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Desalination plant and saltwork production currently produce large quantities of by-product, in 
the form of bitterns, which is generally regarded as waste. Up to now methods to discard this waste 
are unsustainable and restricted by high capital costs and non-universal application. Cold atmospheric 
plasma over liquids has led to various established industrial implementations, as well as promising 
applications, including chemical analysis, nanomaterials synthesis and plasma medicine. In this study 
interaction plasma – hypersaline water using cathodic or anodic polarization was investigated. Pulses 
of 2.3 kV, repeated at a frequency of 1 kHz, were applied to produce a pulsed corona discharge (PCD) 
over hypersaline water (HSW) surface. It was observed that in cathode polarization, considerable 
number of metallic cations can be extracted from the solution in the form of precipitate salts, while in 
anodic configuration, despite having a higher spectral intensity for Na (589.5 nm), it was less efficient 
in the salt precipitation. The findings of this study suggest that changing polarization also changes 
the mechanism of plasma interaction, indicating to be an interesting technique to explore selective 
saline water chemical extraction.
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1. Introduction
The processes of sea-salt production or during membrane 

water desalination, currently produce large quantities of 
by-product, in the form of bitterns. Those bitterns have 
high concentration of many ions such as Mg2+, Cl-, SO4-, K+ 
and Na+, which then make it difficult to extract relatively 
pure salts by evaporation, so it is usually treated as waste1. 
A considerable amount of literature has been published 
related to the recovery of chemicals from seawater bittern 
have been predominantly in the development of conventional 
processes of evaporation-crystallization, ion exchange, and 
solvent extraction, and these have been widely reviewed in the 
literature2-7. However, any liquid-liquid extraction technique 
generates organic waste which requires disposal and in some 
cases the need for solvent regeneration8. Among the mineral 
extraction commercial from seawater without organic waste, 
the electrolytic processes are more economic9. Recently 
there has been keen interest in the physics and chemistry 
occurring in electrical discharges through liquids and plasmas 
formed in saline environments10-13. Cold atmospheric plasma 
(CAP) over liquids has led to various established industrial 
implementations, as well as promising applications, including 
chemical analysis, nanomaterials synthesis, plasma medicine 
and water desalination14-17. This wide applications range is 
possible because interactions between plasmas and liquids 

promote many physical and chemical effects as: strong electric 
fields, mass transfer, changes in pH, generation of reactive 
species, electron bombardment, etc. These effects can alter 
crystallization in a different way, depending on the liquid and 
target compound to be crystallized. For example, electric fields 
by themselves are studied for its effects in crystallization, 
because they can change the chemical potential difference 
between liquid and solid counterparts of a certain compound 
altering the thermodynamic equilibrium, which may favor 
crystallization18. Conducting liquids, or aqueous solutions 
containing high number of ions, such as hypersaline water 
(HSW), are especially interesting for this kind of interaction 
because they can respond to electric fields much more 
strongly than non-conducting liquids. Unlike solid electrodes 
and insulators, conducting liquids can flow in response to 
electrical and thermal fields, and they can also dissipate 
energy much more effectively than their non-conducting 
counterparts, so they may form dynamical structures that 
open up a range of applications, including plasma-based 
electrosurgical devices8,19 and chemical remediation20.

There are essentially two ways of establishing contact 
between plasma phase and the electrolyte when using one 
electrode above solution and one immersed. When the 
negatively charged electrode is separated from the liquid by 
a gas-phase, the discharge is called cathode discharge, when 
the negatively charged electrode is immersed, it is called *e-mail: clodomiro.jr@hotmail.com
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anode discharge15,21-25. There are considerable differences 
between those systems, physically and chemically, since in 
the first, electrons are showering from plasma to electrolyte 
and positive ions are not expected to sputter the surface of 
the liquid. This configuration is used when reduction is 
expected in the solution. In the case of expected oxidation, 
removal of harmful compounds from water, for example, the 
anodic configuration is preferred because it can create and 
deliver more oxidative species towards the plasma-liquid 
interface. In the case of HSW, the expected results should 
differ for each configuration, but even considering the great 
amount of literature about plasma-liquid interaction that 
has already been published12,17,26-29 very little is currently 
known about interaction plasma - HSW. Therefore, in the 
present study, we use plasma produced by PCD over HSW 
surface, in helium atmosphere, to evaluate its extracting 
and/or separating capacity of salts from HSW.

