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Abstract. Energy consumption is a purely thermodynamic concept very useful in several
scientific fields such as desalination, oceanography, biology, geochemistry and environmental
processes, as well as in industrial applications. In this investigation, based on a thermodynamic
approach, the calculation of energy consumption was evaluated during the desalination of seawater
simulated to the aqueous ternary system {NaCl + KCl}q). The mixing ionic parameters, obtained
in our previous work, are used to predict the osmotic and activity coefficients in the aqueous
solutions at different salinities ranging from 3.6 up to 72 g.L! at T = 298.15 K using the ion
interaction model. The theoretical energy consumption of desalination was calculated at various
salinities and recovery ratios.
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1 Introduction

Water is an essential material in our daily life.
Worldwide water demand increased substantially over
the past decades as results of urbanization, agricultural
intensification, population growth, and climate change
and the accelerated development of modern industrial
techniques [1-3]. To meet the demand for water
resources in areas where reserves are insufficient,
several countries have resorted to seawater
desalination. Many physical methods are used to obtain
freshwater from seawater. Those which have had great
success today are distillation and reverse osmosis.
These techniques are implemented on an industrial
scale for large production capacities and have
undergone considerable technological developments to
make them more competitive. Other techniques such as
freezing, electrodialysis or humidification are under
development and can only be adapted for low-capacity
installations.

Desalination of seawater makes it possible in particular
to increase the available freshwater resources, to
provide a solution in the event of drought and to cope
with situations of shortages and crises [4]. However,
seawater desalination remains an energy-intensive
activity that consumes lot of energy. The optimization
and reduction of the specific energy consumption of
this process is a major issue, in order to be able to
satisfy the increasing demand with better quality at
lower cost. Indeed, based on a thermodynamic
approach the theoretical energy consumption (TEC)
was developed for the desalination of marine water
simulated with the majority electrolyte of NaCl in KCI
aqueous solutions [5, 6] at T = 25 °C, using ionic
interaction model.

2 Theoretical approach

2.1 lon interaction model

The thermodynamic properties of polyelectrolyte
solutions were determined using the ion interaction
model [7-9]. This model requires parameters estimated
from common-ion solutions in order to characterize
binary interactions among different ions of the same
sign, and ternary interactions between different ions
(not all of the same sign) in a mixed-electrolyte
solution. The osmotic coefficient of a mixed solution
of NaCl and KCI having a common anion is given by:

g=1+17 +yl [B:\ﬁlacl +1C ]
+(1-y)l [Bza +1C% ] (1)
+y(@-y)l [eNaK + 1 kel ]’

where | is the ionic strength of the common ion, Oy.k
is a binary mixing parameter involving unlike ions of
the same sign, and v . IS a ternary mixing
parameter for two unlike ions of the same sign with a
third ion of opposite sign.

The second virial coefficient B?® for electrolyte
1-1 is defined as

B =0+ 5 exp(~al?) @)

@ B™ and C® are ion interaction parameters which
are functions of temperature and pressure, where
a = 2 mol'¥2,Kg'2,

The activity coefficients y,_ ., of NaCl and vy, ., of KCI
in a common anion mixture of {yNaCl + (1-y)KCl}g)
are given by Pitzer’s model as

N Yo = 7 +A+Y)I [BNaCI + ICNaCI]
+(- y)I[BKCI +ICKCI] 3)
+yl Z[B;\lacl +CNaCI]
+(@1-y)l Z[Bkcl +Cya ]

1
+(L+ V)10, +E(l_ y)(L+y)l 2'/’NaK(:l )
and

Ny =17 +yl [BNaCI + ICNaCI]
+(2-y)l [BKCI +1Cq ] (4)
+ yl 2 [Bll\lacl + CNaCI ]
+@1=-y)l Z[B}I«:l +C;<CI ]
1
+ V1O + 2 y(2-y)l 2‘/’NaKC| )

The coefficients g, and g, for each electrolyte is

defined as

Bux =8" +(28% 12’ Hl- 1+ a1 ?) exp(-a1 V?)] (5)

Biy = (B /a1?)|[-1+ 1+l V2 +1/ 2a% 1) exp(~ar1 V2) |
(6)

From the osmotic coefficients determined from the
experimental water activities of the studied mixture at
different ionic-strength fractions, it is possible to
estimate the unknown Pitzer mixing ionic Oy,mg and
VNaMgcl by a graphical procedure. This procedure
defines the quantity A¢ as the difference between the
experimental values, ¢exp, and the values calculated

from Eq. (6), ¢

cal’

2.2 Theoretical energy consumption approach
of seawater desalination

The electrolyte solution with an amount of salts MX
follows that M, X, © vIMZr v X2

The total Gibbs energy of the electrolyte solution is
G= 21\1:1 NMx,i HMX,i + nsus (7)

Where, i, nmx and ns represent the species of salts, the
number of moles of each salt and the number of moles
of solvent in electrolyte solution, respectively [10].
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The chemical potential of the solvent u  can be
calculated by the following equation

l/rnM)( M s ¢’ (8)

=u’+RTIna, = ul —RT
Hs = Hs s = Hs 1000

Where, ,uso is the chemical potential of the solvent

(water) at temperature T and pressure P, as, Ms, ¢
represents the activity, molar mass, osmotic
coefficients of the solvent, respectively.

