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ABSTRACT

Seawater bittern is obtained as a by-product of the solar salt industry or saline water conversion
plants. This product is rich in Mg*, CI", SO,%, K*, as well as Na* ions. In the present work, we
investigated the chemical products of seawater extraction during the conventional evaporation-
crystallization process, when plasma is applied over the solution. In the present work, we investi-
gated the chemical products of seawater extraction during the conventional evaporation-
crystallization process, when plasma is applied over the solution. Crystal films were formed on
the surface, both in the region surrounding the plasma application and far regions. However, the
films in the vicinity of the discharge had grain sizes up to 97% smaller than those of natural
evaporation. We also observed that the region close to the plasma produces salt with higher Mg/Na
and K/Na ratios than in the sedimented salts, indicating greater selectivity of the plasma process.
This study adds to the growing body of research that indicates plasma as energy source in the
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desalination or separation processes.

Introduction

Saline effluents from salt production in the solar salt
industry or desalination plants, have high concentra-
tion of different ions such as Mg2+, Cl, SO,*, K', CI
and Na'. In these ionic concentrations the salts are
precipitated simultaneously and then make it difficult
to extract relatively pure salts by evaporation, so it is
usually treated as waste.'! A considerable amount of
literature has been published aiming separate this
solution here called hypersaline water. Based on
liquid-liquid extraction (LLE) processes,'™ including
directional solvent extraction desalination (DSE)*°!
and liquid phase microextraction (LPME), overcome
the main disadvantages of LLE, such as a relatively
long time of analysis (especially when evaporation and
reconstitution are required), high consumption of sol-
vents, and its tedious application.m However, any
liquid-liquid extraction technique generates organic
waste which requires disposal and in some cases the
need for solvent regeneration.l”! Techniques of parti-
cular interest are those which do not result in disposal
such as salt separation preferential (SSP).®) Among
mineral extraction commercial from seawater without
organic waste, the electrolytic processes are more
economic.””! There is a growing body of literature
that recognizes that plasma over liquid solution lead

to electrolytic reactions.!'”) Analogous to conventional
electrochemistry with solid metal electrodes; in the
case of electrons flowing from plasma over surface
solution, cathodic (i.e. reduction) reactions should
occur and electrons may become solvated and initiate
complex reactions at the surface or in the bulk of the
solution and electrons could cause direct dissociation
of molecules (e.g.water) via electron-impact
dissociation.!'") We have recently shown that the
application of pulsed corona discharge (PCD) on
hypersaline solution induces crystal formation on the
surface.">"* This phenomenon of precipitation on the
water surface is also observed during the manufacture
of sea salt, under specific climatic conditions, light
winds, high temperature and low relative
humidity.""*! In the salt pans, the crystals formed on
the surface of these waters constitute the first collec-
tion of salt and are called flower of salt. Its crystals
have white color, are less compact, have high fragility
and high commercial value.' We observed that in
PCD the size, morphology, and growth rate of the
crystals are different from those produced in the nat-
ural evaporation process. It is not easy to separate the
effect of electric field in the molecular structure and
the localized ohmic heating produced by the electric
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current crossing the liquid, to explain the accelerated
salt crystallization. We hypothesized that water dipole
alignment caused by electric field might be able to
cause crystallization once the external electric field
competes with the field of individual ions. Thus, we
have unidirectional dipole alignment versus central
dipole alignment around ions. Due to this, the exter-
nal field weakens the solvation of ions. Less solvated
ions are more prone to form pairs, clusters and even-
tually precipitate. This study aims to contribute to this
growing area of research by exploring the influence of
PCD on selective salt precipitation. Since the bittern is
composed of many ions with different electrical
charges, a selective separation of these ions is expected
by the action of the plasma electric field.

Materials and methods
Sample preparation

The bittern sample containing 450 gL.™' of solid and
density 1.235 g.cm™ is extracted from a salt-work in
Grossos/RN-Brazil. It was filtrated and then character-
ized in terms of density, electrical conductivity, and pH,
in addition to chemical analysis (Table 1). The pH
measurements were performed with the aid of a Bel
bench pH meter (model PHS3BW with Kasvi glass elec-
trode, model K38-1465, coupled); electrical conductiv-
ity, with the aid of a conductivity meter (Resistivity/
TDS/NaCl Hanna, model HI98192); density using a
pycnometer (25 ml).

