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Abstract

The electrochemical softening method to remove hardness from water has not been
applied in desalination practice due to a high cathodic area requirement. In this work,
the use of a 3D stainless steel wool cathode is proposed to overcome this technical
limitation. An extensive comparison between the 3D cathode and a 2D Ti mesh has
been presented, showing higher hardness removal for the 3D one. Experiments have
been conducted with waters similar to concentrates derived from a brackish water
treatment by electrodialysis. In addition, the method has been proved to be efficient for
different water compositions in terms of hardness, alkalinity or the presence of an anti-
scalant. The main influencing parameters (flow rate and current density) have been
studied and it can be concluded that lower flow rates (below 1.2 L h™) give rise to a
better efficiencies and 100 A m? is the optimum. current density. Moreover, the
precipitate was characterised by SEM, EDX and XRD showing that Ca®* is removed as
calcite and aragonite (CaCOs), whereas Mg?' ‘is precipitated as brucite (Mg(OH),).
Finally, long-term experiments revealed that the 3D stainless steel cathode has a better

performance than the 2D Ti mesh, but only at short times.

Keywords: Electrochemical softening, hardness removal, three-dimensional electrodes,

electroprecipitation, concentrate, wastewater treatment.
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1. Introduction.

The availability of affordable clean water is currently one of the key
technological, social, and economic challenges for the scientific community [1]. Most
countries of the Mediterranean and Middle East areas suffer a high water stress index.
Moreover, there are countries with a positive water balance in spite of the water
distribution is not homogeneous, presenting a serious lack of water in some areas [2]. In
these regions, precipitations are insufficient to meet the water demand and it makes
necessary to resort to underground resources. However, most of these resources have
been currently overexploited and some of them suffer from saline contamination [3-5].

Electrodialysis (ED) is a technique based on the transport of ions through
selective membranes under the influence of an electric field. This technique has proved
its feasibility and high performance in the desalination of brackish water [6-9]. It could
be a strategic solution for the problems mentioned above. Nevertheless, one problem
limiting the application of this technology is the generation of a concentrate which
reduces the amount of recovered water. Besides, this concentrate must be properly
managed, increasing both the economic and the environmental costs associated with the
treatment [10,11]. It is clearly of great interest to augment the water recovery reducing
the volume of concentrate since would make the ED technology more cost-effective.
Unfortunately, concentrates coming from the electrodialysis of certain types of brackish
water usually present a high amount of scale forming ions such as calcium (Ca?"),
magnesium (Mg*"); sulphate (SO,*) and hydrogen carbonate (HCOs). In this sense, a
reduction of the concentrate volume, with the consequent concentration of solutes,
could give rise to a precipitation of insoluble salts leading to scaling problems in
installations (pipe plugging, membrane fouling, etc.). Therefore, an adequate scale
control measurement should be incorporated after the ED in order to finally recover
more water from the concentrate [10,12]. Once the hardness level has been controlled,
the concentrate may be treated again by the ED with a corresponding higher water
recovery. The advantages of removing hardness from the concentrate rather than
directly from the brackish water are the smaller volume and the higher level of
hardness. Both facts facilitate the corresponding hardness removal treatment. Several
methods are commonly employed with this aim: lowering water pH [13], inducing
precipitation by a chemical process [14], blocking crystallization by chemical inhibitors

[15] and ion exchange resins [12,16,17]. The main drawbacks of these methods are the



need to add chemical compounds, the increase of the final solution electrical
conductivity and the management of wastes. At present, the most employed method is
the addition of chemical inhibitors which can prevent the process by adsorption on the
crystallization surface [10,18]. Nevertheless, that process involves chemicals which can
foul the membranes and are harmful to the human health in drinking water [19].

An interesting alternative method may be the electrochemical precipitation
technique [17,19-21]. This method is based on the water electrolysis as described in
figure 1. In the cathode, the electroreduction of water takes place to generate hydrogen
gas (H2) and hydroxyl ions (OH). Accordingly, the local pH at the cathode vicinity
increases causing the deposition of Ca and Mg insoluble compounds on its surface. On
the other hand, the reaction on the anode is the water electrooxidation with the
generation of oxygen gas (O,) and hydrogen ions (proton, H*). The electrochemical way
to remove hardness presents several advantages which are mainly [22]: does not require
a tedious maintenance, environmental compatibility, avoids any chemicals addition, the
possibility of automation and convenient process control. Additionally the insoluble
compounds could be recovered and valorised.

Regarding the equipment used, the electrolysers geometry are typically
cylindrical with coaxial electrodes or parallelepiped with parallel plates [17]. Cathodes
are normally made of non-corrodible materials (stainless steel, titanium, titanium clad
iridium, etc.) being stainless steel the most commonly employed. The works presented
in literature usually present two-dimensional (2D) plate electrodes of stainless steel. The
insoluble layer formed falls down spontaneously or forcibly and is collected at the
bottom of the reactor. In the case of the anode, oxygen evolution electrodes are
commonly employed. They are made by modification of the surface covering of
conventional dimensionally stable electrodes (DSA). They are highly selective
electrodes, able to suppress chlorine (Cl;) generation and promote oxygen (O,)
generation [23].