2. Experimental

2.1. HSW samples preparation and plasma 
treatment

A sample of HSW was prepared simulating the production 
in saltworks, that is, sea water was evaporated, and precipitated 
salts were filtered to obtain a concentrated solution with a 
density of 1.25 g / cm3 (Table 1). The concentrations of 
sodium, calcium and potassium ions were determined by 
flame spectrophotometry in a flame photometer model 

DM-62. Concentration of sulfate ions was analyzed by 
optical absorption spectroscopy, turbidimetric method, in 
Spectrophotometer UV-VIS model Genesys 10S, range 
410 to 420 nm.

Chlorine and magnesium ions were determined by the 
Mohr method and complexometric titration, respectively. 
The titrant on chlorine determination, silver nitrate, was 
0,01M to salt flower samples and 0,1M to mother solution 
samples. Magnesium ions was determined by difference 
between water hardness and calcium concentration. The titrant, 
EDTA solution, was 0,001M and 0,1M to salt flower and 
solution mother samples, respectively30. An experimental 
apparatus as illustrated (Figure1B) was used for plasma 
treatment. A reactor (40 mm x 40 mm x 65 mm) hermetically 
closed, containing 4.20 ml of HSW solution was filled with 
helium atmosphere established at a flow rate of 100 cm3/min 
carrying species produced in the gas phase into a bubbler. 
A stainless-steel electrode with radius of 1.0 mm is placed 
5.0 mm above the reactor filled with HSW (Figure 1C). 
The plasma was ignited by applying a pulsed voltage negative 
or positive with width and intensity fixed at 50 μs and 2.3 kV, 
respectively, repeated at each 1000 μs, in the working electrode 
(cathode or anode plasma) over the grounded HSW surface, 
at a temperature of 25 oC (Figure 1A). The plasma-liquid 
interaction lasted 30 min.

The temperature inside the reactor was monitored during 
the process, where the increase did not exceed 5 oC. This is 
because in cold atmospheric plasma, due to the small pulse 
width (50 μs) and long repetition time (1000 μs), there is not 
enough time to energy equipartition with the surroundings. 
A control test, without plasma application, was carried out 
with a duration of 60 min, to ensure that no precipitation 
of salts would occur during this period. To analyze the 
plasma species, an optical fiber was introduced into the 
plasma-liquid interaction region, 10 mm away from the 
discharge, to capture the spectrum and transmit to an optical 
emission spectrometer (OES) USB 4000, Ocean optics, 

Figure 1. (A) The measured current and voltage time dependence of the discharge; (B) Experimental apparatus used in this work showing 
detail of reactor and bubbler; (C) Reactor during plasma treatment.

Table 1. Mass concentration of ions in the HSW samples before 
treatment.

Mass concentration (mgL-1)
Mg2+ Ca2+ Na+ K+ Cl- SO4

2-

58,3 0.0 82.8 24.0 239.8 27.3
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for each process. The atomic emission from plasma was 
recorded kinetically with a gate width of 500 ms during a 
total cumulative period of 10 s for individual measurement 
. After treatment, pH measurements and chemical analysis 
in HSW and bubbler water were performed. To make sure 
that residual nitrogen from air was not present in the carrier 
gas, nitrate and nitrite species was analyzed by quantofix 
strips purchased from Sigma Aldrich. X-ray diffraction was 
used to determine the crystal structures of the salt crystals 
formed on HSW surface during the discharge.

3. Results and Discussion

3.1. Plasma diagnostic
During the treatment (anodic or cathodic) an intermittent 

discharge changed colors from pink (Figure 2A) to yellow 
(Figure 2C). This flashing is possibly due a phenomenon 
called poisoning, in which the electrical resistance of the 
electrode is changed by the deposited salt film from solution 
species. In fact, after application of the discharge a film of 
precipitated crystals on the solution surface was observed 
for cathodic polarization (Figure 2D).

On the other hand, in the anodic polarization only a 
turbidity of the solution was observed, caused by fine crystals 
dispersed. This result shows that film crystals formation was 
more intense in the cathodic configuration than in the anodic 
configuration. Before starting the OES process monitoring, 
we performed OES in the wide range of 200 to 800 nm to 
see which emissive species can be detected in both anodic 
and cathodic polarizations (Figure 3). A series of atomic 
He emission lines (e.g. 388, 501, 587, 667, 706 nm) is 

observed, because He was used as atmosphere for generating 
atmospheric plasma31. Furthermore, OH (A2Σ+ → X2Π 
around 309 nm), Hβ (4d → 2p at 486 nm) and Hα (3d → 
2p at 656 nm) emission lines also are observed. A series 
of peaks observed at 315, 337, 353, 357, 375, and 380 nm 
corresponds to the emission of second positive-system band 
(SPB; C3Π → B3Π) of N2. Due to the low peak intensities 
obtained for N2, it can be concluded that the air leakage is 
negligible.

