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a b s t r a c t

The experimental determination of the brine crystallization sequence during isothermal evaporation is
very time consuming. It requires a lot of difficult, tedious, lengthy and inaccurate analyses of liquid and
solid phases. However if the phase diagram is known for a given system, application of the geometrical
principles of phase rule allows to calculate equilibrium states and to attempt a more easy and accurate
vailable online 20 February 2010

eywords:
olubility diagram
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alts crystallization
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determination of the crystallization sequence of natural brine. This method was employed to simulate
brine evaporation from Chott El Jerid (Tunisia) at 25 ◦C and to foresee the solid phases deposed during
the process.

© 2010 Elsevier B.V. All rights reserved.
uinary system

. Introduction

The south of Tunisia contains many mineral reserves of natural
rines which are useful for industry and agriculture. These area
eserves are called sebkhat or chott. The natural brines are a very
omplex solubility system, as it includes an important number of
ons. The major ions to be considered are Na+, K+, Mg2+, Cl− and
O4

2− in H2O; and they form a reciprocal quinary system [1–3].
Among the most famous Tunisian salt lakes, Chott El Jerid, in the

outh, is appearing as the biggest one. It covers 5000 km2 and con-
ains a total stock of brine estimated to be 5 billion m3. Its salinity
verage is 330 g L−1. Chott El Jerid seems to be interesting because
f its potassium sulphate content that plays an important role in
griculture.

The objective of this work is to predict the sequence of crys-
allization of Chott El Jerid brine at 25 ◦C and under atmospheric
ressure based on the phase diagram of the quinary system Na+,

+, Mg2+/Cl−, SO4

2−–H2O [4].
The calculation is performed assuming that the solids are

eparated from liquid by sedimentation and no redissolution is pos-
ible. The seasonal or day–night fluctuations of temperature and

∗ Corresponding author.
E-mail address: attiasameh@gmail.com (S. Attia-Essaies).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.02.011
metastable equilibrium have not been taken into account or kinetic
crystallization competitive [2,3,5–8].

2. Graphical representation of natural brine

An unsymmetrical expression of composition is desirable in
order to get a suitable representation of diagram brines. For the
reasons, the Jänecke expression [9] has been found more conve-
nient than the usual expressions (mol fraction, molality, etc.) and
has been used in this work. The composition is related to the total
amount of anions or cations, taking in account their charge:

Xi = 100zini

D
; Yj = 100zjnj

D
; ZH = 100nH

D
;

D =
∑

i

zini =
∑

j

zjnj (1)

In Eq. (1), i and j are related, respectively, to all cations and anions
and H to water, n and z are, respectively, the amount and charge
of a component; D is the moles number of the solution extended
over all anions or cations, taking into account their charge in order

to satisfy the electroneutrality condition of the solution.

Under isobaric–isothermal conditions, the brine quinary sys-
tem involves four composition variables (XK, XM, YS, ZH), and its
graphical representation requires, in a three-dimensional space,
two graphs, one for salt composition and one for the water content.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:attiasameh@gmail.com
dx.doi.org/10.1016/j.tca.2010.02.011
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Table 1
Quinary system field of NaCl at 25 ◦C: chemical formula, name, symbol, and crystal-
lization field of all solid phases co-precipiting with NaCl.

Formula Name Symbol Crystallization field

H2O Water H
NaCl Halite NC
KCl Sylvinite KC fmnpqeb
MgCl2·6H2O Bichoffite MC6 zlad
KCl·MgCl2·6H2O Carnallite KMC6 qrdze
Na2SO4 Thenardite NS chgs
MgSO4·6H2O Hexahydrite MS6 jkyx
MgSO4·4H2O Leonhardite MS4 ykldr
MgSO4·7H2O Epsomite MS7 vijxw
Na2SO4·3K2SO4 Glaserite N3KS fgstm
Na2SO4·MgSO4·4H2O Astrakanite NMS4 shivut
K2SO4·MgSO4·6H2O Schoenite KMS6 tumn

in sodium chloride.
The water amount cannot be directly determined at the end of

this step, i.e. when the solution is just saturated in NaCl.

Table 2
Solubility of NaCl at 25 ◦C: invariant points.

