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ABSTRACT

Particles, which are naturally present in seawater, have been reported to affect the formation
of CaCQO, crystals. In this study the effect of foreign particles on induction time was explored.
Induction time was monitored using a highly sensitive pH meter mounted in an air-tight glass
reactor. Experimental work was performed with synthetic seawater prepared using ultra-pure
water with a composition equivalent to 50% recovery SWRO concentrate (based on the com-
position of seawater from the Gulf of Oman). The prepared synthetic solutions were filtered
through filters having different pore sizes namely 0.22 um; 0. pm and 100kD (=0.03 um). In
addition, glass beads of diameter 20-30 nm were added in volumes of (1; 0.5 and 0.1 ml) to syn-
thetic seawater to yield an increase in glass/water contact area of 123%, 16% and 1% compared
to the total reactor glass area in contact with the synthetic water. Different mixing speeds were
applied namely 10; 50; 150 and 300 rpm to investigate the effect of mixing on experimental
results. Results showed that filtering synthetic seawater and applying different mixing speeds
had a negligible effect on the experimental induction time results. On the contrary, the addi-
tion of glass beads shortened the induction time substantially from 30% to 100% (immediate

precipitation), depending on the amount of beads added.
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1. Introduction

Reducing the consumption of chemicals in seawa-
ter reverse osmosis (SWRO) plants is an important goal
because of the positive impact on the environment and
the reduction in operational costs. Acid /antiscalant dos-
ing to avoid calcium carbonate scale is responsible for
a major part of the chemical consumption in SWRO.
Reducing chemical dosing can be achieved by deter-
mining the actual scaling limits of calcium carbonate in
SWRO, and operating close to these limits. This can be
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achieved by investigating the factors affecting the nucle-
ation mechanism of CaCQO, in seawater concentrates.
Particles generally exist in natural aquatic environ-
ments and seawater is no exception to this rule. Indeed,
these particles might be different in terms of their
nature, size and concentration, but generally they can
be classified as: settleable solids (>100 um), supra-col-
loidal solids (1 um to 100 um), colloidal solids (0.001 um
to 1um) and dissolved solids (<0.001 um) [1]. The most
common inorganic colloids in natural waters are alumi-
num silicate clays and colloids of iron, aluminum and
silica. Organic deposits, together with iron oxide, silica
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and aluminum, represent 70% of the deposits detected
in membrane autopsies throughout the world [2,3]. Nat-
ural seawater contains around 10"-10" particles/L with
an average diameter of 128 nm [4] which result in a sur-
face area of 5.22*10* m?/L.

The effect of the presence of particles on nucle-
ation and subsequent growth was addressed by many
researchers [5-12], where it was claimed that active
impurities, e.g. macro-molecules, organic compounds
and metallic ions, may have growth suppression effects
on precipitated salts depending on the size, shape, ori-
entation, and molecular size of the impurity [5,11,12].
On the contrary, it was also reported that the presence
of particles may affect the mechanism of nucleation of
a particular scalant due to the generation of extra nucle-
ation sites associated with the settling of these particles
[10,13]. Thompson, 2003 [14] claimed that impurities in
the solution induce their effects by interacting with crys-
tal faces during growth; some impurities can completely
suppress growth, some enhance growth, while others
act selectively or to varying degrees on each crystal
face, consequently modifying the crystal morphology
[14]. On the contrary, Snoeyink and Jenkins, 1980 [15]
demonstrated a negative effect of particles on slightly
supersaturated solutions with respect to CaCO,, where
these solutions show an infinite degree of stability until
fine foreign particles were added. The resultant solution
performance in such cases was very similar to what is
found if supersaturation was increased [15].

Scaling is considered a continuous hazard in the
design and operation of SWRO systems. Calcium car-
bonate, as the most abundant scalant in SWRO, is com-
monly assumed to precipitate immediately when its
solubility is surpassed. The supersaturation of a solu-
tion with regard to calcium carbonate can be calculated
using different indices. The most commonly used indi-
ces are the Stiff & Davis stability index (S&DSI); Satu-
ration Index (SI) and Saturation ratio (S,) [16-23]. The
S&DSI approach is based on correcting the values of the
solubility product and second acidity constant for salin-
ity and temperature based on experimental data [22].

