attractive for the desalination
industry; however, engineering design and operation
studies must be carried out to enhance the practical appli-
cability of this type of process.
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