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Abstract

A methodology is developed to compute the phase
diagram of a hexary system and to determine the mineral
precipitation sequence upon removal of water. The
methodology is applied to construct the phase diagram

and precipitation  sequence  of the  system
(Nat,K*)(CI~,5027,C0%~ & HCO3) in water. The
thermodynamic model chosen is the Extended

UNIQUAC. A 3D grid is constructed in order to solve this
model in MATLAB. On the basis of this grid, a 3D phase
diagram is calculated and a Jianecke projection is obtained.
The precipitation sequence due to evaporation is
calculated thus obtaining the coordinates of the solution
along this path as well as the order of precipitation. The
numerical model is also able to calculate all these steps for
temperatures 0-110°C. In addition, the number of ions and
the composition of the system can be varied in order to
model other elective systems. The obtained results are
well suited to be used for the design of sustainable salt
extraction processes for both Sea and Lake brines.
Keywords: Evaporation, Extended  UNIQUAC,
Precipitation, Phase diagram, MATLAB

1. Introduction

Lake Katwe, a crater lake in south western Ugandan has
for a long time been a major source of salt of various
grades the people of Katwe and neighboring areas. The
lake brines however constitute a complex multicomponent
system comprising mainly of
Na*,K*,Cl~,$037,C0%~ & HCO; ions (Kasedde et al.
2014). As a result, a number of salts coprecipitate during
evaporation from these brines thus yielding impure
products (Kasedde et al. 2013; Lwanyaga et al. 2019). To
improve on both the quality and quantity of the salts
currently produced at lake Katwe, an extraction process
that is based on the phase chemistry of the brine is vital.
Every brine is unique and therefore understanding the
solid liquid equilibrium of a particular system is a
prerequisite in the design and analysis of crystallization-
based separation processes of multicomponent systems
(Takano et al. 2002). It’s upon the background that a
theoretical phase equilibrium study was undertaken to
calculate the phase diagram and determine the mineral

precipitation sequence during brine evaporation. This in
turn will foster the sustainable exploitation of the salt
reserve since it is a renewable resource due to its
geological setting.

2. Methods

In this study, the isothermal phase diagram of the hexary
system was calculated numerically. The Extended
UNIQUAC (Sander et al. 1986) thermodynamic model
was deployed in MATLAB for calculation of saturation
surfaces, post processing for visual representation of the
phase diagram and calculation of the precipitation path.
Regions of interest on the phase diagram where refined
and others with a less node density to ensure minimal
computational time. Furthermore, suitable projections and
cuts were applied as was the case in previous studies
(Kwok et al. 2008). The model results were compared to
solubility data in literature (Seidell and Linke 1941; Henry
et al. 1979).

3. Results and Discussion

The program is structured in such a way that the user only
has to modify the inputs. The user can also decide up to
what degree the program should run; the solution
calculation, and the various data processing are divided
into different parts but can easily be called individually
form the main program.

A 3D phase diagram derived from the most abundant ions
in the brines of Lake Katwe was calculated as shown in
Figure 1. It can be seen from Figure 1 that the order of
precipitation of the salts and the possible dry up points can
be estimated. The constituent phases coprecipitate with
each other upon evaporation thus yielding an impure
phase. To alleviate this, the precipitation sequence path
due to evaporation needs to be calculated such that
infeasible process paths are avoided depending on the
target product.

Projecting the 3D phase diagram parallel from the infinity
z direction (Figure 1, water coordinate) on the x-y planes
results in the Janecke Diagram. The Janecke plot is often
times used in the design of salt extraction processes. It
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allows for easy and quick controls of calculated operating
points and process schemes. The Janecke plot at 25°C
revealed the existence of one double salt (glaserite), a
hydrate (mirabilite) and other salts namely, halite,
arcanite, thernadite and sylvite. On this phase diagram,
glaserite has the largest crystallization field and sylvite the
smallest. This means that glaserite is more likely to
crystallize out of the lake brine compared to other salts
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and the reverse is true for sylvite due to differences in
their solubilities.