S&DSI = pH, - pH; @
S&DSI = pH, — (pCa + pAlk + k) (2)
and

k = pK, — pKgp (©)

When it comes to practice, supersaturated solutions
normally exhibit a period of stability after which

precipitation takes place [21]. This period of stability is
defined as the induction time, and is the time elapsed
between the creation of supersaturation and the first
appearance of a new phase [21]. Induction time is com-
monly measured by following the change in either the
concentration of one of the crystal ions, pH, conductiv-
ity or turbidity over time [24].

Experimentally, it is very difficult to determine the
formation of the first nuclei, and consequently, a part of
the induction time may also include growth to a detect-
able size.

The induction time was reported to be affected by
the stirring speed applied during the reaction, and was
reported to decrease with increasing solution supersatu-
ration and increase as the applied mixing speed increased
(300 to 700 rpm) [21,25,26]. This relation may be attrib-
uted to the method of measuring induction time and
whether the nucleation mechanism was homogenous
and heterogeneous [27,28], as homogenous nucleation
was reported not to be affected by changing the mixing
speed [29]. Unlike its effect on nucleation, their growth
experiments, reported that stirring speeds of 300 to
800 rpm had no effect on crystal growth [27,28].

For the purposes of this research it is assumed
that the nucleation time is much greater than the time
required for growth of crystal nuclei to a detectable size
[30]. Thus, induction time can be assumed to be inversely
proportional to the rate of nucleation, t, o] [21].

ting o ]_1 4)

Where the steady state nucleation rate can be
expressed in

B- V2 -y - £(0)
v2 - (kT)® - (In S, )?

J, = Qexp| - 5)

In equation (5) an arbitrary factor (f(8)) determines
the nucleation mechanism. Homogeneous nucleation is
recognized by f(6) = 1 while for heterogeneous nucle-
ation f(0) < 1. Values as low as 0.01 were reported [21].

Measured Parameter

Fig. 1. Schematic diagram showing the experimental detec-
tion of induction time.
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Based on equations (4) and (5)

B
IOg tind= T3(10g—sa)2 -A (6)

Based on nucleation theory, homogenous and hetero-
geneous nucleation mechanisms are basically differenti-
ated by the description of nucleus formation. Nucleation
is referred to as homogeneous nucleation when the for-
mation of a solid phase is not influenced by presence
of any solid phase, while in heterogeneous nucleation,
the formation of new solid phase particles is catalyzed
by the presence of a foreign solid phase. When nucle-
ation occurs, growth of a solid phase is then initiated
by the presence of the solid phase already formed [21].
The solid phases inside a SWRO module can be particles
present in the feed water or the membrane surface itself.
In literature, homogenous and heterogeneous nucleation
are differentiated by the slope of the relation between
Logt,, and Log Sa'2 shown in equation (6) [6,11,12,31].
The change in slope is related to the geometrical shape 8
in equation (5) which represents different crystallization
habits at different ranges of supersaturation. For CaCO,,
this boundary saturation ratio (S,) at which  changes
ranges between 20 [12] to 100 [31].

2. Materials

The experimental setup shown in Figure 2 was built
to measure the induction time using a highly sensitive

on-line pH meter (Eutech pH 6000) with an accuracy
of 0.001 pH units. The pH meter is connected on-line
for continuous measurement of pH with time. The pH
probe was fitted in the top of the air-tight double jack-
eted glass reactor with a volume of 3 liters (Applikon),
and equipped with a double paddled shaft mechanical
stirrer. The mixing rate can be varied from 0 to 1200 rpm
using an electronic controller (Applikon) linked to the
mixing motor. The reactor can be filled either mechani-
cally using a diaphragm pump with average filling
speed of 4 L/min or manually. After each experiment
cleaning employing 0.2 molar HCI or HNO, to dissolve
any crystals formed was performed for 30 min with a
flow of 0.15 L/min, and then flushed with demineral-
ized water for 15 minutes with a flow rate of 3 L/min
before the next experiment.