Regarding the intensity of optical emission of OH (309 nm), 
which is the strongest peak for both the cathodic and anodic 
configuration, that can be mainly through following the 
reactions of plasma containing H2O vapor with helium gas32:

2        H O e H OH e− −+ → + + 	 (1)

2 2    He H O He H O+ ++ → + 	 (2)

2 2 3    H O H O H O OH+ ++ → + 	 (3)

Strong emissions from OH (309 nm) and H (656 nm) 
implies that the gas contains water vapors. Since water 
vapor are diluted in helium atmosphere, we can compare the 
plasma species in relation to the intensity of He (587 nm). 
Comparing the intensity of He (587 nm) and OH (309 nm) 
peaks, (IOH/IHe), for different moments during process, using 
a total cumulative period of 10 s for individual measurement, 
we found an average value of 2.44±0.06 and 5.88±0.02 for 
cathode and anode configurations, respectively. In other words, 
the OH emission more than doubled when was changed to 
the anode polarization. Data from literature33 suggest that for 
anode configuration, there is a large cathode voltage fall at 

Figure 2. Different instants during plasma treatment. In the first moment plasma present pink color (A) and then starting to flicker (B), 
changing to yellow color (C). Details of crystal film formed in cathodic and turbidity in anodic configurations (D).
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the plasma-liquid interface. The He ions in the bulk plasma 
will then be driven by this voltage fall to move toward the 
liquid surface creating secondary effects, by interacting with 
the constituents of the liquid in the plasma-liquid interface, 
triggering charge transfer reactions, as well as transferring 
material from the liquid to the plasma phase. On the other 
hand, electric field in the plasma phase induces ionic charges 
in the cathode liquid to form a bridge cone-like shape (Taylor 
cones) on the free surface, leading to the emission of small, 
charged droplets, in this case traveling from the liquid surface 
towards the anode (plasma electrode)34. These droplets can 
provide water molecules to the bulk plasma, in this form of 
non-equilibrium evaporation that does not need the gas phase 
to be saturated with water to occur. The H2O transferring to 
the plasma leads to further OH production (Equations 1-3) 
and reduction of the metal ions in the droplets (Equation 4).

0  nM ne M+ −+ = 	 (4)

On the other hand, in cathode polarization, there is no 
voltage fall at the plasma-liquid interface, but a low energy 
electron shower onto the liquid surface, dissolving into 
the liquid to form hydrated electrons, which have a strong 
reducing ability, being able to produce OH26. However, since 
OH is short-lived, the chances of this species generated on the 
surface of the liquid surviving during the path to the core of 
plasma (where the OES probe was pointed), are drastically 
decreased. Thus, the emission of OH, compared to He can 
be justified assuming that reaction 1-3 occur mostly on water 
transferred from the solution to the bulk plasma. These result 
corroborate with the findings in previous studies that have 
demonstrated that the dominant plasma emissions changed 
from N2 in the pure Ar plasma jet to OH when water vapor 

was added in the atmosphere35. Other elements such as Mg 
(285 nm), Na (589.5 nm) and Cl (725.6 nm), which were 
originally on the liquid as solvated ions, can be observed 
in the OES spectrum. To estimate the temporal variation of 
this element concentrations in the plasma, the intensity ratio 
I/IHe(587) was used (Figure 4). One interesting finding of this 
spectrum is the strong intensity ratio of Na (589.5 nm) in 
the anodic configuration. This fact partially corroborates 
the hypothesis of36, in which the production mechanism 
of these species is closely related to the droplets produced 
by local evaporation, containing solvated ions, mostly 
Na+. Then, the aqueous sodium ions turn into a gas phase 
with rapid dehydration; the neutral sodium atoms remain 
and are excited to the upper states of the D-line transitions 
by electron impact in the plasma state36. However, this 
mechanism is not satisfied when trying to apply the case of 
the greater intensity of the Mg, Cl and K lines observed in 
the cathode configuration. In the anodic configuration, due 
to the highest intensity of the OH line (309 nm), there is a 
greater number of droplets with solvated ions than in the 
cathode configuration. Therefore, it was expected that the 
intensity ratio of the other solutes would also be higher in 
the anodic. When the discharge is applied using a cathode 
configuration, the water surface is deformed by the cathode’s 
electric attraction and a meniscus, such as the Taylor cone, 
is formed. This cone grows until it reaches the electrode, 
keeping the discharge inside the formed cone. Particles can 
be seen inside the cone and near the discharge, which were 
later identified as NaCl crystals. Thus, we postulate that 
Na (589.5 nm) emission line decreased compared to anode 
configuration due this crystallization.

