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The Gibbs-Thomson equation is observed while taking into account the size-dependence of the specific surface free energy, o,
derived in two different ways. It is shown that on supersaturation the most probable state of all atoms (molecules) in the parent-phase
in homogeneous phase formation is in the form of clusters and not of single atoms (molecules). Definition of critical supersaturation
and barrierless condensation in the case of homogeneous phase formation is given.

1. Introduction

As is known in the theory of phase formation,
the relation between the radius of the nucleus, ,
and the supersaturation p,/p. is given by the
Gibbs-Thomson isotherm:

RT In(p,/ps) = 20M /rp, )

where R is the gas constant, T is the absolute
temperature, M is the molecular weight of the
substance, p is the density of the substance, p, is
the vapour pressure of the supersaturated system,
P is the vapour pressure of the infinite drop
(crystal) and o is the specific surface free energy.
Specific surface free energy of a cluster, o, is the

work for the formation of a unit of its surface. -

Usually, in eq. (1), ¢ is considered to be constant
over the whole range of cluster dimensions. The
constancy of o is preserved for clusters of rela-
tively high values of r. However, for clusters of
smaller size the value of o already becomes depen-
dent on the radius of the drop. As shown by
Gibbs [1], the dependence of o on the surface
curvature cannot be ignored when the problems of
nucleation are treated, because ‘the size of the
nucleus is very small and the surface free energy
begins to play a significant role in the work of
formation of the cluster. _

The first theoretical consideration of the effect
of the droplet size on surface tension (specific

surface free energy) is made by Tolman [2] on the
basis of Gibbs’s thermodynamic theory of capil-
larity and his own assessment of the sign and
magnitude of the superficial density. Tolman de-
rived the following equation for the said depen-

dence:
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where r, is the cluster radius, 8 is the half-interfa-
cial thickness and o, is the specific surface free

* energy of the flat surface.

Later other authors also estimated the depen-
dence of o on the radius of the cluster [3—6]. The
equations derived, however, contain empirical
constants whose physical meaning is far from
evident.

Noninski [7,8] derived an equation for the rela-
tion of o upon r for convex and concave surface
by calculating the energy of the Van der Waals
interaction between a sphere and a medium of the
same substance surrounding it:

A 24 d,
(4 d—g + 'r—z r+dg’ (3)
where
A=Ys7n’B,
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d, is the diameter of a molecule, n is the number
of molecules in a unit volume, B8 is the constant
from the expression for the energy of attraction
between two molecules E = — B8/rf, r is the radius
of the drop equal to the distance between the
centre of the drop and the centres of the outmost,
peripheral molecules, situated at the cluster/
parent-phase interface.

As is seen, eq. (3) contains quantities which are
known from the experiment or can be calculated
with sufficient accuracy. Therefore, in the cases in
which the experimental value of o is known, eq.
(3) can be checked. Proof for the validity of eq. (3)
is the very good concordance between the calcu-
lated value of o for flat surface of pure water
(73.52 erg cm™2) and the experimentally estab-
lished value of ¢ for purified water (71.97 erg
cm~?). Other proof for the validity of the above
can be found in ref. [8] where it is shown that r in
(3) at o =0 should be equal to the distance be-
tween the centres of the molecules at the critical
temperature (especially after considering the inter-
molecular Born repulsion forces). Indeed, the value
of r calculated according to eq. (2) in ref. [8] at
o =0 is confirmed by the literature experimental
data for the distance between the molecules at the
critical temperature of 52 substances given in ta-
ble 1 of ref. [8].

In the present paper the Gibbs—-Thomson equa-
tion is observed in which the dependence of o
upon the radius of the cluster is taken into account,
according to an approximation of Tolman’s for-
mula (2) made in ref. [9]. The obtained curves are
compared with the Gibbs-Thomson equation
specified for e = f(r) in ref. [7].

2. Gibbs-Thomson equation for o = f(r) and o =
Hr)

If instead of o = constant, the expression (3) is
taken into account in the Gibbs—Thomson equa-
tion (1), the following equation is obtained for
convex form of the drop (crystal) [7]:

2AM | 1 2 d,
Dr=DPo exp[—ﬁ;(;l?-‘-;;lnr*’do)]‘ (4)

On the other hand, eq. (2) gives another possi-
bility to specify the Gibbs-Thomson equation (1)
for the size dependence of o. We shall use here the
exponential approximation of Tolman’s equation
(2) made by Larson and Garside [9]:

0 =0y exp(—zs/rZ)’ ‘ (5)
to obtain

2M o, 28
pr; =P €XP ﬁ; r_zexp - ‘Z ’ (6)

where r, is the so-called radius of the particle
bounded by the equimolar dividing surface and its
value is determined by definition equations con-
taining arbitrarily chosen constants [10].

In fig. 1 the Gibbs—Thomson isotherms for the
formation of ice particles for o = constant
(according to eq. (1)), 6 = f(r) (according to eq.
(4)) and o = f(r,) (according to eq. (6)) are shown,
the latter being plotted for 4 different values of 8.
The curves in fig. 1 are obtained for T=270 K,
dy=2.76%10"% cm, 0, =71.97 erg cm™2, p=
0999 g cm’, 4 =5.6008 10" and p, =81
Torr. The value of the vapour pressure of ideal
macrocrystal at 270 K and the value of the quan-
tity A are calculated in ref. [7].

. radius , nm
Fig. 1. Vapour pressure of ice particles, p,, as a function of
their radius. Curve 1 has been obtained according to eq. (4);
(O) values calculated according to eq. (9) for 26 = 0.414 nm).
Curves 2, 3, 4 and 5 have been obtained according to eq. (6)
for § equal to 0.35, 0.30, 0.25 and 0.20 nm, respectively. Curve
6 has been obtained according to eq. (1) for o = constant.
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When observing the curves obtained according
to eq. (4) (curve 1) and eq. (6) (curves 2-5), it is
seen that all of them have a maximum, unlike
curve 6 obtained according to eq. (1) in which
o = constant.

The values of 8 and r, included in eq. (6) do
not have a straightforward physical meaning and
they are chosen arbitrarily. The physical meaning
of the quantities included in eq. (4) is much more
clear and eq. (4) can be used as a model for
comparison when observing other models like the
one expressed by eq. (6). As it can be seen from
fig. 1, the form of the curve obtained according to
eq. (6) that best of all approximates that obtained
according to eq. (6) is attained at:

28 = 0.4 nm = 3d,. @)

The obtained value of § is more than an order
of magnitude smaller than the value § =2.5 nm
accepted by Larson and Garside in ref. [9)].

From fig. 1 is seen that if the difference in
physical meaning of », and r is taken into account
the latter is of lower value than r, and is equal to

r=r2‘0.3 nm=r2—1.58. (8)

If we take into consideration the above, we can
write instead of eq. (6):

_ M0 [ 20
Pr=Px XP| RTp 7,158 P\~ ,—1.58 )|
: %)

In fig. 1 the points denoted by open circles
represent the values obtained according to eq. (9).
As is seen from fig. 1, the curve plotted according
to eq. (9) coincides with that of eq. (4) for ap-
proximately 8/r <0.5. It is to be noted that the
exponential approximation of eq. (2) made by
Larson and Garside (eq. (6) in ref. [9]) holds for
6/r <« 1. We shall discuss here only the part of the
curves where they coincide.

3. Discussion

Fig. 1 shows that at a given supersaturation,
below that corresponding to the maximum of curve

1, two kinds of clusters exist. The clusters corre-
sponding to the right-hand branch of the curve are
in metastable equilibrium (critical clusters) — they
will either grow up to a big crystal or will disperse
upon a fluctuational respectively increase or de-
crease of their size. The cluster corresponding to
the left-hand branch, however, will neither grow
nor disperse upon accidental respectively increase
or decrease of their size — these clusters are in a
quasi-equilibrium state. This conclusion is made
on the basis of two independently derived equa-
tions — eq. (4) and eq. (6) (respectively eq. (9)). As
is known in the case of homogeneous con-
densation on ions, a maximum similar to that in
curve 1 of fig. 1 is observed in refs. {41,42]. From

- the results in refs. [7,8] and those presented here,

it follows that when taking into account the size
dependence of o, the maximum in the Gibbs-
Thomson isotherm is observed in all the cases of
homogeneous phase formation independent of
whether the cluster is charged or not.

The size of these quasi-equilibrium clusters cor-
responds to tens of atoms (molecules) and will
even be greater than the size observed in fig. 1,
curve 1, should the forces of Born intermolecular
repulsion, specific edge free energy, adsorbtion,
etc. be taken into account. Therefore, statistical
treatment is possible of this clustering and the
laws of thermodynamics are applicable for its
explanation.

We shall note here that clustering is observed
experimentally upon supersaturation [14-34, 38-
40] and even in saturated and undersaturated sys-
tems [{35-37].

The critical supersaturation in homogeneous
phase formation is usually defined as the super-
saturation at which the rate of nuclei formation, I,
defined by Volmer’s equation [43],

I=A exp(— W/kT), (10)

is equal to unity, where 7 is the number of nuclei
formed per unit of time in a unit volume and 4 is
a kinetic factor determined by the transport of the
substance from the parent phase to the nucleus. In
practice this supersaturation is established by vis-
ual determining the appearance of the first cluster.
Clearly, this subjective way of determination in-
troduces uncertainty in the established value.
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Instead of using eq. (1), another definition can
be applied, similar to that in the case of homoge-
neous condensation on ions [42], heterogeneous
phase formation at negative line tension, y [11],
and, as can be shown, also at y > 0, i.e. the critical
supersaturation in homogeneous phase formation
is the supersaturation corresponding to the maxi-
mum in curve 1 in fig. 1. In terms of ref. [42],
above the critical supersaturation the homoge-
neous phase formation is already a barrierless
process. At these supersaturations the rate-de-
termining step of the phase formation is the trans-
port of substance from the parent phase to the
cluster and the kinetic obstacles are eliminated.
The latter can be understood if it is remembered
that in terms of ref. [42], the barrier that should be
overcome to form a nucleus at a given super-
saturation is equal to the difference between the
work for the formation of the critical cluster and
the work for the formation of the quasi-equi-
librium one. At the maximum of curve 1 of fig. 1,
this work is zero.

When observing curve 1 in fig. 1 it can be seen
that the conclusions in refs. [9,10] regarding clus-
tering upon supersaturation can be extended. As it
can be seen when analysing curve 1 in fig. 1, the
most probable state of all atoms (molecules) in a
supersaturated system in homogeneous phase for-
mation is in the form of clusters and not of
separate, single atoms (molecules). We shall only
note here that this conclusion holds also for het-
erogeneous phase formation. Furthermore, this
conclusion does not apply only for a limited re-
gion, but applies also for the whole region of
supersaturations, at least where kinetic and not
transport phenomena are rate-determining. The
size of the quasi-equilibrium clusters is dependent
on the supersaturation and a certain size of these
clusters (in the above limits) corresponds to every
supersaturation.

Clearly, the above conclusions should influence
the derivation of the kinetic equations of phase
formation since it is more probable that the ele-
mentary building particle at every supersaturation
is a cluster of atoms (molecules) rather than a
single, separate atom (molecule). This will lead to
a somewhat “quantum” treatment of nucleation
and growth with “allowed” and “forbidden” clus-

ter sizes depending on the supersaturation. This
question shall be treated in future communica-
tions.
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Small Stable Drops and Crystals in Supersaturated Homogeneous and
Heterogeneous Systems at Positive Specific Linear Free Energy
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Existence during supersaturation of quasi-equilibrium clusters of atoms (molecules), conditionally
called small stable drops and crystals, in homogeneous and heterogeneous phase formation is discussed.
It is shown that these small stable drops can exist not only when the specific linear free energy (specific
edge free energy A, respectively line tension v,, is negative but also in cases when A and v, are positive.
It is shown that small stable drops always exist when homogeneous and heterogeneous phase formation
is thermodynamically possible; the sign of the line tension does not determine the possibility that a small

stable drop can exist. © 1991 Academic Press, Inc.

Nowadays theoretical methods employing
radial distribution and correlation functions
are widely applied in the classical theory of
capillarity (1, 2). There is another approach
to this question which was foreseen by Tolman
(3): “Indeed it will ultimately seem more sat-
isfactory to continue the investigation using
the concept of forces exerted by individual
molecules and the more detailed methods of
molecular mechanics.” Using a similar ap-
proach Noninski (4, 5) was able to derive an
equation for the size dependence of the specific
surface free energy o. This size dependence is
important to take into account especially when
observing small drops (crystals); ignoring the
size dependence of ¢ will lead to incorrect
conclusions when treating, e.g., questions of
nucleation. The o values calculated from the
equation derived in Ref. (4) for different sub-
stances are in excellent concordance with ex-
perimental values. Further, it was observed (4,
5) that when the specific surface free energy
in the Gibbs-Thomson isotherm is considered
size dependent, which is the real case, the iso-
therm changes its form and far-reaching, so
far unknown, conclusions can be drawn. For
instance, it has been found (4, 5), that when

0021-9797/91 $3.00
Copyright © 1991 by Academic Press. Inc.
All rights of reproduction in any form reserved.

such specified Gibbs-Thomson isotherms re-
ferring to convex and concave forms are jux-
taposed, a drop (cluster) of atoms (molecules)
is the thermodynamically stable formation (at
zero supersaturation ). Thus, at equilibrium,
an ideally built structure of the crystal is hardly
possible. Further specification of the Gibbs-
Thomson isotherm in some cases of phase
transformations, which should not be ignored
when small drops (crystals) are treated, can
be done also by considering the effect of the
specific line free energy (slfe) (4-11).

In the present paper another type of cluster
is discussed whose existence follows from the
specified Gibbs-Thomson isotherm upon su-
persaturation. These are quasi-equilibrium
formations but for simplicity here they con-
ditionally are called small stable drops. These
quasi-equilibrium clusters are not the critical
nuclei of a new phase.

Another aim of the present paper is to an-
swer the question whether quasi-equilibrium
clusters (small stable drops ) can exist not only
at negative but also at positive sife. For ho-
mogeneous phase formation this question has
not been treated so far, while in the case of
heterogeneous phase formation the existence

374
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of quasi-equilibrium small stable drops upon
supersaturation was found by Scheludko et al.
(6-11) only for the case of negative slfe (line
tension, v;).

THEORY
Homogeneous Phase Formation

For the case of homogeneous phase for-
mation the conclusions here will be based on
an equation for the relationship between the
specific surface free energy ¢ and the radius of
the drop (crystal) r and the Gibbs—-Thomson
isotherm specified for this size-dependent o.
Derivation of this equation was carried out by
Noninski (4, 5) when calculating the energy
of the van der Waals interaction between a
sphere and the medium of the same substance
surrounding it.

Previous papers (4, 5) were published in
Bulgarian; therefore, in the present paper the
derivation of o = Sf(r) in Ref. (4) is outlined
briefly. Here we summarize only the deriva-
tion of ¢ = f(r) for a convex surface and leave
for the future the discussion of the other im-
portant conclusions in Refs. (4, 5), such as
the proof for the existence of a thermodynam-
ically stable drop, the size of that drop, the
influence of the above on crystal growth, and
interpretation of the critical temperature of the
substance.

The dependence of o on ris derived in Ref.
(4) in the following way: For simplicity the
surface whose o is to be determined is consid-
ered to be spherical. The problem in calculat-
ing o of a sphere is reduced to the calculation
of the potential energy of interaction between
the sphere and the remaining (nonspherical)
part of the body from which the sphere is
imaginatively obtained at a moment before its
tearing from the remaining (nonspherical)
part. The work for reversible isothermic tear-
ing and moving apart, up to infinity, of the
parts of a body is equal to the absolute value
of the potential energy of interaction between
the same parts before their tearing.

POSITIVE LINE TENSION 375

The energy of interaction between two
molecules is given by the expression

(]

where 8, v, and ¢ > 6 are constants, and ry is
the distance between the centers of the mol-
ecules. The first term in Eq. [1] expresses the
energy of the van der Waals attraction and the
second term, the energy of Born intermolec-
ular repulsion.

It should also be pointed out here that when
the molecules of the remaining (nonspherical)
part of the body are moving apart in a radial
direction from the spherical part they are also
moving apart from each other. Keeping in
mind the latter it can easily be understood that
only one surface is being obtained when the
described tearing takes place, namely, the sur-
face of the spherical drop (crystal). The work
for moving apart from each other, up to infin-
ity, of the molecules of the nonspherical part
of the body has nothing in common with the
work for overcoming the attraction between
the sphere and the molecules that are being
moved apart from it. It is the latter work that
determines o.

When solving the above problem not only
the magnitude of the dispersion, the orienta-
tion, and the induction van der Waals forces
of interaction between the two molecules are
taken into account, but also the directions of
the interaction between each molecule of the
body and all the molecules of the other body
are considered.

As a result and after solving some problems
of a mathematical nature an equation is de-
rived for the energy of interaction between one
molecule of the spherical drop (crystal) with
one molecule of the medium surrounding it
(for simplicity the Born repulsion forces are
neglected; such neglect is physically consistent
because the repulsion forces act at a very close
distance and disappear with distance much
faster than the forces of attraction). This
equation is integrated so that the energy of

Journal of Colloid and Interface Science, Vol. 143, No. 2, May 1991
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interaction between one molecule in the
spherical part of the body with all the mole-
cules of the remaining (nonspherical) part is
obtained. Then the expression obtained is in-
tegrated again for all the molecules in the
spherical part of the body. Thus, the energy
of attraction between the two parts of the body,
spherical and nonspherical, U, is found. Now
that the equation for U is known it is noted
in Ref. (4) that this energy corresponds to that
at the closest distance at which the body’s
molecules can contact each other, i.e., the dis-
-tance between the centers of the separate mol-
ecules, which virtually is equal to their di-
ameter, do. The work for overcoming the
forces of attraction when moving the non-
spherical part of the body apart from the
spherical one at a distance from d, up to
is equal to —U. Since in the course of this
moving apart, a new surface, O, is created, of
the size O = 4xr?, the work for the creation

of a unit surface which virtually is the specific

surface free energy will be

U

g = = —

4xr?’

[2]
When the expression for U derived above is
substituted in Eq. [2] one obtains

do
r+dy

_A 24
6—‘—1§+—’_Tln

(3]

where
=1 2
=iswnp

and d, is the diameter of a molecule, # is the
number of molecules in a unit volume, 8 is
the constant from the expression for the energy
of attraction between two molecules, E = — 8/
ré, r is the radius of the drop equal to the
distance between the center of the drop and
the centers of the outmost, peripheral mole-
cules, situated at the cluster/parent phase in-
terface.

As is seen, Eq. [ 3] contains quantities which
are known from the experiment or can be cal-
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culated with sufficient accuracy. Therefore, in
the cases in which the experimental value of
o is known Eq. [3] can be checked. A proof
for the validity of Eq. [ 3] is the very good con-
cordance between the calculated value of ¢ for
a flat surface of pure water (73.52 erg cm™2)
and the experimentally established value of ¢
for purified water (71.97 erg cm™2) (13).
‘While in the case of water all the three types
of intermolecular interaction forces—orien-
tation, induction, and dispersion—are avail-
able, there are simple kinds of molecules like
Ar, H;, and N, whose only intermolecular
force of interaction is dispersion. In this case,
instead of 8 the constant B from the Lennard-
Jones (LJ) equation can be used. In Table I,
just as an illustration, experimental o values
for various simple molecules are presented to-
gether with ¢ values calculated by the equation

xn’B
Ty [4]
obtained from Eq. [3] for a flat surface and
for 8 = B, where the B values are calculated
from the virial coefficients [ method of Len-
nard-Jones (12, p. 293)]. The other values of
the constants used for these calculations are
from Refs. (1, 12-14). Clearly, the result will
depend strongly on the accuracy of calculation
of constant B.
Taking into account Eq. [3] the Gibbs-
Thomson equations are obtained for convex
and concave forms, respectively, specified for

o=f(r)(4,5):

TABLE'1
o (dyn/cm)

Molecule Calculated Experimental
Ar 114 (87.3K) 12.67 (87 K)
H, 2.01 (20.2 K) 1.98 (199 K)
N, 8.68 (77.2K) 8.29 (80 K)

2 Corresponding temperatures in parentheses.
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P 2AM (1 2 dy
(rd% r lnr+do) (5]

1
In Po - RTp (rod(2)

+—2—-ln do

"(3) ro+do) ) [6]

Here, T is the absolute temperature, M is the
molecular weight, R is the gas constant, p is
the density of the substance, p; is the vapor
pressure of small drops (crystals), p, is the
vapor pressure of the infinite drop (infinite
crystal), and ry is the radius of the concave
form. Equation [5] has a maximum and Eq.
[6] has a minimum.

