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It is known that the action of an external steady magnetic field creates forced convection
in electrolyte. During water electrolysis, the steady magnetic field reduces the overvoltage
reactions of the hydrogen and oxygen evolution and enhances the process productivity.
The obtained data indicate that in addition to the conductive influence of the steady field
on the electrolyte, where an electric current passes, the same effect occurs for gas bubbles
that are charged at the time they leave the electrodes. It is shown that hydrogen bubbles
are negatively charged, and oxygen is positive in acidic and alkaline pH regions, as well
as at the zero point at pH∼2.5. Trajectories of the motion of bubbles in the initial period
are close to parabola. This is due to the action of an orthogonally directed Lorentz force
FL and a buoyancy force FA . The vertical run of the trajectories indicates that FL → 0,
which means that the charges on the bubbles disappear. It has been suggested that the
negative charge on hydrogen bubbles is created by hydrated electrons emitted from the
cathode, which quickly interact with other particles in the electrolyte solution.

Introduction. Injection of electrons from the gas phase into aqueous electrolytic solutions under the conditions of low-temperature plasma electrolysis (LTPE)
is well known [1, 2]. The idea of LTPE, which was first implemented by Gubkin,
belongs to Warburg [3]. Then it was developed in [4, 5] and further on by other
researchers to develop a new branch of technical electrochemistry [1].
When electrons emitted from the cathode enter an aqueous medium, they are
hydrated and form very active electrons. Hydrated electrons are also formed by
the action of ionizing radiation on an aqueous medium. For example, in [6, 7] it
was shown that stationary concentrations of hydrated electrons arise in sea water
surface layers under the action of sunlight.
The possibility of formation of hydrated electrons under the conditions of
ordinary electrolysis of aqueous solutions was discussed in [8]. Proofs of electron
emission from the cathode were given in [9], where it was shown that the rising
jet stream of electrolyte (discovered in [10]), formed at the micro-cathode in a
vertical capillary and deviated from its vertical position due to the action of a
uniform steady magnetic field (SMF) in accordance with the Lorentz law, is a
stream of electrons emitted from the micro-cathode. These electrons are instantly
hydrated and form a rising stream whose diameter is by an order of magnitude
larger than that of the capillary. Similar streams were also observed in [5]. Some
experimental facts which indirectly corroborate the formation of hydrated electrons
during electrolysis are given in [11]. The goal of this study is to obtain additional
experimental data to prove this hypothesis.
1. Experimental. The following electrolytes were used in the study: 30%
KOH solution, 0.05 M sulfuric acid solution, sulfuric acid solution with pH = 2.5
and copper sulfate solution (200 g dm−3 ) with sulfuric acid (50 g dm−3 ). The cell
was a rectangular organic glass vessel with an inner cross-section of 16 × 135 mm
and a height of 90 mm (Fig. 1).
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Fig. 1. The experimental setup of the electrolytic cell (1). 2, 3 – electromagnet poles, a
– hydrogen bubbles, b – oxygen bubbles. I – cell amperage, B – magnetic field induction,
v – bubble floating velocity, FA – buoyancy force, FL(H2 ) , FL(O2 ) – Lorentz forces acting
on hydrogen and oxygen bubbles, respectively.
Stainless steel capillaries with an external diameter of 0.5 mm and an inner
diameter of 0.3 mm were used as electrodes; the working surfaces were the ends of
the capillaries with an area of 1.26 × 10−3 cm2 . The electrodes were incorporated
into the cell bottom without protruding surfaces at a distance of 4 mm from each
other, parallel and perpendicular to the magnetic core axis (magnetic field axis).
Silicone tubes for self-supply of gases were led through units to the lower ends of
the capillaries. A TES-14 (Bulgaria) device served as a stabilized power supply.
An up to 0.8 T uniform SMF was produced by a home-made electromagnet with
controlled DC power supply. The cross-section of the electromagnet poles was
70 × 100 mm and the gap between them was 20 mm. The electromagnet was calibrated by an F4354/1 magnetometer (USSR). The difference in induction values
of the SMF at the center of the gap and at its edges did not exceed 2%.
1.1. Experiment 1. The cell was filled with a 30% KOH electrolyte solution.
The current was controlled in such a way that the bubbling rate of hydrogen at the
cathode did not exceed 10 ÷ 15 s−1 , with the anode and cathode current density
being 40 mA/cm2 . In the absence of SMF, the hydrogen and oxygen bubbles rise
to the surface strictly vertically under the action of a buoyancy force FA (Fig. 2a).
Under the action of a 0.8 T SMF, the paths of the hydrogen and oxygen bubbles
deviate in the initial period in opposite directions in the planes perpendicular to
the magnetic induction vector B (Fig. 2b). When the direction of the vector B
changes to opposite, the deviation of the paths changes to opposite, too (Fig. 2c).
The data of Experiment 1 indicate that opposite charges which are acted
upon by the Lorentz force FL , which deviates from their paths orthogonally to the
charge velocity vector v and magnetic induction vector B, move over the surface
of the hydrogen and oxygen bubbles. According to the equation,
FL = q (E + v × B) ,

