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Magneettiavusteinen saostus on yli sadan vuoden ajan tunnettu prosessi, jonka avulla on
yritetty estdd saostumien muodostumista putkistoihin erilaisissa ymparistoissa. Vield
tdhank&an pdivaan mennessa sen tdydellisid toimintaperiaatteita ei ole saatu selvitettya.
Magneettipuhdistus laitteet vaikuttavat liuoksessa ioni- tai partikkelimuodossa olevaan
aineeseen magneettikentdn avulla. Ristiriitaiset tutkimustulokset vaikeuttavat aiheen
tutkimista. N&ité osin voidaan selittdd eri tutkijoiden kayttamilla erilaisilla koejarjestelyill,
joihin lukeutuu mm. vakioimattomat koeolosuhteet ja magneettipuhdistimien erilaiset

konfiguraatiot, joita harvoin aineistoissa on esitelty perinpohjaisesti.

Tassa tyossa pyritddn Kirjallisuuden avulla selvittdd tarkeita parametrejd, jotka voivat
vaikuttaa kyseiseen prosessiin. Liséksi saostusprosessia ja sen magneettiavustusta
késitelladn myos vyleiselld tasolla. Tyon kokeellisessa osuudessa yritetddn todentaa
magneettikentdn mahdollinen vaikutus kalsiumkarbonaatin saostukseen mittaamalla mm.

liuoksen pH:ta, johtokykyad, zeta-potentiaalia ja CaCOz:n eri kidemuotoja.

Saadusta mittausdatasta kaykin selkedsti ilmi magneettikentélld olevan vaikutusta
saostusprosessiin. Vaikka odotettuja kidemuodonmuutoksia tydssd ei havaittu, ovat
suspensiossa olevien partikkelien pintaominaisuudet selvésti muuttuneet. Tdma huomataan

esimerkiksi muutoksina zeta-potentiaalissa ja adheesion vdhenemisena.
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Symbols

aspin spin’s separation in the dimer [m]

a,b stoichiometric factors of dissolved ions [-]
[A], [B] concentrations of dissolved ions [mol/l]
B magnetic flux density [T]

VB magnetic gradient [T#/m]

C Coey’s criterion [-]

d interplanar distance in a crystal lattice [m]
dB the change in magnetic flux density [T]
dx the change of distance in x direction [m]
D diffusion coefficient [m?/s]

E intensity of the electric field [N/C]

f(®) correction factor for heterogenous nucleation [-]
fo Larmor frequency [Hz]

F force [N]

J Homogenous nucleation rate [ﬁ]

JHet Heterogenous nucleation rate [ﬁ]

k Boltzmann constant [J/K]

Ka constant shape factor of area [-]

kv constant shape factor of volume [-]

Ksp solubility product constant [(me)a+b]

L length of magnetic device [m]

N quantity related to a nucleus formed by N particles [-]



q electric charge of the particle [C]

S Supersaturation ratio [-]

t time [s]

T absolute temperature [K]

v molecular volume [m®]

Vp velocity of the particle [m/s]

Vb velocity of a DOLLOP [m/s]

B geometric factor [-]

€c, €m dielectric permeabilities of the crystallizing and supersaturated phases

before nucleation [-]

AGp; Change of Gibbs energy in heterogenous nucleation [J]
AGhom Change of Gibbs energy in homogenous nucleation [J]
A eclem [-]

v surface energy [J/m?]

1) affinity [J]

0 wetting angle [-]

u chemical potential [J/kg]

Q pre-exponential term [1/(sm3)]



Abbreviations

ACC Amorphous Calcium Carbonate

DOLLOP Dynamically-Ordered-Liquid-Like Oxyanion-Polymers

EDS Energy-Dispersive Detector

EF Electric Field

ICP Inductively Coupled Plasma

MF Magnetic Field

MTD Magnetic Treatment Device
MWT Magnetic Water Treatment

NTP Normal Temperature and Pressure
SEM Scanning Electron Microscope

XRD X-ray Diffraction



1. Introduction

Calcium carbonate is a common scale-forming substance that causes energy losses worth of
millions of dollars yearly in industrial area of work. The magnetic field’s effect on
precipitation has been observed for over a century. There are many water treatment devices
on the market that use magnetic fields to prevent the formation of scale. Widely tested effects
of such devices include the magnetic field’s influence on the nucleation process. (Tai et Al.
2007). Other reported effects include the changes in CaCOs crystalline structure, mostly the
increased tendency of the formation of metastable aragonite. (Mysliwiec et Al, 2016)

Some mention worthy experiments have noticed zeta potential alterations of CaCO3s when
magnetically treating a solution. These results suggest that magnetic field has an ability to
affect the electrical double layer of particles i.e. by charge displacement. (Alabi et Al, 2015)
The magnetic field may even cause disruptions in the formation of crystal lattice that can
alter the surface charge of the particle leading to these above-mentioned alterations in zeta
potential of calcium carbonate suspension. One of the most recent theory includes the
existence of prenucleation clusters possessing electric dipoles, through which the magnetic

field could affect the precipitation process. (Coey, 2012)

The purpose of this thesis is to make an overview on the literature about the magnetic
induced precipitation of mainly calcium carbonate. Experimental studies are also conducted,
in which the existence of the magnetic effect is tried to be verified. A recirculating system,
which consists of a pump, MTD, blade-mixer, thermostat and feeding-system is built.
Methods like scanning electron microscopy and X-ray diffraction is utilized to examine the
changes in the crystalline structure of CaCOs. Other parameters like pH, conductivity, zeta

potential and particle size distribution are also measured.



2. Crystallization

Crystallization is a complex process in which solid crystalline structure is formed when a
solution achieves a state of supersaturation i.e. by undercooling. Crystallization can be
divided into three phases; crystal nucleation, crystal growth and secondary changes of the
formed crystal suspension: agglomeration, ageing and recrystallization. Nucleation can be
separated into primary nucleation that consists of homogenous and heterogenous nucleation,
as well into secondary nucleation. Secondary processes like ageing include the
transformation of metastable polymorphs to more stable form over time. This kind of ageing

usually occurs by dissolving/recrystallization of the solid structure. (Séhnel et Al, 1992)

2.1.Solubility and supersaturation

Supersaturation is one of the driving forces for crystallization. (Shih et Al, 2016). In
supersaturated solutions, the liquid is saturated with more solved substance than it could
normally contain. It can be achieved with changing the solubility i.e. by changing the
temperature of the solution. (Krishnan, 2013). Other means to achieve supersaturation are
the evaporation of solvent, precipitation with chemical reactions and antisolvent
crystallization. (Krishnan, 2013). The thermodynamic driving force for crystallization in

supersaturated solution can be determined with (2.1). (S6hnel et Al, 1992)
Ap =y — iy (2.1)
Where, p1 is chemical potential at state 1 and L. is chemical potential at state 2.

Solubility product constant is thermal dependent equilibrium constant of a dissolved solid.
It determines the amount of substance that can be dissolved in a liquid. It is evaluated with

equation (2.2).
K = (alAD(b[B])” (2.2)

Where [A], [B] are the concentrations of dissolved ions and a,b are the stochiometric
factors of dissolved ions. (Bishop, 1954)



2.2. Homogenous nucleation

Nucleation is a process which occurs, when required amount of free energy to form a critical
nucleus, is attained. This occurs rarely as the needed free energy for the formation of critical
nucleus is relatively high. (Sear, 2006). The following equations help to understand
mathematically what kind of parameters are influencing the nucleation process and the
formation of the critical nuclei. The homogenous nuclei are formed without a presence of
foreign solid phase. The needed energy for homogenous critical nucleus to form in a solution
can be determined with a change in Gibbs energy with an eq. (2.3).

2,,83
BGhom- 22 (23)

Where, v is the molecular volume, y* is surface energy, @ is the reaction affinity and  is

the geometric factor, which can be determined with (2.4).

p = (2.4)
Where ka is constant shape factor of area and kv is constant shape factor of volume.
Reaction affinity can be determined with equation (2.5).

® =—Au (2.5)

Where Ap is the change in chemical potential and thus the driving force for crystallization.

The rate of homogenous nucleation, which tells number of nuclei being formed at a time

unit and volume, can be quantified with equation (2.6).