To date, despite the commercial availability of such equipment, the
electrochemical softening technique has been limited only to cooling towers [20]. It has
not been applied in the desalination practice due to some technical limitations. One of
them is the high electrode area requirement because the deposit adheres to the cathode
producing an increase in electrical resistance and thus in the economic cost [12].
Another consists of the existence of a limiting current density (j) beyond which the

precipitation rate remains unchanged [24,25]. Thus, the application of this technique for



scale control in the desalination practice needs a major system development in order to
reduce the electrode area requirement and provide lower energy consumption.

In the present paper, the electrochemical softening method has been evaluated
for hardness removal in water similar to ED concentrates coming from ground waters.
A three-dimensional (3D) stainless steel wool (SSW) has been used as cathode in order
to enhance the efficiency of the process and to reduce the energy consumption. SSW,
also known as wire wool or wire sponge, consists of bundles of fine stainless steel
filaments. It is commonly used as an abrasive in finishing and repair work for polishing
wood or metal objects, cleaning household cookware, cleaning windows and sanding
surfaces. The use of this kind of material as electrode has already been reported by
Lopez et al. (2016) [26], where steel wool is employed as 3D anode for
electrocoagulation. Other kind of three-dimensional electrodes could be considered like
the carbon-based ones. However, the inner spaces of these electrodes structure are
smaller than in the case of the aforementioned wool and this could lead to obtain higher
pressure drops when the solid is being formed, with the consequent block of the system.
Therefore the stainless steel wool was the first choice for this work. We suggest the use
of 3D cathodes instead of the common 2D plates. The goal is to provide a more
available surface for the scale deposition and therefore to overcome the aforementioned
problems which limit the practical application of this technique. Accordingly, an
extensive comparison between the 2D and 3D electrodes behaviour is shown. For that,
we carried out experiments at the laboratory scale to control the main influencing
parameters. Also, we demonstrated the hardness removal efficiency of the system in the
presence of an anti-scalant compound. Besides, for a better understanding of the
process, the precipitate composition and morphology were characterised. Finally, the
efficiency of the system was evaluated with time in long-term experiments for both
types of electrode, which is essential to be assessed for a future practical application.
The interest of the study lies, as mentioned above, in the development of a more
efficient electrochemical system which could allow the practical application of hardness
removal in concentrates from the ED of brackish water, increasing the amount of

recovered water and diminishing the economic cost of the ED treatment.

2. Materials and methods

2.1. Chemicals and solutions.



Magnesium sulphate heptahydrate (MgSO, - 7H,0), calcium chloride dihydrate
(CaCl, -2H,0), calcium nitrate tetrahydrate (Ca(NOs3), - 4H,0), sodium bicarbonate
(NaHCOs3), sodium chloride (NaCl), sodium sulphate anhydrous (Na;SO,), sodium
hexametaphosphate (HMP, (NaPOs)g) and ethylenediaminetetraacetic acid disodium salt
dihydrate (Na;EDTA - 2H,0) were purchased from Fluka at the ACS reagent grade
(>99%) and used without any further purification. Sulfuric acid (H,SO;) and
hydrochloric acid (HCI) reagents were purchased from Sigma-Aldrich (95-97% and
35%, respectively). Ammonium chloride (NH4CIl) was supplied by VWR Chemicals
(99%) and ammonia solution (35%) by Fluka at the analytical reagent grade.
Eriochrome Black T indicator (pure, indicator grade) was obtained from Across
Organics. Solutions employed in this work were always prepared with deionised water
(3 MQ cm).

2.2.  Standard solution composition.

The composition of the feed water pretends to be similar to typical concentrates
from brackish water treated by ED (Table 2). For that, a brackish water average
concentration was obtained from typical values of underground resources located at the
aquifer system Medium Turia (South East of Spain) [27]. Next, the composition of a
concentrate was estimated as this brackish water would have been treated by ED.
Working solutions (feed water) were freshly prepared before each experiment with a
final hardness of 2300 - 2400 ppm as CaCO; and alkalinity of 1400 — 1500 ppm as
CaCOg, unless otherwise stated. Firstly, MgSQ, - 7H,0, CaCl, - 2H,0 and Ca(NOs3); -
4H,0 are mixed in water up to their complete dissolution. Then, small amounts of
NaHCO; were slowly added under vigorous stirring to hinder the nucleation of the
insoluble compounds. pH was adjusted to 7.4 (from about 7.8) with a 3% HCI solution,
giving rise to an approximately final 1500-1600 ppm of CI". Finally, the solution is
filtered (filter paper, ALBET, 7-11 um pore diameter) in order to remove any formed
precipitate. We made sure that, after this procedure, spontaneous nucleation of insoluble
compounds in the liquid phase is slow since no significant hardness decrease was
observed after 12 hours. The experiments were conducted at room temperature and the
temperature of the solutions did not vary significantly during the experiments

(temperature always within the range 25 — 28 °C).

2.3.  Electrolytic system.



System always worked at continuous flow mode and allowed flow rates (Q) in
the range of 0.2 L h™ — 2.7 L h™. All the experiments were performed in the
galvanostatic mode, with current densities (j) in the range of 25 — 200 A m™?. The
solution is circulated by an ISMATEC REGLO digital peristaltic pump. The power
supply employed was a Laboratory Power Supply Elektro Automatik MODEL EA-PS
2032-050 DC. Figure ESI-1 shows a scheme of the experimental system.