Point XK XM YS ZH Equilibrium solid phase

c 0.00 0.00 20.21 802 NC + NS
g 14.71 0.00 21.80 722 NC + NS + N3KS
h 0.00 25.29 28.90 762 NC + NMS4 + NS
s 14.25 22.15 30.72 694 NC + NS + NMS4 + N3KS
t 14.38 47.94 25.34 685 NC + NMS4 + N3KS + KMS6
u 13.96 56.52 25.85 663 NC + NMS4 + KMS6 + KMS4
v 9.01 77.47 24.65 628 NC + NMS4 + KMS4 + MS7
w 9.04 79.85 24.20 619 NC + MS7 + KMS4 + KCMS3
i 0.00 81.79 23.55 682 NC + NMS4 + MS7
f 29.68 0.00 6.95 738 NC + N3KS + KC
m 19.37 49.06 19.38 678 NC + N3KS + KMS6 + KC
n 18.62 52.93 19.50 669 NC + KMS6 + KC + KMS4
p 11.38 75.89 18.31 623 NC + KC + KMS4 + KCMS3
x 4.28 91.69 15.15 595 NC + MS7 + MS6 + KCMS3
j 0.00 94.64 14.25 596 NC + MS7 + MS6
q 7.00 88.32 6.30 598 NC + KC + KCMS3 + KMC6
z 0.34 99.02 1.04 475 NC + MC6 + MS1 + KMC6
l 0.00 99.10 1.25 476 NC + MC6 + MS1
a 0.00 99.25 0.00 480 NC + MC6
e 6.91 88.04 0.00 615 NC + KMC6 + KC
b 30.20 0.00 0.00 770 NC + KC
ig. 1. (a) General sequence of crystallization of brine of Chott El Jerid: salts com-
osition. (b) General sequence of crystallization of brine of Chott El Jerid: water
ontent.

The solubility field of NaCl at 25 ◦C [2,3,10] (Fig. 1a and b) is lim-
ted by 15 faces where a second solid phase co-precipitated with
aCl, 30 monovariante lines of co-precipitation of NaCl with two
ther salts and 25 invariant points where four solid phases are in
quilibrium with saturated solution. The chemical formula, name,
ymbol, and crystallization field of all solid phases co-precipiting
ith NaCl at 25 ◦C are presented in Table 1 [11–27]. The coordi-
ates of invariant points and the observed solid phases are given in
able 2 [3].

. Geometrical determination of the crystallization
equence

In the determination of the crystallization sequence, the faces

f the NaCl solubility field are considered as planes and edges as
traight lines. The crystallization sequence is determined by suc-
essive step, each phase change corresponding to the end of a step
nd to the beginning of the next one.
K2SO4·MgSO4·4H2O Leonite KMS4 uvwpn
KCl·MgSO4·3H2O Kainite KCMS3 wxyrpq

The mean composition of salts remains constant during each
step so that the relative amounts of salts distributed between the
phases in equilibrium can be evaluated by application of the lever
rule.

The number of steps of crystallization sequence depends on the
initial composition of the brine. In the case of the brine of Chott El
Jérid, the crystallization sequence involves six steps.

3.1. First step: saturation of the brine with NaCl

Starting point S0(X0
K, X0

N, X0
M, Y0

S , Z0
H); end point S1(X1

K, X1
N,

X1
M, Y1

S , Z1
H).

The initial composition of the brine of Chott el Jerid is inside the
NaCl solubility field, but water content is outside since the solution
is dilute (S0 in Fig. 1a).

During the evaporation the water content decreases without
change of salt composition until the solution becomes saturated
k 0.00 96.95 10.06 540 NC + MS6 + MS1
y 2.21 96.13 11.05 552 NC + MS6 + KCMS3 + MS1
r 2.25 95.31 8.08 539 NC + KCMS3 + KMC6 + MS1
d 0.41 98.84 0.00 478 NC + KMC6 + MC6
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ig. 2. Projection on the basic plane (XK, XM) of the solubility domain of NaCl, Inter-
ection between (O, S1) and the solubility domain of NaCl.

.2. Second step: precipitation of NaCl

Starting point S1(X1
K, X1

N, X1
M, Y1

S , Z1
H); end point S2(X2

K, X2
N,

2
M, Y2

S , Z2
H).

The second step of evaporation corresponds to the precipitation
f NaCl. According to the lever rule, the representative point of the
alt composition moves along the line NaCl-S1. This line has the
quation:

XK

4.15
= XM

17.75
= YS

2.23
(2)

A second solid phase appears when the representative point of
he solution reaches a face of the solubility field of NaCl (point S2)
he calculation of S2 coordinates are determined in two steps:

(i) The intersection between the vertical plane OS1 and the solu-
bility field of NaCl is deduced from the horizontal projections
of OS1 and the NaCl solubility field on the base of the represen-
tative prism (Fig. 2). The plane cuts the NaCl domain on edges
sh, uv, np and be respectively on the points �, �, � and �.

The coordinates of point �, for example, are obtained by solv-
ing these two equations: The equation for the edges (s, h):

XK� − XKh

XKs − XKh
= XM� − XMh

XMS − XMh
= Ys� − Ysh

Yss − Ysh
(3)

and the equation of the line (O, S1):

XK� − XK0

XKS1 − XK0
= XM� − XM0

XMS1 − XM0
(4)

The same approach is followed to determine the coordinates

of other points �, �, � (Table 3).

ii) The vertical planes (o, c, �, �, �, �) (Fig. 3a) reveal that the point
S2 is located between � and �. It corresponds to a double satu-
ration in NaCl and KCl and its coordinates are given by intersect
of (O, S1) and (�, �) (Fig. 3b).

able 3
oordinates of intersections in the field of crystallization NaCl with the edge (OS1).

Points Coordinates of Jänecke

XK XM YS ZH

� 6.20 26.65 29.69 739
� 13.56 58.21 24.23 619
� 15.00 64.39 18.90 646
� 14.14 60.70 0.00 663
Fig. 3. Intersection between the vertical plane (o, c, �, �, �, �) and (O, S1).

