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ABSTRACT

Isothermal evaporation experiment of inland Algerian brine was carried out at 35°C. The study
of fractional crystallization during this experiment has been addressed by different approaches.
The identification of the solids recovered by X-ray diffraction together with the monitoring of the
ionic composition, density, and pH of the evaporated brine. The Janecke solubility diagram of the
quinary system determined both predicted and experimental fractional crystallization pathways.
The mass balance of CaSO,, NaCl, MgSO,, and KCl salts was calculated using the Zayani formu-
lates. Finally, PHREEQC forward and inverse modeling has been done with the Pitzer thermody-
namic database. The real crystallization sequences obtained are successively: gypsum and halite,
halite and schoenite, halite, epsomite and sylvite, and finally halite, epsomite, sylvite, and carnal-
lite. These results corroborate well with those obtained by both forward and inverse PHREEQC
modeling but did not agree with those of Janecke solubility diagram of the studied system at 35°C.
This deviation is explained by the metastable equilibria occurred in the late stages of evapora-
tion. Thus, PHREEQC software seems to be better when studying the evaporation of such concen-
trated inland brines. The calculated mass balance confirmed the possibility of the production of
potassium and magnesium salts from these brines.

Keywords: Inland brine; Fractional crystallization; PHREEQC; Schoenite; Quinary diagram; Isothermal

evaporation

1. Introduction

Ephemeral saline lakes of North Africa, called chotts
contain supersaturated brines with total dissolved solids
(TDS) up to 398 g-L! [1]. Main of these brines are Na-Mg-—
Cl and Na-Mg-50O, types [1]. The measured TDS values of
brines from Algeria grade up to 398 g-L-. The salinity of
brines is variable: those of the biggest chotts of Merouane
and Melghir vary from 27-398 and 53-375 g-L, respectively.
The small chotts brines of Ngoussa, Safioune and Ain Beida
show values of TDS of 224, 193 and 148 g-L-'. The continen-
tal terminal groundwaters are brackish with TDS between
7 and 14 g-L7' [1]. The pH value of these brines varies from
5.9 to 8.6. Their hydrochemistry is in most case CI-SO,/
Na-Mg type except those of groundwaters (CT) and some

locations with Mg > Na and SO, > Cl. The major ions are
characterized by having Na > Mg > Ca > K, with equivalent
proportions of Cl:Na, SO,:Ca, SO,;Mg [1]. CI" represents a
major part of the saline content and near equivalent propor-
tions of chlorine and sodium is 0.80, while the ratio between
magnesium and sulfate is 2.5. The composition and hydro-
chemistry of these continental brines derive primarily from
salt dissolution of the predominant lithologies across the
watersheds, which consist exclusively of sedimentary rocks
including anhydrite, gypsum, carbonate, and phosphate
rocks. These deposits contain the terminal complex aqui-
fer, which involves the waters of the aquifer in the primary
ion supply processes. Ionic ratios and strontium isotope
data reported in this aquifer by previous studies have also
highlighted the presence of salt recycling, including halite,

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



M. Zatout / Desalination and Water Treatment 299 (2023) 154-171 155

gypsum and calcite (CaCO,) [2]. This evidence supports the
role of salt recycling as important sources of major solutes.
The Egypt Qarun lake [3] and most of the Tunisian Chotts
and Sabkha’s [4] brines are characterized by the same hydro-
chemical facies with Na-Mg-K-CI-SO,. The typical ionic
composition of the principal Algerian continental brines
and the marine brine is plotted in Table 1. It shows that
all Algerian brines are calcium and bicarbonate rich com-
paratively to marine brine and that of Merouane Chott is
very magnesium and sulfate-rich than that marine brine.
Chlorine has the same concentration for both Algerian and
marine brines. Same for sodium except for Merouane Chott
with lower concentration. Major ions ratios show clearly
similarities between Algerian inland brines and marine
brines. The exception is the Mg/Ca ratio, which is greater
for marine brines. It should be noticed that Baghdad brine
is the closest to the marine brine, flowed by that of Melghir.
Relative to the marine brine, the most significant differ-
ences in ionic concentrations are those of Merouane brine.

The evaporation of natural water is the loss of water
under the effect of heat (solar or artificial) accompanied
by the precipitation of salts depending on their solubil-
ity. Many quantitative works have been realized about the
evaporation of freshwater and seawater, which became a
well-understood process.

The Penman-Monteith evaporation rate expression
for the open water [7] given in the formula (PM equation)
shows that evaporation depend on two basic factors. The
first factor is the radiation factor (R —G), which represents
the necessaire energy or heat required to transform water
from liquid to vapor, and the second factor (u,, (¢~¢,)), which
represents mechanisms involved to remove the vapor from
the open water surface boundary. Therefore, there must be
a sink for vapor. The A and y terms in the Penman-Monteith
equation translate the relationship between air tempera-
ture and vapor pressure gradients. The (1 + 0.34u,, ) term
reflects the combined influence of bulk and aerodynamic
resistance terms for the reference open water cover.

Table 1

900 )
~0408A(R,—G)  "(T4273 )" (e.-e,
S A+y(1+0.34u,,) Ay v(1+034u,, )
(PM equation) ()

where ET: evapotranspiration rate in mm/d; (R -G): energy
provided by radiation, which depends on approximate bal-
ance downwelling radiation (sunlight) and upwelling radia-
tion emitted by the Earth’s surface; u, (e—¢,): potential vertical
moisture flux produced by atmospheric mixing in the plan-
etary boundary layer. u, is the wind speed and (e—¢) is the
vapor pressure deficit (VPD) directly linked with relative
humidity. Indeed, when ¢, equals 0, the air will have a relative
humidity of zero. When ¢ = ¢, the air is fully saturated, and the
relative humidity will be 100%. e : water vapor pressure (Pa); e_:
saturation water vapor pressure (Pa); A: saturation water vapor
curve or the first derivative of the saturated vapor pressure
(e)) with respect to air temperature near the open water sur-
face; y: psychrometric constant in kPa/°C, which characterizes
the relation between the sensible heat and water vapor.

According to this equation, the environmental factors
controlling the evapotranspiration rate are latitude, altitude,
wind speed, month of the year, the reflection coefficient,
minimum and maximum temperatures (°C), solar radiation
(W-m™), and average relative humidity (%). Rate of evapo-
ration increases proportionally with temperature, VPD, and
wind velocity. It decreases proportionally with saturation
water vapor and psychrometric constant.

The evaporation of open highly concentrated brines is
more complex because its rate slows with the increase of
TDS. Some factors such as the appearance of salt crust on
the surface of brine stops the evaporation process [6]. At
some extremely high-salinity, evaporation stops because
the brine becomes hygroscopic and adsorbs humidity from
the air rather than drying [8].

The effect of the salinity and the ionic composition on
evaporation has been well studied and it is expressed by

Typical ionic composition of the Algerian brines [5] and the typical marine brine [6]

Brine source Chott Baghdad Chott Merouane Chott Melghir Typical marine brine
Density 1.20 1.3 1.22 1.22
Total dissolved solids 345 373 345 334
Ca* 29 33 33 6
Mg?* 713 2,634 1,070 971
Na* 4,286 1,307 3,746 4,371
K* 163 301 130 153
HCO, 3 8 5 0
SO* 313 713 333 339
Cl 5,400 5,560 5,500 5,994
Cl"/Na* 1.25 4.3 1.46 1.37
Mg?/Ca* 23.83 79 32.18 1454
CI/SO» 17.21 7.8 16.48 17.68
Na*/K* 26.14 43 28.72 28.57
Mg*/K* 4.35 8.8 8.20 6.34
Ca*/K* 0.18 0.1 0.25 0.04
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two principal parameters namely activity coefficient of
water and the saturation vapor pressure [9]. Varieties of geo-
chemical models exist for the determination of these param-
eters. The most widely used are those of the Pitzer model
and the specific interaction theory (SIT) model. Pitzer’s
model takes into account all the interactions between all
the ions present in the solution. Thus, it is considered the
best model for concentrated solutions up to brines [10,11].
The weakness of this model is its over-parameterization and
the lack of parameters for many elements [12], notably the
silica that is always present in the system. The SIT model
based on the theory that the only significant interactions are
those between opposite ions. The two models are equiva-
lent for solutions between 3 and 4 M.

