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ABSTRACT

This work aims in developing a static layer crystallizer for freezing desalination of sea water. The
experiments were performed with a simple system of H,O-NaCl and with samples of sea water
from Rabat. The pilot crystallizer consists in a tube cooled by means of a thermostatic bath. The tube
is immerged in a cylindrical double jacketed tank cooled by means of a second thermostatic bath.
The brine is poured into the tank and the crystallization takes place on the external surface of the
tube. The global process is divided into 4 steps: (i) crystallization of the ice layer by controlling the
cooling rate in the tube (ii) draining off the concentrated brine (iii) purification of the layer by sweat-
ing and (iv) melting of the ice to recover the fresh water. A parametric study of the effect of the oper-
ating parameters has allowed us to quantify the role of the different key parameters of the
crystallization step. Within the studied domain, the purity of the crystalline layer was mainly
affected by the initial salinity of the brine. The growth rate of the layer, controlled by the cooling rate
in the tube, had also a significant effect. Experiments performed with Rabat sea water showed that a
fresh water of salinity close to the drinking water standards could be obtained in one stage within
31 h. Desalination operated in two consecutive stages (10 h +11 h) gave salinity below the standards
with a comfortable safety margin. If sufficiently severe operating conditions are applied, sweating is
able to purify the interior of the ice layer and to reach the drinking water standards, provided the
impurity concentration of the ice produced in the crystallization step is low enough. The mass loss
induced by sweating is also high when the impurity concentration is high. These first results are pro-
mising and show the feasibility of the process which still requires to be optimized.
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1. Introduction

To satisfy the needs of fresh water which are

*Corresponding author increasingly important, much research has been
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conducted to find effective methods of desalination
that can remove salt from sea water. Desalination
methods used are distillation (Multi-stage flash distil-
lation; Multiple-effect distillation; and Vapour com-
pression distillation) and reverse osmosis. However
several authors have proposed the method of freezing
as an alternative to the distillation and reverse osmosis
for desalination [1-5], treatment of wastewater [5-8], or
the concentration of food solutions [9-12]. The process
of desalination by freezing could be advantageous by
comparison with reverse osmosis and distillation. The
energy cost of desalination by freezing could be similar
to that of reverse osmosis, but the investment and
operation costs might be lower since the membranes
of reverse osmosis are sensitive to the problem of foul-
ing and require a thorough pretreatment of the sea-
water. The freeze process should also be less affected
by corrosion and scaling than distillation, thanks to the
low levels of the working temperatures. Finally, the
energy consumption could be lower than it is in distil-
lation, because the heat of fusion of ice is seven times
lower than the heat of vaporization of water.

There are two possible methods in freezing: direct
and indirect freezing. The principle of direct freezing
is the formation of ice crystals by contact of a refriger-
ant with the seawater. In some cases, the refrigerant
can be the seawater itself: heat is removed from the
brine by flash vaporization of a water fraction at low
pressure. This process is called the vacuum freezing
vapour compression (VFVC). The second alternative
for direct freezing is the secondary refrigerant freeze
(SRF) process. The cooling is obtained by the expansion
of a compressed and cold gas directly injected in the
brine [13].

In the indirect process, freezing is conducted by cir-
culating the refrigerant through a heat exchanger and
the heat is removed by conduction.

Several pilot plants using freezing desalination
have been developed during the last years, but the
technology has never been used commercially to pro-
duce drinking water [14]. The pilot plant of Wrights-
ville beach in North Carolina (USA) and the pilot
plant of Eilat (Israel) used both the VFVC technology;
the unit built in Florida (USA) was based on the SFR
process [15]; the pilot plant of Yanbu (Saudi Arabia)
used the technique of indirect freezing [16].

This work deals with indirect freezing desalination.
The apparatus is a static layer crystallizer that permits
the crystallization, the sweating and the melting opera-
tions in the same tank. Most of the experiments were
carried out with an initial solution formed of water and
NaCl. The purity of the ice obtained after the crystalli-
zation step was studied as a function of the crystal
growth rate and the initial salinity of the brine.
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Fig. 1. Experimental apparatus of the freeze desalination
process in static.

Preliminary results on the efficiency of the following
purification step by sweating were also obtained.