2,,53 _AG*om
J =Qexp (— B:ng ) =0 exp(#) (2.6)

Where, Q is the pre-exponential term (2.7) if equilibrium is among all sizes of nuclei in the
nucleating system, B is the geometric factor, v is molecular volume, y* is surface energy, k
is Boltzmann constant, T is absolute temperature, AG},,,,, iS change in Gibbs energy in

homogenous nucleation and @ is the reaction affinity.

_ 2D
T as

Q 2.7)

Where, D is diffusion coefficient and d is interplanar distance in a crystal lattice.



Homogenous nucleation is dependent on the temperature and supersaturation of the solution.
The higher the temperature, the higher the nucleation rate is as can clearly be seen from eq.
2.6. Another factor influencing the process is the presence of ionic admixtures. They may
stick into the crystal lattice of the forming crystal, thus increasing or decreasing the needed
energy for the crystallization. Admixtures adsorbed onto the crystal’s surface don’t affect

the process. (Sohnel et Al, 1992)

2.3.Heterogenous nucleation

Heterogenous nucleation is catalysed by a foreign particle such as impurity particles or a
solid surface i.e. surface of a pipe. This mechanism occurs in all uncleaned nucleating
systems. The catalytic effect of a foreign particle can be explained with a decrease in
nucleation energy barrier, which can occur when the nucleus is formed onto the foreign

particle or surface. The change in Gibbs energy can be determined with (2.8).
AGher = AGpomf(0) (2.8)

Where AGj},,,, change of Gibbs energy in homogenous nucleation and f(®) is function

(2.9), which is dependent on the solid phase’s wetting angle by liquid.

(2—3c050+c0s30)

f() = &= (2.9)

Where O is solid phase’s wetting angle.

When, VG, < VGy,,, the foreign surface has reduced the energy barrier for the formation
of critical nucleus. The equation (2.10) expresses the rate of heterogenous nucleation, though
such calculations should be taken with a grain of salt since secondary processes like

agglomeration and recrystallization can influence these values.

—-AGp,
Jhet = Qhetexp(#) (2-10)

Where Qret is the pre-exponential term in heterogenous nucleation and AG,,, is change of
Gibbs energy in heterogenous nucleation, k is Boltzmann constant and T is absolute

temperature.

The kinetics of heterogenous nucleation are affected by many external parameters like the
presence of admixtures, when they are adsorbed onto the surface of the crystal or after



forming complexes with nucleating substance. The effects of admixtures usually increase
with an increasing concentration. When nucleation operation occurs in a presence of an
electric field the reaction affinity which can be interpreted as the driving force for nucleation
can be estimated with (2.11).

EmE?(1-Dv

@ = kT(In(S) + P

) (2.11)

Where k is Boltzmann constant, T is absolute temperature, S is supersaturation ratio, €,
and € are dielectric permeabilities of the crystallizing and supersaturated phases before

nucleation, E is the intensity of the electric field and v is molecular volume.

A is the ratio between €,, and €cand can be determined with (2.12).

1= (2.12)

€m

Dielectric permeabilities can be measured with experimental setup including permanent
magnet, measuring coil, iron pole pieces and voltage meter. (Oberhauser, 2014) If, Ec<€m
the external field increases the driving force for nucleation and thus the nucleation rate.
(S6hnel et Al, 1992)

2.4. Secondary nucleation

In the process of secondary nucleation, crystallization is induced by the crystals of the
nucleating substance. A seed crystal can catalyst nucleation in supersaturated solutions, in

which nucleation doesn’t occur spontaneously. (Botsaris, 1976)

Secondary nucleation can mainly occur in three ways. The nuclei can be formed onto the
solid phase’s surface forming dendrite like structures, that eventually detach from the mother
crystal. The nucleation can occur due to structural changes of the liquid near the mother
crystal or by the inhibiting effects of admixtures. The nuclei can also take a form of
molecular aggregates, when they are formed in the adsorption layer on the surface of the
growing crystal. The aggregates then break off the crystal. (Sohnel, 1992)



The different nucleation types are depicted in figure 1.
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Precipitation can occur when a certain activation energy barrier for the formation of critical

nucleus and for the ions to travel across the interface between the nucleus and the matrix is

exceeded. These activation energy barriers are determined as changes in Gibbs energy. The

formed precipitate can vary in crystalline structure or have even an amorphous form. In

common speech precipitation and crystallization are usually mentioned as one and a same

thing. Though, amorphous state isn’t achieved in crystallization as it lacks the ion order that

is present in crystalline structures like calcite’s Rhombohedric order. (Séhnel, 1992),

(Bishop (1954)



11

3.1. Precipitations in water

Water hardness is a result of reactions between multivalent cations and anions. The most
common hardness forming cations are magnesium and calcium, which can react with anions
like sulphates and carbonates forming salts with decreasing solubility with increasing
temperature. These salts can be found in raw water sources with CaCO3 being one of the

most common scale forming compound. (Alabi et Al, 2015)

The compounds affecting water hardness can enter water sources through dissolving from
sedimentary rock and flowing from soil. (WHO, 2011). Other commonly known salts
contributing to scale formation include calcium sulphate, barium sulphate, calcium
phosphate, magnesium hydroxide, zinc phosphate, iron hydroxides and silica. Scaling
increases costs in industrial environment as the energy losses increase as well as the need

for cleaning i.e. of pipes. (Baker et Al, 1995)

3.2. Impurity mechanisms in precipitation (Coprecipitation)

When precipitation of normally soluble substances occurs with an aid of sparingly soluble
compound being precipitated, the term co-precipitation is used. Adsorption, inclusion and
occlusion are the main mechanisms of coprecipitation. (Niemi, 2008). Coprecipitation is
counterproductive process in analytical measurements that depend on the stoichiometry i.e.
gravimetry. (Harvey, 2000)

If an impurity ion has similar size and charge as the ions in the crystal lattice, the impurity
can occupy a lattice site, resulting in imperfection of forming crystal structure. This
mechanism is called inclusion. The higher the concentration of the impurity ion in contrast
to the lattice ion is, the more probable the inclusion will be. The only way to remove

inclusions is through recrystallization.

Occlusions can form when the adsorbed impurity is being trapped inside a forming
precipitate before it is able to desorb. A very fast precipitation can also trap the solution in

which it grows to a pocket like structure.

The last type of coprecipitation is the adsorption of impurities onto the surface of the formed
precipitate. Adsorption can be decreased by decreasing the surface area of particles by
digestion, in which the precipitate is being kept in supersaturated solution for extended time.
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This causes an increase in average particle size and thus the decrease of the available surface

area. Washing is another way to remove adsorbed impurities. (Harvey, 2000)

3.3. Parameters influencing CaCOg precipitation

Parameters influencing calcium carbonate precipitation process are gathered in below table
1.

Parameter Effect Reference
Temperature An increase in temperature increases nucleation rate; (Sohnel et Al,
) 1992)
Changes in temperature can cause the state of Sunagawa et,

supersaturation or prevent it, depending on the solubility | Al(2007)
of a substance;

Temperatures can alter the nucleation activation energy
and thus make the metastable phase energetically more
favorable to nucleate instead of the stable phase (i.e.
aragonite in > 60°C). Before the introduction of the stable
phase to the system, metastable phase can grow like it is
stable. The stable phase decreases the dissolved substance
content and thus the solution becomes undersaturated in
terms of the metastable and saturated with the stable
phase. (See solubilities of CaCO3 polymorphs in table 4.)

Pressure Change in pressure causes degassing, resulting in homo- | (AlabietAl,
o 2015)
and heterogenous nucleation (i.e. pressure drops decrease

CO:2 solubility leading to increase in pH by degassing);

Supersaturation | An increase in supersaturation increases nucleation rate; (Sthnel et
. Al,1992)
Increased supersaturation can change crystal morphology

to more irregular form;

pH Can change the solubility of a compound i.e. CaCO3 (Alabi et Al,
2015)
dissolution in low pH;

A rise in pH can cause increased rate of scaling;

Stirring Intense stirring promotes aragonite growth; (Sohnel et Al,
1992)

The higher the stirring the higher the precipitation rate;
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Number of formed particles increases with stirring

intensity;
Admixtures Fe?* ions decrease calcite growth rate; (Baker et Al.
(Other Mg?* ions increase aragonite nucleation; :s:::e| et Al
substance 1992)
present in the
solution)
Concentration | Precipitation mechanism depends on the concentration; (Mysliwiec et

Al, 2016)

Surface Precipitation is greater in metallic than in plastic surfaces; | (AlabietAl,
material (i.e. Heterogenous nucleation occurs in surface irregularities )
reaction tank thus Scaling increases with increased surface roughness;
material) and
morphology

Table 1. The parameters influencing CaCOs precipitation process.