During the evaporation of a brine, the loss of water in
the form of vapor leads to an increase in its density [13].
This is often used as a rank parameter of the degree of
evaporation of the brines. The other physico-chemical
parameters which trace the evolution of evaporation are
the ionic strength and the electrical conductivity which
depend on the concentration of the ions present in the sys-
tem [14]. During evaporation, this concentration depends
on the precipitated salts according to their solubility’s and
the initial chemical composition of the brine. It is known
that carbonates precipitate first, followed by sulfates
and finally chlorides [15].

The studied brine is this work is from the closed basin
Chott Baghdad situated in northeast Algeria (32°41"16.00”N,
5°37'40.00”E). Its surface is about 50 km? and its elevation
is about 88 m above sea level. The climate is arid [16] and
characterized by a mean annual temperature of 24°C, a mean
annual rainfall of 6.3 mm, a mean annual evaporation greater
than of 3,613 mm/month, and a mean annual humidity of 42%
[17]. This chott is enclosed by Mio-Pliocene and Quaternary
rocks [18]. Mio-Pliocene rocks consist of argillaceous sands,
gypsum deposits, and dolomite. The Quaternary deposits
are formed by sands, clays, and halite [18]. The aim of this
study is to characterize and evaluate the sampled brine, in
particular, from a mining point of view by carrying out an
isothermal evaporation of this brine at 35°C. Indeed, the arid
conditions of southeastern Algeria and particularly of Chott
Baghdad favor evaporation processes. The choice of 35°C
corresponds to the average temperature during the hot sea-
son (April to September) when significant changes occur in
the chemistry of the brine until it dries.

This study follows two recent others [19,20] treating
brines from Chott Baghdad. The spatial variation of the brine
ionic composition and the good results obtained by these
anterior investigations, especially the amounts of the dou-
ble sulfate potassium and magnesium, and the sylvite, led
to more investigation to understand and test the possibility
of industrial exploitation. The chemical spatial variation has
been studied [16], and the results obtained indicate that the
northern part of the chott brine contains less magnesium
and potassium than the southern part [16].

The main objectives of this work are: (1) determine the
actual crystallization salts sequences during the isothermal
evaporation experiment at 35°C by characterizing the recov-
ered solids using X-diffraction (XRD), (2) study the brine
ionic composition evolution as well as remaining volume
and density, (3) calculate mass balances of the precipitated

salts, (4) determine the predicted and the experimental crys-
tallization pathways given by the Janecke solubility diagram,
(5) perform the direct and inverse modeling of the addressed
isothermal evaporation experiment using the PHREEQC
software; and finally (6) compare and discuss the different
results.

2. Material and methods
2.1. Isotherm evaporation

The studied brine is sampled in February 2017 from
subsurface natural brines ponding in the eastern side of
Chott Baghdad. The density of the brine is 1.221, the pH
measured in situ is 6.95 and the ionic composition mea-
sured in gL before starting isothermal evaporation is:
Na* =93.83, K* = 10.90, Ca*" = 1.60, Mg* = 16.29, CI- = 180.70,
SO?2=30.08, HCO, = 0.19.

Four (4) liters of the above brine were placed in a crystal-
lizer placed and fixed in a water bath filled with hot water.
A thermostat was immersed in the water bath to adjust and
maintain the temperature at 35°C + 0.1°C. Isothermal evap-
oration was observed by daily measurements of density and
pH. During evaporation, six (6) filtrations of the whole brine
(with precipitated salts) were carried out with each increase
of density of about one hundredth (0.01). The filtration con-
cerns all the contents of the crystallizer, remaining brine and
solids formed. The purpose of filtration is to separate the lig-
uid phase from the solid phase. The liquid phase continued
isotherm evaporation and the solid phase removed for char-
acterization with the X-ray diffraction. Thereby;, at each filtra-
tion, 20 mL sample of filtrate (the filtrates were designated Bi,
i =1 to 16) was taken to chemical analysis while the solids
(the solids were designated Si, i =1 to 6), separated by filtra-
tion, are recovered and removed from the evaporated brine.
Density was carried out by using a specific gravity balance
(precision of 10* g). Na" and K' concentrations were ana-
lyzed by spectrophotometer using a Jenway PFP7 Instrument
(Dunmow, Essex, England). Mg* and Ca™ concentrations
were determined by an ethylenediaminetetraacetic acid
(EDTA) complexometric titration. Potentiometric titration
was applied to CI~ (Titrino DMS 716, Metrohm Instrument,
Ionenstrasse 9100 Herisau, Switzerland). The SO concen-
trations were determined gravimetrically with barium chlo-
ride. The COg‘ and HCO; concentrations were titrated with
a 0.02-molar chloric acid solution using methyl-orange and
phenolphthalein, respectively, as end-point indicators. XRD
was used to characterize the solid phases, using a Philips PW
1730/10 Generator (Netherlands), a PW 1050/81 Goniometer
and a PW 2233/20 copper cathode. The experimental work was
carried out at the Saharan Geology Laboratory in February
2017 were the conditions of the experimentation are mean
relative humidity of 68% and mean temperature of 10°C.

2.2. Application of the Jinecke solubility diagram approach

The quinary diagram Na*, K*, Mg*, CI;, SO7//H,O, at
35°C system was studied by van’t Hoff at different tem-
peratures between 25°C and 83°C. Different geometric
representations have been proposed for this system [21].
That of Janecke corresponds to the central projection on an
equilateral triangle, of the volume enveloping the solutions
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saturated with halite [22]. As a result, a precipitation domain
of a given salt corresponds to two solid phases, one of which
is necessarily formed of halite [21]. This is the diagram
adopted in this study because it is reliable, powerful, sim-
ple and comprehensible. Effectively, the initial position of
the studied brine suffices to determine its crystallization
field and its theoretical crystallization pathway during its
isothermal evaporation [21]. Furthermore, at the end of
evaporation the projection of different solutions evolved
during evaporation determines the experimental pathway
[22]. The theoretical pathway of the studied brine plotted on
the oceanic fivefold diagram Na*, K*, Mg*, CI-, SOZ//H,0
at 35°C is based on Gibbs law:

v=c—® )

where v = system variance, ® = phase number, and c = inde-
pendents constituents’ number =5 (Na, K, Mg, Cl, SO,).

Such as in oceanic quinary system, all the solutions are
permanently saturated with NaCl. So, when a representa-
tive point is situated on a given plan (crystallization field),
that means v = 2 =5 — ®; thus, ® = 3, Two salts (halite and
salt-field) and one solution. When a representative point is
situated on the invariant’s points, that means v =1="5 -4,
® =4, three salts and one solution. At Z drying-up point, the
crystallization process terminates and the solution does not
move and will carry on the evaporation until drying [23].

The application of the Janecke diagram to the studied
brine presumed that calcium and carbonates are negligi-
ble constituents. This assumption is credible because of its
low concentrations [3] and no back reactions of Ca-bearing
minerals such as gypsum (CaSO,-2H,O) with the brines are
expected because Ca-bearing solid phases are removed from
the solution at earlier stages of evaporation (2nd filtration).

The solid phases associated with halite (NaCl) of the
Jénecke diagram system Na*, K*, Mg*, CI-, SOZ//H,O, at 35°C,
are [21]: sylvite (KCI), hexahydrite (MgSO,-6H,0), kieserite
(MgSO,-H,0), glaserite (K,Na(SO,),), thenardite (Na,SO,),
bloedite (Na,Mg(SO,),-4H,0), kainite (KmgCISO,-11/4H,0),
leonite (K,Mg(SO,),-4H,0), bischofite (MgClL-6H,0), and
carnallite (KMgCl,-6H,O).