2. Material and method
2.1. Experimental setup and procedure

Fig. 1 represents the experimental setup. It was
composed of a stainless steel tube (316 L) immersed
inside a cylindrical double jacketed tank. Two thermo-
static baths were used to adjust the temperature of the
coolant fluids circulating in the tube and in the double
jacketed tank, respectively. The different temperatures
were measured and recorded continuously using a
data acquisition system (Compact Field-Point with
software LabVIEW of National Instrument). The
Pt100 probes used were calibrated with a reference at
0 °C (water + ice at the atmospheric pressure), on one
hand, and with a calibrated probe, on the other hand.
After calibration, a precision of 0.05 °C was obtained
in the temperature domain [-10 °C; 5 °C].

The solution (seawater or water/NaCl) was intro-
duced into the glass tank. Freezing was carried out
on the external surface of the tube. At the bottom, the
tube was covered with Teflon to avoid crystallization
in this zone. The jacketed glass tank allowed visual
observation of the ice layer formation.

The freezing step, i.e. the crystallization step, was
conducted by maintaining a constant temperature in
the double jacket of the glass tank and by operating a
linear cooling ramp in the tube. It was necessary to
initialize the crystallization process. In fact, the meta-
stable zone of the heterogeneous primary nucleation
of the ice on the tube surface is large. Preliminary tests
showed, for example, that with an aqueous solution
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Table 1
Parametric study of the crystallization step (notations explained in the text)
Run  C(g/kg) Ti Tk At Tpp mlie  Clie Clice mwa  Cwa ms Cs
0 O Hm O (g (g/kg) (g/kg) (5)  (g/kg) (8) (8/kg)
1 17.15 (Teq = —1°C) -120 -16 5 1 3135 0.92 - - - 269.85 18.93
2 -1.20 7 3040 0.64 - - - 269.76  19.03
3 —1.30 14 3247 040 - - - 267.09 19.29
4 -1.30 24 347 034 - - - 265.55 19.19
11 25 (Teq = —1.46 °C) -175 =22 5 0.5 33.18 255 1.82 0.86  29.88 267.50  27.60
12 -1.75 7 36,56 1,45 1,08 0,53  26.77 262,49 28,44
13 -1.75 14 36.05 0.87 0.49 0.4 34.46 26420 28.30
14 -1.75 24 36.62 0.69 0.46 029 29.744 261.74 2841
19 35 (Teq = —2 °C) -230 -29 5 0 2948 7.04 5.79 1.05  40.85 270.05 38.03
20 —2.30 7 28.81 4.23 2.99 145 2761 27220 38.23
21 —2.30 14 31.84 205 1.76 023  41.25 268.05 38.83
22 —2.30 24 3446 0.86 0.58 030  32.07 264.74  39.50
23 52.5 (Teq = —3.06 °C) -335 -42 5 -1.1 2929 1827 15.49 186  59.29 270.36  56.31
24 -3.35 7 3276  9.84 7.97 116  60.69 26745 57.46
25 -3.35 14 30.84 571 4.82 049  61.03 2669  58.98
26 —-3.35 24 31.63 3.68 2.99 038  60.40 268.26  58.21
31 65 (Teq = —3.8°C) —-410 -52 5 -1.8 3140 26.14 21.54 277  73.64 26745  69.56
32 —4.10 7 3224 2323 19.72 204 7513 26591 70.14
33 —4.10 14 35.04 10.54 8.92 0.89 7262 26413 7213
34 —4.10 24 3433 926 8.57 0.33  80.10 264.75 73.28

containing 35 g/kg of NaCl and for an undercooling of
3.5 °C below the equilibrium temperature, the retention
time required to start the nucleation on the tube surface
was longer than 20 min. In practice, the crystallization
was initialized as follows: the tube was first cooled to
—6 °C and plunged in distilled water in order to form
a thin ice layer on the surface of the tube (mass ranging
between 1 and 2 g); the temperature in the tube was then
quickly raised to the initial value of the crystallization
step; the tube covered by the thin ice layer was finally
introduced in the glass tank filled with 300 g of saline
solution and the cooling rate was applied in the tube.
At the end, the chosen final temperature was kept con-
stant for 1 h. The brine was withdrawn through the bot-
tom outlet. In the parametric study of the crystallization
step, the ice surface was washed by leaving the ice layer
in the air at ambient temperature for 10 min. The ice sur-
face slightly melted and the solution was recovered.
Finally, the tube temperature was increased in order
to completely melt the ice layer. Sweating was also pro-
cessed in several experiments. It consists in a controlled
heating of the crystalline layer in order to melt the crys-
tal sections with higher impurity concentration. Sweat-
ing is then able to purify the interior of the ice layer
by draining out included impurities. Two methods were
applied. In the experiments performed with sea water,
the temperature was linearly increased from the final
temperature of the crystallization step to the chosen