3.4. Polymorphism and pseudopolymorphism

Polymorphism is a term that is used to describe solid chemical compound’s ability to have
two or more crystalline structures. Different polymorphs have different stabilities based on
their lattice energy. The most stable crystalline form has the highest change in Gibbs energy

in contrast to the amorphous form of the substance. (Le Pevelen et Al, 2017).

The physical properties of substance vary with the different crystalline forms. These can
include parameters such as conductivity, melting temperature, chemical potential and

nuclear spin states. (Brittain, 2009).

According to Ostwald’s law of stages the most stable polymorph, in favorable conditions,
will not precipitate directly in a supersaturated solution, but rather the metastable polymorph
is formed at first, which is followed by the crystallization of the most stable polymorph. For
example. CaCOz can appear in crystalline forms of calcite, aragonite and vaterite, as well as
in amorphous form. In highly supersaturated solutions at temperature of 25°C the amorphous
phase is formed at first, followed by vaterite which then precipitates into its most stable

polymorph calcite. (S6hnel et Al, 1992)
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3.5. Properties and structures of Calcium carbonate
Calcium is an alkaline earth metal with an atomic number of 20. It is the fifth most common
element on earth. Calcium atom can reach the octet formation i.e. by ionization. The formed

Ca2* cations can form compounds with i.e. sulphates or carbonates. (Orchin et Al, 2005)

Carbon dioxide is a weak acid as it is in equilibrium with carbonic acid, which is diprotic
acid meaning it has two dissociation reactions, in which the bicarbonate and carbonate ions
are formed. The carbonate ions can form salts like CaCOs. These pH dependent equilibrium
reactions can be found from the following equations 3.1-3.5. The pH dependency of these
reactions, which can be determined with acid dissociation constants of the dissociation

reactions, is shown in figure 2. (Alabi et Al, 2015)

C0,(aq) + H,0(aq) 2 H,C05(aq) (3.2)

Carbon dioxide is in equilibrium with carbonic acid (only a small percentage will form
carbonic acid)

H,C05(aq) 2 H"(aq) + HCO3 (aq) (3.2)
While pH is 4,37-8,25

HCO;3 (aq) @ H*(aq) + CO% (aq) (3.3)
While pH is 8,25-11,94

Ca?*(aq) + CO3 (aq) 2 CaCO5(s) (3.4)
Calcium carbonate is formed when carbonate ions react with calcium cations
It also forms carbon dioxide when reacting with acids.

CaC05(s) + 2H*(aq) 2 Ca?*(aq) + C0,(g) + H,0(1), (3.5)

While pH is lowered, and solid calcium carbonate starts to dissolve. Complete dissolving
at around pH of 4,37



Carbonate equilibriums pH dependency is displayed in figure 2.
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Figure 2. Carbonate equilibrium’s dependency on the pH of solution (Alabi et Al, 2015)

The pH level of the solution in different carbonate fractions found in table 2. were

o
o
"
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w
"

CO;
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N

estimated with acidic dissociation constants found in appendix 1.

Fraction CO2 (pH) HCO3 (pH) COs* (pH)
0 8,25 4,37; 11,94 8,25

0,5 6,37 6,37; 10,25 10,25

100 4,37 8,25 11,94

Table 2. pH level in different carbonate fractions

The chemical properties of calcium carbonate are listed in table 3.

15

Chemical formula CaCOs
Molar mass 100,1 g/mol
Decomposes to calcium oxide 825°C
Density 2,8 g/m3
Refractive index 1,59
Solubility in water (25°C) 0,013 g/l

Table 3. Properties of calcium carbonate. (Ty6terveyslaitos, 2018)

Calcite; in atmospheric pressure and temperature the thermodynamically most stable

polymorph of Calcium carbonate appears as a trigonal-rhombohedral, dice like crystalline

form. (Kitamura et. Al, 2001). It is known to form hard adhesive scale as its crystalline
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structure is easily deposited, over time, onto rough surfaces through heterogenous nucleation
followed by crystal growth. (Alabi et Al, 2015)

Aragonite has a needle like orthorhombic crystalline structure. It forms less-tenacious scale
that is easily removed by water flow. It is unstable in atmospheric pressure and temperature.
(Latva et. Al, 2015)

Vaterite is the least stable polymorph of CaCO3 and possesses hexagonal crystal structure.
Like aragonite, vaterite is also known to form soft non-adhesive scale. (Alabi et Al, 2015).

Examples of the varying properties of these calcium carbonate polymorphs are listed in a
table 4. (Al Omari, 2016)

Parameter Calcite Aragonite Vaterite

Ksp 3,3+10° 4,610 1,2¢108

Crystal structure Rhombohedric Orthorombic Hexagonal

Bulk lattice -1.6867 -1.7851 -1.6577

energy+108 (kJ/m?3)

Refractive index 1,486; 1,530; 1,550;
1,658 1,682; 1,650

1,686

Table 4. Varying properties of different crystalline forms (Al Omari et Al, 2016)

The nucleation conditions that promote different CaCOs crystalline structures are exhibited

in the following table 5.

Condition Calcite Aragonite Vaterite Reference
Temperature low (i.e. room high (>60°C) Metastable to (Hagiya et. Al,
temperature) aragonite and 2005)
calcite in all

conditions, can
nucleate
according to

ostwald’s law

Pressure Atmospheric _ - (Rodriguez-
High Blanco et. Al,
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2017), (Katz et

Al 1993),
Admixtures Fe?* inhibits the | Mg?* ions favor | - (Sthnel et Al
formation the formation 1992),

Table 5. Preferred formation conditions of CaCO3z polymorphs

Table 5. indicates different factors that promote the nucleation of different CaCOs

polymorphs, however it doesn’t give any indication about their stabilities in different

conditions. As mentioned above vaterite is metastable to aragonite and calcite in all known

conditions. This is not the case for aragonite as it can be in stable form when certain

temperature and pressure conditions are fulfilled.

Stability areas of aragonite and calcite in certain temperature and pressure conditions are

depicted in figure 3.

I

20

15 F

10

Pressure Kb

0 1 |
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Calcite

| | | |

0 200 400 600
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80O

Figure 3. Stabilities of aragonite and calcite in different pressures and temperatures.

(Nelson, 2014)



18

The SEM images of crystalline forms of CaCOg, as well as of ACC are presented in figure
4.

Figure 4. SEM images of A.) Amorphic calcium carbonate. B.) Calcite. C.) Vaterite. D).
Aragonite (Al Omar et Al, 2016)

3.6. Scaling and its prevention

A solid layer of the formed precipitate can deposit i.e. onto the surface of the pipe, blocking
it after a long time. It is a huge problem in industries like oil and wastewater treatment
causing corrosion, fatigue of metal parts and decreased heat transfer. This leads to increased
maintenance and energy costs. The precipitation onto a surface is mainly due to
heterogenous nucleation, which is dependent on the material of the surface and its
morphology. (Alabi et Al, 2015), (S6hnel et Al, 1992)

The formation of scale can be prevented via chemical, physical or mechanical methods.
When chemical methods are concerned, the processing conditions can be altered to prevent
scale formation. Such condition are temperature, concentration, pH and solution
composition. l.e. the pH can be reduced with inorganic acids to a point in which alkaline
compounds like CaCOz don’t precipitate. Downside to this is that it can lead to unwanted
corrosion. (S6hnel et Al, 1992)
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Physical methods try to catalyst the precipitation in the bulk solution rather than in the
surface or by preventing the scale formation in its early stages. This can be achieved with
secondary crystallization as precipitates are formed into the added seed crystals instead of
the surface. Physical methods also include the devices that use MF or electric field, although
their effect is not proven up to this date. (S6hnel et Al, 1992)

Mechanical methods include the operation, in which the scaling rate is decreased or is
prevented with mechanical means. The roughness of the surface can be decreased i.e. with
resin coating leading to a prevented scaling. (S6hnel et Al, 1992)

4. Magnetic water treatment

The MTDs have been reported to have many effects on the precipitation process. The most
reported effects are the increasing or decreasing of the nucleation rate and the changes in
crystalline structure like the nucleation of aragonite, ergo the less adhesive polymorphic
form of calcium carbonite. (Mysliwiec et Al, 2016), (Tai et Al. 2007).