The samples were chemically analyzed to determine
the concentrations of Na*, K*, Ca", Mg2+, Cl™ and
SO,* ions. The ionic concentrations of sodium, calcium
and potassium were determined with the aid of a
Digimed flame photometer, model DM-62. The concen-
tration of the sulfate ion was determined by optical
absorption spectroscopy, using the turbidimetric
method on a UV-VIS spectrophotometer, model
Genesys 10S. The Cl~ and Mg** ions were determined
by the Mohr method and by complexometric titration,
respectively. Mg>" concentrations were determined by
the difference between the water hardness and the con-
centration of Ca®* ions. The titrant for determining the
hardness consisted of a 0.001 M and 0.1 M EDTA solu-
tion for salt samples and solution, respectively. All ana-
lyses were performed in triplicate.

Table 1. Characterization of raw material.
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Figure 1. Experimental apparatus used in the plasma treatment
of bittern, using a PCD configuration.

Plasma treatments

Plasma treatment was performed using an experimental
apparatus as depicted schematically in the Fig. 1. In a
cylindrical polypropylene container (100 mm x 100 mm
x 50 mm), 300 ml of bittern was placed, which was evapo-
rated with the aid of a heating plate maintained at 40°C, to
simulate the evaporation on salt-work. When the first
crystals started to form on surface, a stainless-steel needle
(1.20 mm x 40.0 mm) with a conical end (tip radius 0.27
mm), negatively polarized was positioned 3.0 mm above
the bittern surface. A grounded copper plate (1.0 mm x
100.0 mm x 100.0 mm) was positioned below of the poly-
propylene recipient. In this moment, a pulsed voltage
source set at 6.3 kV, repeated with a frequency of 1.0 kHz
was triggered to generate the PCD over the bittern during
0.08 h. After 3 h of evaporation, the produced crystals and
aliquots of the solution were extracted and characterized.
This process was repeated 13 times, for every 3 hours of
evaporation. Plasma diagnosis was performed with the aid
of an optical emission spectrometer USB 4000 UV-VIS,
Ocean Optics.

The process was carried out under a Nikon MSZ 18
stereoscopic magnifying glass attached to a Nikon DS-
F12 camera with a frame rate of 20 fps. The ambient
temperature and relative humidity were kept at 25°C
and 50%, respectively. The dynamics of the crystalliza-
tion promoted by the plasma on the bittern surface was
filmed. The crystals formed on surface were evaluated in

Electrical lon concentration (g.L'1)
Density conductivity
(g/cm’) pH (mS/cm) Na* Mg** Ca* K* - (S0,)*
1.235 7.0 172 715 19.8 2.7 8.1 170.6 27.3




situ for their morphology using a stereoscopic micro-
scope. Image analysis was used to measure the area of
the film and grain size. Each evaporation essay lasted
39 h, divided at interval of 3 h, when the salts samples
and aliquot from bittern are extracted for characteriza-
tion. As expected, due to the loss of water from the
bittern through evaporation, the density increased
from 1.235 g/cm’ to 1.255 g/cm®.

Samples characterization

At the end of each 3 h interval, both the salt film formed
in the region close to the plasma application point and
those formed on the surface of the other regions, were
extracted for analysis. These materials had quite different
characteristics. While the crystals formed in the distant
region of the discharge showed transparency, with large
and dispersed grains, the film around the discharge was
dense, white in color and small grains. Samples taken
from regions far from the discharge were called flower
of salt (FS), due to the similarity with the flower of salt
produced through the evaporation of supersaturated sea
water, which is very popular in the cuisine of different
countries in the world."*'®’ The film formed in the
vicinity of the discharge was called dense flower of salt
(DES). In addition to these samples, salts sedimented at
the bottom of the container (SED) were also collected
after precipitation. These samples were placed in an oven
at 60°C for drying until the weight remained constant, for
further chemical analysis. For analysis of the solution, a
1 ml aliquot of the bittern was dried, and the weight
recorded. For chemical analysis, 20 mg of the samples
were diluted in 50 ml of deionized water, resulting in a
concentration of 400 mg/L, as described in 2.1. For each
result, an average of the value of three analyses, per-
formed on three different samples, was performed.
Microstructural analysis was performed with the aid of a
stereoscopic magnifying glass (Nikon MSZ 18) and scan-
ning electron microscope (SEM - Tescan Vega 3).
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Results
Precipitation dynamics of flower of salt

