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Abstract: Carbonate scale is one of the main problems in hot water systems, and therefore, interest
in this subject has grown since 2000s. Water treatments, based on magnetic and electromagnetic
(EM) techniques to prevent scale, are being commercialized, but their effectiveness is not clearly
demonstrated because it depends on temperature, pressure, dissolved CO,, pH, field intensity, water
flow, etc. In this paper, a review of these techniques, together with other classical techniques, such as
chemical softening, the use of inhibitors, ion exchange, electrochemical and membrane treatments is
presented. The latter alter the composition of the water and generate hazardous waste for health and
the environment, unlike magnetic and EM treatments, which are considered non-invasive techniques.
Different hypotheses are used to explain the effect of these treatments, such as the formation of
aragonite instead of calcite or crystal nuclei formation within the fluid. Analysis of salts formed
with SEM, X-ray diffraction, or colorimetric tests seem to support the efficiency of these treatments
since study in the fluid is not easy. Dissolution of the formed scale or its prevention endorse the
commercialization of these techniques, but their effectiveness must be verified in each installation.

Keywords: calcium carbonate; magnetic treatment; electromagnetic treatment; scale prevention;
water hardness; softening

1. Introduction

Carbonate precipitation in water systems with exchange heaters is a very common
problem. The presence of scale deposits involves technical problems, such as drain obstruc-
tion and heat transfer reduction that increase maintenance and energy costs [1].

To avoid these problems, there are different techniques that reduce the water hard-
ness and eliminated scale formation. Some of the most common are chemical soften-
ing, precipitation, the use of inhibitors to avoid precipitation or complexation, cation
exchange, electrochemical and membrane treatments, among others. In addition to these
techniques, considered “classical”, there are also non-intrusive treatments that apparently
do not alter the composition, such as magnetic and electromagnetic techniques, that are
being commercialized.

Traditionally, water hardness was measured by the water’s ability to precipitate soap,
mainly as a consequence of insoluble carbonate compounds of calcium and magnesium
ions [2]. Other minor ions present in the water, such as silicates, sulphates, and nitrates,
can contribute to scale formation [3]. As it is well known, the hardness that disappears
with boiling is called temporary hardness, and it is mainly due to the presence of calcium
and magnesium bicarbonates. On the other hand, the hardness that remains after boiling is
permanent hardness and could include other cations, but it is usually insignificant [3]. There
are two methods for determining hardness—by calculation after ions analysis of calcium
and magnesium or by EDTA titration [2]. It is expressed as mg/L of CaCO3, including
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calcium and magnesium, and different ranges could be considered for the classification of
water hardness. Kiely provides 4 ranges (Table 1).

Table 1. Relative hardness of waters [4].

Hardness mg CaCO3/L
Soft 0-75
Moderately hard 75-150
Hard 150-300
Very hard >300

The study of the formation of calcium carbonate polymorphs and their identification
is very interesting to understand the transformations and possible variations produced
by magnetic and electromagnetic techniques. In this way, this article aims to analyse the
calcium carbonate scale formation processes, as well as analyse of the current state of
the main techniques for removing calcium carbonate scale, knowing the advantages and
disadvantages. Then, an exhaustive review of the magnetic and electromagnetic techniques
as an alternative to classical techniques that modify the composition of the water and
generate waste, is presented.

2. Methodology

The bibliometric analysis of calcium carbonate incrustations and water treatments
supports the interest of this work. Therefore, the bibliographic databases of the Elsevier
group (Scopus and Science direct) were used to search for papers on different topics [5].
Figure 1 includes a total of 5105 records retrieved. The time span was established for all
time, and English and Spanish were selected. Three topics or search terms were selected
to distinguish between the basis of calcium carbonate precipitation in hard waters, classic
treatments to avoid scale but which modify the composition of the water, and magnetic
and electromagnetic treatments. These three blocks are the ones in which the review is
mainly distributed. Figure 1 shows the keywords used for the search as well as the articles
found each year according to each topic. The papers were analysed individually, and those
that were finally part of the review were selected. They were organized using the Mendeley
reference manager for better management.

Figure 1 shows that, especially during 2000s and since the 2008, there is increased
interest in all the topics to increase knowledge around the basis of scale formation and into
the techniques to prevent calcium carbonate precipitation. Indeed, the results and the im-
provements in classical techniques stand out, trying to reduce their impacts by using more
environmentally sustainable materials and reducing waste. Magnetic and electromagnetic
treatment, and other related terms, show important growth, and more research on this
technique is expected in the coming years due to the need to prevent calcium carbonate
incrustations without using invasive techniques that alter water composition and generate
waste, which may cause health or environmental problems.

In general, this bibliographic analysis shows the need to continue developing envi-
ronmentally sustainable techniques that reduce the impacts produced by classical water
softening techniques, and the use of the magnetic and electromagnetic techniques with
devices effective at avoiding carbonate scale. Section 3 presents the basis of the carbonate
precipitation. Section 4 is a review of the classical treatments to avoid scale formation, and
Section 5 is dedicated to the application of magnetic and electromagnetic techniques for
water treatment, which could have a great number of applications in the future.
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Figure 1. Total documents retrieved per year [5] from topics 1, 2, and 3: TOPIC 1 “Calcite” or “Aragonite” or “Calcium

carbonate” or “scale” and “Water” and “Hardness”; TOPIC 2: “Water treatment” or “Scale prevention” or “Chemical

softening” or “Chemical precipitation inhibitors” or “Membrane treatment” or “Cation exchange resins” or “Electrochemical

treatments” and “Water” and “Hardness”; TOPIC 3: “Magnetic field” or “Electromagnetic field” and “Water treatment”

(own elaboration).

3. Calcium Carbonate and the CO,/HCO3;~/CO32~ System

Calcium carbonate is one of the most abundant minerals in nature and usually the
salt with the greatest contribution to water hardness. Some of the most representative
carbonates which can appear in nature are shown in Figure 2.

Trigonal Formula -logK Catlogadlus Orthorhombic ~ Formula -logK Cat1o(r:&r)ad1us
Calcite CaCOs 8.48 1.12 Aragonite CaCO:s 8.34 1.12
Magnesite MgCOs 8.24 0.72 Strontianite SrCOs 9.27 1.18
Rhodochrosite ~ MnCOs 11.13 0.84 Witherite BaCOs 8.56 1.42
Siderite FeCOs 10.89 0.74 Cerussite PbCO:s 13.1 1.18
Smithsonite ZnCOs 10.01 0.83
Otavite CdCOs 13.74 0.99

Dolomite ~ CaMg(CO:s): 17.09

Figure 2. Mineralogy and solubility product (K) of some carbonates at 25 °C [6].