4.1. Magnetic treatment devices

Magnetic treatment devices are mainly used to treat commercial water pipelines. Even
though the basic principles behind these interest raising machines are not completely
understood up to this date, they are reported to have water treating effects in i.e. pipelines
either by, removing the existing scale, having a reducing effect on scale deposition or by re-
shaping the scale to a less adhesive form like aragonite. Even though there is much evidence
to back up the effectiveness of the MTD’s, there is also many instances in which these
devices were discovered ineffective, like in some single pass systems. The best applications
of these devices have been in heated recirculatory systems. These systems include domestic
water heaters, boilers, heat exchangers, steam humidifiers, air conditioner condensers, sugar

processing plants, steam generators and cooling towers. (Baker et. Al, 1995).

These devices are built with many different set-ups by many different manufacturers. The
magnets used are usually permanent or electromagnets of alternating or static magnetic field.

They can be installed inside or outside of the pipeline depending on the used apparatus. The
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commonly used orientation of the magnetic field in contrast to the fluid flow is either

orthogonal or parallel.

The permanent magnet configurations can be divided into four groups based on the
orientation of the field and the set-up of the magnets, as suggested in a figure 5. (Baker et.
Al, 1995).
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Figure 5. Different classes of permanent MTD's

4.2.Theories of the MF’s effect on the precipitation

In the process of trying to understand the effect of the magnetic field on precipitation and water
treatment, it is noteworthy to mention three different concepts, which are magnetism and the effects
of the magnetic field, the magnetic gradient and the magnetic memory effect. (Al Helal et. Al,
2017)

In many reports there are two popular mechanisms that are used to study the effect of the magnetic
field on the precipitation of CaCOs3. These mechanisms are known as ionic mechanism and particle
mechanism. The effects of these mechanisms are debatable as they contradict each other. (Saksono
et. Al, 2007)

Magnetically treating a solution has been reported to affect corrosion rates, when

measurements have been conducted in a metal container. I.e. the level at which the corrosion
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occurs for iron is increased. This could originate from voltages produced by conductive
solution that passes through the magnetic device, which leads to electromagnetic induction.

The iron impurities released from the corrosion could thus result in the retardment of the
calcite growth as even 6 « 108 mTOl has been reported to significantly inhibit its growth rate.

Even though this could explain the scale decreasing function of the MTDs it doesn’t explain
the reports of the favoring of the aragonite crystalline form of magnetically treated CaCOs3
solutions. (Baker et. Al, 1995)

Another contributing factor could be the surface charge of the particle as the magnetic field
has been identified to cause reductions in surface charge when treating calcium sulphate with
a magnetic flux density of few Tesla. Lower surface charge decreases the probability of the
adhesion to a surface and thus could decrease the overall scaling rate. Larger particles are
known to have lower surface charge than smaller ones. The way that magnetic field could
alter the particle size could be via its ability to displace charges near the electrical double
layer by the help of Lorentz forces. Magnetically treating CaCO3 solution has been reported
to decrease zeta potential causing increased coagulation. This could lead to alteration of the

particle size distribution when treating calcium carbonate solution. (Alabi et al, 2015)

4.3.Magnetism and the effects of the magnetic field

The first concept: magnetism and the effects of the MF helps to understand how magnetic
field will act on positive and negative particles, ions and molecules. Whether the molecules
are polar or either non-polar will play a part in how the magnetic field is going to affect the
molecules. It is suggested that within the non-polar molecules the electron and proton gravity
centers are acting around the same point leading to random movement, and thus decreasing
the coagulation of the solution. The magnetic field can rearrange the molecules into the
direction of the magnetic flux resulting in movement regulation of molecules. The magnetic
field induces dipole moment, which enhances the process of coagulation. Polar molecules
are very unlikely to coagulate because of their random arrangements and the repulsion forces
caused by the similarly charged ends of the other nearby molecules. The magnetic field
similarly to the non-polar molecules rearranges the molecules in a way that promotes the
coagulation of the solution. Particles that are in the presence of magnetic field are affected

by the Lorentz force. The trajectory of the particle is changed to be orthogonal to the
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magnetic flux and the axis of movement. Particles with opposite charges change their
trajectory to opposite directions. The magnitude of the Lorentz force can be evaluated with
an equation (4.1). (Al Helal et. Al, 2017)

F =qv,B (4.1)

Where q is electric charge of the particles, vp is velocity of the particle and B is the
magnetic flux density. And the intensity of the electric field with equation (4.2).

Where F is the force affecting the particle and q is its charge,

The Lorentz forces present in the experimental part of the thesis that affects HCO3™ and

COs? ions can be approximated with maximum magnetic flux of 26mT and pipe diameter
of 2,5cm, volumetric flow of 0,2 % and electric charge of 1e” and 2e" for the bicarbonate

and carbonate ions respectively. This approximation gives a force of about 1,710~ N for
HCOs and 3,4+10~21 N for CO3s%". The intensity of the electric field for these ions are

0,011 % and 0,022 % for bicarbonate and carbonate ions respectively.

4.4.Magnetic gradient

It is found that the effectiveness of magnetic water treatment depends more so on the strength
of magnetic gradient rather than the strength of the field itself. The size of the magnetic
gradient is determined by (4.3). (Chibowski et. Al, 2018)

_ R
VB =B (4.3)

Where B is magnetic flux density, dB is the change in magnetic flux density and dx is the

change of distance in x direction.

The magnetic field gradient is obviously dependent on the magnetic flux density of the field,
as seen from equation 4.2. The magnetic flux density depends on variety of things. The type,
shape and the source of the magnetic field are things to consider in the matter. It is also

dependent whether the magnet is permanent or electromagnet. Different materials exhibit
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different magnetic flux densities i.e. neodymium magnets show higher values of magnetic

flux densities compared to other materials of the same field strength. (Al Helal et. Al, 2017)

4.5. The Magnetic memory effect

The magnetic memory effect is a phenomenon in which the effects of the magnetic field on
the solution can be noticed hours after the magnetic field is turned off. In example magnetic
field can alter the nucleation process of CaCOs for reportedly up to 120h after the MF is
switched off. This has been demonstrated by studies in which CaCl, and Na,COs solutions
were treated with magnetic field and then stored for 60 hours in 20°C. The source solutions
were mixed afterwards, and the absorbance levels of the formed suspension was measured.
The suspension formed from the solutions that had been stored for 60 hours prior mixing
exhibited similar results as a suspension that had been magnetized and then immediately
mixed. (Barret et. Al 1997)

One theory suggests that when the Lorentz force is normal to the water surface it may
influence the kinetic energy of random motion of the dipoles. This could change the dipole
momentums along the hydrogen bonds in the water molecule clusters, which could cause
weakening and breaking of the hydrogen bonds. The suggestion is, that the free water
molecules and weakened water clusters could be the origin of the magnetic memory effect.
(Chibowski et. Al, 2018)

4.6. The ionic mechanism and particle mechanism

The ionic mechanism is a concept that is studied mostly by applying magnetic field directly
onto dissolved ions. It is reported to retard the nucleation rate and increase the size of existing
particles leading to scale prevention. One theory of this phenomenon is that the magnetic
field quasi-stabilizes the weak bonds between water molecules and carbonate ions (CO3%)
resulting in the inhibition of the precipitation of CaCOa. In the case of CaCOs precipitation
from Na>,COs and CaCly, treating only sodium carbonate with magnetic field has been found
to be enough for magnetic effects to occur. It is theorized that the lower hydration energy of
COs% ion in comparison to Ca?* ion would be responsible for the observed effect. (Saksono
et. Al, 2007), (Barret et. Al, 1997)
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The particle mechanism is usually studied by applying the magnetic field onto the already
precipitated particles. This mechanism is shown to increase the nucleation rate of sparingly
soluble diamagnetic salts of weak acids i.e. carbonates and phosphates. The formed particles
decrease in average diameter as the number of formed particles increases due to higher
nucleation rate. Aggregation can also occur in this mechanism. It was also found that the
retardment of calcite growth rate can also occur during particle mechanism. A possible
reason for the mechanism is that the magnetic field changes the orientation of the proton
spin and catalysts the H* transfer from bicarbonate (HCOg3') to a water molecule forming
more carbonate ions that then react with dissolved Ca?* cations, increasing the nucleation
rate. (Saksono et. Al, 2007)

The ionic mechanism scale reducing attribute is its ability to slow down the overall
precipitation leading to less scale being deposited onto surface area. Particle mechanism
increases the precipitation in the bulk solution which lowers the dissolved Ca?*- ion
concentration, thus could even dissolve existing deposit according to solubility constant
product. This factor can easily be determined by the usage of Inductively Coupled Plasma
(ICP) and will be studied later in the experimental part. The particles will nucleate on the
surface area as well, but if the magnetic field can change the forming crystalline structure
from NTP -conditions preferred calcite to i.e. less adhesive aragonite, the particle

mechanisms ability to prevent scale would be apparent. (Saksono et. Al, 2007)

Although these mechanisms seem to contradict each other, the evidence for the existence of
both mechanisms is documented. It was concluded that both mechanisms were responsible
for scale reducing properties of magnetic treatment, and the dominant mechanism is
dependent on the solution composition. This could refer to the carbonate equilibrium that is
dependent on the pH level of the solution. If the above-mentioned theories of particle and
ionic mechanism hold true, then the mass fractions based on the figure 2 would certainly
play a role in determining the dominating scale prevention mechanism in a treated solution.
(Chibowski et. Al, 2018).