Better understand the precipitation sequences of salts
during solar evaporation at 35°C of Algerian natural brine,
a simulated pathway representing the evolution of the evap-
orated brine’s composition during evaporation, given by
the projection of the PHREEQC forward modeling results,
was also plotted together with the two Janecke crystalli-
zation pathways.

The Jénecke coordinates of the crystallization pathways
on the Na*, K, Mg*, CI;, SO;//H,0, at 35°C were calcu-
lated using the following equations [21]:

(. /2)x100

kK, = (nw /2)+nMg2+ g ’

oo (e )00

"oMg = (”1« / 2) e Tl ’

g - (nMgb )>< 100 5

(nK‘ /2)+nMgb +ns0i

where “n” is the mole number.

Nevertheless, many discrepancies have been reported
between theoretical and experimental crystallization paths
predicted using solubility diagrams at advanced stages of
evaporation [20,23-27]. In addition, other discrepancies
recorded between these and the crystallization path obtained
from the salts recovered from elsewhere [25,26]. The state of
supersaturation of the brines during the advanced stages of
evaporation and the conditions of the experiment, in par-
ticular humidity and aeration, are the main causes of these
deviations [26,28]. The other deviations are due to crys-
tal nucleation, crystallization kinetics and the formation
of the magnesium complex ion surrounded by six water
molecules [4,20,26,29,30].

2.3. PHREEQC forward and inverse modeling with Pitzer
thermodynamic database

PHREEQC is a publicly available and expandable geo-
chemical modeling code with several thermodynamic
databases based on different chemical theories. PHREEQC
is widely used to simulate evaporation of natural waters
because of its capability of removing moles of water from
the solution [31]. In addition, the capabilities of PHREEQC
include simulating the chemical behavior of aqueous solu-
tions composed of all major solutes.

PHREEQC program provides two approaches: forward
modeling and inverse modeling [32]. The evaporation for-
ward modeling is performed by removing water from the
chemical system [33] where the brine ionic composition is
calculated together with water removal due to evaporation
and the precipitated solid phases during evaporation [33].
Forward modelling predicts the evolution of water compo-
sition based on hypothetical reactions as crystallization or
dissolution of salts during evaporation.

Along the flow path in an aquatic system, PHREEQC
inverse geochemical modelling is based on a geochemical
molar equilibrium model, which calculates phase molar
transfers to account for differences in the final and ini-
tial composition of water [34]. Thus, the inverse modeling
allows the determination of reactions from measured and
observed data. Applied to the isothermal brine evaporation
undertaken, the mass balance model determines the brine
chemical composition and the different possible reactions
between the initial and final stages. In this study, PHREEQC
simulates mineral precipitation and the corresponding
geochemical evolution of residual water during brine
evaporation using a Pitzer database, which allows calcula-
tion of geochemical reactions in high ionic strength brines
[10,33,35]. Thus, the inverse modeling allows following
the ionic composition of the studied brine and the progres-
sive crystallization sequences during its isothermal evapo-
ration. In addition, it would fill the gap of the PHREEQC
forward modeling which does not consider the mineral
fractionation, for example, ions of precipitates salt are no
removed from solution [28].

In the experiment studied, calcium and bicarbonate are
present in relatively very low concentrations. The calcium
salt was removed in the early stages of evaporation as gyp-
sum, and the bicarbonate was below the detection limit
after the first filtration. Therefore, these ions were not used
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as input parameters in the PHREEQC code, as was done
for the application of the Janecke diagram. Forward mod-
eling evaporation of black seawater has been addressed
by Parkhurst and Appelo [33] to check the black seawater
evaporation experiments realized by McCaffrey et al. [14];
Zherebtsova and Volkova [36]. At each water amount decre-
ment, PHREEQC forward modeling returns water remained
in a negative log of moles, ionic composition in log moles
per kg of water, and mass of precipitated salts in log mole.
Ion molar transfer results are expressed in moles per kg of
water. Positive mass transfer values suggest the dissolution
of minerals while negative values indicate precipitation. To
perform inverse modeling, the inputs are the temperature,
the pH, and the measured final and initial brine’s ionic com-
position between two successive filtrations. The outputs con-
sist of one or several models of crystallized salts and their
amounts during the corresponding period (between two
consecutive filtrations) in moles.

For data entry into PHREEQC, the identifiers in the
inverse modeling data block were used for the selection of
brine solutions; the reactive phases include halite, epsomite,
schoenite, sylvite and carnallite. These phases correspond
to those identified by XRD of the recovered solids (S1 to
S6) during the experiment. For each simulation of two suc-
cessive filtrations, the output of the run returned one or
more models giving their respective solution fractions and
the molar transfer of the phases. Otherwise, the sign of the
Saturation Index (SI) indicates the saturation state of the
brine with respect to the mineral salts. Positive SI trans-
lates the considered mineral crystallization while negative
SI means its undersaturation of dissolution.

3. Results
3.1. Isotherm evaporation results
3.1.1. Physico-chemical parameters evolution

The results of the isotherm evaporation, namely, time,
density, pH, remaining volume and masse of the filtrates, the
masse of the solids recovered at each filtration are presented
in the Table 2 together with the brine ionic composition.
Density is one of the determining rank parameters used for
monitoring brine evaporation [6]. In this study, it increased
from 1.221 to 1.325 with different rates during evaporation
(Fig. 1a). This is due to the difference of the precipitated
salts. The remaining brine volume evolution was followed
(Fig. 1b) and we notice that at the end of evaporation the
volume of the residual brine is only 1.88% and, as like den-
sity, it decreased with different rates. The mass of the total
solids recovered is 1,718 g.

During evaporation, Na* decreased continuously from
density 1.221 to density 1.325 expressing the continuous crys-
tallization of halite (Fig. 1c). ClI- undergone a stationary curve
until density of 1.312 at which it increased rabidly (Fig. 1d).
K* and SOZ increased from the beginning until density of
1.312 and then SO?Z started decreases followed immedi-
ately by the diminution of K" and at density 1.316 express-
ing the crystallization of K,SO, and MgSO, (Fig. 1c and d).
The simultaneous decrease of the ratios K/Mg* and SOZ/
Mg?** (Fig. 2) confirmed this observation. These salts consist
of schoenite, epsomite, sylvite, and carnallite as confirmed

by X-ray diffraction (§3.1.2). Ca" disappeared completely
at density 1.235 (Fig. 1d) as gypsum, which is recovered
in the earlier stages of evaporation.

3.1.2. Identification of the recovered salts by X-ray diffraction

The actual crystallization sequences obtained after char-
acterization of the recovered solids S1 to 56, by X-ray diffrac-
tion. X-ray diffraction patterns of the six solids recovered
from the six filtrations presented in Fig. 2. The salts iden-
tified define five (5) crystallization sequences (Table 3).

Gypsum and sodium chloride crystallized together
between densities from 1,223 to 1,235. Then, halite alone
until density of 1.275. The apparition of gypsum in the
first stage of evaporation corroborates well with the evap-
oration of seawater and inland brine as it the first mineral,
which precipitates [6] and references therein. The presence
of minor amounts of calcium in the initial solution, which
is concentrated in sulfate ion, and with because of its very
low solubility, gypsum will precipitate.

Salt-3 precipitated between densities 1.275 and 1.312 is a
mixture of halite and schoenite (K,SO,-MgSO,-6H,O). Salt-4
crystallized between d = 1,312 and d = 1,319 consists of halite,
epsomite (MgSO,-7H,0), and sylvite (KCI). Finally, salt-5
composed of halite, epsomite, carnallite (KCl MgSO,-6H,0)
and sylvite crystallized between densities 1.319-1.325.