2.1. Synthetic seawater concentrate preparation

The ultra-pure water system is shown in figure 3.
Tap water is delivered as the raw water source where it
passes through a series of treatment steps to decrease the
organic and inorganic particle content in the feed water.
The product water had a conductivity and total organic
carbon (TOC) 0.8 uS/cm and 3 ng/L, respectively. The
TOC was measured using TOC analyzer with detection
limit of 0.5 png/L.

The synthetic seawater concentrate used in the
experiments was prepared in stages. First, NaHCO, was
prepared by dissolving 0.81 g/L of NaHCO, salt (Pro-
analysis shown in Table 1) in ultra-pure water. Second,

Demy Water feed line (open during washing)
See Operation during washing.
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Fig. 2. Schematic general view of the system used during the induction time experiments.
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Fig. 3. Laboratory Ultra-pure water preparation system.

Table 1
Salt reagents used in experimental synthetic seawater con-
centrate preparation.

Reagent Form Supplier Purity
NaCl Salt J.T. Baker 99.5-99.9 %
CaCl, 2H,0 Salt MERCK 99.9
NaHCO, Salt MERCK 99.9

CaCl, 2H,0 solution was prepared by dissolving 5.25g/L
of CaCl, 2H,0. Finally, 17.93 g/L of NaCl salt was dis-
solved in the previously prepared CaCl, 2H,O solution to
adjust the ionic strength value (1.62 mole/L) of the pre-
pared synthetic concentrate to compensate for the absence
of other ions present in real sea water concentrates.

To insure complete dissolutions of reagents, the salt
was added to the ultra-pure water in a measuring flask.
The flask was then closed and shaken manually for 2 min-
utes after which 2 hours of solution mixing took place on
a magnetic stirrer. Mixing was performed at an average
speed of 400 rpm and at room temperature of 20°C.

The induction time experiments were initiated by
adding the NaHCO, solution into the reactor followed
by the NaOH solution for pH correction. Finally the
CaCl, 2H,O + NaCl solution was added with a rate of
0.2 L/min while maintaining a mixing speed of 150 rpm
to ensure proper mixing and to prevent the formation
of local saturation zones. The addition was performed
through fine nozzles located 3 cm from the reactor’s
bottom to ensure proper distribution of the solution
when added. The two reacting solutions were added on
a 1:1 volume basis. The resultant synthetic solution is

Table 2

The ionic composition of the experimental synthetic seawater
concentrates equivalent to 50% recovery using Gulf of Oman
water.

Ions Experimental solution
Calcium mg/L 948

Bicarbonate mg/L 293

Sodium mg/L 35,382

Chloride mg/L 56,071

Ionic Strength Mole/L 1.61

equivalent to 50% recovery SWRO concentrate using the
Gulf of Oman as the feed water (Table 2).

3. Methods

The procedure used to study the effect of particles on
CaCO, nucleation comprised of three different experi-
ments,

1. removal of particles in synthetic concentrate by
filtration,

2. addition of foreign particles,

3. effect of mixing on the experimental results.

3.1. The effect of particles in synthetic seawater on
induction time

Prior to the start of the induction time experiment,
the prepared solutions were first filtered separately
through either a 0.2 um; 01 pm or 100kDa (=0.03 pm),
polyethersulphone (PES) membrane (Millipore) with a
diameter of 76 mm. Before use, the filters were flushed
and then soaked for 1 day in a clean, completely filled
with ultra-pure water and sealed plastic cup. Filtration
was performed under pressure using an Amicon stain-
less steel stirred cell at a pressure of 3 bars.

The pH was monitored over a period of at least
1000 minutes and induction time was defined as the
time corresponding to a pH drop of 0.03 pH units. This
decrease in pH was equivalent to 0.3 mg/L of precipi-
tated CaCO,. The pH of the synthetic concentrate was
varied between 7.8 and 8.6 to simulate different levels of
supersaturation using 0.2 M NaOH prepared from pure
salt (99.99% MERCK) and dissolved in ultra-pure water.
The Stiff and Davis saturation index was calculated for
each experiment, and the S&DSI vs. induction time was
plotted for each test independently.