The usual method to study ionic and particle mechanisms and their effects on precipitation
are depicted in figure 6. (Saksono et. Al, 2007)
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Figure 6. lonic and particle mechanisms and their effects.

Particle size distributions of different samples are measured later in the experimental part

so it is important to known which things can alter them, when measured with laser

diffraction analyzer later in the experimental part of the thesis.
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The factors that influence the particle size in the experimental part are presented in table 6.

mixing before sample
taking. Large particles
will be deposited
faster on the bottom of
the tank and be left out

of the measurements)

Increased average Decreased average | Reference
particle size particle size
Decreased nucleation | X Saksono et. Al,
rate 2007
Increased nucleation X Saksono et. Al,
rate 2007
Stirring (Promotes X Sohnel et Al
higher precipitation 1992
rate)
Coagulation X Sohnel et Al
1992
Ageing X Sohnel et Al
1992
Settling (Incomplete X Encyclopaedia

Britannica (2016)

Table 6. Processes that could alter particle size distribution in the experimental part

4.7. Polymorphic changes

The formation of aragonite which is a less stable polymorph of CaCOs has been recorded in

many reports about the MWT. The formation of aragonite is seen as a positive factor

regarding the scale reduction process. This being the result of the orthorhombic crystalline

structure of aragonite which is less prone to adhesion and is easily removed by water flow.

The reason why the metastable aragonite is formed in many instances of magnetic field

applications is not understood, but there are couple significant theories how this process may

occur. The first one being the cluster transformation mechanism and second one being the
DOLLORP theory. (Alabi et Al, 2015)
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Lastly, vaterite that is the least stable solid crystalline phase of CaCO3 forms less-adhesive
scale, like aragonite. Due to its instability, it is rarely found in scale deposits. The
magnetically induced homogenous precipitation of CaCO3 seems to favor calcite and
aragonite crystalline forms in the expense of vaterite, however in some cases of
electromagnets and low exposure times the formation of vaterite has been noted to increase.
(Alabi et Al, 2015)

In some experimental studies were Na,CO3 and CaCl, were mixed together, the formation
of aragonite was not noticed. (Saksono et. Al, 2007) One factor influencing this could be the
fast nucleation of CaCO3s when the source material is mixed together. The magnetic field
doesn’t have enough time to affect the HCOs and COs% ions as they form precipitate
particles quite fast. The mass fraction of aragonite formed seems to be dependent on Bet
parameter, where B is magnetic flux density and t is time of magnetization. One
experimental study succeeded crystallizing up to 72% of aragonite in room temperature. The
precipitation method used included blowing through CaCOs suspension with CO; that
brought about the dissolving of the solid phase. The solution was then magnetized as the
carbon dioxide was degassing leading to slow precipitation, where the magnetic field was

able to affect the present ions much longer. (Knez et Al, 2004)

4.8.Cluster transformation mechanism and DOLLOPs

A proposed mechanism of the formation of aragonite in the presence of magnetic field is
known as the cluster transformation mechanism. In this mechanism clusters in
supersaturated solution with a calcite like structure would adsorb onto the surface of calcite
crystals and become part of the crystal lattice in a room temperature. When the solution is
exposed to the magnetic field the clusters would transform into aragonite like structure, this
being caused by the Lorentz force. Thus, magnetic field retards the adhesive calcite growth
rate. The aragonite transformation rate would be a function of magnetic intensity,

magnetization time, supersaturation and pH. (Chang et.Al, 2010)

According to classical nucleation theory, to form nucleus seed dissolved ions must get
activation energy, which is dependent on random fluctuations of local concentration. These
nuclei will then grow to form solid crystals. A most recent findings considering the magnetic
effect, features the Dynamically-Ordered-Liquid-Like Oxyanion-Polymers (DOLLOPs). By
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this non classical nucleation theory the classically formed nuclei’s lifetime is much shorter
than the time between magnetic treatment and the precipitation, so the idea of more stable
pre-nucleation clusters that would later form the nuclei present in the classical nucleation
theory was came up with. These stable pre-nucleation clusters would consist of hydrated
ions that are disordered flexible ionic polymers of a random shape that can alter their
gyration radius twice with a less than ambient thermal energy per degree of freedom. The
existence of these prenucleation clusters were confirmed using ultracentrifugation and

cryogenic transmission electron microscopy. (Chibowski et. Al, 2018)

To better visualize the differences of these two nucleation theories figure 7 compares the
pathways of classical nucleation theory and the non-classical pre-nucleation cluster

(DOLLORP) theory from solution to crystal formation
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Figure 7. Classical nucleation vs non-classical nucleation with prenucleation clusters
(DOLLOPS) (Karthika et. Al (2016)

It was concluded that the electric dipole moment induced by the MF would be too small to
explain the known magnetic effects. A theory was written that the prenucleation clusters
would already possess an electric dipole moment, so the stress caused by the magnetic field
gradient would be enough to cause deformations in the DOLLOP structure. When observing
the effects of magnetic field on CaCOs solution, HCO3 and Ca?* ions form pre-nuclei
clusters with a positive charge on one side and negative charge on the other. The growth of
these clusters occurs when H*- ions of HCOs™ are replaced with Ca?*- ions. A driving force
for the growth could originate from the in-homogenous magnetic field’s ability to replace
HCOzs" ions proton spin dimers. An equation (4.4) was derived that determines the magnetic
field’s ability to affect the DOLLOP structures.

L
C =2, fpaspnVB > 1 (4.4)
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Where L is length of magnetic device, vp is velocity of a DOLLOP, f, is Larmor frequency,

aspin 1S spin’s separation in the dimer and VB is magnetic gradient.

If the criterion is true, then magnetic field affects the crystallization of CaCQOs. In this case
the magnetic field gradient was large enough to cause stress on the DOLLOP structures,
accelerating its growth and changing the ratio between singlet and triplet protons in the

solution, which is responsible for the formation of different polymorphs of CaCO:s.

Figure 8. represents the small prenucleation cluster (DOLLOP), with + signs being Ca?* and
—signs being CO?%3ions. Dashed ellipses with one circle are HCO; ions and the ellipse with
two dots represent the formation of hydrogen dimer in fleeting form of H,COs, when Ca?*

displaces H* in bicarbonate ions forming CaCOs; molecules. (Coey, 2012)

Figure 8. Formation of fleeting hydrogen dimer and the growth of the prenucleation
cluster (DOLLOP)

4.9. Parameters influencing or being influenced by magnetic effect

A large quantity of parameters influencing the magnetic effect has been studied. The
following table expresses the dependencies of these parameters on the MWT efficiency, and
magnetic field’s effect on some of these parameters. It is important to keep in mind that there
is also contradictory evidence found, though the contradiction could very well be the effect

of varying conditions of these experiments, such as different MWT configurations.
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The following table 7. is a summary of MWT study results by other researchers, where the

baseline conditions alter, and should be taken with a grain of salt.