In natural waters, calcium and magnesium are the most common elements and the
main reactions involved in the scale precipitation are (1) and (2):

CaCO3 < Ca?" + CO32~ (1)

MgCO3 < Mg?* + CO3%~ )

When the concentrations are limited by their solubility product ((3) and (4)), at a
determined temperature:
Kcacos = [Ca**] [CO3*7] ®3)

Kwmgcos = [Mg*] [CO5% 7] 4)

Precipitation of calcium carbonate salts has a different tendency to other minerals since
the solubility product decreases as the temperature increases, giving rise to the precipitation
of carbonate. This occurs in heat exchange systems when high temperatures cause the
apparition of carbonate scale [3]. Furthermore, atmospheric CO; is very important in the
carbonate/bicarbonate system. This relationship between CO, and CaCOj3 shows that an
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increase in CO; results in the dissolution of CaCQOj3, and the elimination of CO, causes the
precipitation of CaCOj3, through the reaction (5) [6]:

CO; + HyO + CaCO5 < Ca?* + 2 HCO;~ (5)

The sum of all carbon species is the TIC (Total Inorganic Carbon), which is given by
the Equation (6) [6].
TIC = [H,CO3*] + [HCO3 ] + [CO3*] (6)

where [H2CO3*] = [CO2] + [H2CO3]

The presence of different species is related to the pH of the water (Figure 3) which
is another factor to consider in the formation of scale [7]. Moreover, the pH has a great
influence on the solubility of heavy metals, in addition to being able to form carbonate
salts, as a consequence of the low solubility product, shown in Figure 2.
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Figure 3. Relative speciation of CO,, HCO3~, and CO32~ in water as a function of pH [8].

3.1. CaCO3 Polymorphs

Calcium carbonate can constitute different minerals depending on the conditions of
the medium and the presence of other elements. The most abundant minerals are calcite,
aragonite, and vaterite (Figure 4), the latter being the less common.

Calcite Aragonite Vaterite

Mineral

Structure

(Blanco-Gutierrez et al., 2014)

(Blanco-Gutierrez et al., 2014)
i PR e 7
Microscopie
(SEM)
(Chenetal., 2014)

Figure 4. Main mineral shapes of calcium carbonate [9-11].
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One of the main differences between calcite and aragonite is their crystalline shapes.
Calcite has a rhombohedral structure and aragonite has an orthorhombic structure. In the
stability diagram of calcite-aragonite, their great dependence on temperature and pressure
is observed. At elevated temperatures and/or pressures, five other CaCO3 polymorphs are
known from experimental work (Figure 5).
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Figure 5. Stability diagram of calcite-aragonite. I-V, calcite intermediate polymorphs [12].

On the other hand, calcite crystallisation is favoured in high concentration gradi-
ents [13]. Within the Mohs hardness scale, calcite would be at 3 while aragonite would be
at between 3.5 and 4. It is important to note that aragonite has a higher density than calcite
and is less prone to produce scale [14]. One of the factors that can determine that aragonite
forms a less compact scale may be the acicular morphology of its crystals [15]. Calcite is
thermodynamically much more stable than aragonite, and calcite formed by the reversion
of aragonite appears to be much harder than natural calcite. It has been observed that the
presence of Fe?" can inhibit this reversal and aragonite remains longer [16]. On the other
hand, some studies determine that the presence of impurity ions, such as copper or silicon,
help in the effective preferential formation of aragonite or vaterite [17].

In recent studies carried out at the University of Alicante, the mineral phases present in
scale samples from domestic water systems have been determined. The majority presence
of calcite was observed in samples from taps, at the outlet of pipes or in the scale, however,
the majority presence of aragonite was determined in the samples inside heaters. As a
consequence, at higher temperatures the formation of aragonite is favoured [18].

On the other hand, organisms contain forms of biogenic calcium carbonate similar
to geological calcite and aragonite, commonly having similar crystalline structure and
thermodynamic stability similar to their geological forms [19]. The fixation of this calcium
carbonate is called biomineralisation, with the shell of molluscs being one of the best
examples. During the shell formation process of many marine organisms, the first mineral
to form is a highly disordered form called amorphous calcium carbonate (ACC) [20]. Later,
this ACC will be transformed into the crystalline aragonite or calcite phase [21]. For
example, the shell is composed of three layers: the outer periostracum, middle prismatic,
and inner nacreous layers. The nacre layer is made up of 95% aragonite, having a hardness
3000 times higher than that of the mineral aragonite, thanks to the remaining 5% of the
organic matrix [22].

3.2. Identification of Mineral Phases of Calcium Carbonate

The main techniques for mineral phase differentiation of calcium carbonate are scan-
ning electron microscopy, X-ray diffraction, and colorimetric test. Starting with these tests,
the differentiation between calcite and aragonite is carried out in geological researches with
the Meigen test and the Feigl test [23]. These colorimetric techniques have been developed
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for minerals, but their applicability to samples from pipe scale or water samples, and the
obtention of scales after evaporation, has been very poorly studied [18].

The Meigen Test was described by W. Meigen in 1901 [24] and used the different
behaviour of the two crystalline structures of calcium carbonate, when boiled with a cobalt
nitrate solution of 5-10% weight for twenty minutes [25]. Togari and Togari [26] performed
this test by boiling 0.2 g of the sample in 2 cm?® of cobalt nitrate solution 0.1 N, where the
inconvenience of this determination is that it must be done in the laboratory. The aragonite
soon takes on a purple colour while the calcite always remains unaltered. The cause of the
difference in the reactivity of calcite and aragonite is found in the slightly higher solubility
of aragonite [27].

There are some cases where the Meigen test can give incorrect results. When the test
was applied to samples of foraminifera, they determined the samples were aragonite, but
when the samples were analysed by X-rays, it was shown that the sample was calcite [28].
Difficulties also arise when working with fine-grained samples. Cobalt solution spreads
over both minerals to a similar degree and discrimination becomes difficult. To try to solve
this, the method can be made more sensitive by applying ammonium sulphide. In this case
aragonite turns black and calcite does not change colour [24].

It should be noted that some possible interferers can complicate the identification of
minerals, such as the presence of elements that react with cobalt and modify the coloration.
Another factor is the oxidation that occurs in the sample with the presence of oxygen, going
from violet to brown. In a study carried out at the University of Alicante [29], some of
these interferences were observed and they were analysed where a wide range of colours
was observed, that can go from blue-green, due to chloride ion or excessive alkalinity, to
dark brown due to the presence of an oxidant [18].

Another test that differentiates these minerals is the Feigl Test [30], which is based on
the slightly different dissolution rates of calcite and aragonite in water. When treating a
sample with a solution containing Ag* and Mn2* ions for 10 min, aragonite becomes black,
while no change of colour is observed in calcite, dolomite, and witherite.

Colorimetric tests are a quick and easy source of information to distinguish mineral
phases, but for a more precise identification of calcite and aragonite techniques such as
X-ray diffraction (XRD) and scanning electron microscopy, (SEM) should be used.

Scanning electron microscopy (SEM) is a technique that allows the study of samples
between the nanometre and the micrometre scale, producing a three-dimensional image.
An electron beam irradiates the sample and generates an image. The signals produced
from the interaction of the electron beam with the sample mainly include [31]:

e Secondary electrons. Produced from the emission of valence electrons. They are of
very low energy so only the most superficial come out of the sample and provide
information about the topography of the surface.

e  Backscattered electrons. They have higher energy than secondary electrons, therefore
they provide information on deeper parts of the sample and are sensitive to the
composition of the sample.

e  Characteristic X-rays. The energy of transition from one layer to another is charac-
teristic of the element from which they come. Provides chemical information for
the sample.