Figure 3. Optical emission spectroscopy (OES) in the wide range of 200 to 800 nm, after 600 s of discharge on HSW solution surface 
for anodic or cathodic configuration.
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3.2. Solutions analysis
After plasma treatment both solutions resulted in lower 

pH (Figure 5). The acidity of the solution in cathode plasma 
is higher than anode plasma. It is usually suggested in the 
literature that acidification by plasma exposure is caused by 
generation of nitrogen-containing acid species as HNO2 and 
HNO3 in the liquid. In this work, as showed previously 
(Figure 3), the presence of nitrogen is due only to the air 
leakage in the vessel. Thus, the greater acidification of the 
solution in cathodic polarization must be explained using a 
different scenario. Exposure of cathode or anode plasma to 
an electrolyte solution is often accompanied by an increase 
in the concentration of H+, that is, acidification. Such effect 
occurs through water ionization by helium ions (Equation 2) 
or high-energy electrons (Equation 5), both provided by the 
plasma, resulting in the production of H3O

+ (Equation 3), 
ultimately acidifying the solution without the participation 
of nitrogen-containing species37:

+
2 2H O + H O + 2e e− −→ 	 (5)

As this process is cyclical (Equations 2 and 5), the 
concentration of H3O

+ (Equation 3) in the solution will be 
increased if the plasma is in contact with the liquid, however, 
this effect is often not relevant enough to the pH of the bulk 
liquid and is more widely considered to occur locally because 

most approaches use large amounts of liquid. In small 
volumes such as 4.20 ml, where the volume of the plasma 
is not negligible compared to the volume of the liquid, the 
greater availability of electrons of the cathodic configuration 
leads to a greater acidification of the solution, which does 
not necessarily mean due to species containing nitrogen.

The extraction efficiency of solute from solvent was 
determined by comparing the mass fractions of chemical 
elements after (Cf) and before (Ci) plasma treatment 
(Equation 6):

% i f

i

C C
Extration

C
−

= 	 (6)

From this data (Figure 5), we can see that the concentration 
of SO4 was increased after anode plasma treatment. HSW treated 
by anode plasma resulted in the highest extraction of 
solutes, except for Mg. One explanation for this apparent 
contradiction lies in the sequence of salt precipitation during 
thermal evaporation experiments of seawater. From previous 
studies, it is known that MgSO4 is the last compound to 
precipitate38. Thus, a possible explanation for this result 
is to assume that, in anodic plasma, evaporation by local 
heating was the predominant effect. This hypothesis was 
reinforced when we observed that in the solution treated 
bu anode plasma there was greater evaporation than in the 
cathode treatment It was found that the final volume in the 
anodic configuration was 3.76 ml against 4.15 ml in the 
cathode configuration, that is, loss of 11 (% v/v) and 2.5 (% 
v/v), respectively.

In addition to local heating, another possible mechanism 
that occurs during plasma-activated precipitation can be 
attributed to the alignment of the dipoles in the solvation 
layer towards the opposites, in order to facilitate the breaking 
of the solvation shell and consequent precipitation12,34. When 
NaCl (for example) is dissolved in water, the Na+ and Cl- 
ions are hydrated by the polar water molecules, forming 
double-layer structure with opposite signs of charges10. 

Figure 4. Evolution of intensity ratios (I/IHe(587) of the OES peak 
spectra, at different moments, using a total cumulative period of 10 
s for individual measurement from both anode plasma and cathode 
plasma for (A) Na; and (B) Mg, Cl and K.

