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ABSTRACT

Netural water often comtains high concentrations of calcium salts.
When the water is heated these salts precipitate out and form scale on
the boiler surfaces reducing the energy efficiency of a system, and is
difficult as well as costly to remove. Various chemical and non-chemical
methods have been used to impede or delay the scale formation.

One of these methods, Magnetic Water Treatment, has aroused great
interest because of its ease of use, reliability, and very low capital
and operating costs. This theoretical study is aimed at understanding

the mechanism of this process.

(ii)
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INTRODUCTION

Natural water is found to contain dissolved solids in varying amounts,
depending on which layers of eérth the water has passed through. Calcium
salts are most commonly found in water. These salts precipitate out
when the solution is heated [1]. The precipitation of these salté often
results in the scale formation (or fouling). This occurs because their
solubility decreases with increasing temperature, leading to the
precipitation of the crystals of calcium carbonate and/or CaSO“.nH20.
BaSOu and Ca(OH)2 may also be a problem in some systems.

Scale forms in many places, both in the industry and in the homes
(e.g. the pipes, the heat exchangers, the condensers, the steam boilers,
the cooling towers, the evaporators). While the scale may sometimes be
removed mechanically, in many instances it is very difficult, dangerous,-
or impossible. Failure to remove the scale may lead to a variety of
problems, including:

(a) Energy consumption increases since the scale has a low thermal
conductivity and because pumping costs are increased.

(b) Maintenance costs increase since the scale has to be removed
hechanically or with acid.

(c) Production costs increase because of the additional time required
to remove the scale or repair the scale damaged equipment.

Various chemical and non-chemical methods have been employed to

impede or delay the scale formation. These include lowering the pH,
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adding phosphates, using ion exchangers, and, of interest in this study,
using a magnetic field. Lowering the pH helps prevent the scale forma-
tion. As the solution becomes acidic, the solubility of calcium is

increased through the reaction

caCO + HY ’ > Ca++ + HCOs—
3

This approach to the scale formation, however, is not common. It greatly
accelerates corrosion. Phosphates are often used to decrease the scale
formation. One explanation of their effectiveness [2] is that they
adsorb at the nucleation sites on the existing crystal surfaces,
retarding the growth of calcium carbonate. Both the phosphate addition
and the ion exchange (another commonly used technique) are effective,
but they are expensive. These chemical methods for scale prevention are
relatively well understood. Although they do not always work as predicted,
proﬁlems usually can be anticipated and appropriate precautions taken.
As an alternative fo these techniques, there are a number of
commercial devices claiming to prevent the scale formation by passing
the water through a strong magnetic field. A field strength éf 1,000 -
10,000 gauss is typical for the commercially available units. It is
reported that the water retains its ability to prevent scale even when
used several hours after the treatment. This is referred to as the
'memory effect'. These devices have attracFed great interest because,

if effective, they are easy to use, reliable, and very inexpensive



HISTORICAL BACKGROUND

A number of reports [3-5[ describe magnetic water treatment and its
use in the industry, on the ships, and in the private homes. These
reports state that following-the magnetic water treatment, the calcium
carbonate precipitates, not as a hard scale firmly attached to the
walls, but rather as a soft powder only loosely attached to the walls
or as a slurry which is found at the bottom of the container.

‘Results from many experimental investigations show that a uniform
magnetic field exerts an influence on the precipitation of water soluble
salts [6-14]. Staecie and Stevens [6] and Martynova [7] observed a
change in the crystal size distribution using magnetic fields in the
range 500 - 1000 mT. Schieber [8] reported an increased growth rate of
the paramagnetic Fe(NH“)z(SO“)2.6H20. Similar effects were not found on
the diamagnetic KAl(SOq).lZHZO. Kizling, Larson and Stenius [9] showed

that by exposing a CaCO_ solution to a magnetic field the relative
3

number of calcite crystals increases at the expense of aragonite. Further,

the crystal size distribution was shifted. Kristiansen and Ellingsen
[10-12] exposed a calcium carbonate solution to a magnetic field and
registered a change in the subsequent rate of precipitation. Similar
effects on the rate of dissolution of calcium carbonate were reported
by El.1ingsen [13].

Unlike chemical methods, magnetic water treatment is not understood

theOretically and often has met with great skepticism [15-20]. A



doctoral thesis by Duffy [21] and a study conducted by the South Dakota
gchool of Mines [22] have helped fortify this skepticism. Thus, despite
the potential effectiveness of this method and the extensive anecdotal
documentation of the successful use by the manufacturers, one is left
with the féeling that the method does not work. In fact, upon
examination of previous research, one might conclude that a violation
of basig principles would be required for it to work.

In the USSR, however, the magnetic water treatment has been more
favorably received. While there too, questions have been raised, active
interest in this methodology apparently still continues [23-32].
Recently, there also has been a revival of interest in the USA [33].
Busch et al. [34] have shown that passage of conducting solutions
perpendicular to a magnetic field produces an electric current. The
Water Quality Association is supporting a new study in response to
criticism [33] of the work it sponsored before at the South Dakota
School of Mines [22]..In addition, the Department of Energy is sponsor-

ing a literature review on this subject.