final sweating temperature during 1 h. In the experi-
ments performed for the sweating study, the sweating
temperature was set to the chosen value immediately
after the crystallization step and kept constant during
the whole sweating step. Systematically, the different
solutions collected (brine, drained out liquid by wash-
ing or sweating and melted ice) were weighted and their
salinities were measured.

2.2. Solution analysis

Two types of solutions were used: Rabat sea water
and synthetic water /NaCl solutions. The sea water and
the solutions produced in the sea water desalination
experiments were analyzed by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES).
This analytical technique is able to measure the content
of almost all the elements present in aqueous solutions.
The salinity of the water/NaCl solutions was mea-
sured by weighting the dry extract of a solution sample
of known mass, dried in an oven at 90 °C during 12 h.

3. Parametric study of the crystallization step

All the experiments were performed with synthetic
water/NaCl solutions. The operating conditions tested
are given in Table 1. The salinity of the initial solution C
is indicated in the second column. The ice/solution
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Fig. 2. Ice salinity versus average growth rate.

equilibrium temperature calculated with Pitzer model
[17-22] is also given between brackets in this column.
The operating parameters of the cooling rate of the
crystallization step were the initial temperature in bath
n°l, Ty, the final temperature in bath n°1, T and the
cooling time, At. Ty was determined experimentally for
each initial salinity. It was the optimal temperature
which allowed regular growth of the ice layer from the
beginning of the crystallization step. Higher values
induced slight initial dissolution of the seed ice lining.
Lower values induced initial fast growth. T is slightly
lower than the equilibrium temperature because of the
heat transfer resistance. The temperature in bath n°2,
connected to the double jacket of the glass tank was
fixed at Tp; during the whole crystallization step. Tpy
was chosen in order to have similar temperature differ-
ences between the tube and the double jacket in all the
experiments (about 2.2 °C at the beginning of the cool-
ing rate). m;ce is the mass of ice produced before wash-
ing. It is the total mass, corrected by the mass of the
seed ice lining formed in distilled water to initialize the
crystallization. m°. is directly linked to the final
temperature Tr. However, the masses obtained were
generally smaller in the experiments performed at the
shortest cooling time. This could suggest that the equi-
librium is not reached at the end of the shortest experi-
ments, even after the final stabilization step of 1 h. C%ee
and Cl.. are the salinities of the ice, before and after
washing, respectively. my 4 is the mass of solution col-
lected during washing and Cwa is its salinity. Finally,
mg is the mass of brine and Cg is its salinity. The global
mass balances and the salt mass balances give a relative
error of less than 1% with all experiments.

Fig. 2 shows the evolution of the ice salinity as a
function of the average growth rate for different initial
solution salinities. The average growth rate is calcu-
lated with m%. and At, considering the cylindrical
geometry. For each growth rate, the two points
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Fig. 3. Ice salinity versus initial solution concentration for
different ice growth rates.

correspond to the ice salinity obtained before and after
washing, respectively. Fig. 2 clearly shows that the ice
salinity increases with the growth rate. The increase is
more or less linear. The different lines drawn corre-
spond to the salinities reached after washing. The
washing step induced a significant decrease of the ice
salinity. This could be due to the low mass of ice.
Indeed, the amount of brine that still wets the ice sur-
face after the brine has been drained off might be not
negligible, compared with the ice mass. The ice salinity
strongly increases with the initial solution salinity
(Fig. 3). The ice impurities are due to inclusion of drops
or pockets of brine. For a given growth rate, one could
expect that the number of inclusion is the same, what-
ever the concentration of the mother solution. Thus, the
strong increase of ice salinity observed in Fig. 3 might
suggest that the solution concentration gradient at the
ice/brine interface during the growth step would be
higher with higher brine concentration. Fig. 4 gives two
typical temperature profiles for mother solution initi-
ally at 25 g/kg and 65 g/kg, respectively. These tem-
peratures were measured in the solution with the

Time (h)