It was proved (4, 5) that a thermodynam-
ically stable drop of finite size exists (having
o = 0). It was shown that the size of this ther-
modynamically stable drop for every sub-
stance does not depend on the nature of the
intermolecular forces and is determined solely
by the size of that substance’s molecules. It
was also shown that the volume of the ther-
modynamically stable drop (especially when
Born forces of intermolecular repulsion, spe-
cific edge free energy, etc., are taken into ac-
count) is about 64 times greater than the vol-
ume of a single molecule. In such a volume
tens of molecules are contained (approxi-
mately one and the same number for different
substances). Therefore, the thermodynami-
cally stable drop (crystal) is a particle of rel-
atively significant dimensions for which the
laws of statistics hold; therefore, the thermo-
dynamics laws can be applied when observing
it. This thermodynamically stable drop can be
looked upon as an entirely differentiated entity
of the new phase with a clearly delineated in-
terface and with dimensions of the order of
those of highly disperse colloid particles. These
clusters are equally stable with the ideally built
macrocrystal and can aggregate as building
particles of a macrocrystal having a disperse
structure. This disperse structure macrocrystal
has inner surfaces whose vapor pressure is
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lower than that of the ideally built macro-
crystal, and condensation will take place on
that disperse structure crystal. The conden-
sation continues until the entire ideal macro-
crystal disappears.

Another proof for the validity of the above
theory can be found in Ref. (5) where it is
shown that the radius of the thermodynami-
cally stable drop in Eq. [3] at ¢ = 0 should be
equal to the value of the distance between the
centers of the molecules at the critical tem-
perature (especially after considering the in-
termolecular Born repulsion forces). Indeed,
the value of r calculated according to Eq. [2]
in Ref. (5) at o = 0 is confirmed by the liter-
ature experimental data for the distance be-
tween the molecules at the critical temperature
for 52 substances given in Table I of Ref. (5).

It should be noted here that in Refs. (4, 5)
the conclusions are bases on well-defined and
physically clear presumptions, avoiding the
use of arbitrary (conditional) notions, like
Gibbs dividing surface or surface of tension.
For instance, the diameter of a molecule, a
basic parameter in Eq. [ 3], has a clear physical
meaning, whereas the distance between the
surface of tension and the surface of zero ad-
sorption is an arbitrarily chosen quantity [cf.
(1, pp. 31, 32)]. How the position of the di-
viding surface is chosen can be seen, e.g., in
Ref. (15). As it concerns the physical meaning
of LJ distance, the latter, since a result of an
approximation, is also not too clear physically
compared to the well-defined quantity “di-
ameter of an atom.”

We would like also to note that the correc-
tion term do/dr in Refs. (16, 17) is also con-
nected with the arbitrariness in choice of the
dividing surface. As seen in Ref. (1, p. 33) the
surface of tension, where the Gibbs-Thomson -
equation holds in its simplest form, is defined
as a surface where the term do/dr is equal to
zero. '

It is interesting to note that in the case of
simple molecules, Eq. [4] is quite similar to
the known equation (keeping the present no-
tation) '
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- 2xBn?
(m = 2)(m — 3)(m - 4)dg™*
_(m—4)
x [1 —

which for m = 6 and n = 9 obtains the form
(12, p. 850)

(4

- xn’B
20d3 °

In some cases of homogeneous phase for-
mation (e.g., ice crystal/water vapor) the

. quantity specific linear (edge) free energy A
" can also play a significant role, especially at
sufficiently small crystals, although the A value
is much less than o. As is known in this case,
the Gibbs-Thomson equation for a crystal
(drop) taking into account X has the form (4)

= p.exX ———2AM —l—+2-ln do
Pr = P=CXP RTp \rd3 r* r+d,

A
Xexpp. [7]

[

The quantity A can be both positive and neg-
ative because both concave and convex forms
can be thought.

In Fig. 1 the vapor pressure of ice particles,
D:, is plotted as a function of their radius, r,
accordingto Eq. [7]forA=0,A=—2 X 1073,
and A =2 X 107" dyn and for T= 270K, p
= 0999 g cm™3, dy = 2.76 X 107% cm, 4
= 5.6008 X 107! [according to Ref. (4)}, M
=18, 6, = 71.97 erg cm™2, and p, = 8.1

Py, mm Hg
SR ud

i ' I

0 5 10 15 20

L

FiG. 1. Vapor pressure of small ice particles, p;, as a
function of their radius, . (1) A = =2 X 107! dyn, (2)
A=0dyn, (3)A=2X 107" dyn.
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mmHg. The value of the vapor pressure of the
ideal macrocrystal at 270 K is calculated in
Ref. (4). The value of the quantity A4 is cal-
culated in Ref. (4) in the following way: It is
taken into account that in the van der Waals
forces the orientation effect (the effect of Kee-
som) plays the greatest role—it constitutes 77%
of the forces (14). The energy of the orien-
tation effect, Ey,, is given by the expression
4
2k (8]

where u is the dipole moment of the molecules
(for water molecules pp,0 = 1.84 X 107'8 esu
cm (1.84 D) (13)), k=138 X 10 ergK™!
is the Boltzmann constant, 7 = 298.2 K.
Therefore, the full energy of the van der Waals
interaction is

24116 X 1078
—_— .
ry

From this equation 8 = 2.4116 X 107%8; the
number of water moleculesin 1 cm?isn = N/
18.1 = 3.33 X 102, Therefore, A = {s7n°p
= 5.6008 X 10714,

As is seen in Fig. 1 the specified Gibbs-
Thomson isotherm determines the fact that
upon supersaturation, even in the case of un-
charged particles, two types of cluster (drops,
crystals) always exist in the system. The first
type is in unstable equilibrium. This cluster is
known as the critical nucleus. The other type
of cluster is in metastable equilibrium,; this is
the quasi-equilibrium cluster, conditionally
called by us small stable drops. Therefore, the
conclusion can be drawn that during super-
saturation the most probable state of the atoms
(molecules) is that of clusters and not of sep-
arate single atoms ( molecules).

Figure 1 shows that with a negative value
of A, an increase in the radius of the small
stable drop is observed. The region of r values
in which small stable drops can exist also in-
creases with the negative A value, the maxi-
mum of the curve p, = f(r) decreasing at that.
In the case of A > 0 the opposite is observed;
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with positive A, decreases both in radius of the
small stable drop and in the region where small
stable drops can exist are observed, the max-
imum increasing at that. The latter changes
are much more expressed than in the case of
A < 0. Figure 1 shows only the principal pos-
sibility for the existence of stable particles both
when ) is positive and when X is negative. Dis-
cussion of the real order of A values is beyond
the scope of this paper.

A basic conclusion can also be made from
the above that in the case of homogeneous
phase formation, the possibility of the exis-
tence of small stable drops is not determined
by the sign of the specific edge free energy;
whenever ) takes part in the phase formation
small stable drops can exist both with positive
and with negative A.

Another important conclusion that can be
drawn from the Gibbs-Thomson equation
specified for ¢ = f(r) is that critical supersat-
uration for homogeneous phase formation can
be defined as

200
KTIn(p/p) = =~

where v is the molecular volume and & is the
Boltzmann constant. The following equation
is obtained:
2ve? .
In(p/ps) = v (cos O, — cos O)sin O.
kT,
The values of 7 in Ref. (10) are obtained by
expressing r from Eq. [9] and inserting it in

080

079

In{p/pe)

078t

290 300 30

280

FIG. 2. Logarithm of supersaturation, In{(p/p..), as a
function of the number of atoms in the drop, 7. See details
in the text.
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the equation for the volume, V, of a segment
of a sphere,

/= % r3(2 — 3 cos O + cos’0),

and dividing by the volume of one molecule:

_mom _2-3 cos O + cos’O
3v ¢ (cos O, — cos ©)3sin%0°

_ T TN

In Fig. 2 the dependence of In(p/p.. ) versus
n for water is shown as obtained in the above
way for a reasonable value of v, = 1 X 1073
dynand g = 72dyncm™, 0, =45° kT =4
X 10 % erg, v =293 X 1072 cm®.

One can note that unlike the first part of
this paper, here, in the case of heterogeneous
phase formation, we consider the specific sur-
face free energy o as size independent, only v,
being considered size dependent through Eq.
[9]. We apply this simplification here since it
turned out that in the case of heterogeneous
phase formation the ¢ = f(r) dependence does
not influence, in principle, the main conclu-
sions drawn here. The effect of the ¢ = f(r)
dependence in the case of heterogeneous phase
formation will be discussed in future com-
munications.

Let us especially note that Fig. 2 is a more
detailed presentation of the upper part of Fig.
1 in Ref. (9). This more detailed presentation
leads to conclusions to be discussed now,
which were unnoticed by the author of
Ref. (9).

From Fig. 2 it is seen that at a given super-
saturation in the region of approx 0.789
<In(p/p..) < 0.797 a drop exists of a given
dimension (radius, r, or number of atoms, 1)
related with the left-hand branch, 4B, of the
curve ABC which will neither augment nor
disappear upon an accidental increase in its
dimensions. This drop will remain stable and
it will represent the most probable dimension
of the clusters for a given supersaturation. For
clarity in Fig. 2, only the part of the whole
curve corresponding to 110° < © < 130° is
represented; the slope of the two branches of
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the curve outside these limits continues to be
negative (i.e.,, corresponding to unstable
drops) for the part of the curve below the bro-
ken line (corresponding to © < 118°).

An important fact, also unnoticed in Ref.
(9), is that according to Ref. (9, Fig. 1) at v
> 0 there are small drops of certain © values
the existence of which is thermodynamically
impossible. For instance, according to Ref. (9,
Fig. 1) at a given supersaturation, unstable
drops of two different dimensions exist or for
a given dimension of the drop there are two
differing values of the supersaturation (resp.
vapor pressure). This is an evidently impos-
sible situation: if in a closed system there are
two bodies of different vapor pressures, the
body with the lower vapor pressure will be
thermodynamically more stable. Thus when
equilibrium is reached the body with the
higher vapor pressure should disappear, its va-
pors being condensed on the body with the
lower vapor pressure. Therefore, when ther-
modynamic equilibrium is reached a body
characterized with a single value of vapor
pressure will remain in the system. These con-
siderations lead us to the indisputable conclu-
sion that from a thermodynamic point of view,
it is impossible for the curve containing points
A, B, and C (curve 1) and the curve below
point 4 (curve 2) to exist simultaneously. Only
one of these curves can exist in reality and the
question is which one.

This question can be solved unambiguously
only through experiments. Unfortunately, no
experimental results are available so far. Nev-
ertheless, we shall try to make some discussion
and draw conclusions by applying analogy.

It is seen that in the case of k < 0 shown in
Ref. (9, Fig. 2), a curve with a maximum is
observed. In the case of homogeneous phase
formation a maximum is obtained in the plot
of In(p/p.. ) versus drop radius and according
to Ref. (4, Eq. [16]) taking into account o
= f(r) dependence, for both negative and pos-
itive specific edge free energy A. Note that the
quantity A corresponds to k. It should es-
pecially be noted again, as was done above,
that the derivations in Ref. (4) are based on
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quantities having strictly defined and clear
physical meaning.

Proceeding from the above analogy it can
be concluded that curve 1 is the physically
possible one and curve 2, which is only a result
of the mathematical calculations, should be
ignored.

According to curve 1 in Fig. 2 only the drops
having contact angle values of approx ©
> 118° (to the right of point A) can thermo-
dynamically exist. However, we note further
that in Ref. (9, Fig. 2) and in the case of ho-
mogeneous phase formation (4) there is no
breaking of the curves at a point similar to
point 4. In Fig. 1 no curve to the left of point
A is observed, probably because of some in-
accuracy of the equations used to obtain the
curve in Ref. (9, Fig. 2). This question, how-
ever, is beyond the scope of the present paper.

In the case of v, > O critical supersaturation
can also be defined as is done in Ref. (9) for
the case of v, < 0. In Fig. 2 point B defines
the critical supersaturation for the case of
v > 0. o

From the above it can be concluded that
unlike the statements in Refs. (6-11), during
heterogeneous phase formation small stable
drops can exist not only when v, < 0 but also
in cases when v, > 0 for © > O, the latter
cases being the only possible ones when v, > 0.

Therefore, the possibility of the existence of
small stable drops in phase formation is de-
termined only by thermodynamic criteria.
Other criteria, such as the sign of the sife, can-
not be decisive. The sign of the slfe can influ-
ence only the direction of the changes and the
kinetic parameters of the process of phase for-
mation. )
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Brief Note

Stable Drop at Positive Line Tension
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ABSTRACT

In the present note it is shown that on supersaturation stable drops can, in principle, exist not
only when the line tension, k, is negative but also in cases when k> 0. Furthermore, it is pointed
out that the decisive criteria for the existence of stable drops are thermodynamic ones, and not
the sign of the line tension.

This note deals with the dependence of the logarithm of the supersaturation,
In(p/p..), (Where p is the vapour pressure of a small liquid drop and p., is the
vapour pressure of an infinite drop) as a function of the number of atoms in
the liquid drop (in the case of heterogeneous phase formation), n, when the
line tension [1,2] k>0 and the contact angle between droplet and substrate,
6, is greater than the contact angle of the large drop (for which the radius of
the wetting perimeter r—»o0), 6.

We shall consider the case of the electrochemical deposition of mercury
treated in Ref. [3], although the same conclusions also apply for other cases
of heterogeneous phase formation. In Ref. [3], instead of the dependence In (p/
Do) versus n the dimensionless quantity

K= (cos 8,, —cos ©)sin &

versus the linear size of the drop in a dimensionless form

l"_Z['?'_Y]l/a
Tkl on

is used (where ¢ is the surface tension and V is the volume of the drop). This
exchange of the In(p/p,,) versus n dependence by )26 versus lis possxble be-
cause, as has been shown in Ref. [3] “the dependence K versus [ reflects the
changes in vapour pressure (supersaturation) with the change in drop size”

As is claimed in Ref. [3] for the above conditions, namely k>0 and 6> 9,,,,
two curves of negative slope exist (Fig. 1 in Ref. [3]), so that “the states de-

0166-6622/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 1. Variation of K with [ (see text) for 6,,=45°, k=3.9-10~5 dyn.

scribed by them are unstable: by an accidental enlargement of the equilibrium
drop size its vapour pressure will diminish and the drop will continue to grow”.

However, when the region of higher values of K in Fig. 1 of Ref. [3] is ob-
served it is seen that at a given €_, the branch of the curve with lower [ has a
positive slope. This fact, unnoticed by the author of Ref. [3], can be seen in"
the curve presented in Fig. 1 above the broken line. This figure is obtained
using the values of the constants given in Ref. [3] for a reasonable positive
value of k=3.9-10—° dyn. It is necessary to note here that, because so far we
are unaware of the real value of k> 0, if any, in the case of Hg electrodeposition,
and also because the curve in Fig. 1 is plotted upon acceptance of o=const
(note that o=const is accepted not only in the Gibbs-Thomson equation but
also in the equation for k), which virtually does not hold for small drops, the
conclusions from the figure can be drawn, for now, only in principle, utilizing
only its form. In fact the conclusions from Fig. 1 in Ref. [3] were also drawn
in principle because of the reasons stated above.

From Fig. 1 is seen that, above the broken line, a region of supersaturations
exists where two forms of the new phase are in equilibrium: one is stable and
the other unstable. The fact that such a region (although small) exists runs
contrary to the claim in Refs [3-7] that a stable drop of the new phase is
possible only when k <0, and proves that stable drops can also exist in the case
of a positive line tension (k>0). Figure 1 also shows that the definition of
critical supersaturation in terms of Refs [3 and 7] can be applied not only when
k<0 but also when k> 0.
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Magnetic field effect on copper electrodeposition
in the Tafel potential region
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Abstract—Experimental results are reported indicating that a constant homogeneous magnetic field of 12 kGs
causes a decrease of the copper deposition overpotential (increase of copper deposition rate) in the Tafel
potential region. The experimental results presented in this paper were initially submitted to this journal on
13 December, 1988 as a continuation of the studies in C. Noninski et al., 33rd ISE meeting, 1, 939 (1982)
[1], V. Noninski et al., Elektronnaya obrabotka materialov, 1, 50 (1986) [2]. Thus, the effect of magnetic field
on copper electrodeposition in the Tafel potential region has been established prior to the paper J. P. Chopart

et al., electrochim. Acta 36, 459 (1991) [3], which does not appear to have been. recognized in the latter.
Copyright © 1996 Elsevier Science Ltd
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INTRODUCTION

The effect of magnetic field (m.f.) on electrochemical
reactions has been the subject of many investigations
[1,2,4-28]). The main interest in most of these
investigations is directed toward the regions where
the rate-determining step of the reaction is diffusion
(or at least, region of mixed kinetics). The interest in
these types of electrode reactions is natural because
m.f. is expected to have an effect on the concentration
gradients existing in the solution at these conditions.

For the first time the effect of m.f. on the
overpotential, n, in the Tafel potential region where
the effect of concentration gradients on the
overpotential is not expected, was reported in Refs
[1, 2]

In the present paper further studies concerning m.f.
effects on the copper deposition overpotential in the
Tafel region are presented. Copper electrodeposition
from sulfuric acid solutions is chosen for this study
because of its technological significance and because
of the fact that a well expressed Tafel potential region
exists in which it is well established that the reasons
for the overpotential are pure kinetic (see for instance
the classical paper of Mattsson and Bockris [29]).

EXPERIMENTAL

In Fig. 1 the experimental set-up is shown
schematically. The disc-shaped electrolytic copper
cathode of 0.1 cm? working surface area and anode
(also of electrolytic copper) of ~20 cm? surface area

are situated in a quartz cuvette of 2 x 2 x 3 cm?
dimensions. A saturated calomel electrode (sce) is
used as a reference electrode. Sulfuric acid solutions
of CuSO4 were made using bidistilled water and
chemicals of p.a. grade. The electromagnet used is of
12 kGs induction with a 3 cm gap between the poles.

In Fig. 2 another set-up used is shown, enabling the
Luggin capillary of ~30 um diameter to be set at
strictly chosen distances from the electrode surface.