Furthermore, Figure 2 displays the scheme of the electrochemical reactor with
both employed configurations and a detailed view of its elements. The system was a 100
cm’ commercial filter-press electrochemical reactor (ElectroMP-Cell, ElectroCell). In
this work, we have performed experiments with both the 2D electrode and the 3D one.
In both cases, the anode always was a 10 cm x 10 cm oxygen evolution DSA plate (a
IrO, film onto a Ti plate) in order to minimise the Cl, generation.

In the case of the system with a 2D electrode, the used electrode was a Titanium
(Ti) mesh of 10 cm x 10 cm of area. The interelectrode gap was 0.8 cm. The electric
resistance associated was estimated to be around 2 Q. This configuration corresponds to
the Figure 2A.

For the experiments with a 3D electrode, the Ti mesh employed in the 2D
configuration acted as current collector and a 3D SSW (AISI 434) was incorporated as
cathode. The target was to achieve an improvement in the process incorporating a 3D
electrode to the 2D configuration. Since the process of interest is the water electrolysis,
there will not be significant differences between employing Ti and stainless steel as
cathodic material because the electrocatalytic activity for the water electroreduction of
both- materials is similar. 3D electrodes allow the solution to circulate through its
structure and two possible configurations are available: the flow-by configuration
(current perpendicular to the fluid flow, figure 2A) and the flow-through configuration
(current parallel to the fluid flow, figure 2B). Both configurations were tested in this
work for the SSW. The piece of wool employed always weighed around 6 g with the
following dimensions: 10 cm height x 10 cm length x 1.25 cm width. The geometric
cathode area (cross section) of 10 cm x 10 cm was taken into account as active area for
the j calculation. The actual area of the SSW cannot be determined easily but it can be
estimated to be of 225 cm? taking into account the density, the weight and the wire
thickness of the wool. The wool wire thickness was within the range 0.06-0.08 mm. It

was placed within the hollow of a plastic flow frame and contacting with the current



collector and with a polyethylene mesh. As a result, the piece of wool was contained in
a compartment of the following dimensions: 10 cm length x 10 cm height x 0.8 cm
thickness. The polyethylene mesh role was to press the cathode against the current
collector in order to minimise IR drops and avoid the contact between anode and
cathode. The mesh dimensions were 10 cm length x 10 cm height x 0.2 cm thickness
and the mesh size was 0.3 cm. The interelectrode gap was 0.3 cm and the associated
electric resistance was about 0.75 Q in this case.

2.4.  Standard values for the influencing parameters.

The efficiency of the electrochemical softening technique to remove hardness
was tested using the system described in section 2.3. The most influencing parameters
were studied in order to understand the process and to _know the operational conditions
leading to the best efficiency. Standard values for these parameters were previously
chosen (Table 1) as reference and it will be stated when some is modified. These values
are used as reference when the corresponding parameter is not being studied. In order to
determine the standard values of both flow rate and current density we firstly consulted
the commonly used working ranges of these parameters in literature [19,24] and we
selected the most adequate for the system to use. Afterwards, we performed a row of
tests for each parameter to find a specific value which gave rise to a proper result.
Regarding the standard values of composition, their choice is explained in section 2.2.
SSWs with different wire thickness were evaluated previously but no significant

differences were found between them (not shown).
2.5.  Instruments and analytical procedures.

Ca’* and Mg®" content in solution was controlled by measuring the total
hardness as mg L™ of CaCOs, with the EDTA titrations method [28]. Total alkalinity
was measured as well as CaCOj3 by a H,SO,4 potentiometric titration to the end point of
pH 4.3 [28]. In both cases an automatic titrator 702 SM Titrino (Metrohm) was used.
During the long-term experiments, Ca** and Mg®* were measured separately by
inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer,
Optima 7400DV, dual vision). pH measurements were carried out by a Crison Micro pH
2000 pH-meter and the electric conductivity was measured by a 4510 JENWAY

conductivity meter. Samples were always filtered with a 0.45 um pore nylon filter



before the analysis. Each sample was measured twice at least in order to check the

accuracy of the determination.

The phase composition of precipitates was analyzed by powder X-ray diffraction
(XRD) on a Bruker D8-Advance diffractometer with mirror Goebel (non-planar
samples) using the Cu Ka radiation and a setting of 40 kV and 40 mA. Data were
collected and interpreted using the XPowder software package. The qualitative search-
matching procedure was based on the ICDD-PDF2 database. Calcite, aragonite and
brucite were identified and quantified by the JCPDS (Joint Committee on Diffraction
Pattern) standards 5-0586, 7-1475 and 7-0239, respectively. No other phases were

found in the precipitates.

Precipitate morphology and chemical composition of the scale layer on the
cathode was carried out under scanning electron microscopy (SEM, HITACHI S-3000N
microscope working at 20 kV with X-ray detector Bruker Xflash 3001 for
microanalysis). Composition and element distribution (mapping) were performed on
uncoated scale layer surfaces. For a better image resolution, samples were coated with a
thin gold film produced with an SCD 04 high vacuum evaporator for the morphological

observations.
2.6. Performance data.