Initial solution concentration: 25 g/kg

Initial solution concentration: 65 g/kg
; W\‘ '

Fig. 4. Temperature profiles measured in solution
(runs n° 14 and 34).

femperature ('C)




124 A. Rich et al. / Desalination and Water Treatment 13 (2010) 120-127

Table 2

Desalination of sea water in one and two stages

Run m;(g)  Solution Ty Tr At Tew Atsw  Cice Mice Cs Ms Csw Mew

Q) O ® (O (min) (g/kg) () (8/kg) (g) (8/kg) (g)

43 300 Sea water -2 -5.7 30 -0.5 60 0.85 113.8 75.01 186.47 49.1 2.86

44 300 Sea water -2 -57 7 -0.5 60 6.52 97.1 67.6 192.01 46 13.04

45 310 Sea water -2 -57 9 -05 35 6.82 10742 64.38 196.42 50.78 6.82

46 -2 -57 9 -0.5 7.50 104.60 64.23 19324 4377 12.09

47 -2 -57 9 -0.5 6.80 10045 63.59 197.76  43.65 10.83

48 29834 727 g/kg -05 -2 10 -03 35 0.16 114.61 11.7 18257 11.2 1.64
(melted ice)

49 300 7.01 g/kg -05 -2 10 -0.3 35 0.29 120.09 11.63 180.03 0 0

(melted ice)

probe quoted T;, in Fig. 1. The curve relative to the
higher brine concentration shows fluctuations. This
might be due to more significant convection current,
induced by higher concentration gradients. Closer
observations are necessary to confirm this hypothesis.

As concern the desalination process, the important
influence of the brine concentration on the ice salinity
could suggest to stop the crystallization process before
the brine concentration increases too much. However,
this would be more energy consuming since all the
solution has to be cooled. An optimum has to be found.
It can also be noticed that salinities of about 0.5 g/kg or
less than this value were reached in the slowest experi-
ments of initial salinity of less or equal to 35 g/kg.
Desalinated water of maximum salinity equal to
0.5 g/kg is generally considered to satisfy the drinking
water standards. For initial salinity of 35 g/kg, corre-
sponding to sea water salinity, only the experiment
performed at the slowest growth rate of 0.09 mm/h
gave almost drinking water. For lower initial salinities,
higher growth rate could be used to produce drinking
water. This shows that the standards of drinking water
might be reached in one stage, provided the chosen
growth rate is very low. This also suggests that the
standards should be more easily satisfied if the desali-
nation process is operated in two stages, which would
be more energy consuming. However, note that these
results were obtained with a simple surface washing
of the ice layer. As shown in part 5, sweating is able
to strongly improve the ice purity.

4. Freezing desalination of Rabat sea water

The experiments were carried out with Rabat sea
water. Table 2 gives the operating conditions and the
experimental results. m; is the initial mass of solution;
Ty, Tr and At are the initial temperature, the final tem-
perature and the duration of the crystallization step,
respectively; Tsw and Atgy are the final temperature

and the duration of the sweating step; Ci.. and m;c. are
the salinity and the mass of the ice after sweating; Cg
and mg are the salinity and the mass of the brine; Csw
and mgy are the salinity and the mass of the solution
collected during the sweating step. All the experiments
were done with a double jacket temperature To; equal
to 3 °C.

Experiments 43 and 44 differ by the applied growth
rates. The salinity obtained in the fasted experiment is
much higher, which confirms the great importance of
the growth rate on the ice purity. Besides, the short
sweating step does not seem to correspond to a simple
surface washing. It is probably able to also purify the
interior of the ice layer, at least partly, since the mass
of recovered solution is much higher in the case of the
most impure ice layer. In 30 h (run 43), the final salinity
is close to the standards of drinking water after the
sweating step. Again, we see that slow growth rate
seems to be able to satisfy the standards in one stage
operation. The average growth rate in run 43 was
about 0.2 mm/h. Calculation of the ice salinity before
sweating gives about 2.03 g/kg. If we compare this
value with the results of the parametric study recorded
in part 3, the salinity obtained is slightly lower
(2.03 g/kg here against 3 g/kg in part 3), although the
ice mass and the final brine salinity are both higher. A
migration of the impurities included in the ice layer
might have occurred in experiment 43. This migration
of liquid inclusions is induced by the temperature gradi-
ent and allows purification of the ice layer during crys-
tallization. This phenomenon might have been more
important in run 43, since the temperature gradient was
higher and the duration of the experiment was longer.