(1)

where E is the vector of the electric field strength, q is the electric charge.
We neglect the electric component qE of the Lorentz force in Eq. (1) because
in the absence of the SMF, the paths of bubbles do not deviate. In this case, the
direction of the bubbles deviation corresponds to the negative charge on hydrogen
bubbles, which is created by negative particles moving over the bubbles surface
from the cathode, and to the positive charge on the oxygen bubbles. It is essential
that in the initial section of the path, the bubbles run along an almost parabolic
path, which is then replaced by a straight-line vertical motion. This fact gives
evidence that the charges on the bubbles are neutralized.
1.2. Experiment 2. It is similar to Experiment 1, but a condition is imposed
that the vectors B and E are perpendicular. In this particular case, a deviation of
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Fig. 2.

Paths of hydrogen (◦) and oxygen (•) bubbles: (a) no magnetic field; (b), (c),
(d) under the action of a magnetic field with different orientation of the magnetic field
vector B and electric field vector E; (e) schematic of the motion of electrons emitted
from the cathode, the vector B is directed along the line of sight; (f ) motion diagram
of hydrogen and oxygen bubbles: 1 – B = 0; 2 – B = 0.8 T (from the viewer); 3 –
B = 0.8 T (to the viewer).

the hydrogen and oxygen bubbles motion out of vertical in directions corresponding
to the Lorentz law (left-hand rule) is also observed, with the paths of bubbles not
shifting along the vector B (Fig. 2d). The hydrogen bubbles, in this case, are also
charged negatively and the oxygen bubbles are charged positively.
1.3. Experiment 3. It is also similar to Experiment 1, but the experiment
was conducted in a 0.05 M H2 SO4 solution. The hydrogen and oxygen bubbles
move in the same paths as in an alkaline solution. This indicates that the hydrogen
bubbles are negatively charged, and the oxygen bubbles are positively charged.
1.4. Experiment 4. It is similar to Experiment 3, but was conducted in an
H2 SO4 solution with pH = 2.5. The path of bubbles was the same as in Experiment 3. So the bubbles are charged similarly.
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2. Results. According to the results of Experiment 1–4, the hydrogen
bubbles evolving at the cathode during water electrolysis were negatively charged,
and the oxygen bubbles were positively charged both in alkaline and in acid solutions. In Experiment 1, 3, 4, there was no conductive action on the electrolyte as
on a conductor with the current, because the vectors B and E were parallel. Therefore, the shape of the path of bubbles cannot be determined by vortices emerging
in the electrolyte because of the absence of such vortices. In Experiment 2 with
perpendicular B and E, the emergence of such a vortex is possible, but it does not
emerge by virtue of the low volume current density in the electrolyte, therwise the
path of the bubbles would shift relative to the plane perpendicular to the vector
B and pass through the capillary electrodes. It is known that the SMF acts only
on moving electric charges. In [12], it was shown that in the SMF absence, the
electrolytic hydrogen and oxygen bubbles are charged negatively at pH > 3 and
positively at pH < 2; in this case, the zero-charge point is in the pH range 2–3,
i.e. the bubbles are not charged. It follows that when moving under the action of
an SMF, the hydrogen and oxygen bubbles would deviate in one direction. This
contradicts the results of Experiment 1–3 which demonstrate that the hydrogen
and oxygen bubbles deviate in the opposite directions, which is possible only if
they have opposite charges, and this contradicts also the data presented in [12].
So when the bubbles leave the electrodes, their paths deviate from the vertical not
due to the immobile charges formed by adsorbed ions, but due to dynamic charges.
This was confirmed by Experiment 4, which was performed in an H2 SO4 solution
at pH = 2.5, when the surface of the bubbles was not charged, i.e. was at the
zero-charge point, and they deviated in the same manner as in Experiment 1–3.
Of importance is the action of the Lorentz force on the bubbles at the instant of
their detachment from the electrodes, when their rising velocity is zero. Hence,
the velocity of the stationary charges formed through adsorbed ions is zero, too.
Therefore, only dynamic charged particles can give rise to the Lorentz force. Such
particles on the cathode are most likely emitted electrons. Since an emission of