The effectiveness of the technique was evaluated according to the following
parameters: the specific energy consumption (EC, kWh kg™ CaCOs) and the Hardness
Conversion (C, %). Therefore, for every experiment, the water hardness is determined
after and before its pass through the reactor and the cell voltage (V) is measured at all
time. /Additionally, other parameters are also monitored: the cathode potential vs.
AgCIl/Ag (3.5 M KCI) standard reference electrode (CRISON), pH, conductivity and
temperature. Experiments were carried out at least twice to ascertain the reproducibility

of the results. The R is given by:

H, — H;
= ———-100 1
i (D

where H,, is the initial hardness of the feed water and H; is the steady state value of final

hardness after the experiment, both expressed in mg L™ of CaCO3. Moreover, the EC is

given by:



Vcell I 't'

EC = 103 (2)

Myeposited
where Ve IS the average cell voltage measured in volts, | is the current intensity in
amperes (constant value for each experiment), t is the time of the experiment in hours
and Mgeposited 1S referred to the removed mass of insoluble compounds, expressed as Kg
of CaCOs.

3. Results and discussion.

3.1.  Effect of the experimental conditions.
3.1.1. Cell configuration.

Two possible cell configurations (Flow-by and Flow-through) are possible when
a 3D electrode is employed, as commented in section 2.3. It'is interesting to compare
both configurations before the experimental performance and determine what is the
most adequate. That comparison was made for the 3D SSW and the results are
summarised in Table 3. As can be seen, the efficiency in hardness removal is higher in
the case of the flow-through configuration while the average Ve is almost the same. As
a result, the EC is lower for the flow-through configuration and thus is the chosen for all

the experiments.

The better performance of the flow-through configuration could be attributed to
a lower accessibility of the HCO3™ for being consumed by the H* generated on the
anode. On the one hand, flow-by configuration implies the solution crosses the cathode
longitudinally (figure 2A). From a hydrodynamic point of view, the plastic mesh set
between the electrodes should favour that the solution circulates preferentially through
the area close to the anode rather than through inner spaces of the SSW. In accordance,
it is-logical to assume that the facility to reach the HCO3™ will be comparable for both
the OH™ and the H".

On the other hand, with the flow-through configuration, the solution crosses the
entire cathode transversely (figure 2B), from the side opposite to the anode to the other
one. In this way, the entire solution comes in contact initially with the cathode but
remote from the anode, and circulates necessarily through the inner spaces of the wool.
According to this, we can suggest that in this case the OH" can reach the HCO3™ more
easily than the H*. As a conclusion, the overall amount of H* finally reacting with the

HCOjs' is higher for the flow-by configuration, resulting in a higher alkalinity loss and a



lower efficiency. The final pH of the treated water resulted to be acid in both cases. This
is expectable since the precipitation process implies a consumption of OH" (figure 1).
After the electroprecipitation experiments, the treated water conductivity hardly varies
respect to the initial feed water (about 4 mS in both cases).

3.1.2. Effect of the flow rate.

Q marks the residence time of the solution in the electrochemical reactor and is
consequently a major parameter. In this section, Q in the range 0.5 — 2.5 L h™ were
studied for both the 2D and 3D cathodes to compare the hardness removal efficiency
and to assess the optimum value of operation. Figure 3 shows the R variation at the
steady state with Q for both types of electrodes, together with the pH of the treated

water.

In both cases R decreases as the Q increases. It can be also observed that the pH
is lower as Q decreases, indicating a better efficiency for low Q. That behaviour is
logical because at high Q the feed water passes too fast through the electrochemical
reactor leading to an insufficient treatment [17,29]. That means a lower applied charge
per cubic meter (Coulombs m™®) and therefore a lower OH™ concentration at every
instant. In addition, when water circulates faster, there is a higher stirring of the
solution. This fact has important implications since affects the diffusion of ions
(reactants and products) between the reaction zone and the solution bulk. In this regard,
higher Q promotes the OH™ and H™ diffusion towards the solution bulk and thus also
their neutralisation. In addition, the promoted diffusion of both OH™ and generated
CO5” towards the solution bulk also contributes to hinder the electroprecipitation since

all the reactants have to reach each other necessarily on the cathode vicinity.

Experiments with the 3D SSW achieve better R (about 20-25 percent points
higher) and Vg around 1.2 V lower. This can be explained by the interelectrode
distance which is lower in the case of the 3D configuration (lower IR drop). The better
performance of the 3D configuration vs. the 2D one could follow a similar explanation
that in the case of the previous section. As already commented, the 3D cathode with the

flow-through configuration implies that the solution crosses the cathode transversely



and through the inner spaces of the wool. In this way, the solution comes in contact
initially with the cathode from the side opposite to the anode. It provides lower
accessibility of the HCO3™ for being consumed by the H* generated on the anode. In the
case of the 2D electrode, the solution circulates longitudinally between the two
electrodes and thus the facility to reach the HCO3™ will be comparable for both the OH"
and the H”. It should be remarked that precipitation only occurs onto the cathode

surface in both cases and is not found in solution because of the low pH.