Parameter Observed effect Reference
pH Decrease of pH in MWT,; (Alabi et Al
Dependency on pH level in MWT (increased precipitation at Zleki)r et Al
pH lower than 9, decreased at higher than 9.3); 19?5)
Fluctuations in pH of distilled water during MWT,; (Tzacl,;;)Al'
No MF effect when pH is regulated;
Increased calcite growth during MWT when pH>10 and
relative supersaturation>1,4;

Temperature No apparent effect on MWT; (Alabi et Al,
Thermal dependency on MWT,; ;Zlkse)r ot Al
Synergetic effect of MF and temperature in aragonite growth; 19?5)

ooy

Flow rate No apparent effect on MWT; (Alabi et Al,
Water flow helps the detachment of scale; (optimal flow )
velocity 1,3 m/s);

Supersaturation | High relative supersaturation increases calcite growth rate Tai et Al
during MWT and growth rate is slow at low relative e
supersaturation

Zetapotential | Decrease in absolute value of zeta potential during MWT; (Alabi et Al
No effect of MWT on zeta potential; o

Conductivity | Decreased conductivity during MWT; (Alabi et Al,
Increased conductivity during MWT; o)

Refractive Increased refractive index during MWT,; (Alabi et Al,

index 2015)

Surface tension | Increased surface tension during MWT; (Alabi et Al
Decreased surface tension during MWT; 201

Corrosion Increased corrosion rate during MWT; ?:::)f etAl
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Decreased corrosion rate during MWT

rate

gradient size)

Surface charge | Decreases surface charge (tested with calcium sulphate) (Alabi et
Al,2015)
Aragonite Increased during MWT from seed crystals (normal Chang et
growth conditions); 2:1e(222t1 2.
Depends on Bet parameter; (2004)
Nucleationrate | Increased during MWT (decreased particle size); (Chibowski
Decreased during MWT (increased particle size); AL 200
Evaporation Increases evaporation rate of water (Depends on the magnetic (ChiIbOWSKi)
et Al, 2018

gasses

Particle size Changes particle size distribution (Particle mechanism and (Saksono et
.. . Al, 2007)
ionic mechanism)

Presence of Needed for magnetic effect to occur; (Alabi et Al,

2015)

Table 7. Parameters that influence or are influenced by the magnetic field.

5. Experimental

5.1. Setup and equipment

The experimental studies were conducted using a system depicted in figure 9, which

included two 5-liter cans from which the source material was pumped using two KIF lab

Liquiport pumps of same flow rate of approximately 0,33I/min. The material reacted in a

recirculatory system equipped with a Grundfos Type UM 24-08N pump and Bauer water

technology PJ-321-HST magnetic device, which generated orthogonally oriented, with

respect to the fluid flow, alternating magnetic field with a maximum magnetic flux density
of 26mT. The system also had Heidolph RZR 2051 control blade stirrer working at 300 rpm

to prevent the formation of large supersaturation gradients. Julabo corio CD class Il

thermostat was also installed into the system to study the effects in greater temperatures.
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The experimental setup used in the measurements is displayed in figure 9.

Figure 9. The system used in experimental studies

The following measurements displayed in figure 10. and 11. were performed. MF3 and

REF3 samples were colour coded red to demonstrate the temperature condition of 80°C.



Conducted measurements for supersaturated samples are presented in figure 10
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Figure 10. Chart of the different baselines of supersaturated samples
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Conducted measurements for undersaturated samples are presented in figure 11.

MF4

H,0
20°C REF4

pH
Conductivity
Refractive index

MF5

CaCl, 0,001M
20°C

Undersaturation

REF5

pH
Conductivity
Refractive index

Na,C0; 0,001M
20°C

Figure 11. Chart of the different baselines of undersaturated samples

All supersaturated samples had a total precipitation time of 3 hours, after which the samples

34

for XRD, SEM and particle size analyser were taken. Na,COs solution was magnetized for

90 minutes before mixing with CaCl, and then the magnetic field was turned off, in the case
of ionic mechanism samples. The stirring rate was set at 300 rpm, the feeding rate was 0,33
I/min and pH was uncontrolled in all samples. The measurements for the undersaturated

samples were conducted in a span of one hour. After each sample, the tank was cleaned with

water followed by acid wash to minimize the risk of result alteration due to secondary

nucleation. The pH of the solution was lowered to 4 in which CaCOz3 dissolves according to

figure 2. The acidified solution was recirculated for approximately half an hour after which

the tank was emptied and filled with clean water for three more times. The pH of the solution

was then measured to be about 7 and the next measurements were ready to be conducted.
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The conditions in which the measurements were taken are listed in below table 8.

Sample | Temperature | Concentration | Volume | Total Expected | Total
(°C) (mol/l) M volume | mechanism | precipitation

(Na2COa/ (Na2CO3/ | in tank time
CaCly) CaCly) (M (h)

MF1/ 20 0,1 3 46 Particle 3

REF1

MF2/ 20 0,1 3 46 lonic 3

REF2

MF3/ 80 0,1 3 46 Particle 3

REF3

MF4/ 20 0 0 40 - 0

REF4

MF5/ 20 0,001 0,5 41 - 0

REF5

Table 8. Baseline conditions in different samples

MF abbreviation represents the samples that were magnetized, and REF is the unmagnetized
reference sample. The conditions that may alter during the measurements include variables

such as temperature, conductivity, impurity concentration and pH.

5.2. pH
The pH levels of the samples were measured at a function of time to determine possible

changes during the application of magnetic field, and to keep track of the dominating ion in
carbonate equilibrium. Mettler TOLEDO seven compact pH/lon S220 was used in the pH
measurements. According to figures 12 and 13, there were no notable differences between
the reference and the magnetized samples, when the baselines of the pH and the accuracy of
the pH meter is taken into consideration, so the magnetic field did not seem to influence the

pH of the solution.
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The measured pH levels of the supersaturated samples are depicted in figure 12.
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Figure 12. pH levels of supersaturated samples at a function of time

The measured pH levels of the undersaturated samples are depicted in figure 13.
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Figure 13. pH levels of unsaturated samples at a function of time

In some cases, there was found fluctuations, or half a unit decreases in the pH level of
magnetized distilled water. These effects were explained with electric currents generated by
the Lorentz forces, that caused electrochemical reactions leading to variations in pH. (Alabi
et Al, 2015).
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These fluctuations could be hard to detect in these experimental conditions, as the pH meter
didn’t seem to be able to function correctly when the measuring was done directly in the
reactor tank. The flow of the water seemed to distract the device, so small samples were

taken from the tank and returned in working solution after measurements were conducted.

5.3. Conductivity

The conductivity measurements were taken from a small sample taken from the working
solution in 10-minute sequences. Mettler TOLEDO seven compact S230 was used to
measure conductivity and 20°C and Mettler TOLEDO sevenEasy in 80°C.

Some experiments have reported changes in conductivity of magnetized samples. The way
that magnetic field could affect the conductivity of a solution is by affecting the hydration
shell around the ions. There are reports of increases and decreases of conductivity during
magnetic treatment, which can be explained with different kinds of magnetic device
configurations. (Alabi et Al, 2015).

According to figures 14 and 15 the changes in conductivity appeared to be far too
inconsistent to make a conclusion if the magnetic field influenced the conductivity of the
solution or not. The conductivity was measured similarly to the pH measurements, by
extracting a small sample from the tank. This could affect the results as the changes in
hydration shell might disappear rapidly after the solution is taken away from the presence of
the magnetic field. The ions in the system are not exposed to the magnetic field all the time
as they just pass very quickly through it. Thus, a better way to study this effect could be by
examining a static solution completely exposed to the magnetic field.



The measured conductivities of the supersaturated samples are depicted in figure 14.

Figure 14.

The measured conductivities of the undersaturated samples are depicted in figure 15.

Figure 15.
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5.4. Zeta potential
Zeta potential was measured from the same extracted sample as from the conductivity

measures were taken with Mitek SZP-10 system zeta potential analyzer.

A theory claims that magnetic field could affect zeta potential, which is an indicator of
colloidal stability, by displacing charged particles causing redistribution of charges near the
electrical double layer. This would lead to changes in zeta potential during magnetic
treatment. The closer the absolute value of zeta potential is to 0, the more quickly the

suspension coagulates or flocculates. (Alabi et Al, 2015)

The figure 16 pictures the zeta potential at a function of time in MF1 and REF1 samples.
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Figure 16. Zeta potential of MF1 and REF1 samples at a function of time

From this figure we can observe the change of sign in zeta potential from plus to minus when
magnetic field is applied to the system. This might be due to charge redistribution in the
electric double layer caused by the magnetic field. Other thing that might have affected the
zeta potential is the magnetically induced disturbances in the formation of crystal lattice
causing alterations in surface charge of the particle, leading the particles to attract opposite
charged ions in comparison to the unmagnetized sample. In this case the magnetic field was

applied during the precipitation process (particle mechanism).