During our experiments, the formation of the flower
of salt was observed on the surface of the bittern with
two different characteristics (Fig. 2). While the film
formed in regions far from the discharge showed
transparency, with large and dispersed grains (Fig.
2A and B), the film in the vicinity of the discharge
was dense, intense white in color and small grains
(Fig. 2A, C, D). The mechanism by which this film
is formed on the surface is not yet well known,
although it is known that temperature, wind speed
and relative humidity are important variables in the
process.!'®”) It was also observed that a saline bridge
(SB) (Fig. 2A), between the DFS film and the stain-
less-steel needle (cathode) was formed. During the
process, the presence of bubbles was observed, in a
convection movement produced by the thermal gra-
dient from the bottom to the surface. There is a
correlation between the reduction of bubbles and the
appearance of FS crystals. It is possible that the pre-
sence of these bubbles is essential for the formation of
crystals on the surface, since they are preferred sites
for the nucleation of salts,!*®! in addition to increasing
the buoyancy of the crystals. In the case of DFS
crystals, which have a higher nucleation speed, con-
firmed by the smaller size of the grains (Fig. 2D), it is
clear that the plasma also influences the precipitation
mechanism. Plasma-assisted precipitation details were
obtained recently by looking at a pulsed corona dis-
charge over a droplet of bittern.!"*) A deformation of
the water surface like a cone was firstly observed from
water surface to cathode was firstly observed and then
crystals precipitation inside the cone. This effect has
been demonstrated as a orientational reordering of
the water molecules with their dipole moments paral-
lel to the field, resulting in chains of aligned molecular
dipole moments. '®!

me

Figure 2. (A) Different regions observed during the application of plasma on the bittern surface. (B) Details of the salt flower
precipitated at the plasma application point (DFS) and away from the discharge (FS); (C) Details of crystal structure of FS and (D) Details
of the region in the vicinity of the discharge, showing amorphous crystal and micro crystals in the point where the discharge was

applied.
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Film structure and salt precipitation kinetics

In general, the DFS film has grains with sizes that
increase radially from the point of application of the
plasma to the periphery (Fig. 3). Another important
finding was that in more concentrated solutions (solu-
tions with higher density due longer evaporation time),
the amount of DFS was lower, although in this range of
density values the solution is supersaturated for NaCl,
MgCl,, MgSO, and KCl salts. In fact, there was precipi-
tation, but this happened mainly in the volume of the
solution, and the precipitates were sedimented after-
ward. This means that there was a reduction in the

factors responsible for the mechanism of the nucleation
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Figure 3. (A) Average area of the crystals for the different regions
of the DFS grain shown (B), from the plasma application point

(red arrow) to the film periphery. Details of the crystal structure
are shown above.
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of salts on the surface. Despite the scarce literature on
the subject, it is known that surface temperature and
humidity are important variables for the formation of
the flower of salt. Since there was no variation in these
quantities, a possible explanation for this might be
attributed to the density of bubbles, which were visible
during the process.!”’

Previous studies have already observed that the
number of bubbles in salt water is an order of mag-
nitude higher than in fresh water for bubbles with
radii greater than 100 mm.?°! Although monitoring
was not carried out during all the experiments, larger
number and size of bubbles were observed for solu-
tions with lower densities. The higher ion concentra-
tion can affect the floatability of the minerals as well
as the coalescence behaviors of the bubbles,!*!!
decreasing the DFS and FS formation. The smaller
size of the bubbles can be attributed to the higher
surface tension, while the smaller number of bubbles
can be due to the viscosity of the liquid, which
hinders its mobility, resulting in less coalescence.!*”!
A closer look over the liquid surface, during plasma
treatment shows interesting evidence of the salt crys-
tal nucleation onto bubbles surface (Fig. 4).