These results are supported by the final pH, which becomes acidic in the case of
the 3D electrode while is maintained almost neutral for the 2D Ti mesh. A lower pH
means a higher precipitation since more OH™ have reacted with the HCO3' (figure 1). For
the 2D electrode, this pH drop at lower flow rates is no observed since the hardness
efficiency removal is not high enough. The lowest value of Q 0.5 L h™ presents the
highest R although 1.2 L h™ was chosen for the rest of experiments because has good
efficiency and, since a practical point of view, it allows to treat more amount of water

and gives rise to a pH less acid.
3.1.3. Effect of the current density.

j is known to be one of the most influencing parameters in electrochemical
processes to treat wastewater since it has an important effect in the efficiency and high
influence on the economic cost. Experiments with j in the range 25 - 200 A m? were
conducted for both 2D and 3D cathodes. Figure 4 depicts the change of R with the j

employed. In both cases, it is found that R augments as j increases.

For the 3D electrode R augments up to a certain limit, around 100 A m?. From
this value upwards, part of the electrical energy is consumed to no purpose. The process
must be limited by the diffusion kinetics of the reactants towards the reaction zone [19].
Otherwise, for the 2D one this increase is not very pronounced and R does not seem to
reach an asymptotic level in the range of j studied. With this electrode the process may

not be efficient enough to consume the reactants and reach a mass transfer limit.

R is also higher for the 3D electrode in this case, as figure 4 shows. Since the
same amount of OH™ is generated for both electrodes with each j, this better
performance must be explained in terms of the commented in the previous section. This
can be corroborated by the acidic pH with the 3D electrode compared to the neutral

obtained in all the experiments for the 2D one. A higher electrode surface also makes



the generation of H, bubbles more dispersed and therefore minimise their stirring effect
on the solution. In this regard, the consequent OH™ and CO3* diffusion is more difficult,

giving rise to a better process efficiency.

Nevertheless, there is a clear exception at the lowest j where the 2D Ti mesh
presents a higher R than the 3D SSW. This phenomenon might be explained based on
the high active area of the 3D SSW. For the plot of figure 4, the geometric area of 100
cm? has been taken into account for the calculation of j. However, the actual active area
is considerably higher because of the three-dimensional structure and the actual j
obtained in these conditions should be too low to generate sufficient OH" concentration
to remove hardness efficiently.

Table 4 shows the V¢ values and the EC calculated for the experiments of
figure 4. As expected, it can be observed that for the 3D electrode the EC is about a 65
% lower respect to the 2D one. That supports the better performance of this electrode. It
should be taken into account that the interelectrode gap is lower for the 3D electrode
system that for the 2D one.

It can be concluded that, once again, the 3D electrode displays a better
performance and the j of 100 A m? is the optimum for this electrode, since higher j

hardly improve the results.
3.2.  Effectof the solution composition.

After the main operational parameters were investigated in section 3.1., the next
step in the study was to evaluate the effect of the solution composition. The purpose
was to check the system efficiency for different kinds of water. In this sense, the
components tested were those intervening in the electroprecipitation process, that is, the

Ca and Mg content (hardness) and the HCO3™ concentration (alkalinity).
3.2.1. Effect of HCOj3 concentration.

In the CaCOs electroprecipitation process, the OH™ generated in the cathode react
with HCO;™ to give rise to an increase of carbonate (COs*) and thus to a phase
supersaturation effect (figure 1). In addition, HCO3" is an amphoteric ion which presents
a pH buffer capacity. According to this, HCO3™ concentration is a relevant parameter to
consider and therefore experiments with different initial HCO3™ concentration (in the
range of 0 - 5500 mg L™ of HCO3) were carried out. In figure 5, the plot R vs. HCO3



concentration can be seen. As figure highlights, R increases when HCO3™ concentration
does for both 2D and 3D electrode. These results also corroborate that the 3D electrode
gives Dbetter efficiency than the 2D electrode, except for the highest HCOs

concentration.

However, R is found to reach a maximum for the 3D electrode at around 1100
mg L™ of HCO3’, beyond which the R starts to fall down again. The removal efficiency
is thus the highest when the HCO3™ concentration is close to the equimolarity respect to
the hardness level as CaCO; (the case of the water employed in previous sections).
Higher and lower HCO3/hardness ratios give rise to worse efficiencies. A HCOj3 excess
buffers the pH environment avoiding the Mg(OH), precipitation. It has been proved by
the SEM and XRD analysis of the resultant precipitates since when the feed water
presents high alkalinity no evidences of brucite are found. In addition, a high HCO3’
concentration may not improve the hardness removal due to a limitation in the diffusion
kinetics of Ca®" towards the reaction zone. Moreover, a lack of HCO; means no
reactant enough for the reaction. On the contrary, for the 2D electrode there is not limit
in the range of HCOj3™ concentrations studied. The local pH on the cathode vicinity for
the 2D Ti mesh is higher than the one for the 3D SSW and therefore the buffer capacity
of the HCO3™ is not strong enough to avoid the precipitation of Mg(OH),. As the
efficiency is lower for the 2D electrode, no limitation in the Ca** diffusion kinetics is

reached.

It is worth noting that when there is not any amount of HCO3™ in the feed water,
only Mg(OH); and no CaCOg is deposited on the 3D SSW electrode, as determined by
SEM and XRD. Interestingly, Mg(OH), does not precipitate in the 2D electrode due to
OH'" can reach the H" more easily than in the 3D configuration because of the explained

in the 3.1.2. section.
3.2.2. Effect of hardness degree.