On the other hand, X-ray diffraction is a technique to determine crystalline materials
by providing information on structures, phases, and other parameters. This technique
has a considerable number of applications in various fields due to its ability to determine
and differentiate crystalline phases. X-ray diffractometers consist of a sample holder, an
X-ray tube, and an X-ray detector [32]. The diffraction peaks are produced by constructive
interference of a monochromatic beam of X-rays scattered at specific angles of each set of
reticular planes in a sample [33].

In summary, these techniques allow the mineral phase of the sample to be accurately
determined, but it is important to emphasize that colorimetric techniques can help provide
initial information on the composition of the sample that must then be confirmed by
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SEM with three-dimensional image about the topography of the crystal surface, or with
X-ray diffraction by determination of crystalline phases with specific angles of each set of
reticular planes.

4. Treatments to Avoid Scale Formation

Among the classical techniques for reducing hardness are chemical softening by
adding reagents to provoke precipitation, complexing agent or chemical inhibitors of
the precipitation, electrochemical treatments, cationic exchange with resins, membrane
treatments, and other treatments.

4.1. Chemical Precipitation

This water treatment consists in the addition of chemical compounds that cause
reactions with the calcium and magnesium ions in solution. This addition transforms them
into very poorly soluble compounds, precipitation occurs and solid can be eliminated by
physical procedures. Calcium and magnesium ions are eliminated by formation of CaCOs
and Mg(OH),, adding hydroxide ions and raising the pH [3]. Calcium precipitation occurs
when the pH is raised, causing the transformation of bicarbonate ions to carbonate. The
increase in carbonate ions causes the ionic activity product to exceed the solubility product
and precipitate calcium carbonate. For the precipitation of magnesium, hydroxide ions
should be added until the ionic activity product of magnesium hydroxide exceeds the
solubility product, causing precipitation.

e  Using calcium and sodium hydroxide ((7)-(10))

Ca(OH); + Ca(HCO3), — 2 CaCOs3 | + 2 H,O (7)
Ca(OH); + Mg(HCO3); — MgCOs | + CaCO;3 + 2 H,O 8)
Ca(OH); + MgCO3 — CaCO3 | + Mg(OH), 9)

2 NaOH + Ca(HCO3); — CaCOs3 | + NapCO3 | + 2 H,O (10)

To remove the remaining calcium, an external source of carbonates, usually sodium
carbonate, must be added [34].

e  Using sodium carbonate ((11) and (12))
CaS0Oy4 + Nap,CO3 — CaCOg3 \L + NaySOy4 (11)
CaClr+ Nay,CO3 — CaCOs3 J +2NaCl (12)

To carry out this process, it is possible to use the pellet reactor (Figure 6), which is
especially used in the Netherlands [35]. Precipitation of calcium carbonate occurs on the
particles used in the pellet reactor, where the liquid is passed upwards causing fluidized
particles, while the reagents are dosed. Calcium carbonate will crystallise on the pellets,
which are removed from time to time.

4.2. Complexing Agents and Other Inhibitors of Precipitation

There are chemical substances such as phosphates, polyphosphates, and organophos-
phonates which can be used as scale inhibitors because they can prevent the precipitation
of calcium carbonate and other ions as scale [36]. In different studies, the formation of
unstable forms of calcium carbonate, such as vaterite and aragonite, occurs and therefore
decreases the concentration of calcite, which is the main source of scale.

Calcium carbonate scale is inhibited with low concentrations of phosphonic copolymer
of maleic anhydride and sodium p-styrene sulphonate [37]. An interesting observation was
made in the presence of low phosphonic copolymer, when some vaterite was obtained. It
was found that the thermodynamically unstable vaterite could be kinetically stabilized in
the presence of low phosphonic copolymer.
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Figure 6. Structure of a fluidized bed reactor [35].

Recently, so-called green inhibitors are being developed because they are biodegrad-
able, non-toxic, and environmentally friendly, for example recent studies with quercetin
(3,34 ,5,7-pentahydroxyflavone), a flavonoid present in plants as a secondary metabolite.
It was observed that, in the absence of an inhibitor, crystals with rhombohedral (calcite) and
needle (aragonite) morphology appeared, while in the presence of quercetin, the aragonite
fraction increased slightly [38]. As previously mentioned, aragonite has a higher density
than calcite and is less prone to produce scale [14]. It was also observed that low concen-
trations of quercetin were needed to block the growth-germination of calcium carbonate
as calcite. As commented, these studies determine that the presence of scale inhibitors
can stabilize the most unstable forms of calcium carbonate, and therefore decrease the
concentration of calcite. Furthermore, it was observed that the precipitation of CaCOj3 in
solution it was totally inhibited with 2 mg/L of quercetin.

Studies have been carried out where plant extracts such as Paronychia arabica (PA) are
applied as antiscalants. It was observed that the presence of the extract reduces the amount
of scale deposited on the entire surface of the electrode. This inhibitor can be used for
groundwater in conventional electrochemical cells with three electrodes, where the water
temperature can reach 32 °C. It was observed that, at concentrations of 80 ppm of the PA
extract, there is a partial inhibition of the CaCOs3 deposition and when the concentration of
the inhibitor was increased to 150 ppm, no scale was formed [39].

On the other hand, addition of acids such as sulphuric acid to the fluid during the
water pre-treatment process in refrigeration systems is another technique which prevents
scale precipitation because it converts calcium bicarbonate into more stable and soluble
calcium sulphate; it also contributes to the formation of CO; [40]. Other techniques based
on the addition of compounds with metals are no longer used, such as molybdate, which
reacts with other organic and inorganic compounds. These inhibitors are restricted by
legislation due to their toxic effects on the environment [41].

4.3. Electrochemical Treatments

Redox processes are one of the most recent procedures implemented for the treatment
of water hardness. These processes cause water circulation through an electrolyser, with a
set of electrodes to treat the water, and calcium carbonate will deposit on the surface of the
cathode plates. These deposits fall spontaneously or are forced by mechanical action. Once
carbonate has accumulated in the bottom, it can be removed and, in some cases, revalued.
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The formation of deposits on the cathode plates causes the deactivation of this electrode
and an increase in the electrical resistance if the deposit does not separate. Figure 7 shows
the schematic of an ERCA? electrolyser.
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Figure 7. Scheme of the ERCA? electrolyser [42].

The speed of the cathode accumulation depends on various factors, such as the
morphology of the crystal or the type of structure (calcite, aragonite, or vaterite). One of
the advantages of this process is that it does not require chemical substances that can be
toxic to drinking water [42].

The electrochemical process is based on the generation of a high pH around the
cathode by the following cathode reactions (13) and (14) [43]:

0, +2HO+4e” —40H™ (13)
2H,0+2e” — Hy 14+ 20H" (14)

Alternatively, the precipitation process occurs due to the following reactions (15)-(17) [43]:

HCO;~ + OH™ —CO3>~ + H,O (15)
CO3%~ + Ca®* — CaCO; | (16)
Mg?** +2 OH™ — Mg (OH) , | (17)

The key factors to ensure the efficiency of this process are the type of precipitate and
the type of material chosen for the electrode and the surface (stainless steel has the best cost-
efficiency ratio). Other important factors are the operating conditions and the composition
of the water to be treated. When determining the efficiency of the technique, for instance,
it was observed that calcium is eliminated better than magnesium [44]. There must be a
certain level of alkalinity (HCO3™) for removal of calcium in the form of calcium carbonate.
The presence or absence of certain elements in the water, as well as their concentrations, are
key factors when determining the size of the crystals, their porosity, and their composition,
among others.