The ionic composition of the recovered solids, presented
in Table 4, shows that: solids 1 and 2 are mainly composed
of halite and a minor amount of gypsum, particularly solid-
2. Solid-3 consists of halite; solid-4 contains, in addition to
halite, a double salt of magnesium and potassium sulfate
with a K/Mg ratio equal to one; solid-5 contains more potas-
sium and magnesium, reflecting the precipitation of potas-
sium and magnesium sulfate; and finally, solid-6 contains
the highest value of magnesium and sulfates. The K/Mg ratio
of the last solids reflects the absence of double salts since it
is different from one. These results corroborate well with
those given by XRD and confirm the crystallization of salts
other than halite and epsomite.

3.1.3. Saturation state of the filtrates during evaporation

Equilibrium diagrams plotted in Fig. 3 of the 17 brines
sampled during evaporation during isotherm evaporation
(listed in Table 2) show clearly the continuous crystalliza-
tion of halite since sodium concentration decreased with the
increase of chloride. Moreover, all equilibria diagrams cor-
roborate well with the results of X-ray diffraction. Indeed,
the totality of gypsum has been crystallized before the 1st fil-
tration corresponding to sample B4-S1. Moreover, the short
period of schoenite crystallization between B11 and B12-54
is in good agreement with the solid-4 found by XRD. Then,
schoenite disappeared after B13 and did not reveal by XRD
in salts 5 and 6. Effectively, the equilibria of the solutions
B13 to B16 are identical to those before the precipitation of
the schoenite (IB to B10), while magnesium concentrations
increased progressively with evaporation (Fig. 3). The equi-
librium diagram of epsomite translates its precipitation from
B11 until the end of evaporation that XRD confirmed. Sylvite
started crystallization at B13 and was recorded by XRD of
B14-S5. Finally, carnallite crystallized at B14 and was well
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Table 2

Experimental results: measurements and physico-chemical analysis of the studied brine isotherm evaporation at 35°C

Time (h) Sample code Density pH RLm RSm Na* K Mg Ca Clr SO
0 1B 1.223 6.94 4,952.1 93.83 10.9 16.29 1.6 180.7 30.08
B1 1.224 92.15 11.2 18.28 1.32 184.2 33.1
B2 1.226 87.5 12.2 20.15 1.04 184.12 35.3
B3 1.227 83.95 13 22.15 0.76 184.52 38.22
48 B4-51 1.235 6.85 3,020.4 607.5 78.65 15.6 24.75 0.48 184.42 42.12
B5 1.237 72.54 18.25 27.83 0.2 184.56 47.56
B6 1.245 64.25 21.6 33.25 0.08 184.95 54.96
120 B7-S2 1.254 6.79 1,788.5 359.7 59.95 22.2 37.19 udl 185.65 62.12
B8 1.257 54 24.8 40.84 udl 186.05 66.14
168 B9-S3 1.275 6.73 1,270.6 178.5 50 26 48.26 udl 187.55 77.23
B10 1.285 42 27.8 57.25 udl 195.42 90.46
B11 1.309 34.52 34.2 70.62 udl 206.45 95.45
216 B12-54 1.312 6.51 541.4 355.9 30 35.8 75.97 udl 221.45 88.45
B13 1.316 23.5 33.1 82.9 udl 233.1 82.12
288 B14-S5 1.319 6.39 260 149.6 22.45 26.6 85.81 udl 245.65 74.96
B15 1.321 18 20.12 89.52 udl 268.54 60.13
336 B16-56 1.325 5.90 88.2 66.8 14.2 135 98 udl 297.12 35.6

IB is initial brine; Bi-Sj: brine i and salt j from each filtration; RLm: remaining liquid mass (g); RSm: recovered solids mass (g); ions
concentrations in g-L7, udl: under detection limit. HCO; and CO3- are under limit of detection except for the initial brine with HCO;

equal to 0.19 g-L.

identified by XRD of B16-S6. Thus, the equilibrium dia-
grams of the brine samples during the experiment confirmed
well the real crystallization sequences given by XRD.

3.1.4. Material balance of the deposited salts and the
evaporated water

To evaluate the mining potential of the studied brine, it
is necessary to determine the quantity of each salt recovered
during the isotherm evaporation. To do this, the method
given by Zayani and Rokbani [37] have been applied. The
first step is the determination of the crystallization stages
of hypothetical salts presents in the system, namely CaSO,,
Na,Cl, MgSO,, K.Cl, and MgCl,. This, by calculating the
concentrations of all ions in mole per 1,000 moles of water.
For this purpose, it was necessary to transform the ionic
composition results into hypothetical mineralogical compo-
sitions in moles per 1,000 moles of water by using the Eq. (4)
given by Zayani and Rokbani [37].

) (c;),1,000

C)=—"T"7v )
! M; (nHZO )].

where (CI.)]. is the concentration of the i-th ion in the j-th sam-

ple, expressed in moles per 1,000 moles of water, (c), the

concentration in g-L™ of the i-th ion in the j-th sample, M, is

the molar mass of the i-th ion and (nH O)‘ is the number of
moles of water in 1 L of the j-th sample.2 !

The second step is the determination of moles of differ-
ent salts as a function of the number of moles of MgCl,. The
number of moles of different salts 7, were calculated as

follows: :

n. .
(o) = " 5)
(Mgs0,) ~ (s03) ~ "(caso,) (6)

n.

M) = @)

ne

n(MgClz) = n(Mg2+) - n(Mgso,) = T - n(NaZClz) - n(KZClZ) ®)

Table 5 presents the variations of number of moles
of hypothetical salts per 1,000 moles of water, plotted in
Fig. 4, which shows clearly that magnesium chloride being
the most water-soluble salt. It is therefore useful to repre-
sent the evolution of the others salts as a function of that
of MgCl,. This representation (Fig. 4) is justified by the
remark by Prigogine and Defay [38] which stipulates that
the solvent H,O cannot be assimilated to a simple continuous
medium since its molecular structure undergoes alteration.

The curves in Fig. 5 indicate clearly three crystalliza-
tion sequences corresponding to a succession of crystalli-
zation of NaCl, MgSO,, and K,CL.. Due to the low quantity
of Ca* in the brine, CaSO, disappears following the sixth
liquid sampling (2nd filtration) during the evaporation.
Furthermore, NaCl evolves according to a decreasing curve
and MgSO, together with K Cl, evolve according to maxi-
mum curves. These observations translate that NaCl crys-
tallizes permanently during evaporation and that the salts
of MgSO, and K,Cl, only begin to precipitate when the
concentration of MgCl, reach 40 and 48 moles/1,000 moles
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Fig. 1. Physico-chemical parameters evolution during 35°C IEE Isothermal Evaporation Experiment. (a) Density vs. evaporation,
(b) remaining volume vs. time, (c) cations vs. density, (d) anions vs. density, (e) SO,/Mg & K/Mg vs. density and (f) Ca vs. density.

of water, respectively. This may reflect that potassium and
magnesium salts do not crystallize together until after the
concentration MgCl, exceeds 48%.

Regarding the material balance of deposited salts and
evaporated water, we assumed that the ions in solution
were associated in the form of simple salts: CaSO,, MgSO,,
K,Cl, and MgCl,. During evaporation, these salts crystallize
successively depending on their solubility. The curves in
Fig. 5 can be divided into four parts, separated by lines X0,
X1, X2, X3 and X4. The amounts of evaporated water and
crystallized salts were determinate from these parts corre-
sponding to the following brine compositions:

Brine Density MgCl, Na,Cl, K,Cl, MgSO, CaSO, H,O

X0 1.223 7.24 4138 283 554 0.81 1000
X1 1.245 1617 2840 561 1159 0.04 1000
X2 1.309 4087 16.05 935 2125 0.00 1000
X3 1.312 4744 1404 985 19.82 0.00 1000
X4 1.325 7774  6.56 3.67 7.87 0.00 1000

In order to simplify the writing of the expression of
the material balance, the numbers of moles of H,O, CaSO,,
Na,Cl, MgSO,, K,Cl, and MgCl, in relation to 1,000 moles
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Fig. 2. X-ray diffraction patterns of the recovered solids.
Table 3
Recovered solids characterization and actual crystallization sequences
Solids (Si) Density Solid phase (identified by XRD) Crystallization sequences
Salt number Salts
Solid-1 1.235 Gypsum + Halite Salt-1 Gypsum + Halite
Solid-2 1.254 Halite
! o Salt-2 Halite
Solid-3 1.275 Halite
Solid-4 1.312 Halite, Schoenite Salt-3 Halite, Schoenite
Solid-5 1.319 Halite, Epsomite, Sylvite Salt-4 Halite, Epsomite, Sylvite
Solid-6 1.325 Halite, Epsomite, Carnallite, Sylvite Salt-5 Halite, Epsomite, Carnallite, Sylvite
of water in the brine Xi are represented by H', C', N, M, K The number of moles of water evaporated and number

and Mc, respectively. The number of moles of water evap-  of moles of NaCl, N** crystallized in the first part can be
orated and the numbers of moles of CaSO,, Na,Cl,, MgSO,,  calculated by the following equation:

K.Cl, crystallized between Xi and Xj are given by H, C,

N+, MY and K7, respectively. They were calculated using  pgo-1 _ g0 (1—(1) ©)
Egs. (9)-(15) given by Zayani and Rokbani [37] MgCl, does

not precipitate and it conserves its mole number during
evaporation.