3.2. Effect of particles addition

The number of particles in the synthetic seawater
water was increased by adding inert glass nano-particles
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Table 3

Surface area after the addition of 20-30 nm glass beads in the experimental synthetic seawater concentrates.

Units Particle addition to synthetic seawater
1ml 0.5ml 0.1 ml

No. of particles Particle/L 6.4E+13 8E + 12 64E + 10
Area/L m?/L 0.042 0.005 4.19E - 05
Area reactor/L m?/L 0.034
Area other parts/L m?/L 0.0112
Area particles/ Area glass % 123.1 154 0.12
Area particles/ Area total % 92.6 11.6 0.09

with a diameter ranging from 20-30 nm. The particles
were introduced into the reactor as a suspension (48%
water content supplied by BaseClear). The particles were
injected in 3 volumes of either 0.1; 0.5 or 1 ml of suspen-
sion producing a particle content of 6.4 x 10; 8 x 10"* or
6.4 x 10" particle/L, respectively. These glass particles
produced an extra surface area for nucleation equal to
4.2 x 105; 0.005 or 0.042 m?/L. Taking into consideration
the surface area of the glass reactor walls, mixer shaft,
mixing paddle and reactor (metal) cover in contact with
the solution (as shown in Table 3), the increase in sur-
face area is equivalent to 0.09%; 11.6% and 92.6% for the
0.1; 0.5 and 1 mL doses, respectively.

The glass particles were added after adding the
NaHCO, solution and mixing was maintained at
150 rpm to insure a proper distribution in the solution.
The addition of NaOH and CaCl,.2H,0+NaCl solutions
followed the same procedure described in the synthetic
water preparation. Three different levels of saturation
were tested namely, S&DSI = 0.77; 0.62 and 0.55 corre-
sponding to initial pH of 8.15; 8.0 and 7.93 respectively.

3.3. Mixing effect

The mixing rate was varied to determine the effect
of diffusion on induction time. Three different mixing
speeds namely 10; 50 and 300 rpm were tested and com-
pared to results obtained at 150 rpm.

4. Results and discussion

4.1. The effect of particles in synthetic seawater on induction
time

Figure 4 shows a sample pH measurement over time
for synthetic seawater concentrates pre-filtered through
100kDa (=0.03 pum) filters. The initial S&DSI was 0.85,
and the induction time based on the developed method
was estimated to be 25 minutes.

Experiments were performed with synthetic seawater
filtered through 0.2 pm; 0.1 pm and 100 kDa (=0.03 pm)
filters. The results presented in Table 4 and Fig. 5, showed

that there is no pronounced effect of filtration on the
induction time. This may be attributed to the fact that the
ultra-pure water and pro-analysis chemicals used in the
preparation of our synthetic seawater resulted in more or
less particle free synthetic concentrates or that particles
greater than 100 kDa (=0.03 pm) have a minor effect on
the measured induction time. The logarithmic relation
between the initial pH and the corresponding induction
time agreed with what was previously reported by Waly
et al, 2009 [23]. The correlation factor (R?) for the graph is
0.93; 0.94; 0.92 and 0.94 for unfiltered; 0.2 pm; 0.1 pm and
100 kDa (=0.03 pm) filters respectively.

In Figure 6, a single logarithmic line appeared to fit
all experimental data with a correlation factor of 0.95
and the produced relation suggests that immediate pre-
cipitation will not occur except when the solution pH is
increased to ca. 9.08.

The relation between the induction time and the
S&DSI (Fig. 7) showed that the induction time was
greater than 750 min at S&DSI = 0.12 (pH =7.51). This
induction period is 100 times shorter (6-7min) at the
highest supersaturation level applied of S&DSI = 1.2
(pH = 8.67).

8.6 1

8.2 ¢ ., ’000000“%
T
o
= 7.8
'E

7.4 1

7 T T 1
1 10 100 1000

Time (min)

Fig. 4. Initial pH vs. Time (minutes) for synthetic SWRO
concentrates (recovery 50%) at mixing speed of 150 rpm and
temperature of 20°C.



