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ABSTRACT

A stagnant film crystalliser for the treatment of seawater by a combination of freezing and sweating
steps using non-direct freezing, so-called PNDF, was developed. All tests were carried out with sam-
ples of seawater from the Gulf near Fao, Basra, Iraq. The pilot plant consists of a cooling cylinder.
The crystallisation tubes are located in a cylinder-shaped paired jacketed tank refrigerated via a ther-
mostatic bath. The effects of the main parameters on the sweating steps including the sweating rate,
initial concentration of frozen water, sweating temperature, and sweating time were examined. The
experimental design used to study the influence of these parameters limits the weight of the purified
frozen product. The weight loss of frozen water increased with increasing sweating rate, from 0.0089
to 0.05 K/min, whereas the weight loss was almost unaffected by the purity of the initial frozen water
film. A statistical model was built and calibrated to the experimental data to evaluate the experimental
strategy and predict the purity of the frozen water using three sodium chloride concentrations 5.33,
7.42, and 14.92 mg/L. The demonstration of the statistical model enabled the selection of the optimal
running time, resulting in the production of 0.4 g/kg pure water (less than the standard value of drink-
ing water) in one stage within 29 h. The results obtained with seawater sampled near the port of Fao,
Iraq, showed that PNDF can reduce the total dissolved solids to 0.3% of 41,750 mg/L with 96% recov-

ery without using chemical additives; furthermore, chloride removal was 85%.
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1. Introduction

The freezing of saline water results in the formation
of ice crystals. This occurs when temperature of the saline
water becomes lower than its freezing point [1]. The freezing
involves a change from the liquid phase to the solid phase,
which becomes a different phase on distillation. Ice liquid
refrigerants are treated with saltwater in a freezer distiller
where the vaporisation of the refrigerant absorbs the heat from
the saltwater, allowing it to freeze. Several freezing distillation
methods have been used depending on the process require-
ments including melting, re-forming, and freezing, which
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have resulted in high energy efficiency [2]. There are differ-
ent kinds of freezing methods, including eutectic separation,
direct freezing, vacuum freezing, and non-direct freezing [3].
Direct freezing is the formation of water crystals using a refrig-
erant and saline water. In non-direct freezing, crystals are pro-
duced by circulating the refrigerant through a heat exchanger,
resulting in a temperature decrease through conduction [5].
In comparison with other water treatment methods, freezing
has many advantages such as its energy consumption; that
is, for water, the latent heat of freezing is one-seventh of that
of the latent heat of evaporation [4]. In addition, corrosion is
reduced because of the low temperatures and toxic material
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Seawater from Fao

is not produced [5,6]. However, there are some disadvantages
of the freezing process, such as the increase in capital cost
and the persistent and fundamental properties of the water
[7,8]. Recently, several industrial applications using freezing
have been demonstrated, such as the treatment of wastewater
sludge [9-11], desalination, freezing/membrane desalination
hybrids, and the absorption of fruit juice and dairy foods
[12,13]. In addition, freezing can be used as a pre-treatment
technique for the further treatment of saline water by reverse
osmosis (RO) and electrodialysis [14]. In the past decades,
several pilot plants have been developed that use the freezing
treatment method in cold and remote regions. Nevertheless,
the freezing method has not been used to yield drinking water
commercially [15]. In a pilot industrial plant, it is expected
that the static freezing approach is more efficient in reducing
the energy consumption, as well as being more cost-effective;
however, this method yields lower removal efficiencies for the
preparation of potable water. However, this inefficiency can
be avoided by sweating the frozen water film after the crys-
tallisation step [16]. Thus, in this study, we aimed to develop
a static film crystalliser by combining the freezing and sweat-
ing steps using non-direct freezing. Most of the experiments
were carried out with an initial solution consisting of water
and sodium chloride. The aim of this research is to determine
the efficiency of PNDF for treating seawater from Fao, Iraq, to
identify, using a statistical design method, the optimal work-
ing factors for producing drinkable water (less than 0.5 g/kg
sodium chloride), and to predict the purity of frozen water
using the statistical model.