The industrial application of this technology is quite restricted due to limitations
such as the need for a large area by the cathode, the existence of a limit current density,
and the periodic cleaning of the cathode surface for the process to continue working [45].
With respect to regular cleaning to maintain efficiency, Jin et al. [43] demonstrated the
effectiveness of polarity reversal in removing depositions on the cathode. This system
eliminates incrustations with more efficient reduction in the hardness of the water, as well
as being more energy efficient.

This technique can also be used to treat tap water, using different settings, obtaining a
low pH zone and a higher pH zone with low salinity. Mixing the treated water of these
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two configurations could produce tap water with the desired pH. Calcium removals of
between 73-86% were observed by precipitation [46].

Yu et al. [47] carried out comparative studies between conventional electrochemical
reactors and multistage electrochemical precipitation reactors, when the latter presented a
clear superiority maintain a stable softening efficiency after a long time operation, were the
hardness removal efficiency was 18.7-21.6%.

Combined electrochemical treatments have been developed to try to increase effec-
tiveness in reducing water hardness, for instance conventional electrocoagulation and
electrochemical precipitation. Flocs formed in the electrocoagulation cell, which could
provide more electrostatic attraction and precipitation surface for hardness species in
electrochemical precipitation cell [48].

4.4. Cationic Exchange

A common technique in water softening is ion exchange with application for domestic
and municipal use. This technique involves an exchange between ions from water of
similar charge to the resin, maintained by electrostatic forces in charged functional groups
located on a solid. The exchange occurs between multivalent ions, such as Ca?* and Mg?*,
found in the feed water with a cation trapped in the resin, which is usually Na* [49].
Depending on the type of resin used, a wide variety of elements can be removed such as
radium, barium, nickel, vanadium, nitrates, chromates, arsenates, etc. With removal rates
of up to 98% using selective resins [34,50].

The most used material for this process are synthetic resins, networks of hydrocarbon
radicals that form a three-dimensional matrix to which soluble ionic functional groups are
attached [51]. Recycled materials have been proposed for the manufacture of the resins,
which can help to make this technique a little more ecological. Bekri-Abbes et al. [52]
developed a technique to recycle polystyrene residues from coffee cups to generate cation
exchange resins. Calcium removals of up to 0.93 mmol/g were observed after 4 h of
treatment at 40°.

A problem associated with the use of these systems is the sodium concentration
increase in the water, released from the resin and during the resin regeneration. In some
cases, this increase can be very high and may have negative effects on health and the
environment [49]. Due to these problems in countries such as the United States, legislative
measures have been taken against the discharge of water from ion exchange treatments [53].
To try to reduce the effects associated with excess sodium, different alternatives have been
proposed, for example, replacing NaCl from resins with KCl. This is because a controlled
increase in potassium does not produce negative effects for health and the environment [54].

4.5. Membrane Treatment

Separation of ions, which contributes to scale formation, can be obtained with mem-
brane techniques, but it is a less common treatment used to reduce water hardness.

Different kind of membranes can be used, and the cation removal depends on porous
measure or other mechanism and coupled process. Ultrafiltration membranes alone are
inefficient at reducing hardness, with removals of around 15%. However, if the treatment
is supplemented with a Fluidized Bed Pellet Reactor, the removal rates can be around 85%.
Reducing water hardness with an integrated membrane and fluidized bed reactor has been
shown to be very effective [55].

It has been observed that nanofiltration processes allow elimination of multivalent
ions of around 90% and monovalent ions of between 60-70%. In the case of calcium, a
rejection greater than 90% was observed, depending on the conditions [56], and removal
rates of around 96-98% for calcium and magnesium using a commercial spiral-wound
nanofiltration membrane [57]. Dependence between nanofiltration treatment and pressure
were analysed, with low (0.5, 1, and 2 bar) and high (4-16 bar) pressures. Rates of retention
reached 50% for Ca®*, 63% for Mg?* and 40% for HCO3 ™ at strong pressures, and 34% for
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Ca?*, 40% for Mg?* and 30% for HCO; ™~ at low pressures. Figure 8 shows the scheme of
the nanofiltration system used [58].

I - A

[©

® =
Ol

Figure 8. Diagram of the nanofiltration pilot. 1 tank, 2 feed pump, 3 and 4 pressure regulation, valves,

5 nanofiltration module, 6 permeate recirculation, 7 retentate recirculation, 8 heat exchanger. D, flow
meter; P, pressure sensor; T, temperature sensor [58].

New membranes with layers, or with better self-cleaning systems, are being developed
that improve the performance of the process. For example, a nanofiltration membrane
made of nanocomposite polyamide layer with nanoparticles of MOF (metal-organic frame-
works), based on phthalic acid and aluminium nitrate to improve the function of the
thin-composed membrane. After the study, a significant improvement in water flow and
rejection of multiple compounds (NaCl, MgCl,, MgSO4, Na,;SOy) for water softening was
observed [59].

In studies with reverse osmosis membranes, hardness removal of around 95% was
obtained. It was observed that removal efficiency depends on the raw water conditions [60].

4.6. Other Treatments

New techniques and treatments have been developed to combat the effects of hard
water and, in severe cases, by combining two or more removal processes.

New self-cleaning filters have also been developed using spark-generated shock waves.
These filters avoid filter replacement after fouling and are more efficient than self-cleaning
backwash filters. The spark discharges, generated from short electrical pulses, produced
shock waves that propagated towards the filter surface. This shock wave produced enough
force to dislodge the calcium carbonate particles deposited on the filter surface, decreasing
the pressure drop across the filter [61].

In small communities in semi-arid regions that have problems with highly calcareous
waters and do not have access to conventional treatments, materials such as Moringa oleifera
seeds are used as adsorbents with good results to soften water in combination with the
dosage of coagulants [62].

Adsorbent based on natural polymers can also be an effective procedure in reduc-
ing the hardness of water. Spherical antibacterial hydrogel beads were synthesized and
employed to remove calcium and magnesium ions and reduce the hardness of water.
The sorption capacity under optimal adsorption conditions was 162 mg g~! for Mg?*
and 114 mg g~ ! for Ca?*. The beads were also found to be reusable with a negligible
decrease in removal efficiency, even after four cycles. On the other hand, a good antimi-
crobial effect was observed against Gram positive and negative bacteria thanks to the Ag’
nanoparticles [63].
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Microbial Desalination Cells (MDC) can remove hardness and heavy metals from
water in an environmentally friendly and low power consumption process. MDCs consist
of three compartments: the anode, the cathode, and a salt compartment, which is located
between the anode and the cathode. Up to 90% reduction in water hardness was observed
in the treated samples, and between 90-99% of four types of heavy metals (arsenic, copper,
mercury, and nickel) were removed [53].

Some authors propose combining other techniques, such as ultrasound, with ion
exchange to increase the efficiency of the process. It was observed that the sorption capacity
and the removal speed of Ca?* and Mg?* were higher in the presence of ultrasound than
with the classical method, especially in the early stages [64].

4.7. Advantages and Disadvantages of Classical Water Softening Techniques and Comparative

All these techniques, usually used to reduce the hardness of water, present a series of
advantages and disadvantages in their application. Table 2 summarize the advantages and
disadvantages of these classical techniques used for water softening.

