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Dispersion Destabilization in Magnetic Water Treatment
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The destabilization of fine nonmagnetic particles as one of the
possible mechanisms for magnetic water treatment (MWT), an al-
ternative method for scale control in industrial water processing and
amelioration of dispersion separations, is discussed. Numerical re-
sults (based on an electrical double-layer theory) for the theoretical
model of surface neutralization due to ion shifts from the bulk of
the solution toward the particle surfaces, are presented to show the
theoretical possibility of accelerated coagulation of scale-forming
particles during and after MWT. C© 2001 Academic Press

Key Words: water treatment; magnetic hydrodynamics; water
dispersion systems.
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NOMENCLATURE

a Particle radius, m
B Magnetic field density, V s/m2

c Molar ion concentration, mol/m3

c∞ Molar concentration of electrolytes in the bulk
of the solution, mol/m3

e Electrical charge, A s
e0 Electron charge= 1.6× 10−19A s
Em Magnetic attraction energy, J
Ew Intermolecular interaction energy, J
ET Total interaction energy between particles, J
F Faraday constant= 9.6× 104 A s mol
Fg,b Difference between gravitation and buoyancy force,
FL Lorentz force, N
Fvis Viscosity force, N
g Gravity constant= 9.8 m/s2

kB Boltzmann constant= 1.38× 10−23 J/K
kH Hamaker constant, J
km Auxiliary magnetic parameter, J/m3

lT i Diffusion length ofi ion, m
L Distance between centers of two particles, m
M Relative molecule mass, dimensionless
n Number of dispersion passages through MWT devic

dimensionless
P Auxiliary parameter, defined by Eq. [20],

dimensionless
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Q Auxiliary parameter, defined by Eq. [21], V
r Ion radius, m
R Universal gas constant= 8.3 J/mol K
s Relative distance between particles,L/a,

dimensionless
t Time, s
tdes Ion desorption time from Stern layer, s
ti Ion relaxation time in bulk solution, s
T Absolute temperature, K
v Flow velocity of dispersion through the channel of

MWT device, m/s
W Characteristic parameter, defined by Eq. [17],

dimensionless
x Radial coordinate, m
1x Lorentz shift of ion, m
Z Ion valence, dimensionless

Greek Symbols

α Auxiliary parameter, defined by Eq. [5], 1/V
δ Thickness of Stern layer, m
ε Water dielectricity, A s/Vm
η Water viscosity, Ns/m2

κ Debye–Hückel parameter, 1/m
φ Radial angle, rad
ϕδ Electric potential at Stern border before MWT, V
ϕδm Electric potential at Stern border after single MWT, V
ϕδn Electric potential at Stern border aftern passages

through MWT device, V
µ0 Vacuum magnetic permeability= 4π × 10−7 V s/A m
χ Magnetic susceptibility, dimensionless
ρl Mass density of water, kg/m3

ρs Mass density of solid, kg/m3

σ Surface charge density, A s/m2

τ Retention time of dispersion in channel of MWT
device, s

INTRODUCTION

In many industrial processes that use natural water supp
scale formation is a common and costly problem. Magnetic
ter treatment (MWT) plays an increasing important role amo
chemical water conditioning methods regarding scale con
and amelioration of dispersion separations (1, 2). The first pa
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DISPERSION STABILIZATI

was registered in Belgium by Vermeiren (3) in 1945. As was
ported by Hibben for the USA Army, in 1975, strong electrom
nets in high-temperature water systems had been used with
economic effects in the former Soviet Union (4). Since then,
American opinion became more amenable to such water t
ment (5). Nowadays, many MWT devices of different configu
tions and capacities are available in the European market, su
Perma-Solvent (Stuttgart), Magneta (Baden Wurtenberg), W
(Rahden), Eibl (N¨urnberg), SKW (Friederichsdorf), and othe

Despite several decades of practical use and a great nee
such environmentally friendly and economic solutions, the e
ciency of these devices still remains unclear due to an incomp
understanding of how MWT devices affect treated water.

This mechanism is complex, consisting of the modified cr
tallization of scale-forming components and modified dispers
stability. These effects cannot be explained by magnetic at
tion among dispersed particles because the main scale co
nents (i.e., CaCO3, CaSO4 · 2H2O, and SiO2) form fine nonmag-
netic particles. Theoretical research of magnetic coagulation
done by Svoboda (6, 7). Numerical results present the possib
of enhanced magnetic coagulation and flocculation of the
magnetic particles of hematite, while experimentally obser
coagulation of the main scale components, which have w
magnetic properties, could not be explained by the mechan
of magnetic interparticle attractions.