2. Materials and methods
2.1. Analytical methods

This work was carried out using two types of solutions:
seawater and synthetic seawater (sodium chloride solution).
Four seawater samples were taken from different locations
near the port of Fao (near Basra, Iraq) and tested according
to APHA standard methods [17]. Each sample volume was
100 L. Frozen water samples were obtained from the film
formed on the refrigerant tube surface and placed in an iso-
thermal bathwater. Then, the samples were quickly cooled to
258.15 K (-15°C) for examination and observation. First, each
sample was fixed on a copper support and pressed down by
a microtome to achieve a smooth internal surface of the fro-
zen water film. Saline water (sodium chloride solutions) was
selected by measuring the weight of a dry sample of known
weight, prepared by dehydration in an oven at 353.15 K
(80°C) for 720 min. The flowchart of the freezing cycles before
the sweating step is shown in Fig. 1.

2.2. Lab experiments

Fig. 2 shows a schematic of the equipment. The main part
of the experimental equipment consists of a stainless-steel
tube inside a 1-L glass beaker. The diameter of the tube was
5 cm. The effective tube length exposed to the frozen water
was 50 cm. The freezing takes place at the edge of the beaker.
A temperature of the coolant fluids circulating in the cylinder
was adjusted using a temperature controller bath (1), and a
second temperature controller controlled the temperature of
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Fig. 1. Flow diagram of the freezing process before sweating step.
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Fig. 2. Experimental setup of the sweating non-direct freezing
(PNDF) plant.

the beaker (2). Standard Pt100 zero-temperature probes were
used. After calibration, an accuracy of 0.05°C was achieved
in the temperature domain of 253.15 to 269.15 K (-20°C to
—4°C). The fixed part of the cylinder was covered with Teflon
to avoid crystallisation and edge effects. Gravimetric analysis
was used to select the salinities of various solutions. The dry
extract from 1 mL of saline solution was prepared by drying
in a test lab oven at 375 K for 720 min.

2.3. Experimental procedure

Saline water was introduced into the glass tank and
precooled using the thermostatic steam bath (marked 2
in Fig. 2). Freezing was carried out at the external layer of
the cylinder. At the bottom, the cylinder was enclosed with
Teflon to prevent crystallisation. It is important to produce
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a covering of seed ice crystals on the cooling surface before
placing the rod-shaped tube into the tank. If this step is omit-
ted, a high degree of refrigeration is required to achieve crys-
tallisation, which results in an increase in the initial growth
rate and a polluted frozen water film. The crystallisation
procedure was carried out by refrigerating the cylinder at
265.15 K (-8°C) in the first stage. Then, the tube was charged
into the pure water to produce the frozen film (about 1 mm
thick) on the external surface of the cylinder. After that, this
layer was introduced in the beaker containing seawater and
the cylinder was refrigerated to achieve crystallisation. This
stage was carried out by decreasing the refrigeration tem-
perature in the glass column from 274.65 to 268.05 K (1.5°C
to -5.1°C) using a thermostatic steam bath (marked 1 in
Fig. 2). The weight of the frozen water layer formed was
about 0.1 kg. Different saline concentrations were investi-
gated (between 15.3 and 2.5 g/kg) at different cooling rates,
as shown in Table 1. Some of the residual solution was with-
drawn from the bottom as the temperature of the cylinder
tube was increased to the final crystallisation temperature.
In the parametric study of the crystallisation step, the ice sur-
face was washed by leaving the ice layer in the air at ambient
temperature for 10 min. The ice surface slightly melted and
the solution was recovered.

2.4. Sweating step

The refrigerant liquid inside the glass column was used
to select the optimal sweating temperature. Then, the tem-
perature was suddenly increased from the high crystallisa-
tion temperature to the optimal temperature. Most of the
experiments were conducted at a constant temperature (T)
over the whole sweating step (PR = 0). The jacketed wall tem-
perature adjusts from a datum point of 273 K for all phases.
The brine was drained, weighed, and collected to examine its
salinity. At the end of the sweating step, the remaining frozen
water film was liquid.

3. Results and discussion
3.1. Features investigation of the sweating step

The effects of important factors including the sweating
rate (K/min), the initial concentration of the saline water
(g/kg), and the final sweating temperature were investigated.
Three frozen water concentrations (15.23, 3.92, and 7.41 g/kg)
were sweated by adjusting the cylinder temperature from
268.33 to 274.85 K.