The constant current is maintained using Radelkis
OH-405 (Hungary) potentiostat-galvanostat used as
galvanostat and the overpotential is measured using
lamp millivoltmeter CII-2 (Fig. 2). The current-time
transients were recorded on Endim 620.01 (GDR)
X-Y recorder. )

RESULTS

In Fig. 3 an example of overpotential-time
transient is shown, taken while keeping constant the
current passing through the electrolytic cell. The
current corresponds to a potential from the Tafel
potential region. From Fig. 3 it is seen that when the
m.f. is turned on the copper deposition overpotential
rapidly decreases to reach a minimum value. After.
that a slow increase of the overpotential is observed
until a constant value is reached. The stationary
overpotential value is much lower than the magnetic-
field-off value of the overpotential. At higher currents
(also corresponding to the Tafel potential region) the
stationary magnetic-ficld-on value of the overpoten-
tial is attained much faster, shortly after the moment
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Fig. 3. Copper deposition overpotential as a function of time

Fig. 1. Scheme of the experimental set-up for measuring the
effect of magnetic field on overpotential (rate) of copper
electrodeposition. 1, electrolytic cell; 2, potentiostat—gal-
vanostat Radelkis OH-405 (Hungary): 3, X-Y and Y-t
recorder Endim 620.01 (GDR). A, anode; C, cathode, and
R, reference electrnd>. N and S, poles of th= electromagnet.

of turning the m.f. on. After turning off the m.f, the
overpotential sharply increases reaching a maximum
value, higher than the initial one. After a certain time,
the stationary overpotential value after turning off
the m.f. becomes equal to the initial overpotential
value. At higher current densities (c.d.s) the
maximum disappears and after turning the m.f. off
the overpotential reaches its steady-state value
without exceeding its initial one.

In Fig. 3 some other peculiarities in the run of the
curve are seen which to a different extent appear with
all the curves taken at the various c.d.s corresponding
to the Tafel potential region. We shall not comment
on them here.

Curves of the type shown in Fig. 3, taken at
different currents, are used to obtain Fig. 4. From

at current density i = 0.05A cm~2 corresponding to the
Tafel potential region. |, magnetic field on (12kGs): 1,
magnetic field off. Electrolyte is 0.75M CuSOs+2M
H2804. The curve is obtained with the experimental set-up
shown schematically in Fig. 1.

every such curve the stationary value of the
overpotential in the presence and in the absence of
m.f. is plotted against the corresponding current
density.

From Fig. 4 it is seen that when the m.f. is off, the
dependence between the overpotential, #, and logiis
linear, ie it obeys the Tafel law:

n=a+blogi 1))

where a and b are constants and i is the applied
current density.

It is seen from Fig. 4 that the m.f. causes the
overpotential to decrease (the reaction rate to
increase), this decrease being higher at the higher
c.d.s. The overpotential decrease observed in Fig. 4 is
of the order of the decrease when applying
continuous mechanical renewal (CMR) of the

e
6
N |s§
5 5

Fig. 2. Scheme of the experimental set-up to accurately fix the distance between the Luggin capillary tip and the electrode

surface. 1, copper cathode (S = 0.1cm?): 2, copper anode (S~ 10 cm?); 3, Luggin capillary (d ~ 30 um); 4, saturated

calomel electrode attached to a micrometric table (not shown in the figure); 5, electromagnet of 12 kGs induction; 6, quartz
eyt "

cuvette.
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Fig. 4. Tafel plot for the electrodeposition of copper from 0.75 M CuSOs + 2 M H,SO4 obtained with the experimental

set-up shown schematically in Fig. 1, line 1. Curve 2, n-log i dependence in the presence of a magnetic field of 12 kGs.
This figure is obtained on the basis of transients similar to those shown in Fig. 3, taken at various current densities.

electrode surface—about 0.060 V at the higher c.d.s
[30]. The slope of the Tafel line, b, in the absence of
m.f. is ~0.130 V which is in agreement with the
observed value of b in [17]. When the m.f. is on, the
run of the y—logi line changes. One can hardly
consider that the linear dependence is preserved any
more; the line is transformed into a curve situated at
lower overpotentials. Therefore, according to Fig. 4,
in m.f. the Tafel dependence is no longer observed; it
looks as if the Tafel dependence is being ““‘destroyed”.
It is interesting to note that a similar “destroying” of
the linearity between n and log i is observed (though
unnoticed by the authors) in Fig. 5 of [28]. One can
see in Fig. 5 of [28] that the linear y—log i dependence
under m.f. is shortened and the points corresponding
to the higher c.d. values do not lie on the Tafel line.

From Fig. 5 it is seen that when removing the
Luggin capillary away from the electrode surface the
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Fig. 5. Copper deposition overpotential as a function of the
distance, d, between the Luggin capillary tip and the
electrode surface. The curves are obtained with the set-up
shown schematically in Fig. 2. Solution, 0.75M
CuSOs4 + 0.1 M H;S04; 1, magnetic field is off; 2, magnetic

field of 12 kGs is on. Current density i = 0.05A cm~2

change of the potential (overpotential) is significantly
greater than that corresponding to the Ohmic drop.
For distances greater than about 0.2 cm evidently it
is the Ohmic component of the potential, due to the
resistance of the solution, that determines the run of
the y—d curve. This fact is in agreement with the
earlier observed dependence between the electrode
potential and d [31]. With the increase of the c.d. the
change of the overpotential with the distance d is
more clear. In m.f. of 12 kGs a change in the run of
the #—d curve is observed which is greater the greater
is the polarizing current.

It is seen from Fig. 5 that at every distance, d,
between the electrode and the capillary, at the given
c.d. value, the overpotential value obtained in the
presence of m.f. is always lower than in absence of
m.f. This observation is in agreement with the
conclusions from Fig. 4.

The dependencies shown in Fig. 4 correspond to a
certain distance, d, between the capillary and the
electrode surface. We can determine that distance at
which the Luggin capillary is during the experiment.
Thus, from Fig. 4, the overpotential value is
determined, corresponding to the c.d. at which, say,
curve 1 in Fig. 5 is obtained, and then from Fig. 5 the
distance, d, to which this overpotential corresponds
is worked out.

Unfortunately, because of the difference of the
H,S04 concentrations at which Figs 4, 5 were
obtained the determination of d in the present case
will not be exact. Here, we only mention the principle
as a possibility for such determinations.

As is seen from Fig. S the effect of m.f. is felt in the
bulk of the solution, beyond the double electric layer,
rather than at the very electrode—electrolyte interface.
This can be considered as an indication that the cause
of the overpotential should be looked for on the side
of the solution, at a macroscopic level. The change of
the overpotential observed in Fig. 5 is connected with
the decrease of the Ohmic drop in the solution layer
between the capillary tip and the surface of the
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cathode. The sole cause for the observed decrease
of the Ohmic resistance must be the change of
the solution concentration in the solution layer near
the electrode (ie decrease of the copper ion
concentration in the layer near the electrode, in
the direction towards equalizing it with its concen-
tration in the bulk of the solution at unchangeable
concentration of the sulfuric acid). Evidently, under
the action of the magnetic field the ions change their
trajectory of movement due to the Lorentz force
in such a way that their concentration in the
solution layer near the electrode decreases. Discus-
sion in more detail of how this concentration change
may affect the activation overpotential will be given
elsewhere.

Our experiments [1] unlike the observations in [28]
showed that the m.f. influence on Cu deposition
overpotential depends on the cathode surface
orientation with respect to the magnetic field lines of
force. When the cathode surface is perpendicular, and
accordingly the lines of current are parallel to the
magnetic lines of force, no influence of the m.f. on the
overpotential is observed. Further, the m.f. influence
on the overpotential does not depend on the mutual
cathode-anode orientations (and respectively on the
corresponding disposition of the current lines). It
seems the influence of the m.f. is concentrated on the
ions situated at a very close distance from the cathode
surface, where the direction of the ion motion does
not depend on the mutual cathode-anode surface
orientations.

As noted, in the present paper no attempts to
explain the observed effects will be made, these
will be deferred to future communications. It
will only be noted that the claim in {21] that the
m.f. may affect the rate of both activation
(charge-transfer) and mass-transport controlled
processes has not been proven. In [21] a case is
observed in which m.f. induces potential difference
(causes current to flow) in a flowing electrolyte
system. It is also to be noted that the authors of {28],
who also observe m.f. effects on the activation
overpotential of copper deposition (and who also
fail to recognize in their paper the prior establish-
ment of this effect in [1, 2]) look for the reasons
for this effect in terms of mass-transport
effects, although the nature of the overpotential is
discussed by them according to the charge-transfer
theory.

V. C. Noninski
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CORROSION STUDIES WITH THE SELF-CLEANING
ROTATING ELECTRODE (SRE)

V. C. NONINSKI

Higher Institute of Chemical Technology, Laboratory en Electrochemistry of Renewed Interface
(LEPGER), Sofia 1156, Bulgaria

Abstract—Current-time curves taken with the self-cleaning rotating electrode (SRE) are applied to study
the transition from the state of continuously mechanically renewed (CMR) electrode surface to that of
non-renewed surface of some steels, noble metals, Pt and Cu. These curves make it possible to
characterize quantitatively both the common features and the peculiarities of that transition for different
metals in corrosive media. It is also possible, on the basis of these current-time transients, to characterize
quantitatively the action of inhibitors of metal corrosion in a dynamic regime, unlike the commonly used
steady-state degree of protection from corrosion. The experimental findings on the basis of these curves
can further be used for establishing the mechanism and kinetics of active dissolution, passive layer
formation, the inhibiting of metal corrosion by different substances etc. These transients can accompany
the produced metals and inhibitors and also can be gathered together in an Atlas, to help engineers choose
the most suitable metal or inhibitor when their construction is to undergo mechanical stress, strain,
vibrations etc., i.e. when a fresh metal surface is expected to appear.

INTRODUCTION

THE METHOD of continuous mechanical renewal (CMR) of the electrode surface with
the help of the self- cleaning rotating electrode (SRE)" is suitable for examining the
corrosion behaviour of metals in cases where there is contact of fresh metal surface
with a corrosive medium. There are studies in literature of the effect of mechanical
factors (scratching, wiping etc.) on the corrosion behaviour of metals®>~>° which help
towards an understanding of the mechanism of passivation, stress corrosion ete,
Before SRE, however, it was not possible for the effect of CMR to be studied under:
(a) defined conditions of the surface—constant surface area, controllable state of
renewal, renewing of the whole surface which is unscreened by the renewing device
etc.; and (b) diffusion and hydrodynamic conditions of the system which both ensure
high reproducibility of the results and enable effects to be observed which are
difficult to observe in any other way, for example, the effect of the hydrogen
evolution overvoltage decrease during the CMR of metals possessing a high
hydrogen overpotential.’! Results on studies concerning the anodic behaviour of
some steels, a noble metal, Pt, Cu and of some inhibitors of corrosion in the
conditions of continuous mechanical renewal (CMR) of the anode surface are
presented below.

EXPERIMENTAL METHOD

Two main types of experiment have been carried out. One consisted of determining the polarization
curves on non-renewed surface and comparing them with the polarization curves taken in the same
conditions but during the CMR of the surface. Another was the registration of time and potential
transients by applying a potential to the anode while the latter is under CMR conditions; the change of

Manuscript received 25 April 1988; in amended form 1 July 1988 and 18 April 1989.
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current with time is registered. At a certain moment the renewal of the surface is suddenly stopped but the
registration of the curve continues. Thus the changes in the current-time curve while the surface passes
from the state of CMR to the state of non-renewed surface can be observed. To see what influence a new
renewal of the surface will have for some experiments the electrode at a given moment was rotated anew.

Current-time transients upon scratching the surface of the electrode have been reported
previously, 12-16:17-19.36-50 5¢ wel] a5 earlier studies of transients connected with metal corrosion*'~>* The
potentials at which the transients were registered were obtained from the polarization curves taken at the
beginning of the experiment.

EXPERIMENTAL RESULTS AND DISCUSSION
The region of active dissolution '

In this region a relatively weak influence of the CMR is observed on the current—
time curves of the steels '13 and X18ATI'12, curves 1 and 2 of Fig. 1. The renewal does
not remove the factors which cause an eventual retardation of the dissolution
process. From curves 1 and 2 of Fig. 1 it can be seen that the behaviour of the two
steels is somewhat different. At curve 1 a fast return to the state of non-renewed
surface takes place. At curve 2 the transition to non-renewed surface is smooth and
the steady-state is reached after a significant interval of time. The specimens of the
steels manufactured by the Japanese firms show a significant influence of the CMR in
this range of potentials. Though the specimens are of the same trade mark there are
certain differences in the technology of their production. It should be noted that the
current-time curves are taken at differing potentials though these potentials are all
chosen to be near the maximum of dissolution of the different steels. This fact
probably also has its influence on the curves. '

For curve 1 in Fig. 2, obtained in H,SO,, stopping the renewal causes a fast drop
of the current which becomes cathodic. However, immediately afterwards the
cathodic current begins to decrease . again eventually becoming anodic with a

1,A.102
o

1,A.10%

-

[ 1 0 42 54

[] 3
TIME, 5.107'

Fic. 1. Current-time transients for various steels at potentials near the maximum of the

anodic dissolution in the active region: (1) I'13 (composition: C—0.95, Mn—11.88, Si—

1.28, N—0.0254%), ¢ = —0.120 V(NHE); (2) X18Al'12 (C—0.053, Mn—11.14, Cr—

17.94, Si—0.8, N,—0.448%), ¢ = —0.220 V(NHE); (3) AISI 304, NISSHIN Steel Co., ¢ =
+0.230 V(NHE); (4) AISI 304 NIPPON JAKIN, ¢ = +0.280 V(NHE).
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Fic. 2. Current-time dependencies obtained at potential ¢ = —0.11 V. Anode—stainiess
steel 1X18HIT. (1) 8 N H;SOy; (2) 8 N H,SO, + K;Cr,05; (3) 8 N H,SO4 + KMnO,. The
concentration of the inhibitors in all cases was 1%.

maximum. After the addition of K,Cr,0,, a cathodic current passes through the
electrode during CMR. After stopping the renewal the cathodic current rapidly
decreases and also becomes anodic, also passing through a maximum. Curve 3
obtained after the addition of KMnO, upon CMR is situated at even higher cathodic
current than curve 2 upon CMR. When the renewal is stopped curve 3 does not pass
into the anodic region. Passing of the current from anodic into cathodic after ceasing
of the renewal shows that the anodic dissolution entirely stops. The rapid transform-
ation of the cathode current again into an anode one can be explained by the effect of
the cathode process on the state of the electrode surface and eventually also on the
inhibitor present on the electrode surface which again causes activation of the
electrode. The maxima of curves 1 and 2 are connected with the fact that the changes
in the state of the electrode surface at the anode process are opposite to the changes
when a cathodic process takes place.

From curve 1 of Fig. 3 the Pt electrode exhibits a current of ~ 4 x 107¢ A which
flows through the SRE. Investigation showed>? that this anodic current at a similar
potential is due to anodic dissolution of Pt. After stopping the renewal the current
decreases to reach a steady-state value practically equal to zero. On re-starting the
renewal the current rapidly increases reaching the starting value. Curve 2 in Fig. 3
shows that the addition of K,Cr,0,leads to an increase of the anode current value of
almost an order of magnitude on renewal. After stopping the renewal in this case the
anode current rapidly decreases to a minimum value after which it begins to increase
to reaching a steady-state value greater than the one in pure H,SO,. Curve 3 in Fig. 3
shows that the addition of KMnO, during CMR exerts a diametrically opposite
influence on the anode process in comparison with K,Cr,O—the anodic current
decreases down to zero and even passes to the cathode, the latter having a value of
about two orders of magnitude greater than the anodic current value in pure H,SO,.
After stopping the renewal the cathode current decreases but does not pass again
into anodic one. The activation of the Pt surface after the addition of K,Cr,0- and its
passivation when adding KMnO, can be explained if it is accepted that in H,SO,
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Fi6. 3. The dependence of the current passing through Pt SRE on the time at potential

1.08 V(NHE). (1) N H,S0; (2) 1 N H,SO, + K,Cr;,05; (3) 1 N H,80, + KMnO,. Rate of

SRE rotation 1000 rpm. | —rotation of the SRE (renewal) is ceased. { —rotation of the
SRE (renewal) begins (1000 rpm).

solution at a potential of 1.080 V, though lower than the equilibrium potential of the
oxygen electrode, the same passivating layer begins to appear on the Pt surface which
preserves the latter from dissolution at potentials higher than the equilibrium
potential of the oxygen electrode; the K,Cr,0O5 hinders while KMnO, helps the
formation of a passivating layer. It should be expected that the presence of K,Cr,O,
and KMnO, exerts certain influence on the composition of the passivating layer.
This suggestion is consistent with the current—time curves obtained in 1 N KOH
and shown in Figs 4-6. From Fig. 4 it is seen that K,Cr,0;and KMnO, act directly on
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FiG. 4. Current-time dependencies on Pt SRE polarization at potential 0.14 V(NHE). (1)
1 MKOH; (2) 1 MKOH + K,Cr;04; (3) 1 MKOH + KMnO,.
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Fic. 5. Current-time dependencies on Pt SRE polarization at potential of 0.240 V(NHE).
(1) 1 M KOH; (2) 1 MKOH + KMnO,; (3) 1 MKOH + K;Cr,04.
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Fic. 6. Current-time dependencies on Pt SRE polarization at 1.240 V potential. (1) 1 M
KOH; (2) 1 M KOH + KMnOy; (3) 1 M KOH + K;Cr;0,.

the passivating layer upon CMR as common oxidizers and accelerate the dissolution.
At a potential nearer to the equilibrium oxygen the curves in Fig. 5 show that the
passivating layer already begins to form and an influence on that formation adds to
the direct influence on the rate of Pt dissolution. This influence is the same asin Fig. 3
though here the roles of KMnO, and K,Cr,0 are exchanged. At 1.24 V the
formation of the passivating layer does not seem to be influenced by the presence of
K,Cr,0; and KMnO, and they manifest themselves as common oxidizers, again
accelerating, though weakly, the Pt dissolution.

From curves 1 and 4 in Fig. 7, taken at potentials from the region of active
dissolution of Cu, it is seen that after stopping the renewal the transition from the
state of CMR surface to the state of non-renewed is relatively slow. At a potential
corresponding to the maximum of the dissolution rate—curve 2—this transition is
already rapid.

The passive region
From curve 3 in Fig. 7 the transition from the state of CMR to the steady-state of
non-renewed surface can be seen to take place more rapidly than the corresponding
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transition in the region of active dissolution. Clearly, if passivation is promoted, by,
for example, sedimentation of CuSOy, as a result of the supersaturation at the anode
layer, the current will decrease much more rapidly than in the absence of such a
factor.

From curve 1 in Fig. 8 it is seen that the depth of passivation of X18AI'12 is the
greatest for the studied steels in this figure. Despite this fact, however, for some uses

1, A.104

6 ] k7] 42 54 66
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Fic. 7. Current-time transients of Cu SRE in 0.49 M CuSO, + 4 M H,S0,. Curve (1) is
taken at 0.44 V; (2) 0.58 V; (3) 0.68 V; (4) 0.38 V.
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Fic. 8. Current-time dependencies for various steels, obtained with the help of the SRE

in 8 N H,S0, at potentials from the passive region of these steels (where the passivation is

deepest). (1) X18AT'12, ¢ = +0.680 V(NHE); (2) AISI 304 NISSHIN Steel Co., ¢ = 0.780

V; (3) AlS1 304 NIPPON JAKIN, ¢ = +0.730 V, (4)T'13, ¢ = +0.178 V. Compositions of
the steels are the same as in Fig. 1.
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Fic. 9. Current-time dependencies obtained at potential ¢ = +0.480 V. Anode—
stainless steel 1X18H9T. (1) 8 N H,SOy; (2) 8 N H;SO, + K,Cr,O7; (3) 8 N H,SO, +
KMnOy; (4) 8 N H,SO, + KMnO, + H;PO,.

the steel corresponding to curve 2 might be preferred because passivity is reached
more rapidly. Peaks can be seen in curve 1 which are an indication for a certain
tendency towards depassivation. I'13 steel also exhibits a tendency towards depassi-
vation. According to the current—time curves the steels produced in Japan do not
differ much from one another but the depth of passivation of the steel produced by
NISSHIN Steel Co. is greater. The curves also do not differ much in the region of
CMR. In the active region a full corrosion protection of the Japanese steels takes
place: the curves in Fig. 1 change from anodic to cathodic. In the passive region such
an effect is not observed with these steels.