The magnetic field densityB, demanded for the magnetic c
agulation of SiO2, has been much higher than the practical v
ues of magnetic field density in MWT devices, which efficien
operate in the range from 0.05 to 1 V s/m2. Other main scale
components, CaCO3 and CaSO4 · 2H2O, have slightly weake
magnetic properties (Table 5) and would give similar results

Therefore, MWT effects cannot be explained in such a sim
way, but an explanation might be found in the changes of
distributions and ion hydrations in the nearness of dispersed
ticle surfaces. Regarding this, Krylovet al. (8, 9) experimentally
confirmed magnetically enhanced coagulation of CaCO3 disper-
sion. Results pointed out surface neutralization as the cau
the coagulation. The coagulation rate increased by increa
the magnetic field density and the flow velocity of dispers
through the magnetic field, respectively.

THE LORENTZ FORCE EFFECT ON
COLLISION PROBABILITY

MWT devices are very different in their constitution. In mo
industrial MWT devices, water dispersion flows through a p
pendicular magnetic field. In some cases, the magnetic fie
alternated or pulsed and in the majority the flow is turbule
For the following analysis, the model of a basic cell (Fig.
has been used with working parameters (v, water flow velocity
through working channel,B, perpendicular density compone
of applied magnetic field, andτ , retention time of dispersion

in the working channel) in ranges recommended from practi
experiences of successful MWT applications. Namely, in m
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FIG. 1. Scheme of basic cell of MWT device.

MWT experiments, the value of the technical moduleBτv has
been shown as the most important parameter for the efficie
of MWT devices.

When the dynamic type of MWT is used, the dispersion flow
through the magnetic field, causing Lorentz forceFL , which acts
on every electrical charged particle (with electrical chargee)
moving (with velocity ratev) through the magnetic field (with
densityB) as shown in Eq. [1] (10).

FL = ev× B. [1]

The collision probability of ions in the bulk of solution depend
on their thermal movement, precisely, on the average diffus
lengthlT i (Fig. 2b).

The Lorentz force could have an influence on that collisi
probability. For thermal moving ions with velocityv(t), the time
average of this velocity (the first term in Eq. [2], (11)) is equ
to zero for small time intervalt ; therefore, the average Lorent
force could be simply expressed by Eq. [1], where ion velo
ity v is the flow velocity of water and chargee is Ze0 for ion
valenceZ.

〈FL〉 = 1

t

∫
FL (t) dt = 1

t

∫
e[v(t)+ v] dt × B

= 1

t

∫
v(t) dt × B · e+ 1

t

∫
dt · ev× B. [2]

According to the definition of vector product, the Lorent
force effect on ions in the bulk of the solution could only b
cal
ost

FIG. 2. The ion traveling through the magnetic field and its thermal
movement.
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TABLE 1
Lorentz Ions Shifts and Relaxation Times at Bv = 0.2 V/m

and τ = 0.1 s for Some Ions at Room Temperature

i Na+ Mg2+ Ca2+ SO2−
4

ri (10−10 m) 0.95 0.65 0.99 2.3
Mi 23 24 40 96
1xi (nm) 1.8 5.3 3.4 1.5
1xi /1T i (10−4) 0.8 2.0 1.6 1.1
1ti = 1xi (Mi /2RT)1/2(10−11 s) 0.4 1.2 1.0 0.7

determined by a consideration of productevB, wherev is the
component of water flow velocity, perpendicular to the magn
field direction. The ion shift by Lorentz force is retarded
viscosity forceFvis (determined by the Stokes equation [3]),
is shown in Fig. 2a. The value of the viscosity force is eq
to the Lorentz force in accordance with Newton’s law for for
balance. In this way, the shift1xi is derived as a relationshi
[4] and will be referred to as the Lorentz shift.

Fvis = −6πηri
1xi

τ
[3]

1xi = e0

6πη

zi

ri
(Bτv). [4]

In Table 1, the values of1xi andlT i for some main ions of
natural waters are presented. The ratio1xi / lT i is practically
of order 10−4. Relaxation times1ti needed for the reconstruc
ing of the original state of the bulk solution after finishing t
treatment are also presented in Table 1 and are practically o
der 10−11 s. These calculations under working MWT conditio
prove that the Lorentz force has very little or no effect on
collision probability of ions in the bulk solution.