40

The figure 17 pictures the zeta potential as a function of time in MF2 and REF2 samples.
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Figure 17. Zeta potential of MF2 and REF2 samples as a function of time

From the figure can be observed a decrease in absolute value of zeta potential in the timespan
of one hour after the magnetically treated Na>COs solution is mixed with CaCly, then
aligning with the unmagnetized sample afterwards. This might be due to an indirect effect
as the magnetic field only affected the ionic solution and not the colloidal CaCO3 solution.
The magnetic field could stabilize the bonds between CO3z> ions and water molecules
resulting in halted nucleation and promotion of existing particle growth by coagulation or

flocculation.
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The figure 18. represents the zeta potential of the MF3 and REF3 samples, in which the

solution was heated to 80 degrees Celsius with the thermostat.
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Figure 18. Zeta potential of MF3 and REF3 samples as a function of time

In these samples the absolute value of zeta potential is close to zero this being probably due
to the high temperature of the solution. The high level of instability caused by the low zeta
potential seems to keep a negative sign in the case of applied magnetic field and positive

sign when the magnetic field is absent.

5.5. Particle size distribution

A one-liter sample was extracted from the stirred working solution after 3 hours. The sample
was then mixed with IKA color squid magnetic stirrer at 1050 rpm for 5 minutes to get
accurate particle size distribution. The measurements were conducted with Coulter LS 230
SMALL Volume Module Plus Particle analyzer and possible flocs were disintegrated with
SONICS Vibra Cell ultra-sonic disintegrator using 20-watt output. The maximum magnetic

flux density of the alternating magnetic field was 26mT in these measurements.

Particle size distribution analysis indicated clear effects of the magnetic field on the

precipitation process.
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In figure 19 is displayed the particle size distribution of MF1 and REF1 samples as an overall

particle number percentage as a function of particle diameter.
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Figure 19. Particle size distribution of MF1 and REF1 samples

The figure shows that the magnetized sample possesses almost purely particles of diameter
between 0.04 and 0.6 um, while the unmagnetized sample consists mostly of particles
between 1 and 20 um. This could be due to increased nucleation rate originating from the
faster proton transfer caused by the magnetic field. As the nucleation and the number of
formed particles increase, decreases the formed particle size also. The pH level was
approximately 10, when the magnetic field was applied. In that point bicarbonate and
carbonate ions are about even in mass fraction in ideal solution. The data still proposes that
the particle mechanism was dominant operation in the MF1 sample. This could suggest that
the magnetic treatment devices can act as physical scale treatment devices, in pH levels of
approximately 10, as it may catalyst nucleation in bulk solution. Though, more data like

Inductively Coupled Plasma measurements, is needed to confirm this.
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The figure 20 represents the particle size distributions of MF2 and REF2 samples.
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Figure 20. Particle size distribution of MF2 and REF2 samples

Like documented in above paragraph the magnetization via ionic mechanism caused the
opposite effect as the particle mechanism pictured in figure 19. This time the magnetized
solution increased in average particle size consisting mainly of particles with a diameter of
0.8-15 um. And the unmagnetized solution had particles with a diameter of 0.04-2 um. The
reason for the shift in particle size between REF1 and REF2 samples could be explained
with a method of mixing. In REF1 sample, the source material was mixed at the same time
forming notable precipitates after few minutes of feeding. When the REF2 was mixed, the
Na,CO3 was already in the tank, when CaCl. was added into the reactor causing instant
gradients of high supersaturation where the driving force for nucleation was high, which lead
to rapid nucleation and visible precipitation immediately causing decreased particle size.
When the magnetic field was applied to Na>COz solution before the mixing process, the
above-mentioned effect of stabilization of bonds between carbonate ions, which are
dominant in the pH of approximately 11 that was prevailing in the Na,COs solution, and

water molecules may have occurred. This could have led to decreased nucleation rate and
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thus increased particle size, even when the high supersaturation gradients were present while
mixing. When comparing MF1 and MF2 samples the differences between their particle size
distributions may be due to alteration of their nucleation rates through the ionic and particle

mechanism processes.

These results could indicate that magnetic treatment may operate in higher pH levels via

halting the precipitation process.

The particle size distributions of MF3 and REF3 are plotted in figure 21.
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Figure 21. Particle size distribution of MF3 and REF3 samples

The reference and magnetized samples appear to have similar particle size distribution with
the magnetized sample having slightly smaller average particle size. Both samples include
particles with diameters of approximately 0.12-7 um. The small particle size in both samples
could be explained with the high temperature of 80°C. The higher the temperature, the higher
the nucleation rate. Also, in the case of calcium carbonate the solubility decreases with an
increased temperature, which causes higher supersaturation in the solution. The small
difference in particle size distribution can be explained with the influence of the magnetic

field on the nucleation. The difference might also be a product of differences in sampling
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and/or inaccuracy of the laser diffraction device/ random distribution of particles suspended

in solution, which is are the most probable explanations.

5.6. SEM/EDS and XRD

Small samples were extracted from the working solution and filmed with FE-SEM Hitachi
SU 5000 Scanning Electron Microscope (SEM), and to determine possible solid impurities
elemental analysis was ran with Thermo scientific NORAN SYSTEM 7. EDS-detector.

The SEM images unveiled the existence of different polymorphs of CaCOs. After three hours
all samples in room temperature contained vaterite, which is the least stable polymorph of
CaCO:s. This being most likely due to incomplete transformation of the crystalline structure
to the most stable form in prevalent conditions. This demonstrates the Ostwald’s law of

stages well.

In the case of particle mechanism, the dominant crystalline structure seemed to be calcite as

seen from the figure 22.
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Figure 22. SEM images of MF1 and REF1 samples

Both samples MF1 and REF1 also contained spherical vaterite. They seemed to possess
similar amounts of calcite, with a slight edge in the amount of vaterite in REF1.

The ionic mechanism showed also the calcite cubes, but the dominant form seemed to be
vaterite after 3 hours of precipitation. This seemed to be effect of the mixing mechanism
rather than the magnetic field as the MF2 and REF2 samples both had similar SEM images
as seen from figure 23.
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Figure 23. SEM images of MF2 and REF2 samples

Finally, the samples MF3 and REF3 precipitated in 80 degrees Celsius showed signs of
aragonite, which is depicted in figure 24.
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Figure 24. SEM images of MF3 and REF3 samples

Both samples seemed to contain only needle-like aragonite with no signs of calcite or
vaterite. This would lead to a conclusion that the aragonite nucleated due to prevailing
condition of 80°C temperature instead of being induced by the magnetic field. One
explaining factor could be that the nucleation process is far too fast for the magnetic field to
be able to affect the forming crystalline structure and thus it should be examined with a
different method, such as by degassing CO> from solved CaCOs solution. In that case the
driving force for the nucleation would be the degassing of the carbon dioxide which happens
relatively slowly, and thus the magnetic field would have more time to affect the ions in the
solution. (Knez et Al, 2004)
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The average particle size in the Figures 22-24 differs greatly from the number percentages
that were measured with laser diffraction as the SEM images revealed mostly particles with
diameters between ~50 to few hundred pm. Because the particles measured with laser
diffraction possessed mostly diameters between 0.04 and 6 pm, they wouldn’t bee visible to
the naked eye from the above SEM images. These small particles could easily outmatch the
bigger particles in number even though the bigger particles could make up most of the
volume in the solution as one ball-shaped particle of 50 um has over thousand to a power of
three times a volume compared to 0.04 um particle of similar shape. This explains why there
can be such radical differences when the particle size distribution is plotted as number-%

versus when it is plotted as volume-%.

The elemental analysis was run from the samples that are most probable to contain impurities
ergo the heated samples. Figure 25. depicts the elements found in the MF3 sample.
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Figure 25 Elemental analysis of the MF3 sample

The elemental analysis indicated that the samples contained no impurities excluding a little
amount of NaCl that is probably coprecipitated with CaCOs as its solubility limit is far went

under in these studies.

The samples were vacuum filtered and dried in 80°C oven for 10 minutes before XRD
analysis. Silicon workbench was used in XRD measurements and the device was set to 40

KV voltage and 40 mA current with copper tube in use. 2 Theta 18° - 55° angles were
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measured with a time of 0,3s and 0,02 increment. Used detector was Lower discrimination

detector.