In Fig. 9, unlike Fig. 2, the current on CMR is the same in the absence and
presence of inhibitors. After stopping the renewal the current rapidly decreases
becoming cathodic , this change being fastest with KMnO, which also causes the
cathode current to pass through a maximum. Curve 4 in Fig. 9 shows that when
H;PO, is added the influence of the KMnO, significantly decreases. The experi-
ments showed that some other inhibitors such as pyridine, HNO;, piperidine,
B-naphthol, phenol, benzene, benzaldehyde, aniline, a-naphthylamine, picric acid,
anthraquinone, benzoic acid, etc. do not influence the run of curve 1 of Fig. 9. The
fact that at a potential in the passive region on renewal of the surface the inhibitors do
not influence the current value shows that the observed current is defined practically
only by the two processes: formation of the passivating layer and mechanical removal
of the layer by CMR. The action of the inhibitors is negligibly small compared to that
of the factors determining the formation of the passivating layer. This is seen better
from the current-time curves after stopping the renewal of the surface. According to
curve 1 of Fig. 9, after stopping the renewal the formation of a passivating layer
decreases the current by several orders of magnitude, while according to curves 2—4
compared to curve 1 the additional change of the current under the action of the
inhibitors is of the order of a thousandth part from the change due to formation of a
passivating layer.

CONCLUSIONS

(1) The transients can be used to estimate the transition from the state of CMR to
the state of non-renewed metal electrode surface. Furthermore, the current-time
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transients can be used to examine the mechanism and kinetics of active metal
dissolution, the formation of passivating layers, the inhibition of metal corrosion etc.
(2) The characteristics of transients can be an indication for the corrosion
properties of metals where a fresh metal surface is created.
(3) Transients can be used for a quantitative characterization of inhibitors of
metal corrosion in a dynamic regime, unlike the commonly used steady-state degree
of protection from corrosion.
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INTRODUCTION

During the anodic polarisation of Pt it is possible for anodic dissolution to take
place [1-12]. Furthermore, it has been established by us [13] that, during the
continuous mechanical renewal (CMR) of the anode surface, the noble metals (Pt,
Rh, Au) and their alloys are dissolved anodically at rates commensurate with the
rates of the anodic dissolution of the base metals whose surface is not renewed.
Potential regions exist, however, where because of thermodynamic reasons, electro-
chemical dissolution of non-renewed Pt is impossible. During studies of the anodic
evolution of oxygen during the CMR of Pt anodes it has been established [14] that
at potentials lower than that at which it is thermodynamically possible for electro-
chemical dissolution of platinum to take place, significant anodic currents are
observed. Some preliminary experiments have shown that besides the passing of a
capacitance current, in this case anodic dissolution of the noble metal takes place
[15]. The aim of the present communication is to present some experimental
~ evidence for such dissolution.

EXPERIMENTAL

The experiments were carried out using the self-cleaning rotating electrode (SRE)
[16]). The cone-shaped working surface of this electrode is presented against four
sharp edges of a device called a sharpener, made of baked corundum. When the
electrode is rotated, its conical surface is continuously renewed mechanically by
these edges. The pressure of the electrode surface against the sharpener’s edges can
be controlled during the experiment through a scale connected to a spring or by
using heavy washers of known weight. The extent of renewal is controlled by the
rate of rotation of the SRE. During the renewal the surface of the electrode is
practically unscreened. When the electrode is not rotated, the conical surface works

0022-0728/89/$03.50  © 1989 Elsevier Sequoia S.A.
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as a common conical stationary electrode. The experiments were carried out mainly
with a spectrally pure platinum (Johnson Matthey) electrode. The experimental
setup was similar to that described in ref. 14, the anode compartment being isolated
from the cathode one by a salt bridge to prevent the Pt ions eventually appearing
from passing into the cathode compartment and being reduced there. The sulphuric
acid solutions in the anodic compartment of the cell before and after the polarisa-
tion of the anode were studied by spectroscopy for the presence of Pt ions by the
method of Piercy and Ryan [17,18] with a Perkin-Elmer 137 spectrophotometer. As
a reagent, p-dimethylaminobenzylidenerhodanine (DMABR) with phenylmethyl-p-
hexadecylammonium chloride (CETYL) added, was used. Firstly, an absorbance vs.
Pt2* concentration standard line was constructed by analysing a series of solutions
of known Pt?>* concentration prepared according to refs. 17 and 18.

RESULTS AND DISCUSSION

There are different methods for determining the amount of platinum in solutions.
In the present case, however, in the solution there will be Pt in the atomic state due
to the mechanical scraping and eventually Pt in the ionic state due to anodic
dissolution. Therefore, in order to prove anodic dissolution it is necessary to
determine only the amount of Pt ions in the solution, while leaving the scraped Pt,
also present in the solution, undetermined.

A reliable method for the above aim is spectroscopy in the visible region. The
experiments began by applying the procedures outlined in refs. 17 and 18 to a blank
H,SO, probe. This probe did not show any coloration, which is a guarantee that no
Pt ions exist in the solution. This initial H,SO, was transferred to the cell, the
electrode rotated and a potential applied. We carried out experiments at two
potentials, 0.78 and 0.80 V (SHE) (at pH =0), in the “immune” region in the
Pourbaix diagram of Pt [19]. At certain moments, samples of the solution were
taken and studied for the presence of Pt>* according to the procedure described in
refs. 17 and 18. The samples showed a pink to red coloration depending on the time
of polarisation. The solutions studied demonstrated the characteristic absorption
spectrum of the Pt(II)-DMABR complex with a maximum at A = 520 nm, corre-
sponding to different absorbance values depending on the amount of Pt?* complex.
The coloration was distinct and its appearance could be attributed solely to the
existence of Pt ions in the solution, any other reason being excluded. For instance,
the particles scraped from the electrode cannot be a source of Pt>* since they are
not under the applied anodic potential and the Pourbaix diagram shows the
impossibility of Pt dissolution in such a state. Experiments were also carried out in
which the electrode was renewed for hours in the solution without potenual
application. In these experiments no Pt ions were found in the solution.

In Fig. 1 the determined concentration of Pt?* as a function of the time of
polarisation of the CMR Pt anode is shown. Due to the mechanical wear of the
sharpener’s edges caused by the long duration of the experiment, the conditions of
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Fig. 1. Concentration of Pt>* as a function of polarisation time in hours. Potential of the electrode 0.78
V vs. SHE.

renewal change, which is one of the reasons for the non-linearity of the dependence
in Fig, 1.

Our experiments show [13] that the anodic current increases up to a certain limit
with increasing pressure of the electrode surface against the sharpener’s edges, after
which there is no pressure effect on the current. The effect of the rotation speed on
the observed anode current [13] is similar: with an increase of the electrode rotation
rate the current increases until a certain limiting value is reached which remains
constant when the rotation speed is increased further. In the present investigations
the pressure of the sharpener’s edges was maintained at 0.8-0.9 N em™! of edge
length and was kept constant during the whole course of the experiment, while the
electrode rotation speed was 1000 rpm; these values of pressure and rotation speed
were chosen so as to correspond to the ones used during the experiments in ref. 14.
These values were chosen because the sole aim of the present investigations was to
help us understand the character of the current observed in ref. 14 at low anode
potentials which fall into the so-called “immune” region of Pt. As said before, it
was suggested that the above currents are due also to anodic dissolution of Pt
during the CMR, although the potentials at which these currents are observed fall in
a region where non-renewed Pt cannot be dissolved. To clarify the above point,
which is of principal importance, it was enough just to register, with sufficient
reliability (which the method of Piercy and Ryan [17,18] ensures), the appearance of
Pt ions at some potentials in that region, leaving for the future detailed investiga-
tions of the phenomenon — e.g. the potential dependence of the amount of Pt ions
and of the current efficiency, the temperature dependence, etc. It will be necessary
to carry out such further investigations because the present finding$ raise many
further questions — for instance, what the reasons are for the observed low current .
efficiency of about 10%. For now, however, even the mere coloration of the solution
obtained as described above allows us to draw the important conclusion with a large
degree of certainty that anodic dissolution of Pt during CMR of its surface can
really take place in the “immune” potential region.

The above observations can be explained in the following way. Pourbaix di-
agrams are constructed on the basis of data for equilibrium states of the noble metal
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(non-renewed) and in its equilibrium state Pt is thermodynamically stable. It cannot
be dissolved spontaneously because its thermodynamic potential is lower than the
thermodynamic potential of its ions.

In the present experiments the state of the Pt (the initial state of the system for
the process of dissolution) is the one which we create and maintain artificially
through CMR of the oxide layer (or the layer of adsorbed oxygen). This stationary
state of Pt partially or entirely cleaned from its oxide (oxygen) is irreversible and the
fact that, from this state, Pt passes spontaneously into its reversible state, in which it
is covered with an oxide layer, shows that through the CMR we obtained Pt of a
higher thermodynamic potential (Gibbs energy) than in its reversible state. Should
the potential of the cleaned Pt become higher than the thermodynamic potential of
Pt ions, the spontaneous anodic dissolution of Pt becomes possible.
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Hydrogen evolution on freshly generated chromium

electrode surfaces
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The effect of continuous mechanical renewal (CMR) of a chromium electrode surface
on the rate of hydrogen evolution has been investigated. The increase in steady state

hydrogen evolution rate at a given potential due to CMR was found not to persist after

CMR had ceased.
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INTRODUCTION
The fact that a decrease in hydrogen evolution overpoten-
tial (increase of hydrogen evolution rate) occurs during
continuous mechanical renewal (CMR) of the surfaces of
metals with low hydrogen evolution overpotentials has
been established by Tomashov et al.'"* For metals with
high hydrogen overpotentials, a decrease in this over-
potential (increase in the reaction rate) and in the activa-
tion energy for hydrogen evolution during CMR occurs, as
" has been established by C. I. Noninski and co-workers.*¢
A study with the aim of determining whether the
increase in hydrogen evolution rate brought about by
CMR of the entire electrode surface (at a given cathodic
potential) persists after renewal has been stopped is
reported in the present paper. This phenomenon has been
investigated’-® by scratching a small portion of a chromium
electrode to generate fresh metal discontinuously at the
surface. Large increases in hydrogen evolution rate were
observed on chromium at low electrode potentials in
aqueous solutions when the metal surface was freshly
regenerated. This reaction was observed to continue at a
rapid rate long (even indefinitely) after the fresh metal
surface had been created, provided the potential remained
low, an effect attributed to the formation, following
scratching, of an oxide film differing in properties from the
original.”® Further, a decay in the cathodic current
occurred, which wrs explained on the basis of partial
reformation of an uxide film and growth of hydrogen
bubbles hindering mass transfer to the scratched surface.

EXPERIMENTAL METHOD

The fresh metal surface was created by a selfcleaning
rotating electrode (SRE), described in detail else-
where.%%!° Renewal of the electrode (99-9%Cr, surface
area ~5mm?) occurs when the cone shaped working
electrode, which is pressed on the four sharp edges of the
sharpener (made of baked corundum), is rotated at 50 Hz.
The special construction of the sharpener makes it possible
‘to renew the entire surface of the SRE continuously at a
controlled rate with practically no screening effect. Thus, a
SRE allows steady state processes occurring on a contin-
vously generated fresh metal surface to be compared with
those on a non-renewed surface, i.e. when the cone
surface is not being rotated. The reproducibility of results
obtained during CMR is very high'™"* — much higher than
in its absence — and depends strongly on the preparation of
the SRE. Because of the extended periods involved in the
present experiments, it was not possible to use one elec-
trode throughout and although the results for a given
electrode are highly reproducible, the data obtained with
different electrodes under the same conditions will differ
slightly due to intrinsic differences. However, these varia-
tions are not significant in the context of the present
investigation.
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The experiments were carried out in a standard three
compartment glass cell similar to that described
previously.'® Water traps, with which both the cell and the
SRE were fitted, made it possible to isolate the working
compartment from the atmosphere. A saturated calomel
electrode was used as the reference electrode with a
Luggin capillary situated <1 mm from the electrode sur-
face, thus making any Ohmic correction of the potential
virtually unnecessary. The counter electrode consisted of a
platinum gauze and the anode and cathode compartments
were separated by a porous membrane. The solution was
saturated with argon (99-995% pure) throughout the
experiment and the temperature of the cell was main-
tained constant at 293 + 1 K. The working electrolyte was
analytical grade 1M KOH prepared with doubly distilled
water. Polarisation was controlled with a potentiostat-
galvanostat Radelkis OH-405 (Hungary) and the
transients recorded on an x-y recorder 620.02 (GDR).

Transients consisting of three main regions — before,
during, and after CMR - were generated while a cathodic
potential was applied to the electrode. However, there is a
further factor that should also be considered. The elec-
trodes were exposed to the atmosphere, usually overnight,
before use, during which time oxide layer(s) were formed
on the surface. While the use of a SRE makes it possible to
remove this oxide from the electrode surface, so allowing
measurements to be made on a virtually oxide free sur-
face, it should be noted that several hundred rotations of
the electrode are required to achieve this condition. It was
therefore possible to obtain two types of transient:

(i) from electrodes having surface oxide layers, i.e.
after exposure to air overnight

(ii) from electrodes that had been mechanically cleaned

(while immersed in the test solution) to remove
oxide layers immediately before applying the
potential and commencing measurement.

RESULTS AND DISCUSSION
The transient from an experiment of type (i) is presented
in Fig. 1a; the applied potential was —1-300 V(NHE). It
can be seen that in the first few tens of seconds after
application of the potential a characteristic minimum is
observed in the current-time transient, after which the
current increases gradually until reaching state A.
Mechanical removal of the electrode surface was com-
menced 1060 s after application of the potential, where-
upon the current increased suddenly to a maximum, then
began gradually to decrease. After about a further 880s
CMR was ceased, producing a sudden drop in the current
followed by a period of slower decrease. About 980 s after
ceasing CMR state B was established. The reaction rate in
state B is lower than that in state A.

It might appear that this result answers the question
raised initially. However, it was found that if the chro-
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a electrode kept overnight in air at ambient temperature: b differ-
ent electrode from a with surface mechanically renewed immediately
before start of measurement; ¢ same electrode as in b after exposure
overnight in air at ambient temperature: broken lines indicate 20h
break in recording

1 Cathodic current transients recorded during hydrogen evolu-
tion on chromium selfcleaning rotating electrode held at
—1-300 V(NHE}) in 1M KOH solution: start of curve represents
application of potential; 1 marks start and | cessation of
continuous mechanical surface renewal

mium electrode surface was renewed just before starting
type (ii) experiments, effects contrary to those shown in
Fig. 1a could be observed (Fig. 1b). In this test the chro-
mium surface was renewed in the solution for several
minutes, after which CMR was stopped and the curve
shown in Fig. 1b recorded. At least two types of pheno-
mena relevant to the aims of the present study can be seen,
at different stages on the curve. The current in state A of
Fig. 1b (corresponding to state A in Fig. 1a) is lower than
that at point N (after stopping CMR, but still maintaining
the applied potential). Here, and especially in the region
before N where the currents are markedly different, it
would be reasonable to conclude, similarly to Burstein et
al® and C. I. Noninski,’ that the effect of CMR is
preserved after the process ceases.

However, at point N in Fig. 1b (530s after ceasing
CMR), the current is equal to that in state A. Thus, if
currents are compared after point N, i.e. more than 530's
from ceasing CMR, the conclusion will be the same as that
drawn from Fig. 1a: namely, that the effect of renewal is
not preserved after the process is stopped.

The main reason for this apparent ambiguity lies in the
fact that comparison is in some cases being made between
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non-steady state currents. Such non-steady state compari-
sons appear to have been applied by Burstein et al.”® The
transients presented in Fig. 1 of both these papers were
recorded for the relatively short time of ~6 s (in Fig. 2 of
Ref. 7 this period is 7s) after cessation of scratching. In
Fig. 1 of Ref. 8 a steady state regime appears to have been
established several seconds after scratching is stopped,
although it is relevant to note that this figure has an
enlarged abscissa scale which could affect this judgement.
The lowest rate of change on this figure appears to be of
the order of 1mA h~', which can reasonably be repre-
sented as a measureable value that is not indicative of
steady state conditions. Thus, the claims of Burstein et al.®
discussed above could be regarded as precipitate.

In an attempt to resolve the apparent ambiguity, experi-
ments were carried out for periods sufficient to ensure that
current would remain unchanged for several hours (within
the limits of accuracy of the measuring system). In the
present case steady state conditions were considered to
have been achieved when the rate of change became
<0-0lmA h-!, '

In Fig. 1c cathodic current is shown as a function of time
in a type (i) experiment. It can be seen that the curve has a
characteristic initial form, which, in the course of time,
tends toward higher current values. This tendency was
persistent and it was only after ~2h that the rate of
increase became <0-01mAh~' (A in Fig. 1c¢). After
establishing a steady state current, CMR was carried out
for several minutes, sufficient for the entire cathodic
surface to have been renewed. This resulted (Fig. 1c) in a
rapid increase in current to a maximum, after which a
decrease to a steady state value was observed. The current
recorded in Fig. 1c just before CMR was ceased had
remained constant over a period of many hours (this is not
shown in the figure for clarity) at a level that was lower
than the steady state current obtained in the absence of
CMR. After ceasing renewal, the current rapidly de-
creased to a level significantly lower than the steady state
value in the absence of remewal. (Although it would
appear from Fig. 1c that the current has reached a steady
state value several minutes after stopping CMR, this value
is in fact reached only after ~20 h — state B.)

It can be seen from Fig. 1c that the current in state B
(the steady state reached after stopping CMR, but main-
taining the applied potential) is lower than that in state A
(steady state before CMR). This is observed not only at
—1-300 V(NHE), but also at other potentials within the
Tafel region when the initial condition of the chromium
electrode is similar and is a difference arrived at as a result
of comparing steady state currents, unlike in Fig. 1a and b
where comparison of non-steady state conditions is being
made. The steady state current density recorded on the
filmed surface is an order of magnitude greater than that
given in Ref. 8 for unscratched chromium, whereas. the
steady state current densities for both filmed and unfilmed
chromium surfaces in Fig. 1c are of the same order of
magnitude as the steady state scratch current density given
in Ref. 8.

The increase in current during cathode polarisation of
non-renewed chromium can be attributed to an increase in
activity due to the decrease in thickness of the surface
oxide film brought about by cathodic reduction of the
latter. Differences in the processing history of the chro-
mium electrodes (not controlled here or in Refs. 7 and 8)
can lead to electrodes used in different experiments having
dissimilar initial oxide thicknesses, which will affect the
time necessary to achieve steady state conditions. Never-
theless, the qualitative conclusions drawn from the
separate experiments should still be valid.

During CMR of the electrode surface it is probable that
not only the rate of hydrogen evolution but also that of
refilmiag is increased. Because of CMR, refilming is not
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rapid enough and hydrogen evolution takes place on an
activated surface. The form of the curve recorded during
CMR reflects the fact that the surface state of the elec-
trode is changed to a greater extent during CMR than is
that of a non-renewed electrode because of increased
catalytic activity of the electrode surface towards water
molecules. It should be noted also that steady state con-
ditions are reached several orders of magnitude faster
during CMR of the electrode surface.