Table 2. Advantages and disadvantages of classical water softening techniques (own elaboration).

Treatment Advantages Disadvantages
. Cheap treatment - Add new compounds
Chemical softening and inhibitors Hi eﬁ{) r?fa I?en - Downgrade water quahty
i 1Sy ettective - Water not suitable for all uses
. ) No chemicals are added - meta’.clons 1n.1ndustr1al applications
Electrochemical - Periodic cleaning

- Revaluation of precipitates .
precip - Downgrade water quality

Cation exchange

- A wide variety of compounds can - Increase Na* harmful to the
be removed environment and health

- High efficiency - Maintenance of resins

- Resins from recycled materials - Downgrade water quality

Membrane

- Not all membranes are useful

- High cost related with high efficiency
- Membrane maintenance

- Downgrade water quality

- High efficiency

All these techniques are very effective in reducing or eliminating calcium carbonate
deposits in systems that work with water. It is difficult to select one of them as the most
effective, since each one has different fields of application and has some limitations.

Chemical precipitation and the application of inhibitors are effective and widely used
techniques. However, they add new compounds to water, affecting its quality, so the
resulting water is not suitable for all uses. Electrochemical processes are one of the most
recently implemented procedures for the treatment of water hardness, although it has some
technical limitations in industrial applications, such as the need for periodic cleaning. Ion
exchange is also a widely used technique, especially in domestic and municipal contexts.
One of the main drawbacks is the increased concentration of ions such as sodium in the
outlet water, which can cause harmful effects on health and the environment. On the other
hand, membrane treatments are less used in water softening. Osmosis membranes and
nanofiltration membranes are the most efficient, although other types of membranes can be
used if they are combined with other techniques. However, there are problems associated
with fouling of the membranes. Among the new techniques, those associated with adsorp-
tion processes present very good prospects, especially in places with fewer resources.

Although new, more environmentally friendly and less polluting materials and com-
pounds are being used in many cases, so it is difficult to avoid the possible drawbacks of
these techniques.
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5. Application of Magnetic and Electromagnetic Techniques to Prevent the Effects of
Water Hardness

As mentioned, the treatments presented above reduce the formation of carbonate
precipitates, by reducing water hardness, through different techniques that prevent the
formation of incrustations in pipes and heating systems. However, these techniques have
some disadvantages, as has been seen. Alternatively, magnetic and electromagnetic tech-
niques prevent the effects of water hardness without adding or removing compounds and
minimize scale deposits. However, the different equipment which is being commercial-
ized is not complete in effectiveness in several cases, and its effectiveness is not easily
demonstrated in domestic devices with analytical procedures.

Below is an exhaustive review of the magnetic and electromagnetic treatment techniques
that aims to know the state of the art of these techniques and their possible applications.

5.1. Magnetic Techniques

References to the application of magnetic treatment are older than those to electromag-
netic treatments. Gruber and Carda [65] proposed different installation configurations of
permanent magnets (Figure 9), with different orientations of the magnetic field, in intrusive
and non-intrusive systems. In those of class I and IV, the applied field is parallel to the
direction of the flow, while in those of class II and III, the field is orthogonal to the flow.

(a) Class | (b) Class 11

LTI A\
:

)NSSN.\’SSN( F—» m B —»
CICEH1T =y

(¢) Class 111 (d) Class IV

Figure 9. Configurations of magnetic assemblies [65].

Although currently, magnetic techniques are less used than electromagnetic tech-
niques, magnetic techniques continue to be studied. This is the case of the Alomari [66]
study in which the efficiency of the application of magnetic fields in the formation of
encrustations in groundwater is tested. Permanent neodymium magnets were used to
generate the magnetic field and groundwater was heated in a beaker at 95 °C to obtain the
incrustations. The good results achieved are attributed to the magnetic field reducing both
the dissolved CO, content and the surface tension, thus reducing the amount of temporary
hardness. An alteration was seen in the shape and size of the calcium carbonate crystals
that prevent their adhesion to the substrate by forming hard scales. There is a great variety
of assemblies for applying magnetic fields to water.

Table 3 shows some of those found in the bibliography. In the equipments used
in the literature, the magnetic field intensities applied to water range from 0.007 to 1 T,
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mainly ferrite or neodymium magnets being used. Electromagnetic fields are applied to a
multitude of solutions ranging from groundwater to synthetic solutions with pollutants. In
turn, there are many applications studied with special emphasis on the effect on calcium
carbonate. Reductions in hardness and fouling of between 15-45% are observed, depending
on the case. In addition, it is also observed, in some papers, that the application of the
treatment increases the formation of aragonite instead of calcite. Apart from these effects,
modifications are also observed in the properties of the water that can be very interesting
due to its different applications.

In summary, it is observed how the application of magnetic fields to water generates
various effects on the formation of scale (modifications in hardness, prevention of scale
formation, variation in crystalline structures ... ), and in the properties of water. Other
effects have also been reported, such as the increase in the adsorption rate of heavy metals
that should be studied in more depth.

5.2. Electromagnetic Techniques

Electromagnetic techniques have been developed in recent years to a greater extent
than magnetic techniques, as another way of applying magnetic treatments to water. There
are many studies that show the effect of these techniques, in addition to the comments of
users who observe the effects of the multiple commercial electromagnetic equipment at
domestic and industrial levels [78].

This research line has shown good results, as demonstrated by simulation studies
such as Kozic et al. [79], which support the interest and effectiveness of these techniques.
They used equipment consisting of a nickel-galvanized iron casing and an inner steel plate.
The electromagnetic coil is a solenoid with rectified alternating currents which produces
a pulsating field. A computer simulation verified the efficiency of electromagnetism
equipment in reducing the formation of carbonate deposits. Figure 10 shows one of the
most common designs for the generation of electromagnetic fields, a solenoid to which an
electric current is passed [80].

Figure 10. Electromagnetic field generator system [80].

Table 4 includes EM equipment commercials from research studies. In them it is
observed that the frequencies used range from 0.05 to 400 kHz, and the equipment used
is based mainly on solenoids to which an electric current is passed. On the other hand,
the solutions used are also very broad, from synthetic hard water to sea water. It is also
observed that the effects analysed are varied.
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Table 3. Magnetic equipment used in the literature (own elaboration).