electrons from the cathode into the bulk electrolyte is scarcely probable under the
given electrolysis conditions, we believe that the emitted electrons move in the
bubble along the gas-electrolyte interface (Fig. 2e). The calculated data showed
that under those conditions, a total energy gain of 333.4 kJ/mol and a free energy
gain of 334.0 kJ/mol are possible. This model needs improvement, and the numerical values can change. When electrons Move over the surface of the bubbles
in the direction orthogonal to the SMF, they impart an initial momentum to the
bubbles, which, together with the buoyancy force, makes them move in the initial period of time along a parabolic path; then the bubbles lose their charge and
move vertically because of the high reactivity of hydrated electrons (Fig. 2e). Hypothetically, the positively charged particles generated at the anode may be H2 O+
particles. The said above is consistent with the theory of formation of stationary
charges on electrolytic bubbles due to ion adsorption. However, as said above, the
SMF does not affect the adherent bubbles with such charges and cannot impart an
initial momentum to them, which was observed in Experiment 1–4. Moreover, the
change of the paths to a straight line would indicate a desorption of such charges,
which is difficult to explain. For that reason, the adsorbed charges cannot play an
essential role under the conditions of the experiments conducted. This is verified
by the results of Experiment 1–4, when, according to the adsorption theory, the
sign of charged bubbles changes when moving from the alkaline to the acidic region, and their paths should change to the opposite ones, but this does not occur.
Moreover, at pH = 2.5 (Experiment 4), when the bubbles were not charged, their
paths remained the same as in Experiment 1–3.
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Fig. 3.
Formation of MHD micro-vortices around electrolytic bubbles; Ih is the
horizontal component of the current vector I.
3. Discussion. In [13], it was proved that the external SMF decreases the
hydrogen and oxygen evolution overpotential, which is very important for the
production of eco-friendly energy carriers. The authors attribute this decrease
to the occurrence of forced convection at vertical electrodes due to the density
gradient of the solution and magnetohydrodynamic flows.
In [14], the formation of micro-vortices around evolving electrolytic bubbles
under the action of the SMF due to the curvature of the current field lines near the
surface of the bubbles and the appearance of a current vector component, which
is perpendicular to the vector B, were revealed. It was not, however, noted that
micro-vortices of opposite direction had to be formed below the bubble equator
(Fig. 3).
Such micro-vortices can facilitate the detachment of bubbles from the surface
of the electrodes and decrease the electrolytic gas evolution overpotential, but the
paths of the bubbles cannot be of ordered character in contrast to the case under
discussion (Experiment 1–4). Therefore, their role is less essential.
In [15], there are presented data confirming the deviation of charged hydrogen
bubbles due to the Lorentz force FL under the action of a steady magnetic field
(Fig. 4). This agrees with the results obtained.
The data obtained by Fuchs et al. [16] are in certain agreement with the
obtained results.
In 1893, Armstrong made the following experiment: he filled two glasses with
chemically pure water, connected them by a cotton thread, placed two metal plates
into the glasses, and after applying a high DC voltage to them, he observed the
formation of a water bridge along the thread between the glasses. After some time,
the thread jumped from one glass into the other, and a water bridge was formed
between the glasses. The study of this phenomenon was continued by Fuchs et al.
Fuchs showed [16] that a water bridge could also form without a cotton thread,
and that its length could exceed 30 mm when moving the beakers apart, and the
time to collapse could be tens of minutes. He called that bridge the “floating
water bridge”. However, some experimental results in the publications of Fuchs
and other researchers have failed to give a satisfactory explanation.
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Fig. 4.
Motion trajectory of electrolytic hydrogen bubbles exposed to an external
steady magnetic field; B – magnetic field induction, FL – Lorentz force, FA – buoyancy
force.
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Fig. 5.