In considering these results it should be emphasised that
several hundred rotations of the electrode are necessary
for the renewal of the entire surface. This would explain
the observed difference in the initial form of curves
obtained during CMR for the same electrode (Fig. 1b and
c), although the steady state currents during CMR practi-
cally coincide. As discussed above, the value of the steady
state current is determined by competition between the
processes of activation and refilming. The initial form of
the curves during CMR in Fig. 1b and ¢, however, is
determined by the processing history of the electrode. In
Fig. 1b the CMR necessary to renew the entire surface has
been applied before commencing measurement (type (ii)
experiment) and no stable oxide layer has been able to
form in the initial period when potential is applied without
CMR. Therefore, on commencing CMR a steady state is
reached rapidly — the current has a practically constant
value from the very beginning of renewal.

Similarly, in the case shown in Fig. lc the electrode
surface was cathodically reduced for ~20h and has
reached a steady state in the absence of CMR. When
CMR is applied the competing processes already men-
tioned eventually produce a steady state current practi-
cally coinciding, as expected, with that during CMR in
Fig. 1b, but lower than that for the prior oxide covered
chromium.

S% AN YT AL N~ 1

After CMR is stopped, refilming continues unopposed,
as a result of which the rate of hydrogen evolution is
decreased.

CONCLUSIONS |

The effect of continuous mechanical renewal of the entire
surfaces of chromium electrodes held at —1-300 V(NHE)
in IM KOH solution was investigated. It has been estab-
lished that the steady state evolution rate of hydrogen
obtained under such conditions does not persist after
renewal has been stopped, even when polarisation is
maintained.
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Experimental results of differential heat loss calorimetry
measurements during the electrolysis of light water solutions
of K;COj; and Na,CO; with a nickel cathode are presented.
A significant increase in temperature with every wat! input,
compared with the calibration expenmem is observed during
the electrolysis of K;CO;. This effect is not observed when
Na,COs; is electrolyzed. No trivial explanation (in terms of
chemical reactions, change in heat transfer properties, etc.)
of this effect has been found so far. If the nontriviality of the
observed overcoming of the energy breakeven barrier is fur-
ther confirmed, this phenomenon may find application as an
important new energy source.

INTRODUCTION

The studies in this paper follow the general lines of the
work of Fleischmann and Pons,' although electrolysis of
D;0 is usually considered when excess energy is claimed.

Observation of excess energy production during the electrol-

ysis of H,O was first mentioned by Pons and later rejected. '
Pons et al., however, explicitly state the possibility of obtain-
ing excess energy during electrolysis of ordinary water (using
nickel as a cathode, among other proposed metals) in Ref. 2.

Unexplained excess heat in light water is also claimed in a pa-
per by Bush et al.> Mills and Kneizys* claim to have ob-
tained excess energy above the amount spent during the
electrolysis of a K;CO; ordinary water solution with a nickel
cathode. The excess energy effect, according to these authors,
is not observed when Na,CO,; is electrolyzed. Furthermore,
unusual effects during the electrolysis of light water have also
been reported by Matsumoto.’

This paper compares the heating coefficients for a
nickel/platinum (Ni/Pt) circuit with those for a resistor
heater in vacuum-jacketed dewar electrolytic cells containing
K,COj; or Na,CO;. Note that the excess energy effect from
an electrochemical system containing K* (Li* is usually used
in these studies) in D,0 is reported in Ref. 6.

*Visiting scholar at Franklin and Marshall College, Chemistry De-
partment, Lancaster, Pennsylvania.
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EXPERIMENTAL DETALLS

The experiments were carried out by observing and com-
paring the temperature difference, AT, = Topecrrolysis onty —
Tblank and ATZ = Trtsmor heating only Tblank referred to unit
input power, between two identical 200-ml silver-coated vac-
uum-jacketed dewars. A calorimeter dewar having the same
configuration and containing the same amount of electrolyte,
same type of electrodes (nickel cathode and platinum anode),
resistor heater, and thermistor (thermometer) and stirred at
the same speed was used as a blank; neither electrolysis nor
heating by the resistor was carried out in this dewar. Exper-
iments were also carried out by using as a blank a dewar used
in a previous experiment and vice versa. This exchange was
done to ensure that the effect was not due to any difference
in the thermal properties of the two specific dewars used.
Each dewar had a 3-cm opening, and a 2-cm-thick tapered
rubber stopper was placed 1 cm into the dewar. The experi-
mental apparatus for the differential calorimetry used in these
studies is shown in Fig. 1. Unlike the studies in Ref. 4, the re-
sistor and the electrolytic circuit were not run simultaneously
in this study; the effects of heating by the resistor and by the
electrolysis circuit were studied in separate runs.

As is usual in electrochemistry, measures were taken to
avoid impurities in the system, especially organic substances.
While it is unclear at this point what the relationship is, if
any, between the contamination effect on the hydrogen over-
potential and that on the eventual excess heat, one should re-
call the known problems with the reproducibility of the
hydrogen overpotential, which can be overcome only by en-
suring the lowest possible level of impurities. Certain proce-
dures should be applied to reproduce the excess heat effect.
For instance, before starting the experiment, mechanically
scour the platinum anode with steel wool, soak overnight in
concentrated HNO;, and then rinse with distilled water. Re-
move the nickel cathode from its container with rubber
gloves, and cut and bend it in such a way such that no organic
substances are transferred to the nickel surface. Preferably,
dip the nickel cathode into the working solution under an
electrolysis current, and avoid leaving the nickel cathode in
the working solution in the absence of an electrolysis current.
Clean the electrolysis dewar, and free it of organic contam-
inants.

After assembling the experimental setup, the nickel cath-
ode was subjected to anodizing by a constant electrolysis cur-
rent of 0.083 A for 1 h. Then, the direction of the electrolysis
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Fig. 1. Experimental setup: (1) vacuum-jacketed dewar, (2) ther-
mometer, (3) platinum anode, (4) nickel cathode, (5) mag-
netic stirring bar, (6) resistor heater, (7) rubber stopper, (8)
Teflon tubing, (9) magnetic stirrer, and (10) aluminum
cylinder.

current was reversed (platinum anode and nickel cathode),
and the electrolysis was carried out for 14 to 16 h.

The electrolysis heating power was calculated as P,; =
(E.; — 1.48)1,,, where E_, is the applied electrolysis voltage,
I, is the electrolysis current (the term “electrolysis power” is
used here for convenience, denoting only the power contrib-
uting to the joule heating effect during the electrolysis), and
1.48 V is the isoenthalpic voltage, which at the temperatures
studied practically coincides with the thermoneutral voltage.
The resistor heater power was calculated as P, = IgEg,
where I denotes the resistor current and Eg denotes the re-
sistor voltage.

The cathode was a 7.5-cm-long X 4-cm-wide x 0.0125-
cm-thick nickel foil (Aldrich 99.9+ %) spiralled into a cylin-
drical form. The anode was a 0.1-cm-diam x 10-cm-long
platinum wire (Johnson-Matthey). The spiral anode and the
cylindrical cathode were parallel to each other. The leads were
inserted into Teflon tubes to prevent any recombination of
the evolving gases. The electrolyte solution in both dewars
was 153 ml of 0.57 M K,CO, or 0.57 M Na,CO; in H,0. The
distilled water was from the common distiller of the Chemis-
try Department of Franklin and Marshall College. The power
was delivered by a Zenith SP-2718 power supply (alternating
current component <0.1%). The resistance heater was a 100-Q,
1% precision, metal oxide resistor in a 2-mm-o.d. Teflon
tube. The electrolyte solution in both dewars was stirred si-
multaneously (synchronized for the two dewars) by two iden-
tical spheroidal ellipse magnetic bars rotated by two magnetic
stirrers at ~300 rpm. Electrolysis voltage and current were
measured by two Keithley 169 multimeters, and the resistor
voltage and current were measured by Extech 380198 and
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Micronta 22-185 A multimeters with 0.01-V and 0.001-A ac-
curacy, respectively. The use of vacuum-jacketed dewars,
rather than air-jacketed dewars or simple flasks, made the
measurements more sensitive (higher heating coefficient). In
a vacuum-jacketed dewar unit, input power leads to a greater
steady-state temperature, thus enabling differences in steady-
state temperatures (for the same configuration) to be more
pronounced. The temperatures in this study were monitored
continuously using the capability of the standard calorimeters
(Parr P-318) to record the temperature continuously (with

0.01°C accuracy) on their strip-chart recorder (Fisher Record-
all Series 5000).

RESULTS AND DISCUSSION

The results of the study are shown in Figs. 2 through 5.
Figure 4 is based on the data presented in Figs. 2 and 3. Fig-
ure 2 shows the absolute change in the measured temperatures
of the dewars at different conditions, while Fig. 3 shows the
input powers in each case. It can be seen from Fig. 3 that
while the input power with the resistors working was constant
as expected, the input electrolysis power was not, and there
is a time lag between the application of power and the temper-
ature response. We compensated for this by selecting appro-
priate power values when calculating the heating coefficients
plotted in Fig. 4 (more precisely, the term “heating coeffi-
cient” refers only to the steady-state values of the quantities
in Fig. 4; the last parts of the curves in Fig. 4 can be consid-
ered to represent steady state). The heating coefficients plot-
ted in Fig. 4 were calculated using the average power plotted
in Fig. 3. Note that other reasonable ways of referring the ob-
served AT to the applied power are possible; however, even
the most conservative approach gives the same qualitative ef-
fect as that seen in Fig. 4. Studies currently in progress, using
a data acquisition system, show sustained steady-state pro-
duction of excess heat for many days. Results from these
studies are presented elsewhere.
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Fig. 2. Time history of temperatures: (1) blank cell (this curve is
used as the blank for computing the heating coefficients of
Fig. 4); (2) K,CO, calibration cell (with only resistor heater
working); (3) Na,CO; calibration cell; (4) K,CO, electrol-
ysis cell (with only electrolysis working); and (5) Na,CO,
electrolysis cell.
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Fig. 3. Time history of the applied power: heating power with (1)
electrolysis in the Na,COj; cell, (2) the resistor in the
Na,CO; cell, (3) the resistor in the K,CO; cell, and (4)
electrolysis of the K,CO, cell. The thermoneutral voltage is
1.48 V. For the calculations presented in this paper, mean
values of the electrolysis powers in the Na,CO, and K,CO;
cells are used, shown as solid lines in curves 1 and 4.

60

50 1

30

20

Heating coefficient (°C/W)

10 1

0 260 4(;0 600 800
Time (min)

Fig. 4. Plot of the heating coefficients over time: (1) electrolysis at
0.083 A in K,CO;, (2) resistor working in Na,CO,, (3)
electrolysis at 0.083 A in Na,CO,, and (4) resistor working
in K,CO;. '

The heating coefficient of the Na;CO; cell is plotted in
Fig. 4. The heating coefficient for the resistor heater only and
that for the electrolysis circuit only are essentially identical.
This is to be expected for a given dewar and a given electro-
lyte when steady state is reached: The AT corresponding to
a unit heating power has a strictly defined value, determined
by the properties of the materials through which heat is be-
ing lost. The properties of the cell are unaltered during op-
eration. Specifically, the volume of electrolyte remains
practically constant: ~0.2% of the solution volume is being
electrolyzed during the 12-h operation of the Ni/Pt cell.
FUSION TECHNOLOGY
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In contrast, the calorimeter containing K,CO; showed
very different behavior. The heating coefficient of the
K,CO, cell is plotted over time in Fig. 4. The heating coef-
ficient-time curve of the working electrolysis cell is clearly
above the curve of the dewar in which only a resistor is work-
ing. The value of the heating coefficient with the Ni/Pt cir-
cuit working is ~50°C/W, while the heating coefficient with
only the resistor working is ~30°C/W. Therefore, the output
power obtained through the Ni/Pt circuit is ~160% of the
input power. The time-integrated power (i.e., energy) input
into the system during the course of the experiment in Fig. 4
is ~4800 J compared with the output power of ~8000 J. .
Thus, Fig. 4 shows a significant difference in the thermal be-
havior of two identical systems that differ only in the posi-
tive ions of the salt.

A trivial explanation for this behavior of the K;CO, cell
is not straightforward. In fact, the electrolysis should be ex-
pected to lead to a decrease in the heating coefficients com-
pared with those of the cells in which only the resistor is
working “. . . consistent with additional heat losses caused
by gas evolution . . . ,”” which is currently observed only in
the Na,CO; cell.

The erroneous attribution of the effect to temperature
gradients was eliminated by testing for minute spatial varia-
tions of the temperature over time. Three thermistors were
positioned ~2.5 cm apart at the bottom, middle, and upper
part of the electrolyte. The results, shown in Fig. 5, clearly
demonstrate that no difference is observed (within the limit
of detection, 0.01°C).

Note that the electrolysis is always started with a newly
manufactured cathode from the batch of 99.9% < purity
nickel. The use of new nickel excludes any possibility that the
effect is due to the decomposition of species formed before
the beginning of the electrolysis. The reaction of hydride for-
mation is exothermic with a standard enthalpy of formation®
of —8.79 + 0.59 kJ-mol~! H,. However, if all of the hydrogen
evolved during the run became hydride, an energy contribu-
tion would result that is more than one order of magnitude
less than the excess heat that is observed according to Fig. 4.
This can easily be calculated based on the amount of hydro-
gen evolved over ~12 to 14 h at a rate of 0.083 A. Although
the overall amount of energy produced in the experiment is
relatively low, it is clear that the observed effect is outside
the error limit of the experiment, which is of the order of
+1°C/W, calculated from the accuracies of the measured pa-
rameters at the respective ranges. )

It is not known what trivial chemical reaction might be
triggered by the applied electrolysis that would be capable of
producing the observed amount of excess heat. Some exotic
farfetched possibilities for explaining the difference in elec-
trochemical behavior between K,CO; and Na,CO; can be
postulated. One such example is the formation of formic
acid, e.g., by the reaction HCO7 + 2H,0 - HCOOH +
30H ™, or methane if KHCO; is present in the electrolyte.
However, even if such possibilities are invoked, it should not
be forgotten that energy is also being spent for these electro-
chemical reactions, which will again result in an isoenthalpic
(or thermoneutral) voltage. In most cases, the value of this
thermoneutral voltage may exceed 1.48 V, which will cause
cooling rather than heating of the solution. This is indicative
of even higher excess energy values. A reaction that readily
comes to mind is oxygen reduction. It is well known, how-
ever, that nickel is a poor catalyst of oxygen reduction, and
the current density of this reaction is negligibly small com-
pared with the current density applied here (~1 mA/cm?).
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-

PSS

Fig. 5. Temperature changes at three points within the solution: (1) at the top, (2) in the middle, and (3) at the bottom. The setup used
for this study is similar to that presented in Fig. 1, but in the working cell there are three thermistors instead of one. Section A-B:
x axis scale = 30 division/h, y axis scale = 0.2°C/division, stirring only; section B-C: x axis scale = 30 division/h, y axis scale =
0.2°C/division, resistor only; section C-D: x axis scale = 5 division/h, v axis scale = 0.2°C/division, resistor only; and section
D-E: x axis scale = 5 division/h, y axis scale = 0.2°C/division, electrolysis only.

These possibilities were rejected after study of the corre-
spondence of the Faraday efficiency of the evolved H, and
O, gases. This was done in a separate experiment by collect-
ing the evolved gases and comparing the measured volume of
the gases with the volume corresponding to the quantity of
electricity that had passed through the cell over a given time.
Note also that the absence of appreciable Hy(D,) + O, re-
combination has been noted by a number of investigators,
even in systems that contain metals (e.g., palladium) that are
known to be good catalysts of that reaction (e.g., Refs. 9
through 14). Other preliminary studies (mass spectroscopy,

pH measurements, titration) before and after the experiment

showed no unexpected species or pH change. These studies
should be continued further.

The problem of recombination is a crucial one in this
study (note again that the excess heat here is calculated after
subtracting 1.48 V), however, and it deserves special atten-
tion in any further experiments. On the other hand, as we
have noted,® the problem of recombination (and the other
connected calorimetric problems) preferably should not be
solved by studying the effect in a closed cell with a recom-
biner. The recombiner adds new unknowns since the kinet-
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ics of the recombination of H, and O, to H,0O should be well
understood through studies such as those in Ref. 15. On the
other hand, since the claimed excess energy itself is a newly
found, unstudied phenomenon, no additional conditions
should be imposed because their eventual effect on the repro-
ducibility of the excess energy is unknown. For instance, it
is not clear whether the ability of the recombiner to recom-
bine not only the H, and O, evolving through electrolysis but
also all other quantities of H, and O, existing in the gas and
the liquid phase, thus creating concentration gradients, will
be a hindering factor for the appearance of excess energy.
An explanation for the increase in the heating coefficient
for a Ni/Pt circuit might be that an additional source of en-
ergy of unknown nature is acting from within that adds to the
energy input to the cell from without. If this nontrivial pos-
sibility is confirmed, this effect will be of great importance
as an alternative energy source. Further calorimetric sophis-
tication is necessary to further confirm the reality of the ob-
served effect and to obtain a quantitative assessment of its
magnitude. For instance, to avoid errors of a subjective na-
ture, a data acquisition and processing system is necessary.
The measurements should be carried out at constant input
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power and for longer periods of time so that curves like curve
1 of Fig. 2 reach a clear and sustained steady state. Maintain-
ing a constant ambient temperature is also a requirement in
these studies. Such studies are now in progress. To fully avoid
concerns connected with the peculiarities of heat transfer dur-
ing bubble evolution, it is necessary, together with heat loss
calorimetry measurements (including Seebeck), that this ef-
fect be observed in an adiabatic-type calorimeter (bomb cal-
orimeter) similar to the one used in Ref. 6. Note, however,
that despite the opinions of some researchers, if careful stud-
ies are carried out, calorimetric techniques are not only ca-
pable but are the only ones that can decisively prove (or
disprove) the reality of the effect in question. There is also no
reason to expect that time spans of tens of hours will be in-
sufficient to definitely rule out (or conclusively confirm) a
trivial explanation of the observed effect if the studies are
conducted carefully. It seems, however, that the reality of the
effect can qualitatively be established with the described pro-
cedure. It seems also that the reported effect is reproducible
and can easily be demonstrated.

It is the author’s understanding that speculations (invok-
ing reactions of nuclear or any other origin) as to why over-
coming the energy breakeven barrier might come about
should be carried out only after firmly establishing the real-
ity of the claimed effect through experiments. This circum-
stance is not new for science. One may recall the experimental
findings of Davison and Germer, Einstein, Wien, Compton,
and others, which were unexplainable at the level of knowl-
edge at their time. These experimental findings virtually
caused the birth of 20th century physics, especially quantum
mechanics. Even one of the most recent scientific discoveries —
high-temperature superconductivity — whose reality is unde-
niable, still remains unexplained, which does not make this
experimentally found effect less important.

Since the problem of the reality (nontriviality) of the ex-
cess energy reported here is of primary concern, we leave
open the questions for the theoretical explanation of the
phenomenon.

CONCLUSIONS

The experimental results presented here show that there
is more evidence than usually considered for the eventual pro-
duction of excess energy during the electrolysis of water.
Therefore, further efforts seem to be justified for verifying
the claim of Fleischmann and Pons for overcoming the en-
ergy breakeven barrier through electrolysis.

Contrary to the opinion expressed in Refs. 16 and 17, it
does not seem plausible that light water should be used as a
“control” when excess energy is being sought during the elec-
trolysis of heavy water.
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The total heat balance during the electrolysis of D,0
with a palladium cathode is determined by placing the entire
hermetically sealed electrolysis system (the electrochemical cell
connected with a vessel of varying volume) in an isoperibol
calorimeter. Significant excess power density (excess specific
rate of heating) is obtained even though a palladium cathode
of thin wire (0.05-cm diam) is used, in which case a relatively
low value of excess energy is expected. The method and ar-
rangement applied remove the main causes of inaccuracies in
determining the excess energy. Thus, the possibilities of using
this energy seem to be greater than some researchers are in-
clined to consider.