The electrochemical precipitation of Ca and Mg compounds is limited by
diffusion of the reactants towards the cathode surface. The previous sections dealt with
water of high hardness degree (2300-2400 ppm of CaCQO3). In this sense, it is interesting
to investigate the influence of hardness degree on the hardness removal efficiency. A
series of experiments were carried out for solutions with initial hardness degree in the
range of 300 - 2380 mg L™ of CaCOs. The HCOs/hardness ratio for all the experiments



was also kept in equimolarity at all cases. There were not significant differences
between the experiments (figure ESI-2) and thus it can be concluded that this system is
able to work with waters of different hardness degree without any effectiveness loss. In
this case, the 3D experiments also achieved better results than the 2D ones.

3.2.3. Effect of the addition of a precipitation inhibitor compound.

The effectivity of the system to remove hardness in water was also assessed with
the presence of an inhibitor compound of the precipitation process: the sodium
hexametaphosphate (HMP). HMP is widely used as dispersant agent upon solid
materials, such as clays [30]. It is also commonly used as-scale inhibitor by the
membrane industry since concentrations below 5 mg/L prevents the formation of
calcium carbonate scale [31]. The mechanism of HMP.as scale inhibitor is based on its
adsorption onto the active sites of the crystal growth. This increases the nucleation time
and consequently prevents or delays the scale formation [32].

The goal of these experiments was to evaluate whether the inhibitor capacity of
the HMP could affect the electrochemical system efficiency. Electrochemical
precipitation experiments were conducted for water with 2350 ppm of hardness with the
presence of 0.2 mg L™ of HMP. In this experiment only the 3D SSW cathode was
employed. The presence of HMP did not have any effect on the hardness removal
efficiency in the employed concentration. Nevertheless, it did alter the morphology of

the formed precipitate as we will see later, in the following section.
3.3. _ Characterisation of the precipitated crystals.

The morphology and the chemical composition of the precipitate have been
studied for a deeper understanding of the process. Phase characterisation was conducted
for a precipitate obtained on the SSW cathode, in the optimum conditions determined in
the previous sections. The texture and morphology of the precipitates on the SSW
surface were analysed by SEM (figure 6). As can be seen in the figure, the scale layer is
distributed heterogeneously over the wires of the stainless steel wool with a
considerable thickness. It can be also observed that some areas of the metal surface are
not covered, which reveals that the scale layer grows preferentially onto a previously
deposited precipitate rather than onto the metallic surface. In addition, figure 6C reveals
the detachment of the precipitate likely due to the effect of the hydrogen gas generated,

as described by [17]. Both phenomena are significant since the cathode surface can stay



active for a longer time. Besides, the morphology and size of crystals are very variable,
which implies the formation of different phases and/or polymorphs of the same mineral.
The layer in direct contact with the stainless steel surface presents a different crystal
habit that the crystals deposited in more external layers and three main forms can clearly
be distinguished: trigonal shape crystals, shrubs of thin needles (see figure 6A and 6B)

and rough-surfaced spherulites (figure 7D).

The composition of the scale was determined by Energy Dispersive X-Ray
Spectroscopy (EDX) analysis for powder extracted from the precipitate formed on the
cathode. EDX spectra were registered for the area depicted in the SEM ‘micrograph of
figure 8A, showing the presence of Ca, Mg, O, and traces of S. The relative atomic
contributions of Ca and Mg were respectively 21% and 3% In the clearest areas and
14% and 14% for the darkest ones. EDX mapping (figure 7B) supports this analysis
since can easily be seen that Mg compounds are located in the darkest areas (highlighted
in purple), Ca compounds in the clearest ones (highlighted in green) and S is not
detected.

Precipitates were identified-and quantified by XRD. The XRD pattern for the
precipitate powder is shown in figure 7C. The phase composition 84 wt.% of calcite
(CaCO3), 4 wt.% of aragonite (CaCOs), 7 wt.% of brucite (Mg(OH,). No other phases
were found with XRD, as magnesian calcite (Ca;-xMgxCQOs), portlandite (Ca(OH),),
vaterite (CaCOs3) or calcium sulfates phases (gypsum, CaSQO4-2H,0, and anhydrite
CaS0,). Despite calcium sulfates phases are not detected by XRD, some negligible

amount of S is present according to the EDX spectra.

Comparing the SEM and the XRD analyses and according to typical shapes of
phases, we can deduce that the trigonal shape crystals can be attributed to the calcite
polymorph [33][34], the needles may correspond to the aragonite form [35][36] and the
spherulites could be assigned to the formation of brucite [17]. Calcite is the most
thermodynamically stable CaCO3 form [37] but the presence of Mg in solution promotes
the formation of aragonite [36]. Ca and Mg are separately eliminated in different pure
compounds (perfect match between d-spacing of the phases in the XRD pattern and

their standards) and heterogeneously distributed, as seen in the EDX analysis.