The mineral precipitation sequence due to evaporation
was calculated and illustrated on a Janecke diagram. A
starting point (0.3, 0.4, 0.8) was selected from which the
evaporation process commenced upto the dry up point.
The order of precipitation was observed to be K,SO, —
NaK;(S0,), — KCI = NaCl.

2,50, 10H,0
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Figure 1. Saturation surfaces of the quaternary system (Na*, K*)(Cl~,S03™) — H,0 at 25°C

The developed code is flexible in that it can be used for
different temperatures. The approach in this study is
isothermal, therefore, data for different temperatures has
to be calculated independently. To ascertain this, a
Janecke plot at 100°C was calculated. It was observed
that the Mirabilite field on the plot disappeared at this
temperature as predicted by Nicolaisen and coworkers
(Nicolaisen et al. 1993). The invariant points as well on
the predicted phase diagrams fitted well with the
experimental data. From the foregoing, the data posted
by the code is in tandem with phase diagrams in
literature. Thus, the developed program in this study is
suitable for the calculation of phase diagrams of the
Lake Katwe brine system. The code however has to be
validated with other experimental data, salt composition
and at different temperatures.

One short coming for this approach is the need for more
computer memory for higher dimensional systems with
increased accuracy. Thus, it is prudent to rethink the
numerical approach for large systems on a detailed grid.
The applied physical model is still valid and many parts
of the code can be kept.

4. Conclusions

The solid liquid (phase) equilibrium of the Katwe brines
was calculated by Using the Extended UNIQUAC in
the MATLAB environment. The precipitation sequence
of the salts due to evaporation was determined. A 3D
phase diagram and several 2D Jénecke projections
(without the water coordinate) were drawn. With these
diagrams, it is now clearer on how to proceed on the
design of the salt extraction process. The code was also
tested at temperatures different from 25°C; the results
fit well with experimental data in literature. This model
should be validated experimentally for different
electrolytes and temperatures. Sufficient computer
memory should be planned for when modelling systems
of higher dimensions in the future.

References

Henry S, Stephen T, Silcock H (1979) Solubilities of
Inorganic and Organic Compounds. Pergamon Press,
Oxford

Kasedde H, Bibler MU, Kirabira JB, et al (2013) Mineral
recovery from Lake Katwe brines using isothermal
evaporation. In: Brown A, Figueroa L, Wolkersdorfer C
(eds) Reliable Mine Water Technolgy. Publication
Printers, Denver, Colorado, USA, pp 855-860

Kasedde H, Kirabira JB, Bibler MU, et al (2014)
Characterization of brines and evaporites of Lake
Katwe, Uganda. J African Earth Sci 91:55-65. doi:
10.1016/j.jafrearsci.2013.12.004

Kwok KS, Ng KM, Taboada ME, Cisternas LA (2008)
Thermodynamics of salt lake system: Representation,
experiments, and visualization. AIChE J 54:706-727.
doi: 10.1002/aic.11421

Lwanyaga JD, Kasedde H, Kirabira JB (2019) Effect of
Temperature on Mineral Precipitation Sequence of Lake
Katwe Brine during Evaporation. Curr J Appl Sci
Technol 33:1-12. doi: 10.9734/cjast/2019/v33i630104

Nicolaisen H, Rasmussen P, Sgrensen JM (1993) Correlation
and prediction of mineral solubilities in the reciprocal
salt system (Na+, K+)(Cl—, SO2—4)—H20 at 0—100°C.
Chem Eng Sci 48:3149-3158. doi: 10.1016/0009-
2509(93)80201-Z

Sander B, Rasmussen P, Fredenslund A (1986) Calculation of
solid-liquid equilibria in aqueous solutions of nitrate
salts using an extended UNIQUAC equation. Chem Eng
Sci 41:1197-1202. doi: 10.1016/0009-2509(86)87092-0

Seidell A, Linke W (1941) Solubilities of Inorganic and Metal
Organic Compounds. Third edition (Seidell, A.).
American Chemical Society, Washington DC

Takano K, Gani R, Ishikawa T, Kolar P (2002) Conceptual
design and analysis methodology for crystallization
processes with electrolyte systems. Fluid Phase Equilib
194-197:783-803. doi: 10.1016/S0378-3812(01)00705-
1

CEST2019_00835