It is clear, therefore, that bubbles play a fundamental
role in the production of flower of salt, even when
plasma is used as a precipitation inducer. A careful
analysis of the total masses of the FS, DFS films and
also of the sedimented precipitates (SED) was carried
out for different bittern densities. For each 3 h interval,
plasma was applied during the last 0.17 h. Then, the FS,
DEFS and SED films were collected, dried, and weighed
(Fig. 5). It is observed that the salt produced in the form
of flower of salt was higher than the sedimented ones
up to bittern densities below 1.250 g/cm3. In saltwork,
the production of flower of salt is always lower than
that produced in the present work. This result corro-
borates our hypothesis that bubbles strongly influence

Figure 4. (A) Photograph obtained with the aid of a spectroscopic magnifying glass, 10 X amplification, of the DFS formed during
plasma treatment in 1,238 g/cm3 saline solution. (B) Details, 135 X amplification, showing air bubbles as preferred sites for crystal

nucleation.
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Figure 5. Total mass of FS, DFS and SED samples, extracted from
bitterns with different densities.

the production of fleur de sel. For higher density values,
the number, size, and mobility of the bubbles are
reduced, justifying the reduction in the production of
fleur de sel. It is also important to observe the DFS
production efficiency, which was always superior to the
FS, for all extractions. This value makes it more sig-
nificant if we consider that the plasma activation time
was only 0.17 h from the total evaporation time used
for each interval.

The production of flower of salt in salt work is
very rare, mainly due to the difficulty in controlling
humidity and winds, thus justifying the high market
price of this product.!'”! Salt production in the salt
industry is basically restricted to sedimented salts. In
the case of laboratory production, humidity and
winds can be controlled. Another difference from
laboratory production is that the thermal flow hap-
pens from the bottom up, while in the saline this is
not always the direction, which favors the formation
of bubbles. Together these results provide important
insights into mechanism of flower of salt formation.
We insist, therefore, that this mechanism essentially
depends on the existence of bubbles for the produc-
tion of nucleating sites and for the buoyancy of the
fleur de sel in the liquid. In addition, it was observed
that the process is intensified when plasma is applied
to the surface. These differences can be explained in
part by the rapid localized heating produced of the
PCD, which stimulates the formation of
droplets!"***72°! and also by the water dipole align-
ment caused by electric field that might be able to
cause crystallization once the external electric field
competes with the field of individual ions.!'®>°]
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Selective precipitation

Chemical analysis of FS, DFS and SED from solution
during bittern evaporation, were performed. In addition
to sodium, which is the major metallic element in the
bittern, other important metals are potassium and mag-
nesium. Observing the average value for three analyses,
at each density, whose standard deviation was lower
than 10%, concentration of these elements in relation
to sodium, it is easier to compare selectivity in each
sample (Fig. 6A). Likewise, since these elements are in
the form of chlorides and/or sulfates, the comparison of
these with sodium is also important (Fig. 6B). The most
surprising result to emerge from the greater chemical
selectivity in DFS. It is observed that the K/Na and Mg/
Na ratios are higher in DFS samples, than in FS and SED
samples, demonstrating that the plasma process was
effective in selective extraction. The large variability of
the concentration ratio found in the different bittern
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Figure 6. (A) Concentration of potassium and magnesium in
relation to sodium for samples DFS, FS and SED; (B) Chlorine
and sulfate concentration in relation to sodium for DFS, FS and
SED samples.
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densities (different evaporation times) are due to the
precipitation dynamics for this density range. The only
result in which the plasma was less selective for these
two elements was for the solution with a density of
1.250 g/cm’. In this case, it is observed that K/Na and
Mg/Na were slightly smaller than FS and SED samples.
In general, salts are formed by chlorides, mainly for
solutions with lower densities. It is worth noting the
SO4 values for the densities of 1.245 g/cm’ and
1.254 g/cm’, which presented the two highest relative
concentration values for the DFS sample. These two
solutions were the same that resulted in higher values
for K and Mg, respectively, for the DFS sample.

Discussion

The present study was designed to determine the
effect of PCD in the salt extraction from hypersaline
water. However, due to the richness of the results
simultaneous to those obtained during plasma treat-
ment, it is necessary to discuss the different phenom-
ena involved. Salt crystals were obtained in three
different ways, namely: (i) by crystallization due to
supersaturation of the bittern; (ii) by the formation
of floating films called flower of salt (iii) the forma-
tion of floating films induced by plasma. The first
case, thermodynamically predictable, occurs due to
the increase in the concentration of solutes by eva-
poration of the solution, until reaching the limits of
solubility of the salts, when then they are precipi-
tated in the volume and then sedimented in the
bottom of the container.!*® This is the natural pro-
cess of producing sea salt by solar evaporation. In the
second case there is the phenomenon of the produc-
tion of fleur de sel that, despite being a commercially