Results conclude that the electrochemical softening technique is adequate to

remove hardness from waters whose composition is similar to concentrates from



brackish water treated by ED. Despite the inhibiting effect of Mg?®* on the scaling [24],
the electrochemical softening technique is appropriate for waters with high hardness
degree and high Ca/Mg ratio. The presence of magnesium in solution promotes that a
small part of the CaCOs crystallises as aragonite. The aragonite form is more porous
than calcite and therefore beneficial to achieve lower voltages [36]. A more porous

precipitate could also be less adherent, which facilitates the cathode cleaning.

Moreover, the effect of the presence of HMP on the precipitate was also studied.
Phase characterisation was conducted for a precipitate obtained on the'SSW cathode in
the optimum conditions as well. The texture and morphology were analysed by SEM.
The presence of HMP in the feed water leads to a total loss of the precipitate
morphology (figure ESI-3A) since either trigonal shape crystals or the needles found in
Figure 6 are not seen in this case. Instead, a precipitate with no defined crystal form is
formed. Large agglomerations are present and randomly distributed. Further
investigations should be done to compare the adherence between the precipitates formed

with and without the presence of HMP.

Precipitates were also identified and quantified by XRD in this case. The XRD
pattern for the precipitate powder (Figure ESI-3B) and there is not any difference in the
phases detected respect to the found in the absence of HMP. In the employed
concentration, HMP seems to prevent each crystal phase growing with its characteristic
morphology but no its formation. Nevertheless, the phase composition was 89 wt.% of
calcite, 2 wt.% of aragonite, 5 wt.% of brucite. That indicates that calcite formation is

favoured by the presence of HMP. No other phases were found with XRD.

3.4.  Electroprecipitation treatment by simulation of a cascade of

electrochemical cells.

Electrochemical precipitation performance was evaluated for a treatment
through a simulation of three consecutive electrochemical cells. The goal was to test
whether a multiple treatment could effectively enhance the results. In order to simulate
these conditions, the feed water was treated three times by the same reactor in different
experiments. That is, water was treated once in a continuous flow mode and collected at
the end of the experiment. Then, this resultant water is circulated and treated again
through the same reactor with the same mode and operating conditions. The same

procedure was carried out once more, simulating a treatment with three consecutive



electrochemical cells. Water pH and the hardness removal were measured after each
treatment. In this experiment, only the 3D SSW cathode was employed. Figure 8 shows
the R for the water after the treatment with each cell. As can be seen, the treatment with
two consecutive cells reaches a R ten percentual points higher than for the treatment
with only a cell. As a consequence, the final water pH is more acid. After the treatment
with the third cell, the obtained R is only 4 percentual points higher. In this case, the pH
does not vary, as could be expected. According to this trend, we can suppose that a
fourth electrochemical cell would not improve the hardness removal and thus we can
conclude that the optimum treatment is with two cells since after two electrolysis the pH
becomes highly acidic and HCOj3" is mostly removed as CO..

3.5.  Long-term experiments.

Long-term experiments with the electrochemical system were performed for
both the 2D and 3D electrodes in the optimum conditions determined in the previous
sections: Q = 1.2 L h™ and j = 200 A m™. Those values are maintained constants during
all the experiment duration. Experiments were conducted for 130 h for both

configurations. The cell voltage was registered at all time.

Figure 9A displays the R and the V¢ with time during the experiments. Clearly,
3D electrode reaches higher R than 2D electrode at short times but its efficiency is
progressively going down to the point of being lower when the experiment is getting
closer to 60 h, finally reaching R values around the 10%. This behaviour can be
explained by the precipitate formation which is blocking the path of the water through
the inner canals of the 3D structure. The final pH of the solution is acid at very short
times but it becomes neutral at reaching the 20 h, which agrees with the behaviour
discussed above. In the case of the 2D electrode, the R achieves stable R values of about
20% and remains essentially constant during all the experiment. In this case, pH is
neutral and stable during all the experiment. Regarding the V¢ (figure 9B), during the
130 h is maintained constant for both electrodes being the values for the 3D electrode
lower than for the 2D electrode. All the taken samples were analysed by ICP-OES to
measure the Ca®* and Mg?* separately. Both components are always removed from the

solution in the same ratio (Ratio mg L™ Ca®*/Mg** equal to 3) during all the experiment.

It can be seen that the incorporation of the 3D electrode enhances the process but

there must be a problem with the hydrodynamic of the system when the electrode is



being blocked. This issue should be amended with the assessment of the reactor design.
The filter-press reactor is employed in this work as a proof of concept but it does not
seem to be the optimum design for this kind of process. Additionally, for a future
application of the technique a protocol for a rapid electrode cleaning should be
established in order to renew or replace the blocked electrode when a determined value
of time or efficiency is reached.

4. Conclusions.

In this work, 3D electrodes have been demonstrated to enhance the efficiency of
the electrochemical softening method. A 3D stainless steel wool cathode showed a
hardness removal about 20 percent points higher in all the experiments when compared
to a 2D Ti mesh and also provided lower energy consumption. After the study of the
main influencing parameters, it can be concluded that efficiency increases as flow rate
decreases whereas it augments as currents dehsities do, up to 100 A m? when an
asymptotic level is reached. In addition, the system has been proved to be efficient for
different water compositions. The characterisation of the precipitates with SEM-EDX
and XRD showed the presence of calcite, aragonite and brucite. Finally, long-term
experiments revealed that the 3D stainless steel cathode has a better performance than
the 2D electrode at short times (up to 30 h) but unfortunately it is progressively falling
down at longer times. A better design and development of the electrochemical system is
needed in order to overcome this problem and to take full benefit of the 3D electrode

enhancement:

By the electrochemical softening method the scaling potential of the water is
noticeably reduced (hardness and alkalinity) and this opens the possibility to treat ED
concentrates from brackish water. Further investigations must be carried out in order to

test the viability of this procedure to make the ED process more cost-effective.
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Fig. 1. Scheme of the electrochemical softening process.