108 T. Waly et al. / Desalination and Water Treatment 18 (2010) 103-111

Table 4

Synthetic concentrate pH and corresponding Stiff and Davis saturation Index value.

Unfiltered 0.2 um filtered 0.1 pm filtered 100KDa (=0.03 pm) filtered
pH t, 4 (min) S&DSI pH t, 4 (min) S&DSI pH t, 4 (min) S&DSI pH t, 4 (min) S&DSI
791 101 047 7.83 181 0.39 7.51 778 0.07 7.56 554 0.12
8.20 55 0.76 820 44 0.76 792 114 0.48 7.82 168 0.38
823 41 0.79 825 28 0.81 809 49 0.65 8.09 60 0.65
8.27 20 0.83 831 21 0.87 825 68 0.81 8.25 24 0.81
834 19 0.90 841 20 097 834 34 0.90 852 18 1.08
8.52 11 1.08 843 9 0.99 8.41 22 0.97 8.54 10 1.10
8.64 4 1.20 - - - 853 13 1.09 8.60 13 1.16

- - - - - - 862 7 118 - - -

- - - - - - 8.67 7 123 - - -

4.2. Effect of particle addition on induction time

Immediate precipitation was observed when the
solution was subjected to a suspension of high surface
area glass particles (0.042 m?/L) (Fig. 8). Immediately,
visual turbidity and a rapid drop in pH (from initial
pH of 8.15 till 7.4) was observed after adding particles
(1 mL) and an induction time could not be practically

8.8
@ unfiltered
8.4 M 0.2um
%_ “ A 0.1um
5 8 - ® 100KD
g R
7.6 ® A
72 T T T T 1
0 200 400 600 800

Induction Time [min]

Fig. 5. Effect of filter pore size on induction time of synthetic
SWRO concentrate at a mixing speed of 150 rpm and tem-
perature of 20°C.

8.8
y=-0.2372 Ln(x)+9.0783

R2=0.9457

Initial pH

400 600 800

Induction time [min]

0 200

Fig. 6. The relation between initial pH and induction time for
all data points for synthetic SWRO concentrate at a mixing
speed of 150 rpm and temperature of 20°C.

measured (less than 1 min). The pH at which the induc-
tion time was instantaneous was (8.15) and is much
lower than the value suggested earlier (Fig. 6) of 9.08. In
the case of a particle concentration of 8 x 102 /L (0.005
m?/L), the induction time was 59 min and 78 min for an

1000
R?=0.9457
T 100 -
£
ge)
£ 101
<
1 T . .
0.00 0.50 1.00 1.50
S&DSI

Fig. 7. Induction time (minutes) vs. Stiff & Davis stability
index for synthetic SWRO concentrates (recovery 50%) with
all filtered and unfiltered experimental data (mixing speed
of 150 rpm and temperature of 20°C).
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Fig. 8. Induction time as a function of initial pH at vari-
ous doses of glass beads of 6.48x10%; 8x10? and 6.4x10"
particle/L compared to the data obtained with no particle
addition (solid line) for synthetic SWRO concentrates of 50%
recovery at mixing speed of 150 rpm and 20°C.
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Table 5

Calculation of free volume in an 8" SWRO membrane module.
Parameter Value

Membrane surface area 32-38 m? (average = 35 m?)
Thickness of spacer 0.52 mm

Membrane diameter 0.2m

Length of the membrane Im

module
Volume between the two
membrane sheets

35m x 0.52 x 10°m x 1m
=0.0182 m?

initial pH of 8 and 7.93, respectively. When compared
to induction times measured for ‘particle free” (filtered)
solution, these results are 30% lower than the expected
values of 90 and 120 minutes. A visible observation of
the glass reactor after the experiment showed that the
reactors were scratched probably as a result of glass
bead addition in combination with vigorous stirring.
Scratching of the reactor wall may have resulted in the
creation of new (fresh) particles that may stimulate the
nucleation process [15].