N'=N(1-a) (10)
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Table 4
Recovered solids ionic composition (%)

Solids  Density Ca* Mg* Na* K Cl SOz
Solid-1  1.235 0.40 150 3500 030 57.00 5.80
Solid-2 1.254 030 220 3545 0.22 5733 450
Solid-3 1.275 221 3517 124 57.68 3.71
Solid-4 1.312 719 2657 120 5148 13.55
Solid-5 1.319 870 13.04 1391 33.04 31.30
Solid-6  1.325 1294 863 984 1576 52.83

where a = Mc”/Mc!: concentration factor of the first stage.

Analogically with the study [37], the number of moles
of CaSO,, C*! crystallized in the first part, can be calculated
via the following equation:
C*'=C"(1-0a) 11)

The number of moles of water evaporated, H'? and the
number of moles of NaCl crystallized, N*?, in the second
part can be calculated by using the following equations:

H"?=o0*H(1-p) (12)

N =2N'(1-) (13)
where B = Mc!/Mc* concentration factor of the second stage.

In the third part, the number of moles of water evapo-
rated, H*3, and the numbers of moles of NaCl, N**, MgSO,,
M>? and K,Cl,, K** crystallized can be calculated by using
the following equations:

H*? =axpxH’(1-7) (14)

N*? =2N?*(1-7) (15)
where y = Mc?*/Mc? concentration factor of the third stage.

Finally, in the fourth part of Fig. 4, the number of moles
of water evaporated, H**, and the numbers of moles of
NaCl, N**, MgSO,, M** and K,Cl,, K** crystallized can be
calculated by using the following equations:

H** =axBxyxH’(1-0) (16)
N**=2N°(1-9) 17)
M** =M*(1-0) (18)
K =2K°(1-0) (19)

where 6 = Mc*/Mc*.

For the studied Algerian brine, calculations performed
for a quantity of the brine containing 1,000 moles of water
are given in the Table 6. These results indicate that after
evaporation 90% of water, the mass percentages of recovered
salts are 71.21% of NaCl, 17.77% of MgSO, and 9.84% for

KCl. Thus, more than a quarter of the salts recovered mass
consists of potassium chloride and magnesium sulfate.

The total mass of solids calculated for 1,000 moles with
this method is 7,683.5 g. 1,000 moles of water correspond to
18,000 g of water. This correspondent mass of solids related
to the brine evaporated mass in the undertaken experiment
which is 4,000 g, is = 7.683 x 4,000/18,000 = 1,707.33 g. The
actual mass of solids recovered is 1,718 g. The difference
is 0.6% without taking into account the masse of the water
contained in the hydrated salts of picromerite, epsomite and
carnallite. As given by the solubility diagram, picromer-
ite is present in low quantities. Same for carnallite, which
is in the beginning of crystallization. Contrary to epsomite,
which is present in considerable quantities. Thus, the calcu-
lated balance sheet is satisfactory.

3.2. Jinecke theoretical and experimental crystallization pathway

The projection on the initial brine on the Janecke Na®,
K*, Mg*, CI, SOZ//H,O at 35°C phase solubility diagram in
solid blue triangle (Fig. 6) gives the location of the represen-
tative point ‘z’ of the studied brine on the oceanic quinary
diagram. It is located in the bloedite crystallization field as
for of that of the seawater. Thus, the Algerian natural brine
is a marine-like brine richer in potassium (Fig. 6). This
position (z) together with the bloedite representative point
allow plotting its theoretical crystallization pathway (Fig. 7).
Consequently, the predicted theoretical Janecke crystalliza-
tion salts sequences are determined. The two superposed
point’s zz’ translates that the brine crystallized only halite
because coordinates of SO, and K become unchanged despite
their increasing, that is, that the brine concentrating with
these ions but without precipitating as salts. Therefore, the
brine did not move and crystallized halite alone. Then, when
it crystallized others salts than halite, it moved along the
crystallization path. This, translated by the change in the K
and SO, Jéanecke coordinates. In addition, each segment cor-
responds to a specific association of minerals as follows:

zz' (v =3): Halite

7'B (v =2): Halite + Bloedite

BV: Halite + Bloedite + Leonite

VY: Halite + Bloedite + Kainite

Y’Y: Halite + Kainite + Hexahydrite
YR: Halite + Kainite + Kieserite

RZ: Halite + Kieserite + Carnallite

NSO E W=

The invariable points V, Y’, Y, R, defined the borders of
the minerals fields. At each point, dissolution (decompo-
sition) of previous salt and crystallization (apparition) of
new salt occurred as follows:

\% : Decomposition of leonite and apparition of kainite
(KMgClSO,-11/4H,0)

Y’ : Dissolution of bloedite and apparition of hexahy-
drite (MgSO,:6H,0)

Y : Dissolution of hexahydrite and apparition of
kieserite (MgSO,-H,0)

R : Dissolution of kainite and apparition of carnallite
(KMgCl,-6H,0)

zZ : The brine did not move until the complete drying
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Fig. 3. Equilibrium diagrams of the sampled brines (Table 1) with respect to the recovered salts (gypsum, halite, shoenite, epsomite,

sylvite, and carnallite).
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Table 5
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Hypothetical mineralogical compositions (concentrations in moles per 1,000 moles of water)

Brine (Bi)-Salt (i) Density Na,Cl, K.Cl, MgSO, MgCl, CaSO, H,O
1B 1.223 41.38 2.83 5.54 7.24 0.81 1000
B1 1.224 40.82 2.92 6.34 8.30 0.67 1000
B2 1.226 38.69 3.17 6.94 9.38 0.53 1000
B3 1.227 37.15 3.38 7.71 10.44 0.39 1000
B4-S1 1.235 34.75 4.05 8.66 11.77 0.24 1000
B5 1.237 32.04 4.74 9.95 13.20 0.10 1000
B6 1.245 28.40 5.61 11.59 16.17 0.04 1000
B7-S2 1.254 26.61 5.79 13.20 18.03 0.00 1000
B8 1.257 23.87 6.45 13.99 20.15 0.00 1000
B9-S3 1.275 22.27 6.81 16.46 24.19 0.00 1000
B10 1.285 19.01 7.40 19.60 29.42 0.00 1000
B11 1.309 16.05 9.35 21.25 40.87 0.00 1000
B12-54 1.312 14.04 9.85 19.82 47.44 0.00 1000
B13 1.316 11.00 9.11 18.40 55.00 0.00 1000
B14-S5 1.319 10.49 7.31 16.77 59.10 0.00 1000
B15 1.321 8.38 5.51 13.40 65.44 0.00 1000
B16-S6 1.325 6.56 3.67 7.87 77.74 0.00 1000
Salts (moles) Vs 1000 moles of Salts vs MgClL, (moles /1000 moles H,0)
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Fig. 4. Variation of moles numbers of salts as a function of
density.