Fig. 2. Schemes of the filter press reactor. A) For the 3D SSW flow-by configuration and the 2D
Ti mesh. 1 - End plates. 2 — Plastic end frame. 3 — Rubber sealing. 4 — Ti mesh (current
collector) between two spacers. 5 — Rubber sealing. 6 — Flow frame set. 7 — For the Ti mesh
experiments = Plastic turbulence promoter. For the 3D SSW flow-by experiments - Stainless
steel wool cathode 8 — DSA-O, anode between two spacers. 9 — Reference electrode. B) For
the 3D SSW flow-through configuration. 1 - End plates. 2 — Plastic end frame. 3 — Rubber
sealing. 4 — Flow frame set. 5 — Rubber sealing. 6 — Ti mesh (current collector) between
two spacers. 7 — Stainless steel wool cathode set in the inner space of a flow frame set. 8 —
DSA-O, anode. 9 —Reference electrode. The passage of the feed water through the reactor is

followed by the red arrows.
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Fig. 3. Plot of hardness conversion vs. flow rate, for both 2D (red circles) and 3D electrodes
(blacks squares). pH values for the treated water of each experiment are indicated above its

corresponding point. Experiments were performed in the flow-through configuration.
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Fig. 4. Plot of hardness conversion vs. current density, for both 2D (Red circles) and 3D
electrodes (Black squares). pH values for the resultant water in each experiment are set above its

corresponding point. Experiments were performed in the flow-through-configuration.
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Fig. 5. Hardness conversion vs. HCOj' initial concentration, for both 2D (Red squares) and 3D
electrodes (Black Circles). (Q = 1.2 L h™%, j = 100 A m™). Experiments were performed in the

flow-through configuration.
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Fig. 6. SEM micrographs of the stainless steel wool cathode with a deposited precipitate. Each
micrograph is corresponded to a different area except for A and B which correspond to the same
area but different zoom.
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Fig. 7. A) SEM micrograph of the powder extracted from the precipitate on the cathode. B)
Mapping image highlights in colours the distribution of Ca (green), Mg (purple) and S (red) in
the sample of micrograph A, as detected by EDX. C) Powder XRD diffractogram registered.
Each peak is assigned to its corresponding mineral form (A - Aragonite, B - Brucite, C -

calcite).
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Fig. 8. Plot of hardness conversion for the treated water during a treatment with three

consecutive electrochemical cells. The C value is measured after the pass of the water through



each cell, in the steady-state. The experiment has been conducted for the 3D SSW cathode. pH
values for the resultant water are set above its corresponding point. Experiments were

performed in the flow-through configuration.
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Fig. 9. Plot of A) hardness conversion vs. the time and B) cell voltage vs. time, for both 2D
(Red circles) and 3D electrodes (Black squares). Experiments were performed in the flow-
through configuration.



TABLES

Table 1: standard values for the most influencing parameters (j, Q).

Parameter j/A m? Q/L h'! Hardness / Alkalinity /
mg L™ CaCO; mg L* CaCO;
Value 100 1.2 2350 1400
Table 2: standard chemical composition of the synthetic feed water.
Component Mg® [ SO, | Cca®* | CI NOs; | Na* | HCOs




Concentration / mg L™ 200 770 600 | 1000 |800 |400 |850

Table 3: Experimental data obtained for hardness removal experiments with both the flow-by
and the flow-through configurations. Experiments were carried out with the 3D stainless steel

wool cathode.

Configuration | Veen/V | OutletpH | R/ % | EC/kWh kg* CaCO;




Flow-through

3.90

5.5

35-45

3.2

Flow-by

3.96

5.7

20 -25

5.1

Table 4. Cell voltage and specific energy consumption values for the experiments of figure 5.

Each value is followed by its corresponding standard deviation obtained from 3 different

experiments.

Parameter j/ A m* | 2D electrode | 3D electrode

Voltage / V 25 3.3+0.2 1.85+0.19
50 4.03+0.13 2.78 £ 0.05
75 4.70 £ 0.05 3.2+0.2
100 5.38 £ 0.09 3.4+04




200 7.57+0.15 39+0.2
EC/ 25 6.7+0.4 79+0.8
kWh kg™ CaCOs; 50 7.8+0.2 3.4+08
75 9.09 +0.10 3.3+0.2
100 9.33+0.16 33+04
200 10.8+0.2 | 3.49+0.18




Highlights

e 3D cathodes provide an enhancement in the electrochemical softening
method.

e A comparison between a 2D and a 3D cathode is reported for water hardness
removal.

e Long-term electroprecipitation experiments assess the 3D cathode behaviour
with time.

e Water hardness is removed by precipitation of calcite, aragonite, and brucite.
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