On the other hand, the Lorentz effect on collisions amo
solid particles is significant only at upper values of operatio
parameters in model Fig. 1. For large particles, the condi
[5] is estimated, where the Lorentz force quantifies at least 2
of the difference between the gravitation and buoyancy for
Analogously, the condition [6] is estimated for small particle
where the ion shift quantifies at least 20% of the diffusion leng
The particle radius intervala = 0.27 to 1.76 mm could be eval
uated at practical valuesBv = 2 V/m andt = 0.5 s from these
conditions:

FL

Fgb
= σ Bv4πa2

g(ρs − ρl )4πa3/3
≥ 0.2⇒ a ≤ 15σ Bv

g(ρs − ρl )
, [5]

1x

ln
= 2σ (Bτv)a/3η√

kBTτ/3τηa
≥ 0.2⇒ a ≥

(
0.1

σ Bv

)2(kBTη

τ

)1/3

.

[6]

This narrow interval of relatively large particles approxima
rapidly toward 0.5µm by lowering (Bτv) and practically dis-
appears when condition [7] is satisfied:
(Bv)5τ ≤ 0.0555. [7]
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In a practical example of a 0.2-m-long working channel a
2 m/s flow velocity through a homogenous magnetic field
density 0.26 V s/m2, the Lorentz concentration effect is neglig
ble.

QUALITATIVE EVALUATION OF THE NEUTRALIZATION

Lorentz ion shifts1xi (Eq. [4]) become essential in the nea
ness of solid surfaces, where they could cause condensatio
the Stern layer on account of the Gouy–Chapman layer.
cording to the calculations of relaxation times (Table 1), t
Gouy–Chapman layer will be immediately renewed by the th
mal moving of counterions from the bulk solution, while shifte
counterions in the Stern layer will remain adsorbed for a lon
time according to desorption time estimations for main biv
lent ions of natural waters (Table 2). Without strong adsorpt
and electrostatic attractions,t0, the time for stepping out from the
Stern layer, would be of the order 10−11s, while the values of des-
orption timetdesare longer for Boltzmann’s factor. If we exclud
the ion adsorption energy, the estimation of minimal desorpt
time could be reached from the energy of electrostatic ion
tractionZ1Z2e2

0/4πεδ, where approximationsδ ≈ 5× 10−10 m
andε ≈ 2.5× 10−10 A s/V m are taken (12).

For spherically dispersed particles (Fig. 3), the action of
Lorentz force would lead to the counterions flowing around t
sphere to move downward. This counterions desorption fr
the Stern layer at the bottom of the particle is expected to be
intensive than its adsorption on the top due to strong attracti
in that layer. On the other hand, the lack of neutralization on
bottom should be renewed immediately after the stepping ou
the particle from the magnetic field due to thermal moving
the counterions from the bulk solution.

The probability of coions desorption from the top of the par
cle (due to opposite orientation of Lorentz force) is negligible f
the stable adsorbed ions, which have a desorption energy gre
than 10kBT and much greater than the work of the Lorentz for
FLδ, as is shown by the estimation in [8],

Ze0vBδ/10kBT ≤ 10−8, [8]

TABLE 2
The Estimation of Desorption Times tdesfor Different

Neutralization Degrees

Neutralization degree Z1Z2 tdes≥ t0 exp 4Z1Z2

7OH−/Na+ (14%) 7 6 s
8OH−/Na+ (12.5%) 8 5 min
9OH−/Na+ (11%) 9 5 h

3OH−/Ca2+ (66%) 6 0.3 s
4OH−/Ca2+ (50%) 8 13 min
5OH−/Ca2+ (40%) 10 27 day

3H+/SO4
2−(66%) 6 0.2 s

4H+/SO4
2−(50%) 8 9 min
5H+/SO4
2−(40%) 10 19 day
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FIG. 3. Scheme of Lorentz counterions flowing around the spherical
persed particle in the case of positively charged solid surface.

where the parameters areδ = thickness of Stern layer,e0 =
electron charge,kB = Boltzmann constant,T = absolute tem-
perature, andZ = ion valence.

