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Under galvanostatic conditions, both the anodic and cathodic electrode potentials
of a working electrode of iron in a stirred iron(III) chloride solution increase
when exposed to static magnetic fields. The increase was found to depend on
the magnetic flux density and the electrolyte concentration. Also, the increase in
the anodic electrode potential was observed within the pre-passive potential
region of the iron electrode, and the increase in the cathodic electrode potential
was associated with an increase in the cathodic limiting current density. Results
from experiments using stainless steel as working electrode in 1 M iron(III)
chloride, and experiments using iron in 1 M iron(II) chloride, showed no effect
of the magnetic field. The observed results were found to be explainable in terms
of neither external electromagnetic interference nor electromagnetic induction,
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i.e. magnetohydrodynamics.

The purpose of this study is to examine experimentally
what effects static magnetic fields have on the anodic
and cathodic potentials of an iron electrode in contact
with a stirred electrolyte. In addition, possible electro-
magnetic interferences are studied.

The study is based upon a previous experimental study,
in which the results showed that under open-circuit
conditions, a ferromagnetic iron electrode in the para-
magnetic iron(III) chloride solution becomes more pos-
itive when exposed to static magnetic fields.!

Results from other studies indicate that magnetic fields
exert a perceptible influence on the metal/electrolyte
interfacial potential difference. The observed effect is
linked to charge-transfer- and mass-transport-controlled
processes, and has been explained in terms of magneto-
hydrodynamics.?*2

Preconsiderations

In this section, some considerations concerning electro-
chemical reactions in an electrochemical cell consisting
of an iron electrode in an iron(III) chloride solution are
given, together with possible interactions due to electro-
magnetic induction.

In an electrochemical cell, both anodic and cathodic
reactions will occur between the iron electrode and the
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solution. The main anodic reaction will be:!3
Fe—Fe?* +2e~ (1)

The most common cathodic reactions in acid solutions
.13
are:

2H* +2” —H, 2)
0, +4H* +4e~ —2H,0 (3)
Fe3* +e” -»Fe?* 4)
Fe?* +2¢e~ —Fe (5

In the further consideration, the following assumptions
are made: (1) Experimentally it is observed that the rate
of hydrogen evolution [eqn. (2)] is decreased markedly
by addition of an oxidizer such as ferric ions to acid
solutions.!® Therefore, in this consideration hydrogen
evolution [eqn. (2)] is ignored. (2) The exposure chamber
which will be used in this study is the same as that used
in the previous experimental study.! Since the exposure
chamber was designed to reduce the contact between the
solution and air to a minimum, oxygen reduction
[egn. (3)] is eliminated. (3) Since iron corrodes rapidly
in acid solutions, metal deposition [eqn. (5)] is neglible.'?
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Based upon these assumptions, only metal dissolution
[eqn. (1)] and ferric ion reduction [eqn. (4)] are taken
into consideration.

The net electrode current density (/) is the sum of the
positive current density corresponding to metal dissolu-
tion (I,) and the negative current density (L,) corres-
ponding to ferric reduction, and is given by:!3-13

I=Ih+ 1 (6)

Upon open-circuit conditions (/=0), the corrosion
current density (L,,,) is defined as:'4

Lo = Im = _Ir at E= Ecorr (7)

The corresponding electrode potential is called the
mixed potential or the corrosion potential (E,.,;)-

At steady state, metal dissolution [eqn. (1)] is described
by the polarization (1)), which is the deviation of the
electrode potential from the corrosion potential:!®

F
I,=1I,. CXp(m n) (8)

where F is the Faraday constant, R is the universal gas
constant, and 7 is the temperature in K.

Polarization occurs when anodic and cathodic reac-
tions are limited by various physical and chemical factors,
and can be divided into two different types, charge-
transfer polarization and concentration polarization.
Charge-transfer polarization refers to an electrochemical
process which is controlled by the reaction at the metal-
electrolyte surface. Concentration polarization refers
to electrochemical reactions which are controlled by
diffusion in the electrolyte.™

To maintain the reaction in eqn. (4), Fe** ions from
the bulk have to move up to the iron electrode to receive
electrons from the electrode, i.e. there is a passage of
an electrode current. Consequently, there exists a stag-
nant layer of thickness (8), the Nernst diffusion layer,
near the electrode surface where the Fe** concentration
(CF33) is less than the bulk concentration (CE**). In
unstirred solutions & ~0.0004 m. In stirred solutions &
becomes lower and the electrode current increases with
increasing stirring rate.!*’

Suppose the electron transfer occurs only due to the
limiting current density; the corrosion current density,
I, then is equal to —1I; , and is given by*®

FD
—h=—L=—7G%" €]

1.
)

corr =

where D is the diffusion coefficient of Fe3* ions.