The projection of initial brine (IB) and the filtrated brines
(Bi, i: 1 to 9) plotted in Table 7 on the Janecke Na*, K, Mg?,
ClI-, SO,*//H,O at 35°C phase solubility diagram in solid blue
triangle (Fig. 7) corresponds to the Janecke experimental
crystallization pathway followed by the brine during evap-
oration. In the beginning of evaporation, the Janecke coor-
dinates did not change notably because of the precipitation
of halite alone. So, the representative points of these brines
are confounded. According to Fig. 7, the crystallization
salts sequences given by the experimental pathway are:

Moles de MgCl, /1000 moles H,O

Fig. 5. Moles numbers of salts as a function of the moles
number of MgCl,.

Halite

Halite + Bloedite

Halite + Bloedite + Leonite
Halite + Kainite

Halite + Kieserite + Carnallite

G W=

The three first theoretical sequences 1-3 and the last the-
oretical sequence 7 are in a good agreement with those of the
Janecke experimental ones. Contrarily to the three forecast
sequences 4-6, which are different to that of experimental
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pathway. Indeed, the path of the experimental pathway
barely touches the domain of leonite and crosses the ridge of
the two fields bloedite and kainite to penetrate directly into
the domain of kainite.

3.3. PHREEQC modeling results
3.3.1. PHREEQC forward modeling results

Except calcium and carbonate, all the major ions of
Baghdad natural brine used as input parameters in the code.

Table 6
Material balance calculated for brine moles in 1,000 moles of
water

Thus, as for Janecke diagram approach, the starting brine
ionic composition (in g-L™) introduced in PHREEQC code is
Na*=93.83, K*=10.90, Mg* = 16.29, CI- = 180.70, SO? = 30.08.

Calcium and carbonate were not included because back
reactions of Ca phase can occur as indicated in §2.2 (appli-
cation of Janecke quinary diagram Na*, K*, Mg*, CI-, SO%//

Kieserite Carnallite
K Kainit
Chott Baghdad  Hexahydrite epne
" t 0.8
Representative

Point

SW : Seawater

Stages Component Bloedite i
Representative 0.8 Sylvite 04,
H,O CaSO, NaCl MgSO, K/(CI, o i,
First stage 82292 0.67  68.11
Second stage 21.12 786 294 e Thonardite e
Third stage 36.29 12.51 8.28 7.29
Fourth stage 22.14 511 3.07 2.86
Fsos T T T T Fk:
Evaporated water 902.47 0.2 0.4 0.6 0.8
Numbers of moles per 0.67  93.60 1429 10.15
1,000 moles of water Fig. 6. Locatign of .the rep.resentative point of ;che studie(z:l brine
Mass percentage (%) 1.18 7121 17.77 9.84 0?3232 oceanic quinary diagram Na', K, Mg*, CT, SOF//H,0
a .
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Fig. 7. Experimental and theoretical and pathways of Chott Baghdad brine on the oceanic quinary diagram Na*, K*, Mg*, CI-, SOZ7//

H,0 at 35°C.
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Table 7
Janecke coordinates of solutions brines

Brine (Bi) %Mg %K %S0,
1B 59.68 12.42 27.90
B4-S1 61.47 12.05 26.49
B7-S2 62.17 11.54 26.29
B9-S3 63.58 10.65 25.76
B11 66.99 10.09 22.92
B12-S54 69.38 10.17 20.45
B13 72.73 9.03 18.24
B14-S5 75.90 7.32 16.78
B15 80.65 5.64 13.71
B16-56 88.12 3.78 8.10

H,O, at 35°C). Furthermore, calcium is present with very
relatively low concentrations and removed from the brine
as gypsum. Therefore, the precaution of starting simu-
lation with free calcium is reliable.

The results of the forward modeling presented in Fig. 8
shows that until the degree of evaporation of 98%, the major’s
ion behavior agreed very well to the experimental results. Na
decreased, Cl undergone a stationary behavior, K and SO,
undergone a maximum curve evolution, and Mg increased
continuously. Similarly, the salts sequences agreed very well
to those obtained in the recovered solids and characterized
by X-ray diffraction. These salts crystallization sequences
are successively halite, halite + schoenite, halite + syl-
vite + epsomite, and finally, halite + epsomite + carnal-
lite + sylvite. Thus, the forward modeling of the Algerian
natural brine evaporation at 35°C gave exactly the same
results obtained in the experiment. Furthermore, the projec-
tion of the degree of evaporation of the six filtrations carried
out during experimental work corroborate well in term of
the nature of the recovered solids. This finding establishes
that forward modeling using PHREEQC with Pitzer thermo-
dynamic database evaporation is also reliable for high-sat-
urated brines. This result comforts the finding of when
comparing the different thermodynamic databases [39].
Indeed, the Pitzer database found reliable up to six moles
equivalent NaCl saturated brine, thus up to TDS of 348 g-L™".

3.3.2. PHREEQC inverse modeling results

Evaporation inverse modeling of the Algerian brine has
been done using the real ionic compositions of the brine at
the six filtrations presented in Table 2. Six simulations car-
ried out between each two successive filtrations. Between
solutions S1 and S5, S5 and S8, S8 and S10, S10 and S13,
S13 and S15, and finally between S15 and S17. The results
of the inverse modeling presented in Table 8. The program
returned one model for each of the four first simulations,
which consist of gypsum and halite between solutions S1
and S5, and solutions S5 and S8; and halite alone between
solutions S8 and S10, and S10 and S13. These steps corre-
spond to filtrations 1 to 4. For solutions between S13 and S15,
three models are resulted. That of with minimum error is the
model of halite, epsomite, and sylvite. This result is in good

Forward modeling of Inland Algerian Brine evaporation at 35°C
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Fig. 8. PHREEQC forward modeled crystallization sequences:
F1 + F2 + F3: halite, F4: halite + schoenite, F5: halite + syl-
vite + epsomite, F6: halite + epsomite + carnallite + sylvite.

agreement with the recovered salt-4. Between solutions S15
and S17, four models returned. The minimum error is that
of halite, epsomite, and carnallite. As for salt-5, the sylvite
dissolution after appearance of carnallite did not returned
because of positive moles transfers. These results corrobo-
rate well with the actual crystallization sequences. Indeed,
except shoenite, all of the recovered salts by the isother-
mal evaporation experiment perfectly reproduced by the
inverse modeling simulation.

4. Discussion
4.1. Real salts crystallization sequences

The real crystallization sequences given by the iden-
tification of the recovered solids S1 to S6, obtained by
X-ray diffraction are listed in Table 3. These solids defined
five crystallization sequences, salt-1 to salt-5. The first
sequence precipitated between density 1.223 to density
1.235, represented by halite and gypsum not predicted by
the Janecke diagram because Ca not included in this sys-
tem. However, this sequence and the following sequences
obtained between densities 1.235 and 1.275 can be assimi-
lated to halite only because of the low amount of gypsum
as given in Table 5. Indeed, gypsum disappeared at the
density 1.237. These two sequences are in good agreement
with the first sequence predicted by the Janecke diagram
that is halite alone. Salt-3 recovered between densities 1.275
and 1.312 is a mixture of halite and schoenite is different
from that predicted by Janecke diagram respected by halite,
leonite, and bloedite. It is well known that schoenite replace
always leonite because of its faster kinetic and its hexagonal
crystallization system favored in supersaturated solutions
where the cation [Mg(H,O),]* prevent the crystallization of
no hexagonal salts [30]. Bloedite is a secondary mineral and
did not precipitates directly [27]. Salt-4 obtained between
filtrations F1 and F5 corresponding to densities from 1.312
to 1.319 is a mixture of halite, epsomite, and sylvite. This
sequence is different from that expected by both theoret-
ical and experimental Janecke diagrams, which is halite,
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Table 8
PHREEQC inverse modeling results