An immediate recovery of the Gouy–Chapman layer (in
time of 10−11s), caused by the thermal moving of the counterio
from the bulk of the solution, could be presumed. Therefore
the following calculations, the slope ofϕ(x), electric potential
curve, is considered to be practically unchanged during MW

QUANTITATIVE EVALUATION OF THE NEUTRALIZATION

A mathematical derivation of the neutralization of dispers
particle surfaces was made on the basis of the electrical do
layer theory ((13) and (14)) for increased counterion concen
tion in the Stern layer by Lorentz ion shifts1x (Eq. [11]). The
neutralization is expressed by

eαϕ
′
δ − e−αϕ

′
δ = eαϕδ+1x − e−αϕδ − κ1x

2
[9]

α = Z F/2RT [10]

1x = 1x0 cosφ, [11]

where the parameters areϕδ = electric potential on Stern borde
(x = δ) before MWT,ϕ′δ = ϕδ after finished MWT,ϕδ+1x =
electric potential on radial distancex = δ +1x, φ = radial an-
gel,1x0 = 1x on the top of the particle (φ = 0) expressed by
Eq. [4], F = Faraday constant,R= universal gas constant, an
κ = Debye–Hückel parameter.

For mathematical conditionsκ1x ≤ 0.5 and αϕδ ≤ 0.5,
the relationship ofϕ′δ is explicitly expressed by Eq. [12]. Afte
the finished MWT, a tendency for the excess counterions in
Stern layer to distribute uniformly could be expected accord
to the Stern electrical potential difference atφ = 0 andφ = π ,
and according to the estimation of long desorption times (a

hours lasting 75% and a few days lasting 50%, solid surfa
neutralization).
N IN WATER TREATMENT 63
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The degree of homogenization degree is expected to be hi
after treatment with alternating magnets and turbulent flo
However, the homogenization tendency could lead to dipo
fluctuations in the ionic atmosphere, which would result in
heterocoagulation of dispersed particles, expected to be m
effective than homocoagulation. A theoretical presumption
complete homogenization with average Stern electrical po
tial ϕδm (Eq. [13]) was taken to show that even homocoagulat
could be of significant.

ϕ′δ ≈ ϕδ −
κ1x

2

(
ϕδ + RT

Z F

)
[12]

ϕδm = ϕδ

2
+
∫ π/2

0
ϕ′δ

sinφ

2
dφ = ϕδ − κ1x

8

(
ϕδ + RT

Z F

)
= ϕδm. [13]

According to Eqs. [4] and [13], wheree is Ze0, relative shifts
κ1x, for main ions present in natural waters, are evaluated
the practical case of domestic tap water and represented
Table 3.

Relative shiftκ1x is a characteristic parameter for the d
gree of neutralization (Eq. [13]). It is the relative length of th
Gouy layer, which is shifted into the Stern layer, because 1/κ

is the first approximation of Gouy layer thickness. At valu
κ1x ≥ 1, the major part of the counterions would be shift
into the Stern layer. At a higher concentration in the bulk so
tion, with a higher valence and the lower radius of counterio
a higher neutralization degree is estimated and then a lower
erational parameterBτv is demanded. Table 4 represents so
predictions for the magnetic field density needed for a neut
ization degree of 10% at a practical value of working chan
length 0.2 m and different solutions.

Results show the strong dependence of treatment efficie
on the composition of the treated water. The effect of treatm
with magnetic field density in a practical range from 0.05
1 V s/m2 for highly diluted solutions is negligible. An uppe
limit of magnetic field density is necessary for medium dilut
solutions, and the lower limit satisfies the condition of 10

TABLE 3
Relative Lorentz Shifts from the Gouy into the Stern Layer in

Natural Water with κ+ = 566/µm for Cations and κ− = 512/µm
for Anions at Operational Module Bτv = 0.02 V s/m

Counterion ri /Zi (10−10 m) 1xi (nm) κ1xi

Ca2+ 0.5 3.4 1.9
Mg2+ 0.32 5.3 3.0
Na+ 0.95 1.8 1.0
K+ 1.3 1.3 0.7

Cl− 1.8 0.9 0.46
NO−3 1.9 0.9 0.46

2−

ceSO4 1.15 1.5 0.77

HCO−3 1.85 0.9 0.46
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TABLE 4
Magnetic Field Densities for 10% Neutralization of Dispersed