Reference Magnetic Equipment Intensity (T) T (°C) Solution Volume (L) Velocity (m/s) Effects Studied and Results
Hardness and scale formation (39% reduction
Alomari, 2019 [66] Neodymium magnets 0.5 - Groundwater 20 - in temporary hardness, 2% in permanent
hardness and 9% in total hardness)
Adsorption of heavy metals on activated
Rajczykowski & Neodymium magnets Heavy metal carbon (The EffeCt.l veness of the process with
0.517 - . 0.4 - respect to copper is increased by more than
Loska, 2018 [67] N38 solutions 5
40% and a summary molar removal was
increased by 11%)
.. Specific heat (Treatment can decrease it),
Wang et al., 2018 [68] MWIZ-lurinaﬁgglzmg 0.28 25-70 Tap water - 0.8 evaporation (Increases by 39%), and boiling
qup point (Reduction of around 2 °C)
Han et al., 2016 [69] Permanent magnets 0.08-0.18 20 Purified wat'er and - - Properties of water and KCl solutions
KCl solutions
Calcium carbonate precipitation (Reduction by
Bauer Water 15%) and corrosion of pipes (Corrosion rates of
Latva et al., 2016 [70] . 0.026 21.1-21.5 Tap water 60 - 1-50 mils/year were obtained using chemical
Ltd.PJ-20iHS . . . .
inhibitors, with corrosion rates of 0.0 mils/year
obtained for the magnetically treated water)
Calcium carbonate precipitation with a rapid
Mahmoud et al., 2016 Permanent magnets 0.8 27.3-27.9 Hard water 1 - controlled precipitation test (Antiscaling
[71] GMX 8000 . . o
efficiency was approximately 45%)
Ba. Sr. Ca. Ag and Na Control of sulfate scales (The particle size
Silva et al., 2015 [72] Permanent magnets 1 24 ’ Isohll ti(;gns 0.05 0.992 distributions obtained for the treated solutions
are in a smaller range than the untreated ones)
Effect on the structure of calcite and aragonite
Liu et al., 2010 [73] Own equipment 0.01-0.04 20 Synthetic water 60 0.5 (Changes in morphology are observed after
application of the treatment)
Calcite and aragonite growth rates (Reductions
of up to 37% were observed in the growth rate
Taietal,2008[74] ~ MagneGen1000and 100 0.007-0.102 25 NayCO; and CaCl, - 0.047 of calcite. When treating for 24 h before

nucleation, more than 50% aragonite appeared.
When treating for 48 h, the calcite disappeared,
and the aragonite was the predominant form)
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Table 3. Cont.

Reference Magnetic Equipment Intensity (T) T(°O) Solution Volume (L)  Velocity (m/s) Effects Studied and Results
Structure of calcium carbonate and persistence
Coey and Cass, 2000  Ferrite ring magnets and Groundwater and ofothe. treatment (.A lower amount of Aragonite
[14] Nd-Fe-B magnets 0.1 - mineral water 0.5-1 0.04-1.2 (7%) is observed in the untreated samples and
54% in the treated samples. A memory effect of
more than 200 h was observed)
Nucleation of a supersaturated solution (The
Neodymium-iron-boron application of the treatment generates a faster
Wang et al., 1997 [75] 0.2 25-30 NapyCOj3 and CaCl, 0.005 - o . .
magnets precipitation, with smaller and more irregular
crystals)
Crystal morphology and formation of
Kronenberg, 1985 . . 2 x 10751 precipitates (An increase in crystallization
[76] Ferrite type ring magnets 0.1 ) Tap water x 1074 ) nuclei and a reduction in crystals attached to
the substrate are observed)
Martvnova et al CaSQOy, CaSiOs, Scale formation (The dimensions of the crystals
1}9, 69 [77] M Undetermined 0.9 - BaSQy4, Ca(HCO3), - 0.1 decrease, and their number increases as the
solutions intensity of the magnetic field increases)
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Table 4. Electromagnetic equipment used in the literature (own elaboration).

Electromagnetic

Frequency

Reference . T(O Solution Volume (L) Flow (L/h) Velocity (m/s) Effects Studied
Equipment (kHz)
Calcium carbonate precipitation and structure (The
Gimeno Amords Tap and evaporation of water with temperature generates almost
TK3K equipment 1 21-29 P 4 600 - 100% aragonite in the samples. The Meigen test is useful for
etal., 2019 [9] synthetic water . o . . .
the identification of crystalline forms, but it has many
interferents)
Scale in reverse osmosis membranes and effect on the
Jiang et al., 2019 HydroFLOW S38 and N ) permeate (The decreasing rate of the normalized water
[81] HS48 150 21-37 Groundwater 1362 permeability with treatment improved by 38.3% and 14.3%
compared to permeate flow without treatment)
Effect of saline water on seed germination of corn and potato
Hachicha et al crop (The treatment of saline irrigation water increased the
2018 [82] M Aqua-4D system 1-10 - Saline water 0.005 - - germination rate of corn seeds, absorption of the nutrients
(K, N and P) by the potatoes and decreased the ion toxicity
for the crop by decreasing the Na™ contents in the plants)
Calcium carbonate precipitation and structure (Effects were
Piyadasa et al., Pulsed electromagnetic 100 2740 Na,COs and 0.002-0.01 ) ) observed on the CaCOj3 precipitation profile and on the
2017 [83] field (PEMF) devices CaCl, ’ ’ characteristics of the precipitate, but only with one of the
two equipment analysed)
Effects on microorganisms (Negative and positive adaptive
. . . responses are observed in the growth rate after the
Piyadasa e,t al, Pt'ﬂsed electromagpetlc 100 25-27 Water Wlth 2 5.52-27.6 - application of the different equipment. These responses are
2018 [84] field (PEMF) devices bacteria hi . .
ighly dependent on the interaction of numerous factors and
parameters)
Calcium carbonate precipitation and effect on
Verdu, 2016 and Tap and pond microorganisms (The Meigen test is useful for the
Gonzalvez, 2017 Antical RF equipment 20-200 25-75 P wa te}; 50 1000-500 - identification of crystalline forms. Colony reduction
[29,85] percentages of up to 67% were observed in Escherichia coli
and up to 78% in Enterococcus faecalis)
Merdier et al Formation of biofilms (Reductions of up to 39.9% in
2016 [86] i Aqua-4D system 1-10 20-25 River water 0.05 25 - maximum biofilm thickness were observed with treatment
after 45 days)
Membrane performance, fouling and permeate (The
Rouina et al Copper solenoid with a Calcium rejection increased by 5.3% after the application of the
v flow of alternating 0.05 28-35 carbonate 25 - 1.8-4.8 electromagnetic fields. In the presence of the treatment, the
2016 [80] . . . o .
electrical current solution permeate flow rate increased by 30% compared to the case in

which no treatment was applied)
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Table 4. Cont.
Reference Electro'magnetlc Frequency T(O Solution Volume (L) Flow (L/h) Velocity (m/s) Effects Studied
Equipment (kHz)
Calcium carbonate precipitation and structure (The
. application of electromagnetic fields under favourable
Zhao et al., 2014 Magnetoelectric conditions can have a significant anti-scaling effect with
[87] coordinated water 0.05-0.3 30-90 Cooling water ) ) 0.334-0.669 68.95% of anti-scaling ratio. It was also observed that the
TOCESSOr g
P appearance and growth of aragonite is favoured and its
transition to calcite is slowed)
Cooling water scale (Conductivityit was reduced by 17%
1 0,
Xuefei et al., Electromagnetic signal Synthetic hard w1thutreatme?nlt ! cgmpared lto 81% for the gr}lltreated case. A
2013 [88] generator 66—400 25 water 40 - 0.8 smaller particle size was also observed with treatment, as
well as looser structures, unlike without treatment, the
crystalline structures were more compact)
Stojiljkovic et al., . . Geothermal ) B Scale formation (A decrease in deposit of up to 78 times was
2011 [89] Solenoid around a pipe. 0.2-4 60 water 54 achieved using a variable frequency electromagnetic field)
Modification of scale and effect on the water molecule (A
Company’s modification of the crystalline phase is observed after the
Catli, 2009 [90] Hydronic equipment 0.5-6 80 water trial - - - application of the treatment, favouring the formation of
system aragonite. The field strongly “polarizes” water, lining up the
charges in the molecules)
Shahryari and Effect on fouling of a heat exchanger (Ca?* decreases in the
Pakshir, 2007 MEF generating coil. 1-5 30 Cooling water - - 0.5-1.3 water of 23%, 11.5% and 7% were observed at water
[91] velocities of 0.5, 0.8 and 1.3 ms ™!, respectively)
Crystal nucleation and fouling (The resistance to fouling
3 3 ! 0,
Xiaokai et al., Electromagnetic Na,COs and obtained with th.e treatment was between 50-72% lower than
. - ) 6-22 - 50 - - that observed without treatment. It was also observed that
2005 [92] anti-fouling device CaCl,