Initial Final Solid Number of Phase mole Sum of Sum of delta/ Maximum fractional error
solution  solution number models transfers residuals  uncertainty limit  in element concentration
M1 Gypsum 003, o7 4.86 0.30
S1 S5 Solid-1 Halite -0.80
M2 Gypsum -0.03 5.18 5.17 0.30
Gypsum -0.01
S5 S8 Solid-2 M1 Halite -0.68 623 623 0:50
M2 Gypsum -0.01  6.65 6.65 0.50
S8 $10 Solid-3 M1 Halitf.e -0.23 345 3.45 0.30
M2 Nothing 3.82 3.82 0.30
510 513 Solid-4 M1 Halitf} -0.80 5.02 5.02 0.64
M2 Nothing 5.56 5.56 0.64
Halite -0.68
M1 Schoenite -0.12  4.14 411 0.27
Sylvite -0.07
Halite -0.78
S13 S15 Solid-5 M2 Schoenite  -0.16 4.32 4.28 0.27
Halite -0.70
M3 Epsomite  -0.20  5.55 5.47 0.26
Sylvite -0.21
Halite -0.81
M1 Epsomite  -0.68  1.37 1.32 0.43
Carnallite -0.78
Halite -0.71
M2 Epsomite  -0.59 1.62 1.59 0.48
Sylvite -0.71
. Halite -0.68
515 S17 Solid6 3 Schoenite  -028 178 1.75 0.49
Carnallite  -0.12
M4 Halite 068 40 2.36 0.49
Schoenite  -0.34
Halite -0.67
M5 Schoenite  -0.28  1.92 1.86 0.49
Sylvite -0.12

bloedite, kainite, hexahydrite and kieserite for the former
halite and kainite for the later. Bloedite did not precipitate
directly [27] and the slow kinetic of kainite relatively to that
of sylvite explains the absence of kainite in the recovered
solids. The absence of non-hexagonal salts such as kieserite
at highly saturated solutions is well-known and very well
documented [26] and references therein. Consequently,
epsomite replaced kieserite and hexahydrite. Furthermore,
in the solar diagram established by Kurnakov [40], kainite
missed and the field of espomite included a large part of
that of hexahydrite and kieserite (Fig. 8). Otherwise, this
observation corroborates well with the results of [28] where
epsomite replace all other magnesium sulfates at relative
humidity more than 51%. Contrarily, except the explained
replacement of kieserite by epsomite, the following salt pre-
cipitated (halite, epsomite, carnallite, and traces of sylvite)
between filtrations F5 and F6, corresponding to densities

from 1.319 to 1.325, is similar with that (halite, kieserite,
and carnallite) of predicted by the forecast and experimen-
tal Janecke diagram. Besides these observations, the pro-
jection of the undertaken experimental brine’s filtrates on
the Kurnakov solar diagram (Fig. 9) reproduced identically
the real crystallization sequences from the apparition of
epsomite. Schoenite, well identified by X-ray diffraction is
the finding and the enigmatic result of this study because
it is well-known that it crystalizes in the law temperature
(<35°C) and does not occur as primary salt [41]. Schoenite
is the result of the complete transformation of kainite, indi-
cating the disappearance of the latter [41]. Moreover, the
old diagram of D’ans [42] clearly noticed the presence of the
schoenite—kainite paragenesis, and provides the explana-
tion if Autenrieth [43] has not demonstrated, later, in detail,
the absence of this paragenesis. According to Braitsch [41],
this paragenesis is only possible as a metastable process.
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However, the investigation of Susarla and Seshadri [44]
when studying equilibria in the system containing chloride
and sulfates of potassium and magnesium conclusively
established the transition of schoenite and leonite at 32.5°C
and higher temperatures. This transition has also clearly
shown by the short period of schoenite crystallization in
its equilibrium diagram (Fig. 3). This transition has also
clearly shown by the short period of schoenite crystalliza-
tion in its equilibrium diagram (Fig. 3). In addition, schoe-
nite has been associated in stable equilibria with leonite,
sylvite, and kainite in the appropriate invariant point of
the Janecke diagram evolving the K*, Mg*, CI-, SO>//H,0
system at 35°C. This would explain the enigma of the occur-
rence of schoenite in the salts recovered by the experiment
carried out in the present study. Certainly, both forward
and inverse PHREEQC modeling with the Pitzer data-
base confirmed the schoenite occurrence with halite and
sylvite, and in association with halite alone as returned in
the transfer model M1 and M2 between filtrations 4 and 5,
respectively (Table 8).

4.2. Theoretical and experimental Jinecke crystallization pathways
(crystallization paths and transition lines)

Table 9 presents all of the crystallization sequences
obtained by Janecke solubility diagram, the real recovered
salts assemblage, and both PHREEQC forward and inverse
modeling. First, after the good agreement of the three first
sequences, N°1, N°2 and N°3, a clear deviation is noticed
between the two Janecke pathways, theoretical and experi-
mental. Indeed, the direction of the experimental pathway
barely touches the domain of leonite and crosses the line
separating the two fields of bloedite and kainite to penetrate
directly into the domain of kainite (Fig. 6). The last point of
the brine reached the R point. Therefore, the plotted experi-
mental crystallization pathway did not confirm the theoret-
ical forecasted one. Effectively, the first five points of Chott
Baghdad natural brine evaporated were inside bloedite
crystallization field while the five following points were
in the kainite crystallization field, and finally the last point
is on the R invariant point (Fig. 6). Consequently, foresee-
able sequences 4, 5 and 6 are skipped in the experimental
pathway and the experimental sequence N°4 (halite + kain-
ite) was not predicted. This is explained by the study of

Table 9
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Autenrieth [45], when modifying the position of invariant
points V and R with new determined solubility data. They
established that the lines separate the fields of bloedite and
kainite, leonite and kainite are not crystallization paths but
rather transition lines. Indeed, taking into account solubil-
ity data up to the year 1962, Braitsch [41] discussed certain
solubility equilibria in the quinary and hexary system with
particular importance for the genesis of evaporitic deposits.
Thereby, Braitsch pointed out differences of certain miner-
als associations due to more new investigations since D’ans
[46] and van't Hoff [47]. One of this paragenesis was bloed-
ite—kainite at 35°C, which should not exist according to [47]
and as reported by Braitsch [41]. This validates intensely
the results obtained from Baghdad isothermal evaporation
at 35°C where the Janecke experimental pathway defined
the sequence of halite and kainite rather than the sequences
4, 5, and 6 of the theoretical pathway. After Braitsch [41],
in this event (transition lines), the composition of the solu-
tion changes along the transition line (represented in fine
lines in Fig. 10a). The first phase dissolved when the solu-
tion has reached a composition, which lies at the intersec-
tion of the projection of the line from the salt point of the
second phase through the point of the initial solution to the

A Experimental studied brine path
L]

Bischofite Carnallite

10

Hexahydrite Sylvite
20 -]
Epsomite
0 T
Sea water
© 'l o
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Fig. 9. Projection of Chott Baghdad natural brine (red solid
triangles) experimental pathway on the Kurnakov solar
diagram.