Particles with Initially |ϕδ| = 10 mV, Treated in a Device with
τv = 0.2 m

ci (mol/L) i κ (1/µm) κ1xi B (V s/m2)

10−6 Cl− 3 0.227 8
10−3 Cl− 100 0.227 0.25
10−3 SO2−

4 200 0.353 0.12
10−2 Na+ 300 0.227 0.04
10−2 Ca2+ 600 0.353 0.02

neutralization degree for common concentrations of natura
ters. Such neutralization could last for several hours after
ished MWT and could cause coagulation in the natural wat

ANALYSIS OF COAGULATION FOR MONODISPERSED
SPHERICAL PARTICLES

The theoretical possibility of coagulation was analyzed on
basis of the Deryagin, Landau, Verwey, and Overbeck (DLV
theory (14, 15). The model consists of an equation system [
[21] for the interaction energies for monodispersed sphe
particles, whereET is the total interaction energy,Ee is the
electric repulsion energy, andEm is the magnetic attraction en
ergy. The parameters is the relative distance between the cen
of the particles with the same radiusa (Fig. 4). The magnetic
susceptibilityχ and Hamaker constantkH (a characteristic pa
rameter of intermolecular attraction) are represented in Tab
for main-scale-forming components. Other parameters are
fined in the Nomenclature section.

The principle of this numerical procedure was to observe
extreme points of theET (s) curve. To find a coagulation barrie
smax and a flocculation basinsmin, the Golden Cut method wa
used. The value of the Stern electrical potentialϕδ was searche
to satisfy the coagulation condition [22] for successful part
collision or eventual flocculation at a satisfactory condition [
and enough small particles distancesmin.

ET = Ee+ EW + Em [14]

EW = −kH

6

[
2

s2− 4
+ 2

s2
+ ln

s2− 4

s2

]
[15]

s> 50: EW = −16kH

9s6
[16]
FIG. 4. Dispersed spherical particles.
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TABLE 5
Magnetic Susceptibility and Hamaker Constant for Main-Scale-

Forming Components (Value of χ for Hematite, Which Is Antifer-
romagnetic Substance, Is Given at B = 0.05 V s/m2

Solid phase χ Ref. kH (10−20 J) Ref.

CaCO3 −4× 10−7 (16) 1 (17)
CaSO4 · 2H2O −3.4× 10−7 [16]
SiO2 −5× 10−7 (16) 1 (18)
Hematite Fe2O3 2× 10−2 (6) 5 (6)

Em = −kma3

3

1

s3
[17]

κa < 1: Ee =
εaϕ2

δm

s
exp[−κa(s− 2)] [18]

κa > 1: Ee =
εaϕ2

δm

2
ln[1+ exp(κa(s− 2))]

[19]

km = 32π2χ2B2/3µo [20]

κ =
√

2Z2F2c∞/εRT [21]

W = 2
∫ ∞

2
exp

(
ET

kBT

)
ds

s2
≤ 10 [22]

|ET (Smin)| ≥ 10kBT. [23]

Typical forms of curves were attained as represented by
example in Fig. 5.

The flocculation possibility was negligible, even for very b
particles (i.e.,a = 1µm) because of low magnetic susceptibili
and the Hamaker constant of CaCO3, CaSO4 · 2H2O, and SiO2.
When the electrolyte concentration is increased, the estim
flocculation basin tends to be deeper and at closer particles
tancesmin, but still does not satisfy the flocculation conditio
[23]. Therefore, only the coagulation of observed scale com
nents could be theoretically predicted.

Furthermore, the value ofEm was negligible in comparison to
EW. Therefore, the conclusion that MWT enhances coagula
by loweringEe (i.e.,ϕδ) could be made.
FIG. 5. Coagulation curve atκ = 100/µm, kH = 10 J for a = 1.0 µm
andϕδ = 31.6 mV, which satisfies the conditionW ≤ 10.
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ENHANCED COAGULATION OF SCALEFORMING
PARTICLES BY THEIR NEUTRALIZATION

The theoretical possibility of Lorentz neutralization of d
persed particles in diluted solutions (κ ≤ 200/µm and ϕδ ≤
50 mV) during MWT was discussed. Here, the model is sum
rized by Eqs. [4] and [13] for a single flow or by Eqs. [24]–[2
for n passages through the MWT device, whereϕδ is the Stern
electric potential before MWT,ϕδm isϕδ after single MWT, and
ϕδn is ϕδ after n passes through the MWT device in the wa
circulating system. Table 6 represents some values of auxi
parametersP andQ for chosen examples of diluted counteri
solutions.