A floating water bridge which forms at the polarization of platinum electrodes
with a DC voltage of 25 kV.

In view of the said above, it is useful to consider the floating water bridge
as an element of an electrochemical system. Indeed, two beakers filled to the
brim with a very pure distilled water of initial electrical conductivity of an order
of 0.06 µS/cm, with platinum electrodes located there and connected by a water
bridge which is formed when the electrodes are polarized with a DC voltage of up
to 25 kV, form an electrochemical system, though in its extreme version (Fig. 5).
Therefore, some phenomena occurring in such system can be explained in terms
of electrochemistry.
In [17], it was found that after switching on the voltage, the pH value in the
cathode chamber increased to 9, and the pH value in the anode chamber decreased
to 4. In our opinion, in [17] it was erroneously asserted that electrolysis did not take
place in this case. Fuchs has revealed that when a current of up to 5 mA passes,
electrolysis (water electrolysis in this particular case) necessarily takes place in
the electrochemical system, and the electrolysis products (hydrogen and oxygen)
dissolve in the water at this low current density and are not detected visually.
It is easy to attribute the increase in pH in the cathode chamber both to
the occurrence of electrolysis and to the cold electron emission from the negatively
polarized electrode (cathode), which is very probable at this electric field strength.
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Fig. 6. Deviation of the path of electrons emitted from the cathode (C) in an aqueous
solution under the action of a magnetic field [5].
It is useful to recall here the experiments performed by Rozenberg in 1923 [5] which,
in the authors opinion, directly prove that electrons emit from a platinum or a
copper cathode, polarized by a Ruhmkorff coil, through a 2-mm thick air gap into
a 0.25 M potassium iodide solution. When starch or phenolphthalein is added to
the solution, a colored stream is observed, which penetrates the cuvette at a high
velocity to a depth of 9 ÷ 10 cm (Fig. 6).
When the cuvette was placed between the poles of a permanent magnet, the
stream deviated in accordance with the action of the magnetic field on moving
negatively charged particles (Fig. 6). Rozenberg asserted [5] that with the aid of
colored streams “we see the paths and motion of electrons in the solution”.
In accordance with the modern views, when emitted electrons get into water,
they form the so-called hydrated electrons e−
aq . These electrons have a very high
reactivity, and since in very pure water there is nothing except water molecules and
H+ and OH− ions, they interact with protons to form H and H2 O, or interact with
each other to form H2 and 2OH− . In this case, the relative OH− ion concentration
in the cathode chamber increases, leading to an increase in pH.
Furthermore, a temperature decrease in the cathode chamber was observed.
This fact can be attributed to the occurrence of endothermic reactions. Most
reactions involving hydrated electrons e−
aq proceed in water at a high rate and are
exothermic [18]. Only two reactions involve heat absorption. These reactions are
extremely slow reactions of hydrated electron with water [18, 19]:
−
e−
aq + H2 O = Haq + OHaq ,