Summary of crystallization sequences obtained by the three approaches

Janecke solubility diagram Real (recovered) PHREEQC modeling
Predicted Experimental Salts Forward Inverse
1-Halite 1-Halite 1-Gypsum, Halite 1-Gypsum, Halite 1-Gypsum, Halite

2-Halite, Bloedite

3-Halite, Bloedite, Leonite
4-Halite, Bloedite, Kainite
5-Halite, Kainite, Hexahydrite
6-Halite, Kainite, Kieserite

2-Halite, Bloedite
3-Halite, Bloedite, Leonite

4-Halite, Kainite

5-Halite, Kieserite,
Carnallite

7-Halite, Kieserite, Carnallite

2-Halite
3-Halite, Schoenite

4-Halite, Epsomite,
Sylvite

5-Halite, Epsomite,
Carnallite, Sylvite

2-Halite
3-Halite, Schoenite

4-Halite, Epsomite,
Sylvite

5-Halite, Epsomite,
Carnallite, Sylvite

2-Halite
3-Halite

4-Halite, Epsomite,
Sylvite

5-Halite, Epsomite,
Carnallite
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Crystallization path

AJ,\:;/_
S04

Fig. 10. (a) 35° isotherm of the five-component system saturated in NaCl, Mg corner, stable equilibria. Crystallization paths heavy
lines, fine lines are transition lines. Points V-R calculated from new data of Autenrieth and Braune, in Braitsch [41]. (b) Projection
of studied brine pathway on the new Autenrieth and Braune modified quinary diagram for 35°C isotherm.

transition line. There, more of the second solid phase pre-
cipitates and the composition of the solution moves into the
stability field of the second phase (kainite, in our case). On
the other hand, along the crystallization paths (shown as
heavy lines in Fig. 9), the two adjacent solid phases can, both,
precipitate simultaneously, with the composition of the solu-
tion changing along the boundary curve to a corner point.
The geometric significance of this is that in such a figure the
boundary lines between stability fields in isothermal figures
must be linear [41]. These results are obtained when plot-
ting the experimental pathway of the undertaken brine on
the modified quinary diagram after Autenrieth and Braune
(Fig. 10b), which shows that the experimental pathway did
not overlap the transition lines (fines lines) but cross them,
rather parallel to the crystallization paths (solid lines). For
this reason, theoretical sequences 4 (halite + bloedite + kain-
ite), 5 (halite + kainite + hexahydrite), and 6 (halite + kain-
ite + kieserite) are absent in the experimental pathway and
replaced by only the alone sequence 4 which is halite + kain-
ite. The last sequence (halite + kieserite + carnallite) is iden-
tic for both theoretical and experimental pathways because
the brine left the kainite field. This observation confirmed
that not all lines in the Janecke diagram are crystallization
paths, and contribute to understand the crystallization of
sylvite, which is outside of the Janecke experimental path-
way. This is due to its faster kinetic crystallization than that
of kainite.

4.3. PHREEQC forward and inverse modeling

As for Janecke diagram, the forward modeling does not
concern the first sequence. It intentionally ignored Ca in
order to prevent the back reaction of calcium-bearing miner-
als. This assumption is plausible as Ca-bearing phases were
removed from the solution in the earlier stages of evapo-
ration. All other sequences obtained by the forward mod-
eling are in very good agreement with the recovered salts.
Table 8 shows clearly this agreement. The inverse model-
ing performed on the real ionic composition of the evapo-
rated brine at each two successive filtrations returned one

or more models of minerals associations translated by neg-
ative phase transfers. Those with minimum residual error
are strongly similar with the recovered solids (Table 7).
Indeed, except the absence of schoenite in the third inverse
modeling sequence, all of others salts are returned by the
inverse simulation. This confirms that Pitzer thermody-
namic database is a powerful tool to the study of the con-
centrated brines [27,39,48,49].

5. Conclusion

This study reports the results of Chott Baghdad natural
brine evolution during the isothermal evaporation experi-
ment at 35°C. The evolution of density and ionic composi-
tion of the studied brine studied with several tools. A mate-
riel balance was then, calculated based on the experimental
evolution of the brine. The Janecke projection of quinary
solubility diagram Na*, K*, Mg*, CI-, SO}//H,0O was used to
predict the theoretical and the experimental crystallization
pathways. Finally, this isotherm evaporation experiment has
been simulated using PHREEQC with the Pitzer thermo-
dynamic database. The conclusions are:

¢ The real crystallization sequences obtained by X-ray dif-
fraction on the recovered solids are 1st) gypsum + halite,
2nd) halite + schoenite, 3rd) halite + epsomite + sylvite
and finally 4th) halite + epsomite + sylvite + carnallite.
These salts conclusively confirmed with equilibrium
diagrams of the sampled brines.

e The calculated materiel balance proves that Chott
Baghdad natural brine is very rich in potassium and
magnesium salts, in addition to halite. Definitely, the
calculations performed for a quantity of the brine con-
taining 1,000 moles of water indicate that after evapo-
ration 90% of water, the mass percentages of recovered
salts are 71.21% of NaCl, 17.77% of MgSO, and 9.84%
for KCI. Thus, more than a quarter of the salts recovered
mass consists of potassium chloride and magnesium
sulfate. Furthermore, the total mass of solids calculated
for 1,000 moles with this method is 7,683.5 g. This later
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related to the amount of brine used in the experiment is
1,707.33 g. The actual mass of solids recovered is 1,718 g.
The difference is 0.6%. Thus, the calculated balance
sheet is satisfactory.

The deviation between the theoretical and the experi-
mental crystallization pathways confirmed the fact that
not all lines in Janecke diagram are crystallization path.
As found by Autenrieth and Braune and reported by
Braitsch [41], the same paragenesis (halite + kainite) was
obtained by the experimental results of the Baghdad
brine. The experimental pathway cross the transitional
lines and penetrates under the crystallization field of
kainite. Thus, the clear difference observed between the
theoretical and the experimental pathway explained
by the fact that the surfaces limiting kainite, bloedite
and leonite fields are note crystallization pathways but
transition lines as established by Autenrieth and Braune
and reported by Braitsch [41] in page 74. This result,
rarely obtained, may be considered as a finding.

The Janecke crystallization pathways are different
from the real crystallization sequences characterized
by X-ray powder diffraction of the recovered salts. The
difference is the absence of bloedite, leonite, kainite,
hexahydrite, and kieserite in the recovered salts. In the
other hand, the occurrence of schoenite in the recov-
ered solids. The Kurnakov solar diagram explains the
absence of bloedite, leonite, hexahydrite, and kieserite
where these salts are missed. This is due to the appa-
rition of the complex cation [Mg(H,O)]**, which disfa-
vors the crystallization of a non-hexagonal crystalline
system minerals (i.e., kainite) [26,30]. Indeed, at this
advanced stage of evaporation minerals that do not have
an octahedral crystalline form like kainite and bloed-
ite do not crystallize [30,31]. Thus, epsomite replaced
all of these salts in this experiment.

The enigmatic finding of this work is the occurrence of
schoenite well identified by X-ray diffraction on the sol-
ids recovered in the fourth filtration. Because it is known
that schoenite crystallizes at low temperatures (<35°) and
does not exist on the 35°C quinary solubility diagram.
However, the old diagram of D’ans [42] which clearly
noticed the presence of the schoenite—kainite paragen-
esis provides the explanation although Autenrieth [43]
has demonstrated in detail the absence of this paragen-
esis. According to Braitsch [44], this paragenesis is only
possible as a metastable process. However, the more
recent investigation established the transition of schoe-
nite and leonite at 32.5°C and higher temperatures where
schoenite has been associated in stable equilibria with
leonite, sylvite, and kainite in the K*, Mg*, CI, SO//
H,O system at 35°C. This would explain the enigma of
the occurrence of schoenite in the salts recovered by the
experiment carried out in the present study. On the other
hand, both forward and inverse PHREEQC modeling
with the Pitzer database confirmed the schoenite occur-
rence, with halite (alone) and with halite and sylvite,
respectively, in the transfer models M1 and M2 of the fifth
solid (solid-5). This corroborates very well with the result
obtained by this study where occurrence of shoenite, as
showed by the equilibrium diagram of brines, has been
brief and crystallized only between B11 and B12-54.

The projection of the experimental results of Chott
Baghdad brine on the Kurnakov solar diagram showed
a very good agreement after the epsomite apparition.
This diagram is a powerful tool to predict the evolution
of brine evaporation. Especially to very documented
like-marine brine type because many studies concerned
seawater evolution.

The PHREEQC modeling of the isothermal evapora-
tion experiment successfully returned the observed
results. This confirms that the PHREEQC code is a
powerful tool for studying the evaporation processes of
supersaturated brines.

Finally, Chott Baghdad brine reminds the case of marine-
like potash evaporate formation on a continental playa
of Chott el Djerid, southern Tunisia studied by Bryant
et al. [50]. Thus, the inland Chott Baghdad brine seems
to be a marine-like water.
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