Table 1
Freezing conditions

Frozen water Refrigeration rate Running time

concentration (g/kg) (K/min) (min)
15.23 0.516 180
9.1 0.162 780
7.23 0.114 1,080
5.61 0.102 1,380
3.92 0.06 1,680

3.1.1. Influence of sweating rate

The sweating rates tested were 0.042, 0.02, and
0.0089 K/min for 3, 6, and 9 h, respectively. Fig. 3 shows
that the purity of the sweated frozen water increased with
decreasing sweating rate. Thus, the weight loss was almost
unchanged in the purer frozen water layer. Because the
purity was higher at a lower sweating rate, this unchanged
mass loss suggests that the sweating of purer frozen water is
more efficient at a low rate. Clearly, the purity improved with
increasing weight loss. The results show that the ice concen-
tration decreased from 6.42 mg/L at 0.04 K/min to 3.8 mg/L at
0.0089 K/min sweating rate. Thus, the purity of the sweated
frozen water increased with decreasing sweating rates for the
three types of frozen water. As shown in Fig. 4, increasing
the weight loss improved the purity. That is, the weight loss
at a high salinity (15.38 g/kg) was greater than that at a low
salinity (2.8 mg/L). Notably, the ice purity was higher when
the initial frozen water film was purer.

3.1.2. Influence of the sweating temperatures

Fig. 5 shows the typical phase diagram for a
two-component sodium chloride solution of 0.05 mol, which
is the salinity of the seawater near Fao. When the tempera-
ture decreased below the freezing point, water begins to
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Fig. 3. Influence of sweating rate on ice purity.
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Fig. 4. Influence of sweating temperature on the purity of frozen
water.
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change from the liquid to the solid phase. During the transi-
tion, the normal freezing of water results in improved water
purity [18,19] because salts are excluded from the solid
state. In runs 1 and 2, the sweating rate gradually decreased
from 0.04 to 0.00 K/min, and the temperature was fixed at
274.85 K. In run 3, the temperature was increased to 276.2 K
and the sweating rate was set to 0.00 K/min. The result
explains why the final frozen purity improved when the
sweating temperature is 274.85 K and increasing the sweat-
ing temperature is of no benefit. As a result, the final tem-
perature (274.85 K) is the most important parameter. This
can be confirmed by a comparison of the results shown in
Figs. 3 and 6. Indeed, a sweating period of 3 h is essential for
an initial concentration of 2.8 g/kg, and a sweating period of
5 h is necessary for an initial frozen water concentration of
4.92 g/kg. A time of 9 h is compulsory for initial frozen water
concentrations of 7.41 g/kg. A concentration of 15.38 g/kg
is required to achieve the same purity, which was held at
274 K for the same period. In addition, increasing the sweat-
ing temperature during run 3 led to improved purity. Fig. 4
shows that the weight loss reached more than 60% at a high
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Fig. 5. Typical phase diagram of two-component saltwater solution.
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temperature. Thus, a high temperature leads to more prod-
uct with greater purity.

3.2. Setup strategy

Table 2 shows the parametric values of the factors for
the experimental design in different phases. There are three

(a) 80 M Sweating rate = 0.04 k/min; Ts=274.85k
0 4 ™ Sweating rate = 0 K/min;Ts=274.2 k
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Fig. 6. Influence of sweating rate on weight loss.

Table 2

Parametric values for the experimental strategy
Phase  C,,(g/kg) C,. (g/ke)* C, (g/kg)”  Sweating T (K) Time (h) Mieing 8) M (8)

rate (K/min) t t

I 15.23 4.94 50.3 0.042 274.85 3 6 85.03 190.21
II 15.23 3.12 49.8 0.0089 274.85 9 6 76.41 194.37
11 15.23 2.09 50.2 0.042 276.22 3 6 61.64 190.42
v 15.23 0.43 50.4 0.0089 276.22 9 6 33.23 192.51
A% 4.92 3.96 54.4 0.0042 274.85 3 25 69.51 189.45
VI 4.92 3.06 54.1 0.0089 274.85 9 25 55.92 192.65
viI 4.92 1.10 52.89 0.0042 276.22 3 25 67.41 191.89
VIII 4.92 0.21 52.13 0.0089 276.22 9 25 52.56 191.54
IX 7.41 2.54 85.4 0.021 274.85 6 15 75.53 192.91
X 741 2.11 84.2 0.021 274.85 6 15 76.93 190.54
XI 7.41 2.23 83.4 0.021 276.22 6 15 75.74 192.44
X1 7.41 1.24 82.1 0.0089 276.22 9 15 60.23 192.22

“Frozen weight after sweating (g/kg).

*Residual liquid weight.

‘Weight of residual crystallisation liquid.