INTRODUCTION

Some successful measurements of the excess energy ob-
tained during the electrolysis of heavy water, claimed by
Fleischmann and Pons,! are reported.

The exact determination of the quantity of heat released
during the electrolysis of heavy water requires consideration
of various possible causes of incorrect results, including the
following:

1. Gases leaving the electrolytic cell or blown through it
during electrolysis usually remove some heat through temper-
ature increase and water evaporation. This heat may be com-
parabile to or even greater than the excess energy, especially
if the possibility of superheated gases and supersaturated
D,O vapors is considered.

2. Uncontrolled absorption and desorption of D, may
occur.

3. Uncontrolled interaction between D, and O, may
take place. : )

4, There may be direct heat transfer between the electro-
Iytic cell, which is heated during the electrolysis, and the me-
dium surrounding the calorimeter.

5. The calorimetric liquid may be improperly stirred,
which enables heat to be removed from the calorimeter.
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6. Inefficient stirring can cause unequal temperatures in
the different regions of the calorimetric liquid.

7. A decrease or increase in the quantities of gases dis-
solved in the calorimetric liquid may have a measurable

effect.

8. A change in the gas-phase pressure in the calorime-
ter may have a measurable influence on the result.

9. Processes other than those already mentioned may
take place in the calorimeter, inside the electrolytic cell, or
outside, together with the electrolysis of D,O.

10. Energy expenditure or gain may be connected with
changes in the palladium cathode (volume, cracking, oxida-
tion, etc.).

Most of these possible causes of errors in the excess heat
measurement seem to exist to a certain extent in the studies
carried out so far. This paper presents a method to more ac-
curately determine the excess energy and if possible to elim-
inate some of the possible explanations for the excess energy.

EXPERIMENTAL

In our study of the excess energy generated during elec-
trolysis of heavy water, we used the calorimeter shown sche-
matically in Fig. 1. It consists of an opaque dewar vessel (1)
hermetically sealed with a stopper (2), in which a quantity of
double-distilled water (3) is contained. The electrolytic cell (4)
is entirely submerged in the distilled water. It consists of a test
tube (5) hermetically sealed with a stopper (6) containing
metal parts (7). The electrolytic cell is connected with a ves-
sel (8) of a varying volume (a plastic bubble) through a spi-
ral metal tube (9). Above and under the electrolytic cell, two
copper-constantan thermocouples (10 and 11) are welded (the
upper weld is used only for control). A magnetic stirrer (12)
is located on the bottom of the dewar vessel. The leads (13
through 19) of the electrolytic cell, thermocouples, and the
resistor (20) (for determination of heat capacity) pass through
the stopper of the dewar vessel. All the wires (thermocouples,
electrode, and resistor leads) situated in the dewar vessel are
insulated.

The cathode is made of 0.05-cm-diam x 32-cm-long pal-
ladium wire (Koch-Light Laboratories, 99.99% pure) weigh-
ing 0.76 g, which is wrapped in a zigzag manner into an
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Fig. 1. Schematic of the calorimeter. See text for details.

~1.5-cm-long bundle of 21 wires. The anode is a platinum
wire spirally wound around the cathode. The anode and the
cathode are separated by a perforated Teflon tube.

The cathode is saturated with deuterium by a lengthy pre-

electrolysis. During this time, the open cell is placed in a

constant-temperature bath. The electrolytic cell contains 3 ml
D,0 (Merck, 99.7% pure) plus ~0.01 M K,S0,. The D0 is
replenished regularly during the pre-electrolysis. The cell tem-
perature is not measured during this time.

To begin the experiment, the pre-electrolysis current is
stopped, the cell is removed from the constant-temperature
bath, and it is assembled in the configuration shown in Fig. 1.
The initial volume of the plastic bubble is measured in order
to determine when the palladium cathode is saturated with
deuterium. The cathode is ready (in the absence of electrol-
ysis) for the experiment when the volume of D, + O, gas in
the cell is constant with time: The deuterium is no longer be-
ing adsorbed nor desorbed by the cathode. The measurements
begin when the temperatures of the cell and the calorimetric
liquid are equal. Thus, we wait for >10 min after assembly
of the apparatus.

We obtained the volume of the gases produced during the
electrolysis by measuring the weight (volume) of water re-
moved by the plastic bubble before and after the electrolysis.
From this, we determined the character of the electrochem-
ical reaction: possible absorption or desorption of D, by the
palladium cathode, an interaction between D, and O, or
other factors. (When the volume of the D, + O, did not cor-
respond to the reaction of D,O decomposition, the excess
heat measurement was considered unsuccessful.)

A constant current 7 for the electrolysis of D,O was
ensured by a potentiostat-galvanostat PAR 273 serving as a
galvanostat. The current was also controlled by a Hewlett-
Packard 3465 B digital multimeter of +1 x 10~ A accuracy.
The voltage was registered continuously by a Sony-Tektronix
336 digital storage oscilloscope; the accuracy of the voltage
FUSION TECHNOLOGY
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measurements below 10 V was +0.08 V, while for measure--
ments in tens of volts the accuracy is +0.8 V. The time Ar =
75 — 1; Of electrolysis measured by the oscilloscope was si-
multaneously measured by a Casio fx-7100 scientific calcu-
lator of +£0.01-s accuracy. After the completion of each
experiment, the data from the oscilloscope’s memory were
dumped through a GPIB (IEEE 488) interface bus into the
memory of an Apple Ile microcomputer, and the mean value
E of the applied voltage E during the experiment was deter-
mined through numerical integration of the multiple voltage
values acquired during the continuous monitoring of the volt-
age throughout the whole process.

The temperature of the calorimeter (thermoemf of the
thermocouples) during the experiments was read at 30-s in-
tervals using a Hewlett-Packard 3465 B digital multimeter of
1 %X 107% V accuracy. The thermocouples were calibrated
using a thermostat. It was determined that 39-uV thermoemf
corresponds to 1°C.

RESULTS AND DISCUSSION

Results from the experiments are presented in Figs. 2, 3,
and 4.

In Fig. 2, the temperature (thermoemf) as a function of
time is shown before, during, and after passage of a 0.5990-A
current through the resistor for 181.25 s at 9.76 V. From these
data, the heat capacity of the calorimeter is determined to be
K =841 J.grad™'.

In Fig. 3, the voltage-time curve [E = E(7)] is taken be-
fore, during, and after passage of a 0.1280-A current through
the electrolytic cell for an interval A7 =71, — 7; = 181.32 s,
The mean voltage obtained from Fig. 3is £ = 44.0 V.

When using these data for I, E = E(7), and Ar =7, —
71, the energy spent for the electrolysis of D,O is obtained
from the Joule’s law:

72
W= If E(r)dr=IEAT7=10207 .
71
In Fig. 4, the temperature as a function of time taken be-

fore, during, and after the electrolytic process is shown. The
increase in the calorimeter temperature due to electrolysis is
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Fig. 2. Temperature (thermoemf) as a function of time for deter-
mination of heat capacity of the calorimeter.



Noninski and Noninski

80
64l
%48: W
ol
o- A 1 1 1 1 1 1 1 1
0 40 80 120 160 200

Time (s)

Fig. 3. Cell voltage as a function of time during electrolysis.
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Fig. 4. Temperature (thermoemf) as a function of time during the
experiment.

found to be A7 = 1.44°C. The temperature time dependence
before and after electrolysis should coincide with the depen-
dence taken when no current is passing through the system.
This is the characteristic time dependence of the rate of heat
dissipation from the given system toward the ambient under
the given conditions. The quantity of heat Q obtained dur-
ing electrolysis is

Q=KAt=1210] .

To compare the energy obtained with the energy spent,
it is necessary to remember that the energy we obtain consists
not only of the experimentally measured heat (1210 J) but
also of the chemical energy that can be released if the D, and
O, gases produced during the electrolysis of D,O inversely
interact (recombine) to form D,O again. It can even be
stated that this chemical energy is usually the only useful en-
ergy that results from the electrolysis of heavy water. The
~ available data from the handbooks are generally used: This

energy has been established? as AH = ~70.4133 Kcal/mo! =
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—294.6 KJ/mol at 25°C. Nevertheless, this quantity should
be measured directly.

The use of an internal recombiner, however, is not the
most suitable for proving the existence of excess heat. An ac-
tive recombiner shifts the stationary state at which the pal-
ladium cathode is saturated (possibly supersaturated) with
deuterium toward another stationary state at which the pal-
ladium cathode is undersaturated with deuterium. This occurs
because the active recombiner recombines virtually the entire
available quantity of oxygen and deuterium, both the quan-
tity being evolved and the quantity existing in the liquid and
the vapor phases. Underpressure (slight vacuum) in the sys-
temn indicates this additional recombination. Thus, the diffu-
sion of the D, toward the recombiner competes with its
diffusion toward the bulk of the cathode and makes satura-
tion impossible. As has been pointed by a number of au-
thors,! saturation (even supersaturation) of the cathode with
deuterium is a necessary condition for the observation of ex-
cess energy. Thus, it can be concluded that whenever excess
power is observed in a cell with a recombiner the effect will
be only conservative. Failure to observe excess energy in re-
combination cells, on the other hand, cannot be considered
convincing proof of the impossibility of the system’s produc-
ing excess energy. Further experiments are necessary to over-
come this disadvantage of the recombiner.

On the basis of the mentioned current and time values,
it is determined that during the electrolysis 1.2 x 10~* mol
D,0 is decomposed. The D, and O, gases thus obtained
can interact inversely (recombine) to release energy of 1.2 x
10™* x 294600 = 35 J. This energy should be added to the
obtained heat. Note also that the quantity of gases measured
using the vessel of varying volume (the plastic bubble) exactly
corresponds to the expected volume calculated from Fara-
day’s law. This observation invalidates the possible trivial ex-
planation of the excess energy effect put forward in Refs. 3,
4, and 5. Thus, in our case the total energy obtained is 1210 +
35 = 1245 J, which exceeds by 225 J the amount of energy
spent (1020 J).

When H,(D,) is obtained electrochemically to be used as
fuel, and when the question relates to the significance of hy-
drogen for energetics, only quantities such as the mentioned
35 J are taken into account. The energy losses due to over-
coming the ohmic resistance of the solution, the leads, the
clectrodes, and the contacts are not considered because, in
principle, these losses, which are significant in our case, are
preventable to a great extent. The losses due to overcoming
the D, and O, evolution overpotentials can also be dis-
regarded because these overpotentials can be decreased,5*
even eliminated, as in the case of Ref. 9. The only energy ex-
penditure that is inevitable and cannot be decreased is the
quantity necessary for the electrolytic process itself [decom-
position of H;O(D,0)). In the ideal case, we reckon that the
obtained chemical energy when using H,(D,) as fuel is 100%
versus the energy spent for the decomposition of H,O(D,0).
In the present case, the amount of energy that can be used
(225 + 35 = 260 J) is more than seven times the usable energy
expected from the electrolysis (35 J). This significant excess
energy cannot be connected with the electrochemical process
of decomposition of H,O(D,0) or with any other electro-
chemical or chemica! process.!

From the above data, it is seen that during the ~3-min
electrolysis for the decomposition of 1.2 x 10~* mol D,O
and for obtaining the respective quantities D, and O,, 35-J
energy is spent while the total available energy (excess en-
thalpy + enthalpy of the obtained D, and O,) is 260 J. That
MAR. 1991
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TABLE 1
Momentary Values of Excess Enthalpy Obtained During the Electrolysis of D,O
Total Energy Obtained Excess Specific Rate
Electric Energy Spent (Heat + Enthalpy of Excess Rate of Heating of Heating (Excess
) for the Electrolysis Obtained D, and O,) (Excess Power) Specific Power)
Experiment (4)) [6)) W) (W/cm?)
1 921 1130 1.15 18.3
2 830 910 0.431 6.85
3 1090 1210 0.662 10.5
4 856 910 0.298 4,73
5 835 885 0.276 4.37
6 1440 1560 2.61 41.4
7 m 869 0.508 8.06
8 1115 1134 0.104 1.66
9 937 961 0.132 2.10
10 873 961 0.481 7.64

is, for the 181.32-s electrolysis, a mean power of 0.2 or 3.2
W/cm? Pd is spent for the decomposition of D;O while the
electrolytic cell has acted as an energy source (heat + chem-
ical energy) of 1.43 W, which is 22.8 W/cm? Pd. If only the
excess energy (225 J) is considered, 1.24 or 19.7 W/cm? ex-
cess power is available.

Table I presents data from some successful determina-
tions of the excess heat obtained during the electrolysis of
D,O. Experiments 4, 5, and 6 were carried out on the same
day at different times. The mean time interval between the ex-
periments, except for experiments 4, 5, and 6 but including
the intervals between them and the neighboring experiments,
is ~110 h. The cathode current density for all the experiments
except experiments 1 and 6 was 26 mA/cm?. For experiment
1 the current density was 20 mA/cm?, while for experiment
6, it was 80 mA/cm?. In all cases except for experiment 6,
the electrolysis lasted ~3 min; for experiment 6, it lasted
46.00's.

Our method and experimental arrangement give a possi-
bility of precise determinations of the excess heat obtained
during the electrolysis of D,;0, thus ensuring a categorical
answer to the imPortant question of whether the Fleischmann
and Pons effect’ exists and, if it does exist, the exact value
of the excess power during the electrolysis. However, it
should be kept in mind that a comparatively short electrol-
ysis process was carried out here after a continuous pre-elec-
trolysis. Therefore, every excess enthalpy value obtained is
valid only for a relatively short time interval—tens of seconds
up to ~3 min, which we conditionally consider here as only
a moment (a randomly chosen moment), compared to the
tens and hundreds of hours duration of the other studies of
the excess energy. As seen from Table I, the momentary val-
ues of the excess power and the excess power density (excess
specific rate of heating') obtained at different moments dif-
fer significantly from each other. While the result from ex-
periment 6 is 2.61 W and 41.4 W/cm?, experiment 8 gave
values of 0.104 W and 1.66 W/cm?, respectively, i.c., ~25
times lower values. Indeed, in experiment 6 three times
greater current density was applied compared to experiment
8. In experiment 1, the current density was lower than in ex-
periment 8; nevertheless, the values obtained for the excess
power and excess power density in experiment 1 was 11 times
greater than in experiment 8.
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The data shown in Table I indicate that the momentary
value of the excess power and excess power density do not de-
pend on the current density. As is seen in the table, excess
power density values of 1.66, 10.5, and 18.3 W/cm? are ob-
served for the same current density value (26 mA/cm?). In
this experiment, the excess power density value is 19.7 W/cm?.
Evidently, the momentary values of the excess power and the
excess power density are random. Therefore, one can con-
clude that the mean values of the excess power and the excess
power density from all the experiments carried out at 26
mA/cm? are 0.459 W and 7.29 W/cm?.

Since the errors from the measurements are sufficiently
low and there are no significant heat losses, it cannot be ac-
cepted that the observed variation in the excess power den-
sity values is due to errors in the measurement. Therefore, it
is likely that the phenomenon is of a sporadic nature. From
our results, it can be concluded that the excess power and the
excess power density values obtained over many hours by
other authors are in fact the mean values of these quantities,
which are the result of numerous differences in momentary
values. Note that the moments for obtaining these values are
chosen randomly.

The mean value of the excess power density obtained by
us with a 0.05-cm 2palladium wire electrode at a current den-
sity of 26 mA/cm? is seven times greater than that! obtained
after many hours with an electrode with a greater diameter
(0.1 cm) and at a higher current density (64 mA/cm?). The
hermetical sealing of the calorimeter, the submersion of the
entire electrolytic cell into the calorimetric liquid, keeping the
obtained gases and vapors in a cell of varying volume, and
the other measures taken by us seem to ensure much lower
losses of the obtained excess enthalpy. ’

The results presented in this technical note indicate that
the possibility of the practical use of the excess energy result-
ing during the electrolysis of D,O are greater than is some-
times considered.
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LETTER TO THE EDITOR

NOTES ON TWO PAPERS CLAIMING
NO EVIDENCE FOR THE EXISTENCE
OF EXCESS ENERGY DURING THE
ELECTROLYSIS OF 0.1 M LiOD/D,0O
WITH PALLADIUM CATHODES

A problem popularly known as “cold fusion” was brought,
although in an unusual way, to the attention of the scientific
community. Although much discussion was (and is still) de-
voted to whether this effect is connected with any known nu-
clear reactions, the latter being widely questioned, there is no
doubt that the general interest in the problem was provoked
by the claim of the possibility of producing excess energy,
i.e., energy surmounting the energy breakeven value. Unlike
the clearly negative indications so far in terms of known nu-
clear processes taking place, however, careful analysis reveals
that the claims in the principal negative papers published so
far with respect to the existence of excess energy are in dis-
agreement with the raw experimental data whenever such is
presented in those papers. This is very surprising indeed in
view of the wide publicity these negative results have been
given. An example of an improper analysis of their own ex-
perimental data by the authors is Ref. 1, which we have al-
ready discussed.? Other examples of inappropriate method
and improper interpretation of their own experimental data
are Refs. 3 and 4.

For convenience, denote by A the palladium/platinum
(Pd/Pt) circuit working alone, that is, in the absence of a
working resistor heater, and denote by B the combination
of the Pd/Pt circuit working together with a resistor heater.
Define Ej and Eg as the cell voltages of systems A and B,
E,, as the thermoneutral voltage corresponding to tempera-
ture Ty, Py as the resistor heater power, and « (1p) and a (1)
as the possible excess powers « (/) produced by systems A
and B, respectively, corresponding to the electrolysis currents
I, and Iy flowing through the Pd/Pt circuits of systems A
and B.

In Refs. 3 and 4, to decide whether or not excess energy
exists, electrolysis of D,O was carried out with a palladium
cathode and a platinum anode in the absence (case A) and the
presence (case B) of a working resistor heater in the electrol-
ysis cell, the temperature of the cell in both cases being main-
tained the same. This method leads to the following pairs of
experimental data (see, e.g., Table 3 of Ref. 3, data couples
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A through E): time of electrolysis (in case A and in case B),
current (I, and Ig) or current density, electrolysis power
(Pa and Pg), heater power (0 and P,), total power [ P, a, =
Py and Py, = Pg + P,], temperature of the electrolysis
cell [T.(a) = T(g)], and heating coefficient (HCy and HCg),
which is calculated on the basis of the data for the temper-
ature of the cell T;, temperature of the bath 7}, and total
power Py, [HC = (T, — T,)/Pypy = AT/Py,].

During isothermal calorimetry, according to Newton’s
cooling law in its general form,

P = AK(T.y - T,,) = AKAT , )
the heating coefficient HC = AT/P is given by
AT 1
P Tak @

where

P= power input to the calorimeter or cell (out-
put from calorimeter to the surroundings)

A = Newton’s cooling constant
) K = heat capacity of the calorimeter
Teen (or T.) = temperature of the calorimeter

T;,, = temperature of the surroundings = T},
or Tp.

If during the electrolysis of D,0, in addition to the electrical
power P, and Pg for the electrolysis, some other power
a(l,) and a(Jg) would have contributed to the temperature
increase, then from Eq. (2) for system A [when P = P, +
a(lp)],

AT _ 1 AT _ 1 )
Pa+a(ly)  AK Py 4K @Ua) ’
AT

and for system B, if the power of the resistor heater Py, is ad-
ditionally considered [P = Pg + P, + a(lp)],

AT _ 1 AT _ 1
Pg+P,+a(ly) AK Pa+ Py ally)
AT
@
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If only the resistor heater remains working in case B
(this common case, disregarded in Refs. 3 and 4, we denote
differently from A and B as Ag), then instead of Eq. (4),
Eq. (2) would be valid:

AT/P, = 1/AK or AK = P,/AT .
In case Ay, AT (equal to AT in case A) and P, (the resis-

tor power value necessary to maintain the same difference .