H0 = 35 kJ/mol,

(2)

where H0 denotes standard enthalpy of reaction, and the ionization of hydrated
hydrogen atom [18, 19] is
−
Haq = H+
aq + eaq ,

H0 = 46 kJ/mol,

(3)

Perhaps, these endothermic reactions decrease the temperature in the cathode
beaker, which is an indirect confirmation of the electron emission.
In this initial period, the water flows over the bridge from the anode beaker
to the cathode beaker; then the water levels are stabilized owing to the counter
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flow by the hydrostatic pressure, as in communicating vessels. This is due to the
fact that the charged particles that are present in the water, including electrons,
carry a hydration shell with them. Since they are bonded to a different number
of water molecules and have a different mobility, the amount of water carried in
different directions is different.
Fuchs et al. also observed a temperature rise in the bridge, which is probably
associated with the Joule heat evolution due to the fact that the current density
in the bridge is higher than in the beakers because of the small cross-section.
Using a polyamide powder with a mean particle size of 5 µm as a tracer, the
authors revealed a clockwise rotation of the outer water layer in the bridge (if
viewed from the side of the anode beaker) with a tangential velocity of 0.3 m/s at
a bridge diameter of 2–3 mm. The axial velocity in that case was 0.2 m/s. This
rotation can be explained only in terms of magnetohydrodynamics. If the charged
particles move in a straight line in a uniform electric field, the presence of the
magnetic field is needed for rotary or spiral motion. The sources of such field in
the experiments of Fuchs et al. could be the geomagnetic field, the self-magnetic
field of the electrochemical system or technogenic fields from other sources.
It is known that in Central Europe the averaged vertical component of the
geomagnetic field is about 0.5 × 10−4 T. The diameter of the circle in which a
hydrated electron moves with an axial velocity of 0.2 m/s, which has a charge of
1.6 × 10−19 C and a mass together with the hydration shell of four water molecules
of 1.2 × 10−25 kg, is 6 mm. This value is of the same order of magnitude as the
bridge diameter. It should be noted that hydrated protons (H3 O · 3H2 O)+ , which
have an opposite sign of the charge and migrate in the opposite direction, move
in a circle of 6.05 mm in diameter similarly to electrons, and hydroxide ions (OH ·
3H2 O)− move in a circle of 5.04 mm in diameter.
If the electron emission takes place at the cathode, an equivalent number of
positive particles must be formed on the anode in accordance with the principle of
electroneutrality of water volume. Such particles can be charged water molecules
H2 O+ (i.e. OH + H+ ) [18]. They interact with other particles, which is similar to
positive hole trapping. In this case, the charged particle balance in the water is
retained, and the principle of electroneutrality is not violated. The first Faraday
law is not violated either.
From this point of view, the idea of floating water bridge will make it possible to stimulate further investigations both on the role of hydrated electrons in
electrochemical processes and on the water structure.
Conclusion. It has been shown that at the time of growth of hydrogen and
oxygen bubbles and their detachment from the surface of the electrodes during
water electrolysis under the action of a 0.1–0.8 T external steady magnetic field,
they are acted on by the Lorentz force, which together with the buoyancy force
gives a parabolic shape to the paths of bubbles motion in the initial period of
time. This indicates that charged particles move over the surface of bubbles in
this period. Then the bubbles move vertically, which points to the neutralization
of such charges.
The shape of the motion path does not change when the particle move from
the alkaline to the acidic region. Moreover, the shape of the path does not change
at pH = 2.5 at the zero-charge point of the surface of the bubbles. It follows that
the ions adsorbed from the electrolyte do not play an essential role in the process
dynamics.
It has been suggested that the charged particles moving over the surface of
bubbles on the cathode may be emitted electrons, which are hydrated and interact
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with other particles in the solution. In this case, the charge on the bubbles is lost,
as evidenced by their further vertical motion.
The nature of moving charges on the oxygen bubbles has not yet been elucidated. Such charge carriers can be, e.g., H2 O+ .
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