DESCRIPTION OF THE PROBLEM

Upon examining the available information on the magnetic water
treatment, it appears that the phenomena described, if valid, may occur
only if a key step in the process is nucleation controlled. Only
because of the highly cooperative nature of the nucleation process it
is possible for such weak forces as magnetic fields to have such an
effect.

‘It also seems to be true that a magnetic field effects the kinetics
of carbonate-salt crystallization in heating installations only if
there are slight amounts of ionic iron in the water [35-38].

The key to the magnetic water treatment is the role played by ferrié
hydroxide. This substance has several important properties:

(a) Its solubility in water is very low (the solubility product is
L1 » W4 [397]).

(b) Its solubility is highly pH dependent.

(c) On precipitating it almost always forms an amorphous gel, i.e. it
is very difficult to crystallize.

(d) Iron interacts very strongly with magnetic fields.

(e) Dissolved iron is present in almost all waters.

Magnetic water treatment seems to be effective whenever water has
been exposed to iron oxides (e.g. by flowing through iron pipes or
iron deposits in the ground). If its pH is increased ev?n slightly, the

highly supersaturated ferric hydroxide then precipitates as submicro-



scopic aggregates of amorphous gel. Passage of this gel through a
magnetic field causes an ordering of the amorphous ferric hydroxide

leading to an enormous number of FeO(OH). Because these crystals are

isomorphic to the aragonite form of calcium carbonate, they are

effective sites for the heterOgepeous nucleation of calcium carbonate.
When the solution containg sufficient ferric hydroxide, large numbers

of FeO(QH) crystals are produced and the surface area available for
calcium carbonate heterogeneous nucleation on them is quite considerable.
Since most of the precipitation will occur on these FeO(OH) crystals,

the amount of calcium carbonate precipitated on the walls of heat
exchangers or other surfaces thus will be greatly reduced. Furthermore,
so many of these crystals are formed that they will be small and thus

can harmlessly flow through the system.

If the FeO(OH) crystals serve as nucleation sites, they would then be
entrained wiihin the calcium carbonate crystals and would be the cause
of the often observed.discoloration of the scale after magnetic water
treatment. Since these crystals are small, they settle very slowly.
Thus, the FeO(OH) crystals, once formed in the solution by th; magnetic
field, remain effective nucleators for a long time. This accounts for
the 'memory effect', i.e. the observation that passage of water through
'a magnetic water treatment device is effective in preventing scale
formation even if the water is heated many hours later. Furthermore,
because the concentration of ca™ ions is iowered in the solution by
their brecipitation on the FeO(OH) crystals, any cracks formed in the
existing scale due to stress or superheating would not be filled by

fresh calcium carbonate. In fact, they would eventually cause the scale



to flake off. This accounts for the observed breakup of the old scale
from heating elements.

Zubarev [40-42] Studied the effect of a constant magnetic field on
the Browniap motion ‘of India ink particles. He found that when FeCl3
was édded to tap water or distilled water, the rate of diffusion perp-
endicular to the field lines was substantially greatér than the rate of
diffusion parallel to the'magnetic field lines. Zubarev [42] also
observed that for distilled water containing Ca++, K* or Nat ions,
there was no difference in the diffusion rates in either direction.

Duffy [21] studied the flocculation of Fe(OH)s. He measured the time
for the flows to form and fall through the spectrophotometer light beam
as an indication of the flocculation rate and found that, on the average,
" there was no effect on the rate of flocculation due to a magnetic field.
He also visually observed the flocs to determine if the colloidal
Fe(OH)3 particles became elongated when passed through a magnetic field
and found no indicatién of a change. What he did report, though, was
that magnetic treatment caused an increase in the pH of acidic Fe(OH)
dispersions and a decrease in the pH of basic Fe(OH) dispersions.

The negative results of Duffy indicate that the effects of magnetic
field, if any, are probably microscopic. There is, therefore, a need to
Study these microscopic effects including the effective electric field,

the effective magnetic moment and their effects on the energy of the

System,



METHODS OF APPROACH

Katz [43] believes that the prevention of scale formation by magnetic
water treatment is a result of the growth of calcium carbonate on the
surfaces of ferric hydroxide Erystals rather than on heat exchanger or
pipe surfaces. Testing this hypothesis will require showing that.a
magnetic field can cause the formation of crystalline FeO(OH) precipi-
tates, that calcium carbonate can grow on them, and finally that a
magnetic field by itself does not significantly effect calcium carbonate
precipitation.

He intends to study the effect of a magnetic field on ferric hvdroxide,
the effect of ifon on calcium carbonate precipitation and the magnetic

field effects on the precipitation of calcium carbonate in the absence

of iron.