Tl , sweating temperature; tp, sweating time; ¢, crystallisation time.
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variables recognised at each level: sweating rate, sweating
temperature, and sweating time. An experimental design was
chosen using four factors carried out in eight experiments.
However, a different setup was repeated at the domain cen-
tre to calculate the coefficient of determination (R?). The ini-
tial fluoride range was between 4.92 and 15.23 g/kg, which
was selected depending on crystallisation runs to identify the
optimal operating conditions. The results showed that the
frozen film became fragile and could drop from the external
column surface at a temperature greater than 274.4 K. At a
high initial concentration of 15.23 g/kg, the weight and brine
concentration after crystallisation are very similar in phases
L II, and III. In addition, the weight and the concentration are
very similar in phases V, VI, and VII at 4.92 g/kg. However,
the brine concentrations and mass decreased during phases
V, VIII, and XII to less than 0.3 g/kg and 50 g, respectively.
This is due to the lower sweating rate (0.0089 K/min) and
higher sweating temperature (276.2 K).

3.3. Data analysis and optimisation

The Statgraphics software was used to analyse the exper-
imental data. The program calculated the regression, effect of
estimated variables, and response plotting. The fitting equa-
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A contour design was performed to determine the opti-
mal operating parameters of the process. A frozen water
concentration of less than 0.4 g/kg conforms to drinking
water requirements with a reduction in the sweating period.
Figs. 7(a) and (b) show the exterior response after carry-
ing out sweating with two feed fluoride concentrations
(C°=15.23 and 4.92 g/kg). The maximum temperature range
was increased to 274.85 K. Four values for the experimental
design were selected for validation of the model, as shown
in Table 4. As shown, the working factors are different
between the experimental design and the models. However,
the working factors are within the range used to form the
models where the two points are related to a final salinity
of 0.4 g/kg. The result showed the final frozen mass values
agreed with the value obtained from experiment, which is
also shown as the root mean square error. It showed there is a
good agreement between the final frozen water concentration
and that predicted by design Eq. (1). As shown in the contour
plots (Figs. 7(a) and (b)) the necessary sweating time is the
lowest at higher temperatures. However, the frozen film can
drop off the column layer if the sweating temperature is more

(a)

10 -
tion was determined after eliminating unimportant effects.
For the frozen water concentration, the fitted equation is 8 1
shown in Eq. (1), where the mean error equal is 0.091 and the 5
correlation (R?) is 98.55%. = ——ci=0
£ 41 —e—ci=0.1
C, =574.4+0.4346C° - 2.08125T +0.0665152*3 i’ ——ci=0.3
! 6)) g 2 —o—ci<0.4
—0.0303x¢t xC°—0.012303 x C°x i
P P 0 T T T T 1
Here C° is the frozen water concentration before 2744 2745 2746 274.7 2748 274.8
S . . Sweating temperature (K)
sweating in g/kg; C,is the frozen water concentration after
sweating in g/kg. (b)
For the frozen weight, the fitted equation is shown in 10 7
Eq. (2), where the mean error is equal to 2.7 with a correlation g K"—-——:
factor R? of 97.55%:
—_ B
M, .. =52802-0.342C°-22.30T +677.187t £
reezing r B .
(2) £ 4 ] ——i=0
—2.13XTp ti "d_; —— ci=0.1
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The effects of all parameters on the purity of the frozen E 21 E;=D. 4
water and frozen weight are shown in Table 2. It was found 0 . . . . .
that higher freezing purities after sweating occurred at lower 2744 2745 2746 2747 2748 2749
initial frozen water concentrations with a higher temperature Sweating temperature (K)
(276 K) and sweating times, as discussed in section 3.1. In
addition, a high frozen weight after sweating (M eing gTeater  Fig. 7. Estimated surface responses. (a) C° = 14.92 g/kg and
than 80 g) was obtained with lower parameters. (b) C°=4.92 g/kg.
Table 3
Evaluation of the experimental design
initial after Sweating rate Tp tp Tr freezing
(8/kg) (g/kg)" (K/min) ®) (h) (h) ()
Exp Model Exp Model Exp Model Exp Model Exp Model Exp Model Exp Model
4.92 4.92 0.51 0.43 0.042 0.042 274.85 27485 4.5 4.5 24 24 43.3 53.5
14.92 14.92 0.49 0.52 0.042 0.042 274.81 27481 9 9 15 15 39.7 33.5
7.41 7.41 0.50 0.44 0.042 0.042 274.82 27485 6.5 6.5 20 20 42.8 51.7

“Frozen weight after sweating (g/kg).