AT = T, — T,) are directly observable quantities. Thus, when
Py, AT, and AK obtained with systems A and A, are known,
the value of the excess power a(1p), if any, can easily be de-
termined according to Eq. (3), and conversely, if no a (/)
was produced, this also can easily be determined for sure.
However, in Refs. 3 and 4, case A, in which a(f,) >0
is sought, is not juxtaposed with case Ay, in which only the
resistor works in the electrolysis cell and it is guaranteed that
a(l) =0. In Refs. 3 and 4, case A is juxtaposed with case B
in which, as in case A, the same quantity « (/) is also to be
determined since a Pd/Pt electrode is used in case B as well
as in case A and in which Eq. (4), similar to Eq. (3), is used
and not Eq. (2). As is seen, during what would be a proper
juxtaposition of system A with system A,, the quantity HC
in Eq. (2) (HC = AT/P = 1/AK) enables one to definitively
answer the question as to whether excess power a () is ob-
tained during the electrolysis of D,O and, if any, what its
quantity is. On the contrary, during the juxtaposition of sys-
tem A with system B, accepted in Refs. 3 and 4, Egs. (3) and
(4) are obtained, comprising a system of two equations with
three unknowns (and that only if the product AK is observed
as a single quantity). This shows that when the particular
method in Refs. 3 and 4 is applied, it is not possible to judge
the value of a(7) from the data for the quantity HC {i.e., the
data for the left sides of Egs. (3) and (4) referring to HC].
There is, however, a way to use Eqgs. (3) and (4) (referring to
HC) even after finding out the obvious uselessness of HC for
the purpose of determining excess energy. After some alge-
braic operations from Egs. (3) and (4), Eq. (5) is obtained:

1 1 AT AT
a(lp) a{lg) PA PB+PI|
I L. V) Giad ul -1
AK AT AT
or
a(lp) —a(lg) = Aa(l) = Pg+ Py, — P,
or

o(lp) — a(lg) = Aa(l) = &)
where Py and Py, (8) are the total power in cases A and
B. The pairs of HC given in Refs. 3 and 4, however, are not
needed to obtain Eq. (5); it is enough only to observe the very
pairs of total powers themselves. One can compare the mea-
sured total power of system A,

Prot(B) - Ptot(A) ’

Plot(A) = IaA(Ep — E,;) 6)
with the corresponding total power of system B,
PIOI(B) = Ig(Eg — E,,) + Py, Q)

as the same temperature T} is maintained in both cells. Fur-

ther, as systems A and B maintain the same temperature T,

in the cell, we may write
Py + a(lp)

= Py + ally) , 8
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or, substituting Eqgs. (6) and (7) in Eq. (8),

Ig(Eg — Epp) + Py + a(lg) = In(Ep — E) + a(ly) .
9
From Eq. (9), one obtains
Ig(Eg — E}) +-Py — In(Ep — E,)
= Pios(B) — Proray = a(lp) — a(lg) = Aa(l) . (10)

It is Eq. (10), identical to Eq. (5), on which the analysis
of whether excess energy exists or not has to be based because
from the data in Refs. 3 and 4, it is in fact only A« (/) and
not a(Ip) and/or a(lg) that the authors’ method can ensure
and on which the authors rely entirely when drawing their
conclusion of “no evidence” for excess power (enthalpy3*).
The authors consider that they have experimentally found this
Aa(I) to be negligible (within their experimental error lim-
its). Therefore, according to these autho:s, the two terms on
the left side of Eq. (10) are said to be in agreement. They con-
sider this agreement to be the ultimate proof for the nonex-
istence of excess power.

However, this conclusion is incorrect because even if
Aa(I) were zero, it still would leave the question of the ex-
istence of excess power undetermined. The result Aa(J) =
a(lp) — a(lg) = 0 (within the error limits) is sure proof that
a(Ip) = a(lg), but not that a(I5) = 0 and o (Ig) =~ 0. The
truth is that when Aa (I) = a(Ip) — a(Ig) = 0, the quantities
a(l) and a(Ig) are unknown. This result also shows that
the calibration procedure applied in Refs. 3 and 4 is inappro-
priate —in effect, two unknown quantities are compared.

The method in Refs. 3 and 4 is unable to answer whether
a(Ip) and a(Ig) were actually produced in the DO cell and,
if they were, of what order of magnitude they might be.
Therefore, to understand whether there really was any « (/)
in Refs. 3 and 4, we must somehow rely only on the available
data in those papers and compare them with the data from
previous studies. Since the experiments in Ref. 3 (and Ref. 4)
are “[i]n response to claims . . . ” in Ref. 5, it is quite natu-
ral to refer the considerations mentioned to the latter stud-
ies. Let us see whether the only available data in, e.g., Ref. 3

-~ concerning excess power, namely, the data for A« (), are in
agreement with similar data in Ref. 5. From the data in Ta-
ble 1 of Ref. 5 is seen that for a palladium cathode of 0.079-
cm?® volume (similar to the palladium cathode volume of
0.073 cm? in Table 3 of Ref. 3; note that although the cor-
rect comparison is at similar volumes, a similar conclusion is
obtained when data at similar cathode diameters are com-
pared) and for a similar current (a comparison at similar cur-
rents is the correct one; however, a comparison at similar
current densities gives similar results!) range, an eightfold
change of electrolysis current brings 0.0715 W of excess
power. Therefore, since the excess power in Table 1 of Ref. §
is at least proportional to the current density, 1.2 to 1.5 times
the applied current, which is typical for Ref. 3, should be ex-
pected to bring 0.01 W of excess power. Let us compare this
expected value of excess power according to Ref. 5 with the
data in Ref. 3. From Table 3 of Ref. 3, the quantity Ac (/) =
Py 8y — Pioy(ay can be found in five separate cases, and the
values are, indeed, of the order of 0.01 W. The 0.01-W value
may seem to be a small number. The authors of Ref. 3 even
consider it within the error limits. There is, however, no more
to be expected if their data are to reproduce those in Ref. 5,
despite the authors’ impression. The results in Ref. 5 are even
more impressive when one considers that the Aa([) is only
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a part of the real amount of excess power that might have
been produced in the D,0 cell. ‘

This discussion shows that the experimental results in
Ref. 3 (similar arguments can be given for Ref. 4) replicate
rather than disprove the calorimetric findings in Ref. 5. The
latter conclusion, however, is insufficient to provide a deci-
sive answer in Refs. 3 and 4 to the question of whether a (1)
is real or not.

V. C. Noninski
149 West 12th Street
New York, New York 10011
C. I. Noninski
Wargentinsgatan 1, tr. 1
Stockholm 11229

Sweden

November 23, 1992
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COMMENTS ON “"MEASUREMENT AND
ANALYSIS OF NEUTRON AND
GAMMA-RAY EMISSION RATES,
OTHER FUSION PRODUCTS, AND
POWER IN ELECTROCHEMICAL CELLS
HAVING PALLADIUM CATHODES"

One of the best reports published so far on calorimetric
measurements during the electrolysis of D,O with palladium
cathodes is Ref. 1, mainly because it contains more details of
the data obtained than most publications on the subject and
because of the careful way in which the experiments are car-
ried out. However, if the raw data from the calorimetric mea-
surements in Ref. 1 are observed more closely, a different
conclusion from that expressed by the authors may be drawn.
Here we briefly outline our findings, while a more detailed
analysis is contained in Ref. 2. We apply, as is usually done
with isothermal calorimeters,3* Newton’s law of cooling in
its general form:

P = AK(T,oy — Tgy) = AKAT = Am;c, AT

or
P; P
—_ =AcpAT= ————0
m; IM V,,
m-——-= 70
2F Vg
where

P = power input into the calorimeter (output
from the calorimeter to the surroundings)

A = Newton’s cooling constant
T..y = temperature of the cell
T,,., = temperature of the surroundings
K = m;c, = heat capacity
m = initial electrolyte mass
m; = mass at the i’th hour

¢, = specific heat, which is practically constant
throughout the experiment

M = molecular weight of D,O

FUSION TECHNOLOGY VOL. 19 MAY 1991

F = Faraday’s constant
V2 = isoenthalpic voltage

V9, = thermoneutral voltage [at 46°C, it is 1.57 V
for D,O (Ref. 5) and 1.51 V for H,O (Ref.
6)].

It can also be shown that if the problem is treated in
terms of pure conduction heat transfer, as the authors of
Ref. 1 consider,” similar conclusions will be reached. If we
assume A = const, then P/m; = const. If we also consider
that the cell has produced no excess power at 20 h, then the
quantity of excess power density P, ;, produced per unit
cathode volume vp4 at the following moments i can be calcu-
lated from

i pi
Pi,= %,
X,5p Upa
where

= (Bon2),
Maon m;

as shown in Fig. 1. It is seen from Fig. 1 that in the course
of the experiment, an additional power source [greater than
the sensitivity of the method —0.04 W (Ref. 1)] has acted that
is of the order of, and at times even greater than, the value
0.079 W (1.01 W/cm?) reported in Ref. 8 for the current
density, similar to that used in Ref. 1. It is seen that P, is
observed exactly according to the predictions of Eq. (3) in
Ref. 1. .

Clearly, the above analysis gives only conservative esti-
mates of P, due to the assumptions that 4 = const, whereas
A is actually increasing in time, and that no excess power has
been produced at 20 h. We note that the trivial reasons for
the appearance of the observed P, asserted in Ref. 1 can
hardly serve as a cause for a P, effect, if any, of the above
order. An important fact to be noted is that the electrolyte
mass loss in Ref. 1 is primarily due to electrolysis only, which
is confirmed by the excellent coincidence of the V,,, measured
during the calibration with its theoretical value.® This find-
ing especially invalidates the possibility adverted in Ref. 2 of
unintentional D, + O, recombination causing the appearance
of P,. This recombination has also been observed to be neg-
ligible in other studies.®'® The excellent result' from the cal-
ibration indicates that a trivial explanation can hardly be
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Fig. 1. Excess power density as a function of time calculated for
some moments from the raw data in Ref. 1 (0.1- X 9-cm
palladium cathode, 69 mA/cm? current density). The dotted
line represents the level of P, ,, claimed in Ref. 8 for a
0.1- x 10-cm palladium cathode at 64 mA/cm? current
density.

found of the fact that, despite the great sensitivity to electro-
lyte mass changes, at 70.5 h it was possible to maintain the
required temperature of a solution containing 1.24 g more
than that at 13.8 h, as seen from Figs. 5a and 6 of Ref. 1.

V. C. Noninski*
C. I. Noninski

Laboratory for Electrochemistry of Renewed
Electrode-Solution Interface (LEPGER)

P.O. Box 9

Sofia 1504, Bulgaria

November 5, 1990

*Current address: 149 West 12th Street, Apt. #3-4, New York, New
York 10011.
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Anodic polarograms of analgin and amidophen are presented obtained with gold self-
cleaning rotating electrode (SRE). Due to the continuous mechanical renewal of the electrode
surface in strictly defined hydrodynamic, diffusion etc. conditions the polarograms are
continuously reproducible without the pretreatment of the SRE. Good reproducibility and linearity
between the wave height and concentration is observed both with low concentrations (of the order
of 4.10* M) and with relatively high concentrations (of the order of 1.10* M) of the substances. It
was found that the half-wave potentials, E,, of analgin and amidophen and the shape of the
waves are not influenced practically by the additives of the drugs. Therefore preliminary
procedures like extraction, filtration etc. are unnecessary. The mentioned substances can be
determined directly by polarography using inexpensive routine apparatuses. This polarographic
method eliminates the use of the hazardous mercury. The difference between the E,,; of the two
substances allow a simultaneous determination. Results of the determination of analgin and
amidophen in tablets, anaigin in tablets of bellalgin, analgin-chinin, anapyrin and amidophen in
tablets of anapyrin and sedaphen are presented.

Anoden-polarographische Bestimmung des Analgins und Amidophens in Arzneimittein mit der
selbstreinigenden rotierenden Elektrode (SRE)

Es werden anodische Polarogramme des Analgins und Amidophens, erhalten mit der
selbstreinigenden rotierenden Elektrode (SRE), vorgestellt. Durch eine kontinuierliche
mechanische Emeuerung der Elektrodenoberfiache in streng definierten Bedingungen sind die
Polarogramme ohne Vorbereitung der Elektrode stets reproduzierbar. Die gute Reproduzierbarkeit
und Linearitiit zwischen der Wellenhhe und der Konzentration der Substanzen kann sowohl bei
niedriger Konzentration (4,10 M) als auch bei relativ hohen Konzentrationen (1,10 M) beobachtet
werden. Es konnte festgestellt werden, daB weder das Potential der Halbwelle des Analgins und
Amidophens noch ihre Form von den Balaststoffen in den Arzneimittein beeinfluBt werden. Daher
koénnen einleitende Operationen wie Extraktion, Filtration usw. unterlassen werden. Die
vorgestelite Methode bietet die Moglichkeit, -mit geringem Aufwand und routinemésiger
Apparateausstattung die obengenannten Substanzen einzein und/oder gemeinsam zu bestim-
men. Diese Methode vermeidet die Anwendung des giftigen Quecksilbers.

(Keywords: Anodic polarography, anaigin and amidophen determination, self-cleaning
rotating electrode (SRE), in drugs)

introduction

Analgin (1-phenyi-2,3-dimethyl-4-methylamino pyrazol-5-one-N-methansulpho-
nate sodium) and amidophen (1-phenyl-2,3-dimethyl-4-dimethylamino-pyrazol-5-one)
are some of the analgesics — antipyretics of the pyrazolone series widely used in
medical practice. In drug combinations they are usually determined after preliminary
extraction, filtration and other time-consuming procedures. Our studies showed the
possibility of direct and presice determinations by applying anodic polarography with
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goid self-cleaning rotating electrode (SRE). An advantage of SRE in comparison to
other solid electrodes is the possibility to avoid pretreatment of the electrode before
each determination without influence on the reproducibility of the results. Another
advantage of the SRE is the absence of the noxious mercury usually applied in
polarography. Polarographic determination of combinations of analgin and amidophen
in drugs has not been carried out by now.

Experimental

Apparatus

in the present paper the experiments are obtained with a cone shaped gold SRE'
as working electrode. It should be noted that SRE can be a disc as well. However,
application of a cone with an angle at the top less than 180° (disc is a special case ofa
cone with an angle at its top = 180°) as in our case has certain advantages — the
mechanical renewal is improved because of the special construction of the cleaning
device, leakage underneath the side cylinder surface is avoided as well as the side
wobbling of the electrode, because the cleaning device plays also the role of a sliding
bearing, etc. With the use of the SRE it is possible to maintain strictly defined diffusion,
hydrodynamic etc. conditions, which also ensures reproducible results. The working
electrode rotation rate used for the present investigations is 50 Hz. All the polarograms
are taken versus saturated calomel electrode (SCE). A large surface platinum wire was
used as counter electrode. Part of the investigations were carried out in a three
compartment glass cell. Experiments were carried out also in a common laboratory
50 mi glass which gave satisfactory results. The anode potentials were applied with the
help of a potentiostat-galvanostat RADELKIS OH-405 (Hungary). The potential sweep
rate was 10 mV/s. The polarographic waves were registered on PHILIPS PM 8210 X-Y
recorder at room temperature. It should be noted that instead of the mentioned
RADELKIS and PHILIPS type apparatuses any other potentiostat and X-Y recorder
available in the laboratory can be used. Any common polarographic apparatus can be
used instead.

Reagents

The chemicals used were of analytical grade. The solutions were prepared with
bidistilled water. However, our experiments showed that the common distilled water
can be used with the same success. The tablets studied were: analgin (anaigin 0.5g,
tabletting material — quantum satis), amidophen (amidophen 0.1 g, tabletting material —
quantum satis), amidophen-granules for syrup (amidophen 3.75-4.25 %), bellaigin
(analgin 0.25g *+ 5 %, anaesthesin 0.25g * 5 %, NaHCO; 0.10g + 10 %, extract from
belladonna), analgin-quinine (analgin 0.18-0.22g, quinine hydrochloride
0.045-0.055g), anapyrin (analgin 0.25g + 5g, amidopyrin 0.25g * 5%, caffeine
sodium benzoat 0.10g * 5 %), sedaphen (caffeine purum 0.05 g £ 10 %, phenacetin
0.15g * 5%, amidophen 0.15g * 5%, adalin 0.12g * 5%). These tablets were
obtained from PHARMACHIM, Sofia. A stock solution for every sampie was prepared
immediately before the experiment. Britton-Robinson buffer (BRB) was used as
supporting electrolyte. If necessary the pH of the buffer was adjusted with 2 M NaOH.

Procedure

The determinations were carried out as follows. Ten tablets of a given drug were
weighed to determine the average weight of a single tabiet. Then the tablets were
powdered in a mortar. 100.0 mg of this powder were then placed in a 50 ml volumetric
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flask (in the case of amidophen-granules for syrup 2.5 g were taken) and 30 m! of BRB
were added. The contents were stirred for 5 min and then more buffer was added to the
mark. The concentration of the studied substances in thus prepared solution was
determined by polarography of five aliquots (usually of 0.5 ml). The quantity of anaigin
or amidophen contained in a single tablet was calculated from the quantity determined
in 100mg of the powder by using the average weight of a tablet.

Results and Discussion

in Fig. 1 direct current (dc) polarographic waves of analgin (A) and amidophen (B)
and analgin and amidophen in combination (C) are shown. They are recorded
successively one after the other without pretreatment of the SRE. Fig. 1 shows good
reproducibility of the obtained waves. Recording of such reproducible waves can be
continued. The same reproducibility of the waves was observed in all our experiments.

CURRENT

POTENTIAL
~
§
&
3
02V

POTENTIAL

Figure 1: Polarograms of 2.3 - 10“ M analgin (A}, 1.6 - 10* M amidophen (B) and combination of
5.3 - 105 M analgin and 8.2 - 10 M amidophen (C) in Britton-Robinson buffer on gold SRE. Starting
potential 0.0 V vs. SCE.

Because of the good shape and reproducibility of the obtained dc waves we called
the method applying SRE “polarography”, in contrast to the term “voltametry” normally
used in the case of solid electrodes.

From the polarograms in Fig. 1 A and B half-wave potentials, E,, of 0.410 V and
0.580 V for analgin and amidophen resp. are established. The same values of E,, were
obtained in all other studied cases. It was found that the additives and other
substances present in the studied tablets practically do not change the E,,, of anaigin
and amidophen at constant pH of the medium. Neither did these additives and
substances change the shape of the anaigin and amidophen waves. These are
important facts which enabled us to carry out the determination of these substances in
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various drug combinations containing analgin and amidophen. Another favourabie fact
is the difference between the E,, values of analgin and amidophen which allows their
simultaneous determination. A solution of both substances shows two waves in the
polarogram (see Fig. 1C).

In Fig. 2A and B some of the obtained polarogrphic waves of analgin and
amidophen resp. in BRB recorded at different concentrations are shown. The
investigations showed that a linear dependence exists between the wave height and
the concentration of both analgin and amidophen in a wide range of concentrations —
from 4.10° up to 1.10° M. (The latter was the highest concentration studied by us.) The
high concentration of the studied substance does not influence the determination by
adsorbtion or by other modification of the electrode surface, a fact which distinguishes
SRE in comparision to other solid electrodes.