The coordinates of point S2 are obtained by solving these two
equations:

The equation of the line (O, S1):

XKS2

XKS1

= XMS2

XMS1

(5)

The equation for the edge (�, �):

XKS2 − XK�

XK� − XK�
= XMS2 − XM�

XM� − XM�
(6)

The analytic expression of crystallization field of NaCl was
determined from a semi-empirical model for modeling the
equilibrium diagram of the quinary system Na+, K +, Mg2 +/Cl−,
SO4

2−–H2O [2].

ZH = p(XNYC)1/2 exp(qXM) − 200 +
(

YS + XM

2

)
(7)

The parameters p and q in this expression are adjustable. They
may be calculated from the coordinates of two points belonging
to the solubility field of NaCl. In the frame of this work, the two
points considerate are the S2 and O (solubility of NaCl in binary
system NaCl–H2O at 25 ◦C) [4].

At this stage, the water amount of S1 can be determined (Z1
H =

880).

3.3. Third step: co-precipitation of NC and KC

Starting point S2(X2
K, X2

N, X2
M, Y2

S , Z2
H); end point S3(X3

K, X3
N, X3

M,

Y3
S , Z3

H).
During co-crystallization of NaCl and KCl, the representative

point of saturated solution moving along the line S2–S3 (S3 is the
intersection between the limiting face of the solubility field of
NaCl (face bfmnpqe) and the plane defined by S2), NaCl and KCl.
A projection of the field of solubility of NaCl in the plane (NC, XM,
YS) shows that the edge (O, S2) crosses the monovariante line (p,
q), which represents the three salts co-precipitation NC, KC, and
Kaïnite KClMgSO4·3H2O (Fig. 4).

At this step the coordinates of S3 are determined.
3.4. Fourth step: co-precipitation of NC, KC and KCMS3

Starting point S3(X3
K, X3

N, X3
M, Y3

S , Z3
H); end point q(Xq

K, Xq
N, Xq

M,

Yq
S , Zq

H).
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Table 4
Coordinates of end and the starting points as well as the salts deposited during each stage.

Steps Point Start End Deposed salts

XK XM YS ZH XK XM YS ZH

1 S0–S1 4.15 17.75 4.14 960 4.15 17.75 4.14 880
2 S1–S2 4.15 17.75 4.14 880 14.80 63.52 14.63 650 NC
3 S2–S3 14.80 63.52 14.63 650
4 S3–q 11.16 76.51 17.67 646
5 q–r 7.00 88.32 6.30 598
6 r–d 2.25 95.31 8.08 539
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ig. 4. Projection of the saline composition in the (NC, XM, YS). Intersection of the
eld of crystallization of NaCl with right (O, S2).

During the fourth step three salts, NaCl, KCl and KClMgSO4·3H2O
re in equilibrium with the liquid. The paths of brine move along
he edges (p, q). The representative point of saturated solution S4
s merged with q. The fourth salt observed during evaporation of
he brine is KMC6 (Carnallite). In this point the variance is zero and
rine leaves this point with the disappearance of one of phases.

.5. Fifth step: co-precipitation of NC, KCMS3 and KMC6

Starting point q(Xq
K, Xq

N, Xq
M, Yq

S , Zq
H); end point r(Xr

K, Xr
N, Xr

M,
r
S, Zr

H).
During evaporation of the brine water quantity is decreas-

ng continuously. Indeed, the representative point of the solution
volves to the point where the water is lowest.

Based on bibliographic data the brine evolves to the point r and
he solid phase that was lost before leaving the point q is sylvinite
nd the fourth salt observed in the point r is KMC6.

The representative point of saturated solution leaves the point
when the salt KClMgSO4·3H2O disappears.

.6. Sixth step: co-precipitation of NC, KMC6 and MC6

Starting point r(Xr
K, Xr

N, Xr
M, Y r

S, Zr
H); end point d(Xd

K, Xd
N, Xd

M,
d d

S , ZH).

The representative point of saturated solution moves along the
dges (r, d). On this edge there is co-precipitation of halite, carnallite
nd léohardite appears when the representative point of saturated
olution reaches the point r.

[
[
[
[

[

11.16 76.51 17.67 646 NC + KC
7.00 88.32 6.30 598 NC + KC + KCMS3
2.25 95.31 8.08 539 NC + KCMS3 + KMC6
0.34 99.02 1.04 475 NC + KMC6 + MS4

Fig. 1a and b shows a general sequence of crystallization of
brine of Chott El Jerid. Table 4 gathers the coordinates of the end
and the starting points as well as the salts deposited during each
stage.

4. Conclusion

The present paper demonstrates the steps of calculation and
its geometrical counter-part to obtain the crystallization sequence
from brine of Chott El Jerid.

Water from this brine is rich in potassium. The second solid
phase observed is sylvinite. Among the six salts deposited during
the evaporation, three are potassium salts KCl, KClMgSO4·3H2O and
KClMgCl2·6H2O.
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