Then Eq. (7) can be rewritten as

Ve ve llv}

G= Z{nMX:ul?/IX +V Ny RT IN( g My (v v17)

+n5(y§ _ T MMM, j

©)

1000

Potable water (B)

Seawater ->
+ Concentrated seawater (C)

(A)

The TEC for the global process of seawater
desalination can be calculated by the following
equation

AG =G, +G. —G,, (10)

The calculation of the TEC of seawater desalination is
given by the Eq.(11) as reported by Qian et al. [11]:

z {V Nyx RT IN( 7 My (V1 Vf—)uv}
AG =
—n, , RT MM
' 1000 B

n —nn
Z{V( MX,]A- 7 MX,B)RT I( 7 My (V) V:»)l/v}

(11)

+
_ns’Bl_U RT My M, p
n 1000

Z{V Myx ART IN(s My (V7 Vfi)ﬂv}
+ _nSVB RT wnMXMs¢
n 1000

A

Where, nuxa, Nmxs, and 7 represent the number of
moles of each salt in the input seawater and potable
water, and recovery ratio, respectively. nsg stands for
the molar number of water (nsg = 1000/Ms mol, where
M; is the molar mass of water).

3 Results and discussion

3.1 Osmotic and activity coefficients

The osmotic and activity coefficients of NaClwg and
KClag in ternary system {NaCl + KCl}aqg are
calculated using our ionic mixing parameters of
Pitzer’s equations [12,13] and listed in Table 1. These
coefficients were presented as a function of salinity and
shown in Figures 1, and 2.

Table 1. lonic interaction parameters for NaCl, KCl,
and their mixtures at 298.15 K

System pO@ B ct Ref

NaCl(ag) 0.0738 0.2712 0.00167 [12]

KCl g 0.04631 0.2157 0.00003 [12]
Onak WNaKCl

NaCl + KCI
{ Yeo 0,015 0.0035 [13]

Table 2. Osmotic and activity coefficients calculated
at different salinities for the ternary system
{NaCl + KCl}(aq) at 298.15 K

Salinity lonic

(g.LYy strength (1) tral Mecl el
3.6 0.0493 0.9434 0.8209 0.8176
18 0.2463 0.9207 0.7183 0.7059
36 0.4926 0.9195 0.6787 0.6575
54 0.7389 0.9245 0.6609 0.6321
72 0.9852 0.9322 0.6526 0.6167
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Figure 1. Osmotic coefficients¢ as a function of salinity

According to the figures 1 and 2, the activity
coefficients decrease when the salinity of the solution
rises. This behaviour is mainly due to the interactions
involved between the molecules (water) and ions in
aqueous solutions. Indeed, the properties of this system
depend on the interactions ion-ion, ion-water, and
water-water. These interactions are influenced by the
hydration phenomena of the electrolytes in aqueous
solutions that have a consequence on the water activity
behaviour [14-16].
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Figure 2. Activity coefficients y as a function of salinity

3.2 Evaluation of Theoretical energy
consumption

The thermodynamic theory tells that more TEC is
needed owing to the negative deviation when the
osmotic and activity coefficients of salts are less than
unit in the electrolyte solutions. As shown in Fig. 3, the
TEC increases slightly with increasing salinity and
recovery ratio. However, when the recovery ratio
reaches 40%, the TEC increases promptly. This
behavior could be explained by the negative deviation
of osmotic and activity coefficients. That's due to the
non-ideality of the marine environment which is
attributed to the formation of hydrated complexes
leading to a decrease in the number of unbound water
molecules.
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Figure 3. Theoretical energy consumption as a function
of salinity at various recovery ratios (n)

4 Conclusion

In this investigation, the thermodynamic properties of
seawater simulated to the ternary system
{NaCl + KCl} aq) were determined using the formalism
developed on the basis of Pitzer’s ionic interaction
model.

The theoretical energy consumptions were estimated
during the desalination process at various salinities in
the mixture of chlorides sodium and potassium. The
TEC rises with the salinity of marine water increases.
The obtained results strongly depend on the salinity of
marine water and the recovery ratio.
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