At large anodic and cathodic polarizations (|n|>
RT/nF)," the relationship between the applied electrode
potentials and the electrode currents is described by eqns.
(8) and (9).

Concerning possible electromagnetic interference, two
cases are considered.
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In stirred electrolytic solutions, an applied magnetic
field will cause an effect upon the flow of the ions due
to the Lorentz force, i.e. induction.?® Consider a circular
ion flow with radius », within a magnetic field B at a
stirring rate o, and the electrical conductivity o; the
induced current density (I,) is20-22

=23 10
5—475 rc ( )

Concerning possible transient effects due to turning
the magnetic field on or off, the induced current density
() in a closed circuit is given by?°-2?

I=—ol (11)
where / is the length of the current path.

Experimental

Apparatus. The experimental setup is shown in Fig. 1.
The exposure chamber was filled with an electrolytic
solution, and placed between the poles of an electromag-
net. The solution was stirred by a rotating cylinder. The
electromagnet (Newport) produced a static magnetic
field with magnetic flux densities up to 800 mT. The
magnetic poles were circular with a diameter of 10 cm
and an area of 78.5cm? The gap between the poles
was 3.0 cm.

The exposure chamber which consisted of two parts
was made of Teflon plastics and is shown in Fig. 2. The
two parts of the chamber were held together with screws
of a non-magnetic material (brass). The dimensions of
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Fig. 1. The experimental setup.
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Fig. 2. The exposure chamber.

the exposure volume containing the electrolytic solution
were 1 x 1 x 4 cm3,

The working electrodes used in the exposure chamber
were made of iron (St 12-03 DIN 1623) which is ferro-
magnetic, and stainless steel, which is paramagnetic.?
The electrodes were rectangular and with an area of
1 x 4 cm? and a thickness of 0.7 mm. The counter elec-
trode was made of stainless steel with an area of
1 x 4 cm?. Both the electrodes were put vertically in the
exposure chamber and placed perpendicular to the field
in the middle of the magnetic gap. The magnetic flux
density was measured to be homogeneous all over the
electrode within an accuracy of 1 mT. To tighten, a
gascheck ring of rubber was put around the electrode.

The reference electrode (a standard calomel electrode)
was placed into a solution in a chamber outside the
magnetic field, as indicated in Fig. 1. The solution was
the same and with the same concentration that was used
in the exposure chamber. Between the exposure chamber
and the reference chamber, there was a saltbridge which
consisted of a tube containing a gel of agar and potassium
nitrate. The distance between the two chambers was
30 cm.

The working electrode, the counter electrode and the
reference electrode were connected to the potentiostat/
galvanostat (Wenking MP87) in conjunction with two
digital multimeters (Fluke 87). The application of the
current between the counter electrode and the working
electrode leads to an electric potential difference between
the working electrode and the reference electrode and
the occurrences of electrode reactions. The currents were
introduced by the potentiostat/galvanostat which was
switched into the galvanostatic mode. The currents and
the corresponding electrode potentials were measured by
multimeters.

MAGNETIC FIELD-ELECTRODE CURRENTS

The electrolytes used were iron(III) chloride, iron(II)
chloride and distilled water. The paramagnetic iron(II)
chloride and iron(III) chloride solutions were prepared
from the respective crystals with freshly distilled water.
The 1 M iron(III) chloride solution was measured to
have pH 0.3. Both the electrolytes have paramagnetic
properties.?

To reduce concentration variations, the electrolytic
solution was stirred by a rotating cylinder. The cylinder
was mounted vertically into the solution in the exposure
chamber, and was parallel to both the working electrode
and the counter electrode, as indicated in Fig. 2. The
solution covered 3.5cm of the cylinder. The rotating
cylinder, which was made of glass with a diameter
of 0.6 cm, was driven by a drill (Ika-Werk, RW 20).
A rotating cylinder of the non-magnetic and non-
conducting material glass was used to avoid additional
induced currents.

The temperature of the electrolytic solution was meas-
ured by a thermocouple thermometer (Fluke 52).

Procedure. For each experiment the following prepara-
tion procedure was carried out. New working electrodes
and the counter electrode were washed in a solution
made of hydrochloric acid and containing ions of anti-
mony and tin before using them in the experiments. The
exposure chamber was taken apart, the electrodes were
removed and the chamber was cleaned by distilled water
and then dried. A new working electrode and the counter
electrode were put in place and the exposure chamber
was put together. The exposure chamber was placed in
the magnetic gap. A fresh solution of electrolyte (3 ml)
was then filled into the exposure chamber. The measure-
ments started 3 min after the exposure chamber was filled
with electrolyte. After the end of each experiment the
whole preparing procedure was done over again.