THEORETICAL CONSIDERATIONS

his section
In t I shall present some calculations of effective electric

field and magnetic energy.

FFFECTIVE ELECTRIC FIELD

For a magnetic field of 1T and a velocity of 2m/s, the effective

electric field is given by

(1) ¥ vXxB =qF
1 F = .
Gw%E g b
Therefore
. > > >
(2) Bygg = vVXE

Since the velocity is perpendicular to the magnetic field

>

-
(3) Er = |v x B| = 2 volts/m

The effective potential energy is given by

(4) Uper = Fd

Since both Catt and CO ~~ are doubly charged
3

(5) F = 2 x 2(electronic charge) = 6.408 x 107!°N

Therefore
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(6) Uy = 6.408 X 107'® x 0.01 = 6.408 x 102" J
Equating the kinetic and potential energies

) 3 2 .U

Mot eff
I get
_ 3

(8) Vegr = (Wegg/m)
For Ca++
' ++ -27
9) m(Ca’ ") = 40.08 X 1.661 * 10 kg
and so
(10) veff(Ca++) = 4.38 X 10% m/s
For CO ~

3

m(COB-—) z @(C) + 3(0) = [12.011 + 3(15.994) Ju
which gives
(11) m(CO,” ) = 99.65 X 10727 kg
and so
—_— 5 i 2

(12) e 3.59 x 102 m/s

ZEEMAN SPLITTING
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Classically, the Zeeman splitting is due to a shift in the energy

given DY

(13) uB = efB(2mc)”*

since [44] e (2me)™ = 5.7883785(95) X 107*° MeV gauss
(14) B = 5.79 X 107 ' MeV

for B = 10" gauss.
At room temperature the thermal energy is given by

(k = 8.61735(28) x 10 ** MeV K~ [44], T = 300 K)

(15) kKT = 2585.2 X 107'! MeV
Therefore
(16) UB < KT

I shall also show that the quantum mechanical calculations also give

the same result. The energy responsible for the Zeeman splitting is

8iven by [45]

: K10 UB = ebiB(ch)—lgMJ
where
(18 _
a) My = JZ/K

®d the Lande's g factor is given by
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) 8 = 143 - DU +1) + 5S4 1) - L(L 4 1))/[J0 + 1)]

For an electron g = B 2.00232.

H h : . 2 6
Fe' has the configuration 3s 3p°3d°®. The missing electrons 4s® are

equivalent. Table 1 shows the construction of terms for Fe++[46]. The
tern found is 'S. Since L = 0, S=0,J=0 and, therefore, g is
undefined. |

Fe'™* has the configuration 3s?3p®3d°. The missing electrons aI:e 3d
and 4s®. The terms can be found by first determining the terms for the
eguivalent elgctrons. For 4s® the term is already found to be 'S.
Combining th;gfgd, I have

L=2,S=1%, J=5/2,3/2
and so the terms are
“P5/2,3/2

Note that the spin-orbit energy is according to decreasing J because

these are missing electrons. Table 2 gives the g factors and energies

corresponding to each MJ. It is obvious that

B <X kT

for B = 1T both classically and quantum mechanically

In the above treatment a single ion is considered. However, there
Could be a number of Fe' t+ jons present and in the presence of a magnetic

fielq they could line up producing a much larger effect. Considering a

Chain of 10,000 ions, the eﬁergy could be as large as

(19) . = 90.60 x 10 ** % 104 = 20.69 x 1077 MeV

B
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TABLE 1: TERMS FOR 4s? ELECTRONS

Label

OouT

ouT
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TABLE 2: ENERGIES FOR ZEEMAN SPLITTINGS

2 ' 2
TERY P52 P3/2
STATISTICAL WEIGHT " %
(wterm =27 +1)
MJ #5/2  *3/2 %1/2 3/2 *1/2
MAGNETIC ENERGY ; :
1071 Mev +20.69 *12.41 *4.14 *11.59 %3.86
(UB = ungMJ)

—

My = eH(2mec)”?
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uB > kT
(200 A

i i 1ts in the
bably the cause of nucleation of calcium sa
— proba
This 1S,

énce of iron compounds.
s
pre
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DISCUSSION "AND CONCLUSION

The calculations presented in this study lead to the suggestion that
alignment of the Fe™ ions could be possible in the presence of a
magnetic field of the order of one tesla. Because of this ordering the
fractal growth of the crytals of calcium carbonate is effected leading
to the formation of a powder like substance instead of a hard scale.

Zubarev [29] expresses the opinion that a nonuniform magnetic field
causes in many amorphous ferric hydroxide particles (with the particles)
a rapid ordering of molecules. The magnetic moment of the Fe(OH)3
molecule is 29 Weiss magnetons [47,48]. If only a hundred molecules are
aligned in the presence of a magnetic field of one tesla, the magnetic
energy exceeds thermal energy at room temperature.

These considerations indicate that ferric hydroxide plays a key role
in the nucleation process and this hypothesis needs to be further

investigated.
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