The mass fractions of different CaCO3 polymorphs measured with XRD- analysis is depicted
in table 9.

Calcite Vaterite Aragonite

Sample (m-%) (m-%) (m-%) Impurity (m-%)

MF1 84,3 15,7 0 0
REF1 83,7 16,3 0 0
MF2 38,2 61,8 0 0
REF2 38,2 61,8 0 0
MF3 3,6 0 96,4 0
REF3 1,4 0 98,6 0

Table 9. The mass fractions of different crystalline forms of CaCOs

XRD analysis indicated that there were no apparent changes in the mass fractions of different
crystalline forms in magnetized/unmagnetized pairs. This could be due to above-mentioned
fast nucleation caused by the mixing method used in this experimental setup to form CaCOs3

particles.

5.7. ICP and refractive index
The amount of dissolved Calcium was determined with iCAP 7600 DUO spectrometer ICP
to find out if the Magnetic field influenced the overall amount of precipitation. The sample
was taken from the carefully mixed working solution and the solid particles were filtered
using CHROMAFIL PET-45/25 0,45um filters. Impurities, that could affect the process,
such as Mg and Fe were also quantified in the solution.

The concentrations of the dissolved metals are displayed in table 10.

Sample ¢ (Ca) (mg/l) c(Mg) (mg/l) c(Fe) (mgll)

MF1 5,03 0,029 <0,02
REF1 6,28 0,066 <0,02
MF2 59 0,059 <0,02

REF2 6,44 0,074 <0,02
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MF3 4,02 0,02 <0,02
REF3 441 0,063 <0,02
Table 10. Concentration of solved metals in MF1/REF1 samples

As can be seen from the table 10, all magnetized samples contained less dissolved calcium
than the unmagnetized sample. This could be due to increased nucleation rate catalyzed by
the magnetic field’s ability to fasten the proton transfer rate. Surprising was that even the
MF2 sample that was proposed to act with ionic mechanism exhibited less calcium than its
counterpart. This could account to the concurrency of the two mechanisms. The bicarbonate
fraction at the pH of about 11, which is the condition in MF2/REF2 samples, is
approximately 0,2. When considering the particle size analysis, it could be suggested that
particle and ionic mechanism have occurred at the same time in this sample pair. Other
influencing factor could be the unequal amount of magnesium impurities present in samples
that could alter the precipitation process and the unequal amount of lapsed time between

sample pairs, after the sample was extracted and the measurements were conducted.

A rough evaluation for the CaCOz yields in different samples can be conducted if the low
amounts of coprecipitation found in EDS analysis is generalized for the whole sample. If
CaCl, NaCl and Na,COs coprecipitations are assumed to be neglectable and COs? isn’t
limiting factor, then the yields can be calculated roughly from the dissolved calcium data
from ICP results.

The CaCOz yields of the different samples are evaluated in table 11.

Sample Yield (%)
MF1 98.08
REF1 97.56
MF2 97.71
REF2 97.50
MF3 98.36
REF3 98.28

Table 11. CaCOs3 yields of different supersaturated samples

As can be seen from table 11. magnetized samples have higher yields than their

unmagnetized counterparts by a small margin. As the total precipitation time is quite high in
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these studies (3 hours) the differences of yields can settle over time, so in future experiments

the precipitation time could be lower.

The refractive index was measured using INDEX INSTRUMENTS LTD OR-103L Digital
Refractometer. The measurements were found to be inconclusive as every sample noted a
refractive index of about 1.333, which is a recorded refractive index for water, indicating

that the concentration of CaCOz was relatively low in the samples.

5.8. Conclusions

The most notable differences were observed in the zeta potential, particle size distribution
and ICP measurements, while pH, conductivity, refractive index and polymorphic changes
measured with XRD and pictured with SEM showed little to no differences when comparing
the magnetized and the reference sample.

Zeta potential exhibited the alteration of sign in the case of MF1/REF1 and MF3/REF3 and
a dip in absolute value in MF2/REF2 pair. The reason for this phenomenon may be due to
before-mentioned charge displacement near the electrical double layer or caused by
magnetic disruptions in the formation of crystal lattice, which could have led to the surface

of the particle being charged differently leading to completely opposite charge.

Particle size distribution showed expected results as the average particle size was reduced
probably due the higher nucleation rate when the magnetic field was applied during the
precipitation (particle mechanism). Even the ICP measurements suggested increased
nucleation rate as less dissolved calcium was found in the solution. The decreased particle
size was less evident or completely absent in the heated sample when the rate of nucleation
was already high due to high temperature. This temperature dependency of the nucleation
rate can be seen from equations 2.6 and 2.10. When magnetic field was applied to Na.COs
solution (ionic mechanism) the average particle size increased but the decreased nucleation
rate that is suggested in the literature for this phenomenon wasn’t confirmed in these
experiments as the ICP data showed yet again less dissolved calcium when compared to the
reference sample opposed to the assumption that nucleation rate would decline in ionic

mechanism sample.
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The ICP measurements demonstrated the magnetic treatment devices possibility of working
as physical scale treatment device by catalyzing nucleation in the bulk solution, as every
magnetized sample had less dissolved calcium and higher CaCOs yields than their reference
samples. Though, the ICP analysis doesn’t include the information about the location of the
formed precipitate (surface or bulk solution), which is crucial to this principle of action.

To better visualize the effects of the magnetic treatment device, photos of the thermostat

were taken after 3 hours in the case of 80°C heated samples.

Scaling of the thermostat is presented in figure 26.

Figure 26. Scaling of thermostat in heated samples

As only a little amount of impurities was present in all samples, the nucleation was mainly
homogenous, though some heterogenous nucleation occurred onto the surface of the tank in

room temperature samples and higher amount in heated samples.

When the sample was magnetized, large precipitates filled with air bubbles were moving at
the surface of the solution. The precipitates seemed to have repulsion against the surface of
the thermostat when the magnetic field was present. This was not the case, when the
magnetic field was not present, as the precipitates seemed to gather around the thermostat
surface area over time, leading to rapid scaling, even though both samples were confirmed
to contain mainly aragonite. This could lead to a conclusion that the formation of aragonite
isn’t the only scale preventing factor of MTDs and other things like surface charge could be

playing part in scale preventing properties of magnetic devices.
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The results are round up in table 12. and they represent the effects which occurred when the

samples were magnetized in contrast to their unmagnetized counterpart.

Sample | pH Conductivity | Zeta Average SEM XRD Refractive
potential | particle size (Polymorphs | (Polymorph- | index
found) %)
MF1/ No No changes | Sign Decreasement | Calcite/ No changes | No
REF1 | changes alteration Vaterite changes
MF2/ No No changes | Decrease | Increasement | Calcite/ No changes | No
REF2 | changes in Vaterite changes
absolute
value
MF3/ No No changes | Sign No changes Aragonite No changes | No
REF3 changes alteration changes
MF4/ No No changes - - - - No
REF4 | changes changes
MF5/ No No changes - - - - No
REF5 | changes changes

Table 12. Experimental results summary

Because no changes in the crystalline structure were noticed, further studies could include
the precipitation of CaCOs by first gassing solid calcium carbonate with carbon dioxide so
all the solid solves according to carbonate equilibrium. The solution would then be treated
with magnetic field, while the precipitation occurs when enough CO- is de-gassed from
solution as done by Knez et Al, who were able to achieve even 72% yields of aragonite in
sterile environment and room temperature. This way the magnetic field has more time to
affect the bicarbonate ions and thus the proton spins. Other future studies could also include
precipitation in adjusted pH levels and the verification of ionic and particle mechanism in
solution were the mass fractions of HCO3™ and CO3? ions are adjusted to approximately 1.
As the thermostat scaling seemed to be relatively fast in 80°C, it could also be examined in
above-mentioned adjusted pH samples to determine in which pH levels magnetic water
treatment may be potent scale treatment method. A lower precipitation time could also be

used when studying dissolved calcium levels by ICP.

It is clear, that the magnetic field influences the precipitating calcium carbonate solution.

The scale preventing attributes seem to be present even when the nucleation occurs relatively
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fast. Although, more data is in fact needed to unveil all the secrets of this intriguing

technology.
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Appendix 1

Acid dissociation constants of carbonic acid dissociation reactions

Equation Ka
(3.2) 431077
(3.3) 5610711

(Carbon dioxide in water equilibrium [Web document])
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