To obtain the relationship between the polarization
(n) and the electrode current, the following procedure
was carried out. Initially, the galvanostat was adjusted
in such a way that the electrode current was equal
0.5 mA. The applied current was then stepped by certain
intervals in anodic and cathodic directions, and the
corresponding electrode potentials were measured. The
results were plotted in log //E diagrams.

The current was measured as a function of the applied
potential, at a fixed rotation speed (120r.p.m.) and
magnetic flux density (0, 400 or 800 mT). The exposure
schedule for each applied potential difference was 0, 800,
O0mT. The time elapsed at each magnetic flux density
was 1 min. The current without exposure to magnetic
field was found by linear interpolation, i.e. the measured
currents before and after exposure to magnetic field were
summarized and divided by two. Experiments with dis-
tilled water were used to examine whether the measured
effects of the magnetic field were due to possible induced
currents in the electrode and the conductors, i.e. electro-
magnetic interference (EMI).
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For all
25+ 1.5°C.

the experiments the temperature was

Results and discussion

Figure 3 shows the anodic and cathodic polarization
curves with and without a 800 mT magnetic field for two
different working electrodes. The electrolyte was 1 M
iron (IIT) chloride.

Figure 4 shows the anodic and cathodic polarization
curves with and without a 400 mT magnetic field for two
different working electrodes. The electrolyte was 1 M
iron(I1I) chloride.

Figure 5 shows the anodic and cathodic polarization
curves with and without a 800 mT magnetic field for two
different working electrodes. The electrolyte was 0.5 M
iron(III) chloride.

The results obtained from all experiments show an
increase in the electrode potential due to the magnetic
field. This holds for applied current densities up to
20mA cm ™2 Also, it was observed that the effect
depends on both the magnetic flux density and the
concentration of the solution. According to the anodic
polarization, the effect was observed within the pre-
passive region of the iron electrode.!®24?* According to
the cathodic polarization, also, the results indicate that
the magnetic field causes an increase in the limiting
current density, or corrosion current density. According
to this, the experimental results indicate that the magnetic
field causes an increase in the reaction rates in both the
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Fig. 3. The measured anodic and cathodic polarization curves
for two different working electrodes with (A and C) and
without (B and D) exposure to a 800 mT magnetic field. The
working electrodes were made of iron, the electrolyte was
1 M iron{lll) chloride, and the stirring rate was 120 r.p.m.

ELECTRODE POTENTIAL (SCE) / mV

524

-200

-300 + A
z T B
— 40071
W T
S 5001 c
- L o
E D
= -200 ‘ -
—
£ T
w300 T A
o
g T B
é -400

-500 C

+4 D
-600 ' am—
-.50 0 .50 1.0 1.5

L0G T / mA/cm@

Fig. 4. The measured anodic and cathodic polarization curves
for two different working electrodes with (A and C) and
without (B and D) exposure to a 400 mT magnetic field. The
working electrodes were made of iron, the electrolyte was
1 M iron(ill) chloride, and the stirring rate was 120 r.p.m.
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Fig. 5. The measured anodic and cathodic polarization curves
for two different working electrodes with (A and C) and
without (B and D) exposure to a 800 mT magnetic field. The
working electrodes were made of iron, the electrolyte was
0.5 M iron(lll) chloride, and the stirring rate was 120 r.p.m.



metal dissolution [eqn. (1)] and the ferric ion reduction
[eqn. (4)].

Results from experiments using stainless steel as
working electrode and 1 M iron(III) chloride, and from
experiments using iron as working electrode and 1 M
iron(II) chloride, showed no significant effect of the
magnetic field on the electrode current.

Concerning possible induction effects, three phen-
omena were studied. In worst case, it is supposed that
the induced currents flow through the working electrode.
The induced current density () due to stirring rate is
calculated by eqn. (11). Suppose ® =2 rps (120 r.p.m.),
B=08T,,c=47Sm™! (measured) and r=0.0113m
(radius in an equivalent electrode area), I, ~ 0.6 pA cm ™2,
The induced current density (/) due to turning the
magnetic field on or off, is calculated from eqn. (12).
The magnetic flux density increased from 0 to 0.8 T
during 5s. In the worst case, dB/dt=0.16Ts™!, o=
4.7Sm™! (measured), /=0.1m (the circumference of
the electrode), I, ~ 7.5 pA cm ~2. Comparing these calcu-
lations with the experimental obtained results, it is shown
that the calculated results are much lower than the
experimental results. Results from experiments using
distilled water as an electrolyte showed no effect of the
magnetic field.

According to this, the obtained effects of the magnetic
fields are not a result of external electromagnetic interfer-
ence, and cannot be explained in terms of electromagnetic
induction, i.e. magnetohydrodynamics.
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