114 R.N. Mohammed et al. | Desalination and Water Treatment 97 (2017) 109-116

than 274.4 K. Therefore, for C°=4.92 and 14.92 g/kg, the opti-
mal temperature is 274.14 K. Notably, periods of 5 and 2 h
result in a final salinity of 0.4 g/kg.

3.4. Evaluation of experimental designs

The chosen best values are points 1, 2, and 3 for the evalu-
ation of the frozen water in the model. Table 3 shows the eval-
uation of the experimental design. It was selected to reduce
the sweating rate, which reduces the energy consumption. In
addition, the minimum time of crystallisation and the sweat-
ing time are defined as the whole desalination time. The total
times were 31, 24, and 29 h for points 1, 2, and 3, respectively.
The result showed that it is best to give a higher weight to the
time in order to increase the efficiency. However, the energy
consumption was increased by prolonging the crystallisation
time. Thus, the initial concentration of 7.41 g/kg is a better
value, and the sweating was achieved in one step. However,
although the weight loss is increased by sweating, use of one
step would reduce the operational costs to a greater extent
than using two steps.

3.5. Comparison study

Table 4 shows the chemical and physical properties of
the seawater from the port of Fao before and after the PNDF
treatment. After the freezing had been carried out, the total
dissolved salt (TDS) reduced to 1,108, 1,461, and 1,345 mg/L
for tests 1, 2, and 3, respectively.

As shown in Fig. 8, the overall removal efficiency of all
tests was in the range of 95%. Notably, all three tests presented
a significant decrease in the amount of salt. Based on the
50-L test water volume, the chloride ion concentrations were
reduced by 83%, 83%, and 85% for tests 1, 2, and 3, respec-
tively. After PNDF had been carried out, the TDS decreased
by 76%, 79%, and 77%, producing acceptable drinking water.
The electrical conductivity decreased by 66%, 69%, and 68%
for tests 1, 2, and 3, respectively.

Table 5 shows a comparison of different water purification
methods [20-22]. Electrodialysis can treat water with a low
concentration of total dissolved solid (less than 3,000 mg/kg).
A high-quality water with lower energy consumption is pro-
duced by RO. The energy consumption in the RO method
is currently about 3—4 kW/m® when the equipment running
at 40%-45% water recovery. The high-energy consumption
results from the high-pressure reject stream [23]. The average
power consumed by the high-pressure pump in parametric
evaluation of energy consumption and loss in this equip-
ment using energy recovery procedures is between 5.56 and
7.93 kW h/m?® [24]. Saline water RO with energy recovery
consumes 5.2 kW/m? electricity [25,26]. Thus, the energy con-
sumption of the sweating PNDF process is high, and, although
the new (PNDF) is simple, further development is essential for
the reduction in energy loss. In addition, the total dissolved
solids of the seawater from Fao used in this study is high (TDS
37,150 mg/L), which affects the energy loss significantly.

4. Conclusion

In the present study, the viability of the desalination
of seawater from Fao (TDS 41,750 mg/L) was investigated

Composition of seawater samples from Fao before and after PNDF

Table 4

Total dissolved
salt (mg/L)

Turbidity
(mg/L)

Ca” (mg/L) Electrical

K* (mg/L)

Mg?(mg/L) Na*(mg/L)

CI (mg/L) HCO, 50,2 (mg/L)

Volume (L)

Test

conductivity
(S/em)

(mg/L)

No.

1,108
1,311

36,790
41,750
32,350

2,180 4,680 311

52,001

35 501 61

366

19,879 201

99
102

3,541 199

1669 5
185

416
145

15,315
17,822 467

0.5

50
50
50

57,120 2,912 5,302 498

69
51

551

324

54
32

11,478 225

856
782

3,750 267

9
4

0.93
0.4

1,245

46,108 2,550 4,189 519

186

9,112 230

91

3,004 213

15,782 467

Note: Here, B means before the sweating step in PNDF and A means after the sweating step in PNDF.
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Fig. 8. Average removal efficiency for three tests of seawater from Fao.
Table 5 References

Comparison of different water purification methods

Method Power Total dissolved
(kW h/m?) solids (mg/L)

Electrodialysis 1 100-3,000

Reverse osmosis 0.4-0.7 1,000-45,000

Multi-stage flash 35 30,000-100,000

(MSF) distillation

PNDEF in this study 450 47,650-100,000

by a combination of the freezing and sweating steps using
PNDF. The main operating parameters affecting the freez-
ing were examined using a static film crystalliser. The
sweating step can complete the desalination successfully.
It was optimised to produce potable drinking water with
a high removal efficiency. The purity of the frozen water
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