Runs 45 to 49 deal with Rabat sea water desalination
operated in two stages. Runs 45 to 47 correspond to the
first stage. The 3 runs are reproducible and the results
are consistent with experiment 44. The 312.45 g of ice
formed with these 3 runs give a solution of average
salinity equal to 7.27 g/kg. Run 48, filled with this
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Table 3

Concentrations of the principal elements measured by ICP-AES

Species Rabat run 49, Initial run 49, ice European standards of
seawater (mg/1) solution (mg/1) (mg/1) drinking water (mg/1)

Cl 25703.51 2895.80 152.27 250

Na 10018.40 2091.18 85.50 200

S 1016.59 200.32 10.713 250

Mg 1287.33 282.68 17.23 80

Ca 421.80 109.84 4.24 100

K 630.05 69.89 2.96 12

Sr 5.485 1.170 0.055 -

solution, corresponds to the second stage. Run 49
repeats experiment 48. It was filled with a solution
produced with another series of three experiments.
Comparison between runs 48 and 49 shows a good
reproducibility. The second stage gives a very pure ice,
of salinity less than 0.3 g/kg. The two stages allow pro-
duction of drinking water with a good safety margin.
Table 3 compares the concentrations of the principal
elements analysed by ICP-AES with the standards.
Figs. 5 and 6 show the visual aspect of the ice formed
after the first and the second stage, respectively. Lost
of inclusions can be observed in the ice of the first
stage. The ice of the second stage is perfectly
transparent.

5. Sweating study

For this study, each experiment was done with an
ice layer of about 100 g, corresponding to an ice thick-
ness of about 54 mm. The ice layer was produced
under controlled operating conditions in order to
obtain the wondered salinity. Three ice salinities were
tested.

Fig. 7 compares the concentration of the ice after
and before sweating for different sweating tempera-
tures and sweating times. For a given sweating time
of 2 h, an increase of the sweating temperature from
—0.8 °C to 0 °C improves the purity by a salinity drop
of about 2 g/kg. For a given temperature of 0 °C, the
increase of the sweating time improves the purity of
the two tested ices, the drop being more important
with the ice of higher initial concentration. With Tsy
= 0 °C, Atsw = 8 h and for initial concentration of
14.68 g/kg, sweating was impossible during 8 h,
because the ice became detached of the tube. For the
other initial concentrations, the ice salinity after sweat-
ing was systematically lower than the standards of
drinking water. Globally, sweating allows important
purification. For given temperature and time, the ice
purity after sweating is better when the initial ice

concentration is lower. However, a limitation
is observed, when extreme sweating conditions (i.e.
Tsw = 0 °C and Atgw = 8 h) are applied.

The effect of ice initial concentration on the mass
loss of the ice for different sweating temperatures and
sweating times is shown in Fig. 8. Obviously, the mass
loss is directly linked to the purification rate observed
in Fig. 7. This mass loss is energy consuming. From
these experiments, it appears that, with severe operat-
ing conditions, sweating is able to purify the interior of
the ice layer and to reach the standards of drinking

Julgly,

Fig. 5. Image of the ice of salinity 6.82 g/kg recovered in the
1st stage of sea water desalination (run 45).
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Fig. 6. Image of the ice of salinity 0.16 g/kg recovered in the
2nd stage of sea water desalination (run 48).

water, but the mass loss is high when the initial layer
impurity concentration is high.

6. Conclusion

In the present study, the different parameters influ-
encing the process of seawater freezing are tested using
a static layer crystallizer. In the crystallization step, the
purity of the ice layer is strongly dependant on the
growth rate and on the solution concentration. The ice
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Fig. 7. Effect of sweating parameters on ice purity.
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Fig. 8. Effect of sweating parameters on mass loss.

is contaminated by liquid inclusions containing the
impurities. Lower growth rates are able to significantly
reduce these inclusions. An increase of the brine sali-
nity leads to strong decrease of the ice purity. The
sweating step is able to efficiently complete the purifi-
cation but the mass loss can be important. The global
process of desalination, involving both the crystalliza-
tion and the sweating steps has to be optimized in
order to produce drinking water with high recovery
rate. The results presented in this work show the feasi-
bility of an indirect freeze desalination process and can
be used for its optimization.
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