Crystal
nucleation

Air
bubbles

Capilarity
bridges

known product, its formation mechanism has been
little known so far.!"* Its production takes place
artisanal in salt flats, during solar evaporation. So
far, little attention has been paid to understanding
the mechanism of flower of salt formation, either in
saltwork or laboratory. Some authors point out that
the phenomenon occurs only on warmer days, with
reduced humidity and wind speed.?”) Despite the
importance of these variables, there is still a shortage
of evidence on mechanism of the crystallization. We
observed that during the evaporation of the liquid
there was a convection movement of black dots (Fig.
7A) that we assume are air bubbles produced by
heating the solution. We also found that the number
of these bubbles was reduced as crystallization pro-
gressed (Fig. 7B), confirming research results in
which the greater volume of air is entrained in salt
than in freshwater to generate many more bubbles in
salt water, but in very concentrated solutions the size
and mobility of the bubbles are reduced.*>*! We
hypothesized that floating salts (FS and DES) are
produced following the same principle as flotation
extraction, that is, only hydrophobic particles tend to
attach with bubbles after collision.”??! Once that dis-
solved ions in solutions may alter the water struc-
ture, particle surface wettability and colloidal
interactions between bubbles and particles,m]
expect the extraction process to be strongly depen-
dent on the concentration of solutes in the solution,
that is, on its density. Based on the knowledge of the
literature and our experimental observations, a
model of nucleation and growth of grains of flower
of salt was proposed. During the heating of the
solution, air bubbles are released from water to the
surface. Along the way they can collide with different

we

Grains
coalescence

Figure 7. (A) Air bubbles (black dots) on surface of bittern during evaporation process and crystal nucleation; (B — C) Grain growth and
film formation (D-F) Grains coalescence by the capillarity bridge, showing detail of the appearance of the capillarity bridge.



solvated ions, or even particles of salts, which will be
attached if they are hydrophobic.!*"** The compres-
sion of the electrical double layer in saline water
enhances the thinning and rupture of the wetting
film between bubbles and salt particles which are a
critical step in the formation of a stable bubble-salt
crystal, an important phenomenon in flower of salt
production.!”® The coalescence of the crystals is
done through capillarity bridges (Fig. 7C, D) pro-
duced under drying conditions, resulting in a crystal
film. In the third case, formation of the DFS, the
process is increased by the action of the plasma.

Studying the interaction of the plasma applied over a
drop of hypersaline water, we observed that a cone-
shaped deformation from the water surface to the cath-
ode was formed. Crystal nucleation was observed inside
the cone.!"®! This effect has been demonstrated as an
orientational reordering of the water molecules with
their dipole moments parallel to the field, resulting in
chains of aligned molecular dipole moments.!"*!
Another effect is the local heating of water, producing
high evaporation. If the water conductivity is high
enough and the pulse width is relatively long (usually
from several microseconds to hundreds of microse-
conds), there will be a high-density current flow through
the electrode tip because of the strong electric field
strength.**! Simultaneous to fast evaporation, droplets
are produced inside solution increasing the nucleation
rate of salt crystals.

Conclusions

The main goal of the current study was to assess the
effect of plasma on mechanism and kinetics of flower
of salt crystallization. Hypersaline solutions from efflu-
ents from the salt industry, called bittern, were treated
by plasma, using pulsed corona discharge. From this
treatment, three types of samples were collected,
namely: (i) salt crystals (SED) produced by supersa-
turation, sedimented at the bottom of the container;
(ii) Flower of salt (FS) crystals, floating films formed
in regions without plasma action; (iii) Dense Flower of
salt (DFS), formed under the action of plasma. The
findings from this study make several contributions to
the current literature. First, it contributes to our
understanding of the mechanism of formation of the
flower of salt, even under the action of plasma. It also
shows that it is possible to extract salts, by dissolved
air flotation, from hypersaline waters, at a rate higher
than that of natural evaporation. It also shows that
plasma can be used to enhance the extraction and
selectivity of salts. These results add to the rapidly

SEPARATION SCIENCE AND TECHNOLOGY 2071

expanding field of desalination and wastewater treat-
ment technology.
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