In real SWRO plants, the surface area of the mem-
brane in direct contact with water inside a module is
nearly 1.9 m?/L. The calculations are based on mem-
brane surface area of 32-38m? and a spacer thickness of
0.52 mm for an 8-inch membrane with 1 m length. The
total free volume occupied by the feed water is nearly
18.2 L. The surface area of the RO membrane (1.9 m?/L)
is more than 3600 times greater than the surface area of
particles in real seawater (5.22 x 10* m?/L) as suggested
[4]. This may suggest that membrane scaling of SWRO
modules is highly likely to be influenced by the mem-
brane surface in direct contact with the concentrate,
rather than particles present in the feed water.

4.3. Effect of mixing speed on induction time

The mixing speed used in the experiments was var-
ied between 10; 50 and 300 rpm and results of induction
time were compared with results employing a mixing
speed of 150 rpm (green squares in the log relation plot-
ted in Fig. 9). The results shown in Fig. 9 suggest that
the mixing speed had almost no effect on the induction
time in the tested range of mixing speed and satura-
tion. These results agree with those documented [27,28]
which conclude that the induction time was indepen-
dent of the mixing rates applied. Others confirmed the
effect of mixing on induction time [21,32,33]. This effect
was minimum at high supersaturation ratios (mainly
in the homogenous range) [29]. This may suggest that
the supersaturation values tested for the effect of mix-
ing (S,= 20-40) lies in the homogenous nucleation zone
rather than the heterogeneous zone. However, further
research is needed to prove this hypothesis.

109

8.8

8.4

Initial pH
oo

10 rpm

0 200 400 600 800
Induction time[min]

Fig. 9. Induction time as a function of initial pH at mixing
speeds of 300; 50 and 10rpm (red circles). Data obtained at
150rpm (green squares fitted with blue line) are also plotted
for comparison (blue line).

4.4. Mechanism of nucleation

The experimental results of this study were com-
pared to the classification developed by Sohnel and Mul-
lin, 1982 [12] to identify the zones of homogenous and
heterogeneous nucleation for CaCO,. According to [12],
if Log (t, ) is plotted against Log™ S, for a wide range of
saturations, two slopes can be identified (Fig. 10). The
range of saturation corresponding to the steeper slope
was assigned the homogenous zone of nucleation while
the range of supersaturation corresponding to the lower
slope represents the heterogeneous zone. In between
the two slopes an intermediate zone exists, where a
transition between the two nucleation mechanisms
takes place [12].

Induction time values measured in this study were
considerably longer than that reported [12], but agreed
with other researchers results at the same supersatura-
tion ratio [34-36]. For example, for a Log (S,)* of 0.5 cor-
responding to an S&DSI = 0.81, Sohnel and Mullin, 1982
[12] reported 0.1 sec induction time. However, in this
study, the measured induction time at the same supersat-
uration was 44-55 minutes. In general the experimental

[ Sohnel & Mullin, 1982 ® This research |

3 mu

1| "

Log(t;,y) in min
AN

S
§oe?
-3
-5 PR W A YR TR ST WY VRN SR TN SN WY TN VAN TN ST WY WO S |
0 0.5 1 1.5 2
Log(S,) 2

Fig. 10. The relation between Log t,_, & Log (S,)? for this
research compared it with Sohnel & Mullin, 1982 [12].
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Table 6

Synthetic concentrate pH and corresponding Saturation index
(SI) and saturation ratio (S,) calculations by PhreeqC using
Pitzer activity coefficients and calcite solubility.