Figure 5. Extraction efficiency of Na, Mg, Cl, SO4 and K from 
HSW solution after plasma treatment and pH values (above) of the 
cathode, anode and untreated solutions.
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For distilled water, the water bridge formed by the cone 
Taylor, between water surface and electrode, contains water 
with internal shell containing H+ ions, while the outer 
shell contains more OH- ions19. With the assistance of the 
electric field, the ion and polar water molecules move to the 
opposite directions so that the positive and negative charge 
centers are not coincident with each other, which produces 
an electric dipole moment in the aqueous solution34 If the 
electric field is influencing crystallization, there may be 
selective extraction, especially considering ionic charges. 
In fact, looking at the behavior of Mg2+ and SO4

2-, which 
are pairs of strongly dipolar ions, it appears that there was 
selective extraction in the cathode plasma39.

Now looking at the pH change in the distilled water 
contained in the bubbler (Table 2), it can be observed that 
there was a significant decrease in pH, as well as presence 
of chlorine ion Cl- , both are explained by the hydrolysis 
of chlorine gas that is generated by the reaction of Cl- with 
OH radicals (and potentially other oxidative ions/radicals) 
in the plasma phase and in the plasma-liquid interface40:

*OH Cl Cl e−+ −→ + 	 (7)

2    Cl Cl Cl+ → 	 (8)

and subsequently, the hydrolysis in the liquid trap:

2    2   Cl H O H Cl ClO+ − −+ → + +2 	 (9)

Na+ and Mg2+ ions as well as nitrate and nitrite were not 
observed in the bubbler solution, meaning that salt particles 
do not travel in gas phase to the liquid trap and instead remain 
in the reaction chamber.

3.3. Precipitate analysis
After the solutions were filtered, the crystals retained 

in the filter were analyzed by X-ray diffraction (Figure 6). 
In the solution treated in cathode plasma, before filtration, 
particles of precipitates deposited on the internal surface 
of the reactor, as well as on the surface of the stainless 
electrode, were scraped off, for separate XRD analysis. 
Comparing phase of crystals formed on surface from anode 
and cathode configurations, there is a predominance of 
the Halite (NaCl) phase in the salt crystals precipitated on 
HSW surface treated by cathode plasma, different from the 
solution treated by anode plasma, which presented significant 
amounts of other phases, mainly the Bischofite (MgCl2. 
6H2O). The most surprising result to emerge from these 
data is with respect to the greater purity of the salts treated 
in the cathodic configuration. The opposite was expected 
to happen, since there was greater extraction of the solutes 
of Mg, K, Cl and SO4 in the solution treated with cathodic 
plasma for (Figure 5). This apparent inconsistency can be 
answered by looking at the XRD of the scraped off salts 
(Figure 6) that were condensed on the reactor walls and 
on the stainless-steel electrode. Compounds with different 

Table 2. Mass concentration and pH of the bubbler water before 
and after plasma treatment.

Destilled water Cathode Anode
pH 7.3 3.8 4.1

Cl- (mgL-1) - 46.1 42.5

Figure 6. X-Ray Diffractions of filtrated crystals from anode (blue), cathode (red) solutions and solids deposited in the reactor wall and 
electrode in cathodic configuration (black).
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hydration states, such as MgSO4 and double salts, indicate 
different precipitation rates which are constrained by solution 
composition, environmental conditions. It was also observed 
other intense peaks, present only in the scraped material, 
which was characterized as (201) and (100) planes of the 
bulk-metallic magnesium with hexagonal structure. Thus, salt 
is either formed at the interface between plasma and liquid 
or in the plasma phase, by the evaporation or dissociation 
of the water in those droplets leaving solute ions that then 
stabilize in the solid form. In the case of the crystals formed 
from the droplets, they are the result of completely drying 
single droplets and therefore, will crystallize salts having its 
composition reflecting that of the droplet. This makes possible 
to crystallize other salts that have solubility higher and do 
not precipitate in the solution, or at least does not remain in 
solid state while in the solution. These particles that were 
scraped off are, thus, mostly composed of salt crystallized 
surrounded by the energetic plasma media from droplets 
with complex composition, reflecting the composition of 
the surface of the solution in the moment of the droplet 
formation, this ultimately leads to a mixture of many salts, 
and the presence of double salts with other ions present in 
the brine. The precipitation kinetics of salts on the HSW 
surface are dependent on polarization. While in anodic 
polarization different compounds are formed, in cathodic 
polarization preferentially NaCl is formed. According to 
ICDD (International Centre for Diffraction Data) standards, 
considering the ICDD card 01-072-1668, diffraction peak for 
halite can be observed at 27.4o, 31.7o, 45.4o, 53.7o and 56.4° 
and relative intensities of 8.8%, 100%, 61%, 2.2% e 18.2%, 
for planes (111), (200), (220), (311) e (222), respectively. 
However, mainly for precipitates produced in a solution 
treated with cathodic plasma, a strong intensity increases 
of the (220) Bragg peaks were observed.