the growth of the particles was promoted by a coagulation
process and not by a nucleation growth.)
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Reductions in scale formation of up to 70%, alterations in the crystals formed and in
the form of nucleation have been reported after the application of electromagnetic fields.
Apart from the reduction in calcium carbonate scale, a multitude of effects have been
observed in other very interesting fields of application. Improvements have been reported
in the permeate of the membrane treatment after the application of electromagnetic fields,
as well as reductions in the formation of biofilms of between 40-70%. Alterations in
bacterial growth rates have also been observed after the application of electromagnetic
fields, as well as variations in germination rates and nutrient absorption by different crops
using electromagnetically treated water.

In conclusion, a great variety of effects of the application of electromagnetic fields
have been reported in various fields apart from the reduction in calcium carbonate deposits.
These effects include the improvement of permeate, the effect on the formation of biofilms,
and the alteration of bacterial growth, as this shows that the application of electromagnetic
fields can be very beneficial in many fields.

6. Studies of the Effects of Magnetic and Electromagnetic Fields on the Water Hardness

The effect by which the application of magnetic and electromagnetic fields prevents
scale formation is not fully defined. There are two main theories on which these techniques
are based a modification of the crystalline structure of calcium carbonate between calcite
and aragonite and the formation of crystals within the fluid not bound to the surfaces of
the pipes.

6.1. Identification of Crystalline Forms
6.1.1. Formation of Calcite and Aragonite in Scale

Current references report that magnetic and electromagnetic techniques influence the
crystalline formation of calcium carbonate precipitates that produce scale. In absence of
treatment, precipitation occurs in the form of calcite, while magnetic and electromagnetic
techniques cause a less compact scale formation, probably as a consequence of the crys-
tallization of calcium carbonate as aragonite [14]. In some studies, after the application of
the magnetic and electromagnetic field, an increase in the concentration of aragonite, with
a needle shape, and a lower presence of calcite crystals, with rhombohedral structure, is
observed in scale [70].

Aragonite is a mineral whose precipitation produces less scale in pipes. These deposits,
less compact and more easily eliminated, were also observed in other studies after applying
magnetic treatment [73]. In this study, SEM was used to distinguish between treated and
untreated samples of scale deposits. Aragonite was observed mainly in the treated samples
and calcite mainly in the untreated samples.

6.1.2. Reversion of Aragonite to Calcite

Coey and Cass [14] observed in the experiments that aragonite crystals return to
calcite after some time, and the effect of magnetism on the crystals could extend to
more than 200 h before the reversion occurred. On the other hand, the experiments of
Botello-Zubiate et al. [93] obtained a much smaller effect at the same time range. Botello-
Zubiate et al. states that these differences could be related to the chemical composition of
the samples (Table 5), since the samples contain higher amounts of Na*, Ca?*, and K*, and
concentrations of FeZ*, Mn%*, and Zn%* were also different from those of Coey and Cass.

6.1.3. Formation of Calcite and Aragonite Induced by Evaporation

Changes have been found in the calcite/aragonite ratio produced in deposits after
water evaporation, before (80%/20%) and after (20%/80%) treatment. However, this
occurred under certain conditions which were not specified and not in all experiments [94].

The SEM technique was also used in the studies of Catli [90] when the crystalline
structure of calcite and aragonite formed on the water surface after the application of
electromagnetism was analysed, observing clear morphological differences. In this case,
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the waste produced without and with treatment was analysed, with calcite and aragonite
appearing, respectively.

Table 5. Comparative analysis of the waters used in the studies (own elaboration).

Botello-Zubiate et al., (2004) [93] Coey and Cass (2000) [14]
Na* (mg/L) 163 6
Ca* (mg/L) 229 132
K" (mg/L) 12 1
Fe?* (mg/L) 0.32 2.49
Mn?* (mg/L) 1.23 0.46
Zn?* (mg/L) 0.95 0.04

Although it has usually been observed that magnetic and electromagnetic treatment
promotes the formation of aragonite, some studies have observed that the formation of
calcite is favoured in waters supersaturated with calcium hydroxide [95].

Different studies have been carried out at the University of Alicante on the application
of electromagnetic fields in waters, focusing on reducing the hardness of tap water. The
studies used 2 types of electromagnetic equipment, Antical RF and TK3K, which emit low
frequency radio-electromagnetic waves (20-200 kHz) through the water. The Meigen Test
and the SEM technique were used to differentiate between calcite and aragonite, obtained
after evaporation in controlled temperature [29]. It should be noted that to apply this
techniques, solid mineral phases are needed, so to study liquid samples they must be
previously evaporated. When the crystals are generated, the conditions of the sample
are altered, and transformation between calcite and aragonite occurs, masking the results
produced by the electromagnetic treatment [9].

6.1.4. Orientation of Aragonite Crystals

From the results obtained in the studies carried out with the TK3K and Antical RF
equipment, it was observed that electromagnetic treatment seems to generate a small
crystal, with orientation and agglomeration that does not occur without the treatment,
as can be seen in the SEM analyses (Figure 11). This may be due to the influence of the
electromagnetic field, which causes the crystals formation with a certain orientation and
agglomeration [9].

WD11.9mm 15.0kV x5.0k

Figure 11. SEM image of aragonite crystals with and without electromagnetic treatment [29].
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6.2. Liquid Phase Studies
6.2.1. Crystal Formation within the Fluid

Other theories state that the effect of magnetic treatment is not related to the type of
crystal formed, but rather it consists in promoting the formation of crystals within the fluid
rather than in the pipes, so that scale does not form [96]. This can be seen by studying the
Tyndall effect in the solution. When these crystals are formed, they will scatter and block
an incident laser beam, reducing the photoenergy received by an optical sensor. In this
way, the speed and intensity of the crystallization process can be analysed [75].

A relationship has also been observed between the application of electromagnetic
techniques and the alteration of the hydrodynamics of the fluid flow. These techniques can
increase or decrease turbulence in the fluid, promoting the aggregation or disaggregation
of ferromagnetic and diamagnetic colloids [97].

In other papers, it has also been seen that the anti-scaling properties of the treated
water persist for some time after the magnetic treatment, producing a kind of memory
effect [71]. With these results, there may be a great dependence on the time after exposure
and the chemical composition of the water, with respect to the effectiveness of the treatment.

6.2.2. Effects on Water Properties

In the study of Han et al. [69] with highly purified water, it was observed that magnetic
fields cause displacement and polarization of molecules and atoms, change the distribution
of molecules and electrons, change the dipole-moment transition and vibrational states of
molecules, and vary the transition probability of electrons, but no alteration was observed
in the constitution of molecules and atoms.