Initial pH  t,_ [min] Logt SI S, (LogS,)?
791 101 2.00 117 1479 0.731
8.20 55 1.74 142 2630 0496
8.23 41 1.61 145 2818 0476
8.27 20 1.30 148 30.20 0457
8.34 19 1.28 1.53 33.88 0427
8.52 11 1.04 1.67 46.77 0.359
8.64 4 0.60 175 56.23 0.327
7.83 181 2.26 110 1259 0.826
8.20 44 1.64 142 2630 0496
8.25 28 145 146 28.84 0.469
8.31 21 1.32 1.51 3236 0439
841 20 1.30 159 3890 0.396
843 9 0.95 1.60 39.81 0.391
7.51 778 2.89 0.80 6.31 1.563
792 114 2.06 118 1514 0.718
8.09 49 1.69 1.33 2138 0.565
8.25 68 1.83 146 28.84 0.469
841 22 1.34 159 3890 0.396
8.53 13 111 1.67 46.77 0.359
8.62 7 0.85 173 5370 0.334
8.67 7 0.85 1.77 58.88 0.319
7.56 554 2.74 0.84 692 1417
7.82 168 2.23 1.09 1230 0.842
8.09 60 1.78 1.33 21.38 0.565
8.25 24 1.38 146 28.84 0.469
8.52 18 1.26 1.67 46.77 0.359
8.54 10 1.00 168 4786 0.354
8.60 13 111 172 5248 0.338

induction times measured in this research (Table 6) were
a factor of 1000 to 10000 greater than that measured by
[12]. The experimental data generated in this study were
plotted in Figure 10, and it can be seen that most of our
data lie in the homogenous and the transition nucleation
zones as defined by [12].

When (Log?S,) was calculated for the mixing speed
experiments (Fig. 9), results showed values of 0.67,
0.61 and 0.39 for mixing speeds of 10, 300 and 50 rpm,
respectively. These values appear to lie in the homog-
enous range as defined earlier [12]. The minor effect
of mixing on induction time may be explained by the
fact that homogenous nucleation dominated as it was
reported that the effect of mixing is minor when homog-
enous nucleation is the governing mechanism. On the
contrary, the effect on the induction time is expected
to be greater when heterogeneous nucleation predomi-
nates [21,27, 8,32,33].

5. Conclusions

Supersaturated SWRO concentrate (recovery of 50%)
was produced by dissolving pure salts (99.9%) in ultra
pure water to avoid the presence of foreign particles in
the supersaturated solution. In addition the supersatu-
rated solutions were pre-filtered with either 0.2 um; 0.1
pm and 100 kDa (0.03 pm) filters to remove any particles
present in the solution. No effect of pre-filtration with
0.2 pm; 0.1 pm and 100 kDa (0.03 pm) was observed
on induction time for synthetic SWRO case with initial
S&DSI of 0.12 to 1.28. A possible explanation for this
result may be that particles smaller than 0.03 pm affect
induction time. However more research is required to
verify this hypothesis.

The induction time for CaCO, in synthetic seawater
concentrate was not affected by the range of mixing rates
tested in this study (10-300 rpm). For example, at 50 rpm
the induction time was 14 min compared to 15 min in
case of 150 rpm. According to the definition of how to
differentiate between homogenous and heterogeneous
nucleation mechanisms proposed by Sohnel and Mul-
lin, 1982 [12], most of the experimental data produced
in this study lies in the homogenous and intermediate
zones. This may explain the minor effect of mixing on
the induction time.

Nomenclature

A Function of Pre-exponential factor (s™'m™)

A* Deby Huckel constant (L>°mol/?)

a Activity

A, F.ree area for precipitation at given particle
size (m?)

Alk Alkalinity of solution (mole/L)

B Constant expressed in equation 1.7 (L2

mol/>nm)

£(0) Factor differentiating heterogeneous and
homogenous nucleation

1 the ionic strength (mol/L)

IAP  ionic activity product (mol*/L?)

J Nucleation rate (nuclei/min/cm?)

Js Steady state nucleation rate (nuclei/min/cm?)

k Boltzmann constant (J/K)

K, Solubility product (mole?/L?)

K, Second acidity constant (mole/L)

pH_ Concentrate pH

pH, Equilibrium pH

SI Supersaturation Index

S, Supersaturation ratio

T Absolute temperature in Kelvin
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t . Induction time in minutes unless mentioned
otherwise (min)

v Number of ions into which a molecule dissociate

v Molecular volume (cm?®/mole)

Symbols

B Geometric factor

Y. Cation activity coefficient

v Anion activity coefficient

v Surface energy (J/m?)

Q Pre-exponential factor in the nucleation rate
equation (s'm?)
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