1x = e(Bτv)/6πηr [4]

ϕδm = ϕδ − κ1x

8

(
ϕδ + RT

Zi F

)
[13]

ϕδn = Pnϕδ − Q
n−1∑
i=0

Pi [24]

P = 1− κ1x

8
[25]

Q = κ1x RT

8Z F
. [26]

Figure 6 represents the threshold coagulation curvesϕδ
(a) for CaCO3, CaSO4 · 2H2O, and SiO2, respectively, in a di-
luted solution for cases A, B, and C from Table 6. Every wa
dispersion system withϕδ, which is lower than the value of th
threshold curve, will coagulate. Systems withϕδ values in areas
between curves (Bτv) and (n) are stable before MWT and wi
coagulate after MWT.

For a hypothetical case of extremely diluted systems (
κ = 3/µm), the introduction of circulating systems is necess
to achieve an essentialϕδ drop. When the values ofκ and the
counterion valence increase, the required number of passe
creases. By extrapolation of this tendency in natural water
tems, whereκ is 400 to 600/µm, it could be predicted that onl
one passage through the MWT device would enable an esse
ϕδ drop and enhance the coagulation. Alternatively, the esse
coagulation of natural water systems with single MWT could
predicted qualitatively by a comparison of shifts1x with 1/κ,

TABLE 6
Some Examples of P and Q for Diluted Solutions

Example A B C

κ (1/µm) 3 100 200
Counterions Cl−, NO−3 , HCO−3 Cl−, NO−3 , HCO−3 SO2−

4
B (V s/m2) 1 0.4 0.1
κ1x 0.0282 0.37 0.3
P 0.996475 0.995375 0.96250

Q (mV) 0.089296 1.171618 0.474981
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FIG. 6. Threshold coagulation curves for particles withkH = 10−20 J be-
fore MWT (Bτv = 0) and aftern passes through MWT for cases A, B, and
from Table 4.

the thickness of the Gouy–Chapman layer. Forκ ≈ 500/µm, the
thickness is 1/κ = 2 nm, which is comparable to the practic
values of1x. The shifting of the majority of counterions from
the Gouy–Chapman layer into the Stern layer would enab
high degree of particle neutralization and their coagulation.

CONCLUSION

The key to MWT effectiveness for hard scale prevent
seems to be the forming of modified large crystals, which
supersaturation conditions serve as a basis for scale prec
tion in suspended form. The mechanism of these modificat
is considered as complex and strongly linked with the prese
of solid surfaces, consisting of several phenomena. Modified
dration could essentially affect water dispersions and solut
even under static magnetic treatment. However, the most
cessful MWT devices are of dynamic type, with the flowing
supplied water through static or pulsated magnetic field, wh
the Lorentz effects on solid surfaces could become notice

and prevail under hydration effects. Preliminary calculations
have shown that the concentration effect of the Lorentz force on
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dispersed particles is practically negligible for the simple con
uration of MWT devices. In such cases, the destabilization e
on water dispersions during and after treatment could onl
explained by the neutralization of the dispersed phase surf
These could occur due to Lorentz counterion ion shifts fr
the Gouy–Chapman into the Stern layer, which have relaxa
times comparable to the practical times of the magnetic mem

For example, the affected charge on the surface of the
phase could result in an asymmetric distribution, which does
immediately relax, when the particles leave the magnetic
and could lead to heterocoagulation.

Alternatively, the partial homogenization of the Stern layer
ter the finished MWT is also expected to enhance the aggreg
of the solid phase by homocoagulation. Relative shiftκ1x is a
characteristic parameter for the neutralization degree. The
ational moduleBτv determines the size of1x. For the acceler
ated coagulation of dispersed particles in natural waters at a
τv length of the working channel, increasing the magnetic fi
densityB is recommended until it becomesκ1x ≈ 1, where the
majority of counterions are shifted from the Gouy layer into
Stern layer, while the majority of coions still remain in the bu
of the solution. For greater efficiency, the raising of treatm
time τ by the introduction of a circulation system is favorab
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