This increase evidence the significant development of 
the dodecahedron {1 1 0} faces occurred. Alkaline halide 
crystals (e.g., NaCl, KCl, KBr, KI) tend to modify their 
growth morphologies either due to a change in evaporation 
rate resulting in a high supersaturation, or to the presence of 
additives41 and the media in plasma should favor those changes.

As for the cathodic plasma, unlike anodic, precipitation 
will proceed by the already discussed water vapor/droplet 
formation. This is true because when cathode pulsed 
corona discharge is applied over conductive solutions, an 
avalanche of electrons is driven towards water, producing 
vapour bubbles12,42. As mentioned before, the salts formed 
that remained in solution are similar for to the anodic ones, 
differing by the fact that in the anodic configuration more 
magnesium salts are obtained.

Further studies are still required to better understand this 
mechanism and how this can be used to separate different 
ions from the solution, but we can already correlate the 
polarity of the plasma with the type of mechanism for 
salt extraction and the composition of the resulting salt. 
For example, for cathodic configurations, if the electric 
field is high enough, we can expect salt to be extracted 
from the solution with less water evaporation, since it is 
more efficient on pulling salt forming cations, given the 
polarity of the plasma. By attracting the metallic cations for 
the outermost layer of the water, the salt formation outside 
the solution is more considerable because the only stable 
form for these components to exist out of solution is in solid 

form, this polarity, in our system, drags more solute from 
the solution and crystallizes them in the form of a mix of 
salts outside the solution, while precipitating mostly NaCl 
in liquid phase, once other ions are removed.

In the case of anodic plasma, only anions are in the 
surface closer to the plasma, with the high availability 
of Cl- that are oxidized by plasma radicals and leave the 
system in the form of Cl2. Because of the bombardment of 
the liquid surface with positive ions, and the cathode fall 
close to the liquid, salt particles are not created or ejected 
towards the electrode or the reactor walls, however, since 
Magnesium is not extracted, the salt remaining in solution 
is not mainly NaCl anymore, leading to a mix between 
NaCl and Mg-containing salts, which ultimately creates a 
comprehensible way of how plasma-liquid systems can be 
used to separate salts from solution.

4. Conclusion
In this study, pulsed corona discharge (PCD) was 

generated to produce plasma over hypersaline water (HSW). 
The interaction mechanism is dependent on the discharge 
polarization. In cathode polarization considerable amount of 
solute to HSW surface occurs, and metallic cations can be 
extracted from the solution in the form of salts deposited in 
solid surfaces in the vicinities of the plasma. This deposited 
salt is a complex mixture of the brine solute counterparts, 
but the extraction of such ions allows a higher purity salt 
(mostly NaCl) to be precipitated in the solution. In anodic 
configuration no salt is deposited outside the solution and 
the solute ions remain in the liquid phase. Since the other 
cations are not extracted, this gives crystals that have sodium 
chloride as main solid but with the presence of MgCl2.4(H2O) 
and MgSO4. For both configurations, Cl- ions are extracted 
in the form of Cl2. We thus believe that this work can serve 
as a starting point on the comprehension of how plasma 
can be used for desalination processes and lead to further 
development of the field of interactions of saline aqueous 
solutions and plasma discharges. In the cathodic polarization, 
a crystal film with high NaCl purity is formed around the 
discharge application point. Also on the reactor walls and 
on the stainless steel electrode (cathode), saline films 
were deposited, typically composed of NaCl, MgCl2 and 
MgSO4 with different hydration states, in addition to double 
salts and metallic Mg. In anodic polarization, crystals are 
formed only on the surface of the HSW. They are dispersed 
crystals, composed of salts of NaCl, MgCl2, MgSO4 and 
double salts. Two mechanisms of crystallization are being 
proposed, by evaporation and by breaking the solvation 
layer. Evaporation occurs either by ohmic heating of the 
conductive bridge formed between the cathode and the HSW 
(Taylor cone) or by injection of droplets into the plasma due 
to ion bombardment (anodic polarization). The breakdown 
of the solvation layer occurs by alignment of the dipoles in 
the solvation layer towards the opposites
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