According to the studies of Wang et al. [68], there was a decrease in the specific heat
and boiling point of water after magnetic application, as well as an increase in evaporation.
A 39% increase in evaporation of treated water was observed compared to untreated,
and the optimal magnetizing condition was determined as the magnetic field strength
(MFS) of 300 mT. This effect can be of great benefit in the field of energy efficiency because
this technique would help reduce the energy required to bring water to the boiling point
necessary in many applications.

The influence of an electromagnetic field on the pH of the solution has been observed
as an initial reduction in the pH that directly affected scale growth. It was also observed
that the effects of magnetic treatment on scale formation are eliminated when pH is
controlled [98]. This paper attributes the variations in pH to the effect of the electromagnetic
field, but it could also be influenced by water agitation eliminating CO, and thus reducing
pH, which directly affects the growth of lime scale.

7. Other Magnetic and Electromagnetic Applications

The most important magnetic and electromagnetic application is the treatment of
water hardness, but it is not the only one. There are other less studied applications, but
with very interesting results.

7.1. Combining with Other Treatments

Rajczykowski and Loska [67] studied the effect of magnetism on the adsorption of
heavy metals such as copper, nickel, or cadmium. They demonstrated that the application
of magnetic fields increased the efficiency of the adsorption process, and it is possible
to accelerate and increase adsorption of heavy metals in aqueous solution, maintaining
adequate conditions.

In the studies of Guo et al. [99] the magnetic field is beneficial to the membrane
separation by reverse osmosis of brine from seawater, focusing mainly on the effect on
sodium, magnesium, and calcium. After the study, it was observed that the concentrations
of brine separated from the magnetically treated solutions are usually higher than those of
the untreated ones. It was also observed that, after the application of the treatment, the
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diffusion coefficients of the sodium, magnesium, and calcium ions increased, and those of
the anions decreased.

7.2. Microbiological Effects

Mercier et al. [86] observed an increase in the appearance of planktonic microorganism
after applying electromagnetic fields in fluvial waters, leading to a reduction in microbiolog-
ical contamination of water and a decrease in the concentration of sessile microorganisms
in the biofilm formations. In this study, the application of electromagnetism affected the
population structure, producing changes in the classes of Proteobacteria during the forma-
tion of the biofilm. A modulation in biofilm formation occurred after the application of low
frequency electromagnetic fields.

In the experiments of Piyadasa et al. (2018) [84], it was observed that electromagnetic
fields generate a great variety of positive or negative adaptive responses of different
microorganisms, under various conditions. The interactions of some factors such as the
type of microorganism, the specifications of the device generating the electromagnetic
field (waveform, frequency, intensity, etc.), flow rate, exposure time, etc., are responsible
for these responses. The dependence of these parameters on the precipitation of calcium
carbonate and the formation of deposits was also observed.

A possible bactericidal effect was observed in a study carried out at the University of
Alicante, after the application of the Antical RF device. The redox potential measurement
showed that prolonged use of the equipment generates a disinfecting effect in the water by
increasing the oxidation-reduction potential, with a decrease in the formation of bacterial
colonies [85].

8. Conclusions

It is well known that hardness produces negative effects in hot water systems in both
domestic and industrial heat exchange devices. Interest in topics such as water hardness,
scale prevention, and others related with water softening has grown, especially during
the 2000s, since 2008. This increase in interest is driven by the need to prevent calcium
carbonate scale for more efficient heat exchange systems and reduced energy consumption.

Calcium and magnesium are the most common elements involved in the scale precipi-
tation, and carbonate minerals are the most abundant in the nature, thus calcium carbonate
formation is very common. This compound has different tendency to other minerals since
the solubility product decreases as the temperature increases, giving calcium carbonate
precipitation. This system is influence of atmospheric CO,, since an increase in CO; affects
the dissolution of CaCOj3, and the removal of CO; causes the precipitation of CaCOs.
Calcium carbonate is one of the main compounds in the formation of scale, being able to
crystallize as calcite, aragonite, or vaterite. Aragonite has a higher density than calcite and
is less prone to produce scale. Scale samples from domestic water systems, has a higher
presence of calcite in samples from taps and pipes; however, a greater amount of aragonite
was found in samples inside heaters. Therefore, at higher temperatures the formation of
aragonite is favoured over calcite.

To determine the presence of the mineral phase, colorimetric tests, SEM, and X-ray
diffraction can be applied. Colorimetric tests are fast and cheap; however, they can have
many interferers that can complicate the identification of minerals, but they can be a
complement to the XRD and SEM techniques. However, a solid phase must be obtained
with evaporation of the water sample, complicating identification as a consequence of the
transformation of calcite into aragonite at high temperatures than 40 °C.

There is a great variety of technologies to try to prevent the effects of water hardness.
The classical techniques, such as chemical softening, precipitation inhibitors, electrochemi-
cal treatments, ion exchange, and membrane separation are highly efficient in the elimina-
tion and reduction in calcium carbonate scale, making it difficult to stand out one over the
other. Therefore, each application case must be analysed individually in order to select the
most efficient technique. However, these techniques present some problems such as the
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modification of the composition of the water or the generation of waste. To try to reduce
these effects, these processes are being modified with new materials and more ecological
and less polluting compounds are being used.

Electromagnetic and magnetic techniques are a good alternative to classic water
hardness reduction treatments because these non-invasive and cheap techniques do not
need chemicals added to the water. There are various theories about the effects of these
techniques. For instance, it seems that the application of magnetic and electromagnetic tech-
niques favours the formation of aragonite (non-encrusting) instead of calcite (encrusting).
Different papers support this effect; it is even stated that the effect of electromagnetism
on the crystals could extend up to more than 200 h before the reversion from aragonite to
calcite. Other papers affirm that an electromagnetic field favours the formation of crystals
within the fluid instead of in the pipes, and for this reason, scale would not form. These
techniques can increase or decrease turbulence in the fluid, promoting the aggregation or
disaggregation of ferromagnetic and diamagnetic colloids. In addition, studies conducted
at the University of Alicante have seen an orientation of the crystals formed after the
application of electromagnetic treatment that did not occur without treatment. It has also
been observed in other studies that after the application of the magnetic treatment, the
diffusion coefficients of the sodium, magnesium, and calcium ions increased and those of
the anions decreased.

Different applications of electromagnetic and magnetic techniques are being studied.
One of them are the possible bactericidal effects observed after the application of electro-
magnetic treatments, since it has been observed that electromagnetic fields generate a great
variety of positive or negative adaptive responses from different microorganisms, under
different conditions, or other lesser known effects such as elimination of pollutants through
adsorption processes, possible changes in water properties such as specific heat and boiling
point, among others, have been reported.

In summary, classical water hardness treatment techniques are highly efficient, and
each case must be analysed for their installation. However, they have a series of disadvan-
tages that must be taken into account when applying them. As an alternative, magnetic
and electromagnetic techniques are presented, so it is important to continue studying
their possibilities in different fields and to continue delving into domestic and industrial
installations, because the effectiveness of these treatments is not easily demonstrable in all
cases. Therefore, a large number of variables must be taken into account for each water
composition, and the device must be verified and tested under the experimental conditions
of each water installation.
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