B
A
~C
5 "S]
vy
< 3
v
S %
0 02 04 06 O Q2 Q4 06 a8
POTENTIAL , V v5.SCE POTENTIAL 7w SCE

Figure 2: Polarograms of anaigin (A) and amidophen (B) on gold SRE. The concentrations of
analgin are in the range from 1.3 - 10°M to 3.9 - 10+ M and of amidophen - from 1.9 - 10°Mt0 3.2 -
10 M. The first curve from the bottom shows the polarogram of the supporting electrolyte.

From Fig. 2 can be seen that the E,, value of anaigin does not change with the
concentration while the E,, of amidophen is slightly shifted to values more positive
(about 20 mV). Nevertheless, it can be considered that in both cases E,,, practically
does not depend on their concentration which is favourable for their qualitative
determination. The haif-wave potentials of the studied substances showed strong
dependence on the pH of BRB. The waves of the two substances in combination are
better separated (the difference between the half-wave potentials is greater) when the
PH of the buffer is low. Thus in Fig. 1 C the waves are taken at pH = 1.5 and the E,;,
values of the two substances (0.420 V and 0.610 V for analgin and amidophen resp.)
differ from those in Fig. 1 A and B where the pH = 2. )

In the Table some of the obtained results of the determination of analgin and
amidophen in tablets and in some drug combinations are presented. The Table shows
that the relative standard deviation, RSD, varying from 0.52 to 1.64 shows good
reproducibility of the method in all the studied cases. In the case of anapyrin the
mentioned ability to determine anaigin and amidophen simultaneously is demons-
trated. The method is more sensitive than the approved titrimetric method by the



109

Anodic Polarographic Determination of Analgin

S6°0 = 1949} AYlIqeqOSd ..
SuoHeUILLIBIeP BAY 104 ,

68 F 1’951 0s'd 802 196t SG'L ¥ 2951 080 szt 2951 ('qe)) usydepag
0'l2 ¥ 6'€52 G99 0691 6'€52 LVE F OSYe y0'L 65¢ o's¥e (-qey) uuAdeuy
. Ul usydopiury
vZe ¥ 190l 120 vl 1’904 dnufs o}
sajnuesbusydopiuy
I'E ¥ 0601 oee 0s¢e 0'S0L 2L0F£66 650 850 £'66 (-qey) uaydopiwy
'8 Fv¥61e 61€ 002 ¥'612 28C ¥ 66¥C €21 80°€ 6'6v2 (-qey) unAdeuy
92 F6¢€8l ozt oLre 6'€8l €€V ¥ 0°502 Zri sy'e 0's02 {-qe1) uwyo-uibjeuy
€EE F 9'L¥C 080t 08'92 WA 6v'2 ¥ 9022 160 00e 9'022 (‘qey) wibjejieg
:up wbjeuy
'8 ¥ G6¥S 2l 00°L S'6¥S 6€€ ¥ 8125 250 €L2 g1es (-qey) uibeuy
%‘asd  bw'gs  BwLiqe %‘asd  bw‘'gs b jeiqel souelsqng
SHWY € o} punoy} «SHUIL € J0j punoy
aouspyuod Auenpd aocuspyuo) Auend
Anawuyy AydeiBosejod

Anauwnng pue AydesBoasejod Aq (suoneuiquwod Brup ul pue sjejqe} ul) uaydoppue pue ujfjeue Jo UORRUIULISIaP By} JO} BIBP UOIS|084d B|qe]



110 V.C. NoninskiandE.B. Sobowale:

Pharmacopoeia®. In the Table we present also the results obtained from titrimetric
determinations. It shows that the proposed method is of the same, if not better,
accuracy and precision as the official one. The detection limit of the method is found to
be about 4.10¢ M.

References

'C. L Noninski: Khim. i Ind. (Sofia), 10, 442 (1966).
2 State Pharmacopoeia, USSR, Volume 10, bulgarian transiation, “Medizina i fizkultura”, Sofia,
1970, pp. 118 and 106.



66

ANODIC VOLTAMMETRY OF PYRAZOLONE DERIVATIVES WITH
THE HELP OF THE SELF-CLEANING ROTATING ELECTRODE

Vesselin C. NoNINsk!® and Emanuel B. SOBOWALE?

% Higher Institute of Chemical Technology, LEPGER, Sofia 1156, Bulgaria and
b Medical Academy, Faculty of Pharmacy, Department of Pharmaceutical Chemistry,
Sofia 1000, Bulgaria

Received November 7th, 1985

Nine pyrazolone derivatives have been studied by anodic voltammetry using gold self-cleaning
rotating electrode (SRE). Voltamograms of good reproducibility are presented. On the basis of
voltammetric data a mechanism is proposed for the electrochemical oxidation of sodium 1-phenyl-
-2,3-dimethyl-4-(N-methyl amino)pyrazol-5-one-N-methansulphonate and 1-phenyl-2,3-di-methyl-
-4-(dimethylamino)pyrazol-5-one in protic medium.

Voltammetric method has been used for the analytical study of 1-phenyl-2,3-di-
methyl-4-(dimethylamino)pyrazol-5-one in protic medium' and cyclic voltammetry
has been applied for the electrochemical study of 1-phenyl-2,3-dimethyl-4-(methyl-
amino)pyrazol-5-one, 1-pheny1-2,3-dimethy]-4-(methylamino)pyrazol-5-one, 1-phenyl
-2,3-dimethyl-4-aminopyrazol-5-one, and 1-phenyl-2,3-dimethyl-pyrazol-5-one to
establish the mechanism of electrooxidation of 1-phenyl-2,3-dimethyl-4-(dimethyl-
amino)pyrazol-5-one in aprotic medium.

However, a systematic study of the pyrazolone group has not been carried out
in protic media in view of establishing the mechanism of electrooxidation, influence
of substituent groups and pH of the medium on their electrochemical behaviour.

In the present paper results and some theoretical considerations are presented for
the electrochemical oxidation of nine pyrazolone derivatives using gold self-cleaning
electrode (SRE)®. The studied compounds are presented in Table1 and shall be
denoted henceforth in the text by roman figures as in Table I.

EXPERIMENTAL

Reagents. All chemicals used are of analytical grade. In the preparation of the solutions bi-
distilled water was used. It was found out that ordinary distilled water is also suitable. For
every sample a stock solution of 1. 1073 mol1~! concentration was prepared immediately
before the experiment. The supporting electrolyte was Britton-Robinson buffer. The pH of
the buffer was adjusted with NaOH of 2 moll~! concentraiton. The pyrazolone derivatives
listed in Table I were obtained from Pharmachim, Sofia, except for III which was obtained
from the Bulgarian Academy of Sciences.

Collection Czechoslovak Chem. C. [Vol. 52} [1987]
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Apparatus. The expenments were carried out in a three compartment glass cell. The working
electrode was gold sre3. Saturated calomel electrode (scE) was used as reference electrode. As
counter electrode a large platinum wire was used. The volume of the glass cell was 150 ml. How-
ever, the same results can be obtained by using a common laboratory glass e.g. of 50 ml. This
makes the method easily applicable in serial analysis. The anodic potentials were applied by
Radelkis OH-405 (Hungary) potentiostat-galvanostat. The potential sweep rate was 10 mV/s.
The voltammograms were recorded by a Philips PM 8120 X-Y recorder. The working electrode

TaBLE ]

Compounds examined
Basic structure (R! = R? = H) 1-phenyl-3-methylpyrazol-5-one

H,C—5 R’
R”Nz\ﬁ ’ 0
|
CeH;
Substituents Half-wave
Compound potential,
R! R? Ey 5,V
y 4 —CHj; —H 1-200
n —H —H 0:695
I CH,
|
—CH, —~—CH 1-:050
|
CH,4
I
Vv —CH,4 —NH 0:410
CHO
l
VI —CHj, —NH 0-920
Na
[
vl -—CH, —N—CH,0S0,Na 0-590
CH,
I
Vil —CH;,4 ~—N—CH,080,Na 0-400
CH,
|

Collection Czechoslovak Chem, Commun. [Vol. 52] [1987]
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rotation rate in most of the cases was 50 Hz. The voltammograms were taken at room tempera-
ture.

Procedure. To obtain reliable data 100-0 mg of the studied substance were taken and dissolved
in 100-0 ml of distilled water. By voltammetric determination of the studied substance in five
different aliquots of the above solution the quantity of the studied substance in this solution
was found.

Coulometric studies. Firstly the voltammogram of the sample was recorded in Britton-Robinson
buffer pH 2. Then the potential corresponding to the wave plateau was applied to the sRe. The
current passing through the cell was recorded by a X—t recorder. After integrating the area of the
current-time curve the quantity of electricity that passed through the cell was calculated. At the

end of the experiment a voltammogram was recorded to determine the quantity of the remaining
compound.

RESULTS AND DISCUSSION

In Fig. 1 voltammograms of 2:3.10~% mol 1=! of VIII recorded one after the other
without pretreatment of the electrode are presented to demonstrate good reproduci-
bility of the waves. The same reproducibility (without the need of electrode pretreat-
ment) was obtained also for the other compounds studied. Linear dependence is
obtained between the wave height and the square root of the SRE rotation rate, n'/2,
which is an indication for the diffusion character of the obtained waves. The de-
pedence between the concentration of the substance (pH 2) and their wave height
is linear in a wide concentration range (10™*—10"2 mol 1~ '); the half-wave poten-
tials, E,,, of the studied substances do not change with concentration.

In Fig. 2 Ey, of VIII and IX as a function of the pH of the medium are shown.
Well formed voltammograms of VIII could be obtained up to pH about 7-3 while
for IX up to pH about 8-6. With the increase of pH above 3 for IX and 3-9 for VIII
splitting of their waves is observed. The second wave of amidophen with the more
positive E,;, disappears at about pH = 6-5 and only the first wave remains. At
pH = 3 the E,;, — pH plot of I1X having a slope of 0-064 V/pH unit changes after
a discontinuity into a line of 0-047 V/pH unit and of 0-020 V/pH at pH = 4:9. From
pH = 6'5 the E,, of IX is independent of pH which indicates that in this pH region
its oxidation proceeds without the participation of protons. Protons participate
in the oxidation of VIII in the whole pH range where its oxidation can take place.
Since our coulometric investigations showed one electron oxidation of both VIII
and IX in acidic medium (pH = 2) fractional numbers for the protons participating
in the reaction are obtained. This fact might be an indication of the irreversibility
of the obtained voltammograms. Even more complicated is the explanation of the
obtained E;;, — pH dependences at higher pH values; additional data are necessary
which are not available now. It should be stated here that the E,;, — pH line of V
(not presented in Fig. 2) showed a slope similar to that of VIII.

From the voltammetric data obtained we made some conclusions concerning the
mechanism of the electrochemical oxidation of VIII and 1X. We also studied some

Collection Czechoslovak Chem. C [Vol. 52] [1987)
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of the intermediate products during their synthesis and also some substances having
a structure that can help us in evaluating the mechanism. In Table I the half-wave
potentials, E;;,, of the studied nine pyrazolone derivatives in Britton~Robinson
buffer (pH = 2) at 50 Hz rotation rate of the gold SRE are shown. It is seen that
a close relation exists between the strcture of the pyrazolone derivatives and their
electrochemical oxidation. It should be noted that the existence of a substituent on
C-4 in the pyrazolone ring plays the main role. If there is no substituent on C-4 (I}
a wave of high positive E,;, value appears (1-2 V). With the introduction of an alkyl
group the electrochemical reactivity does not increase significantly. Thus, the com-
pound with the isopropyl group on C-4 (II) has the E,,, value 1-050 V which is only
0-150 V lower as compared with I. From the E,,, values in TableI it follows that
amino group substituents on C-4 increase the electrochemical reactivity of pyrazolones.
In the case of a primary amino group on C-4 (IV) the E,;, = 0-560 V, i.e. about
half of the E,,, value of I. The substituents in the amino group are of important
significance with respect to the electroreactivity. If the substituent has a positive
induction effect as it is in the case of V, E, ;, has a lower value (about 0-150 V lower)
than that of IV. Disubstituted IV (IX) has the same value of the half-wave potential
as that of IV. Probably due to steric effect the E,,, of IX is higher than that of V.

06

E,, VISCE)

02

Fig. 1

Voltammograms of sodium 1-phenyl-2,3-
-dimethyl-4-(N-methylamino)pyrazol-5-one-
-N-methansulphonate in Britton-Robinson
buffer on gold sre taken successively one
after the other. Starting potential 0-0 V us
SCE

FiG. 2

Half-wave potential, Ey,,, of some pyrazo-
lone derivatives as a function of pH. The .
substances are denoted with roman figures as
in Tablel. 1 first wave of VIII, 2 second

-wave of VIII, 3 first wave of IX; 4 second

wave of IX. Concentration of VII 1-7.

.10"* mol1™?! and of IX 2:6.10"% mol.
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Similar to E,, of Vis the E,,, of VIII. The reason for this is probably the hydrolysis
of VIII in acidic medium leading to the formation of V. The latter is oxidized electro-
chemically showing an E;,, similar to that when pure Vis oxidized. In ref.2 a mecha-
nism is proposed for the electrooxidation of IX in aprotic medium (acetonitrile).
Unlike the results reported in ref.? our studies revealed that the E, ;2 of the tertiary
amine IX is more negative than that of the secondary amine V but equal to that
of the primary amine IV. However, when the substituent in the amino group is
exerting negative induction effect (VI) the oxidation is hindered and the E,,, has
a relatively very high positive value (0-920 V) compared to that of VIII, IX, and V.
On the other hand the E;;, of VI is relatively less positive as compared to E,,
of 1. Similar observation was made for VII (E;;, = 0-590 V) due to the negative
induction effect of sodium. Interesting was the electrochemical oxidation of II, Its
oxidation is much easier and compared to I its E,;, is almost twice as low. It is to
be noted that in its pyrazolone ring there is a secondary nitrogen where the oxidation
can take place.

From the relations established between the structure and the electrochemical
oxidation of the pyrazolone derivatives it can be concluded that the latter takes place
in a different way compared to the chemical oxidation. For instance, it is known
that during the oxidimetric determination of IX the double bond in its pyrazolone
ring is broken and dioxopyramidon is obtained. However, it is known also that the
chemical oxidation of the pyrazolone ring at the —C=C— bond needs four elec-
trons’ =6, This mechanism is improbable here because according to the mentioned
coulometric investigations in the electrochemical oxidation of both VIII and IX
only one electron participates. Analysis of the slopes of the voltammograms points
also to a one electron electrooxidation. Furthermore, during the oxidimetric deter-
mination of VIII it is the sulphite anion which is oxidized. In our studies we did not
observe the wave of the oxidation of the sulphite anion in VIII which indicates that
this anion is not oxidized electrochemically. Therefore, unlike the chemical oxidation
of VIII, the voltammogram of this substance only reveals the oxidation of Vremaining
after its hydrolysis. Probably the mechanism of the electrochemical oxidation of
VIII and IX is similar to the mechanism of the chemical oxidation of amino groups
with H,0, in which one electron and one proton participate’*®. Therefore, we
propose the following mechanism for the electrochemical oxidation of VIII (A4)
and IX (B):

CHy CH, CH, CH,
HCT==TN o . HCT— rlq" o] Hl—Te=—=— rlq“—’d’ H,C—===—=7-N—OH
H,C—N. IH H,C—N IH HC—NI IH HC—Nl I (A)
3 'r o 3 \’Il o 3 \T 0 3 \'I‘ 0

CGHS CGHS CGHS CGHS
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o e,
HC—==r—N—CH, _. H,C __“’l—cn,
HC—N A HC—N 8"’ ®
| l
CeHs CeHs

The method of anodic voltammetry using gold SRE has been observed to be fa-

vourably applicable for routine determination of pyrazolone derivatives.
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Anodic polarographic determination of Etamcylate
(Dicynone) with the help of the self-cleaning rotating
electrode (SRE)

V. C. Noninski — Higher Institute of Chemical Technology
LEPGER, Sofia 1156, Bulgaria

E. B. Sobowale, L. A. Dryanovska-Noninska — Medical Academy,
Faculty of Pharmacy, Department of Pharmaceutical Chemistry,
Sofia 1000, Bulgaria

SUMMARY Results are presented for the anodic behaviour of diethyl-
amine of 2,5-dihidroxybenzensuluhoniz acid known as Etamcy-
late or Dicynone on gold self-cleaning rotating electrode (SRE).
Two waves are observed on the anodic polarogram of this sub-
stance which can be applied for analytical purposes.

INTRODUCTION

Diethylamine of 2,5-dihydroxybenzenesulphonic acid known as
Etamcylate or Dicynone is an efficient antihaemorrhagic substance for
whose determination thin layer chromatography (TLC), UV sgectro-
scopy, cerimetry (1) and high performance liquid chromatography
(HPLC) (2) are applied. A possibility to determine this substance gave
the anodic polarographic method using the self-cleaning rotating elec-
trode (SRE) which has already been successfully applied by us for the
determination of other pharmaceutical substances (3). Polarographic
method has not been used until now for the determination of Etamcy-
late though papers on voltammetry of various hydroquinones are known
(4—6).

The experimental set-up was described in (3). The chemicals used were
of p.a. qualificaticn. The pure Etamcylate was in powder form. The
tablets of Etamcylate were obtained from the Technology Department
of the Faculty of Pharmacy, Medical Academy, Sofia. As supporting
<lectrolyte mainly Britton-Robinson buffer (BRB) was used. When ne-
«cessary the pH of the buffer was corrected with 2 M NaOH.
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The procedure for the preparation of the stock solution was the
following : 100,0 mg of pure Etamcylate were weighed and then pla-
ced in 50 ml volumetric flask containing about 30 ml BRB. The con-
tent was stirred for about 5 minutes, more buffer was added to the
mark and again stirred.

The determination of Etamcylate tablets began by weighing five
tablets and the mean weight of a single was determined. Then the five
tablets were ground in a mortar and 100,0 mg of the obtained powder
was weighed. The weighed powder was dissolved in 50 ml BRB.

After the polarogram of the supporting electrolyte was obtained-
starting from 0,0 V, 0,5 ml of the slock solution was added to obtain
the next polarogram starting again from 0,0 V. From the obtained
waves the standard line of the wave height versus the concentration
was constructed.

Coulometric investigations similar to those described in (3) were
also carried out.

RESULTS AND DISCUSSION

The polarograms of Etamcylate obtained on gold SRE consist of
two waves whose half-wave potentials, Ey, are 0,400 V and 0,835 V
resp. In fig. 1 five waves of Etamcylate are shown, taken one after the
r other without the pretreatment of the electrods. From fig. 1 is seen thal
* the polarograms of this substance obtained with the SRE are very
well reproductible. The good reproductibility of the obtained waves gave:
us the base for calling the method when using SRE polarography, un-
like the term voltammetry commonly used for solid electrodes in such
cases.

Fig. 1 — Polarograms of 1.10~* M Etam:ylate (Dicynone) in Britton-Robinson
buffer taken on gold SRE at 50 Hz rotation rate and 10 mV/s potential
sweep rate.

To determine the character of the current of these waves polaro-
grams were taken at different rotation rates, », of the SRE shown in °
fig. 2a. From fig. 2b is seen that the dependence of the height of the
waves, h, as a function of ny. of the first 1 and second 2 waves sepa-
rately as well as the sum of the two wave heights 3 are linear. This
fact is an indication of the diffusion limitation of the current of both
waves.
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In fig. 3 waves taken at different concentration of Etamcylate are
presented. The dependence of the wave heights as a function of Etam-
cylate concentration is linear and these waves can be used for quan-
titative determinations. For such either the first or second or the com-
bination of both waves can be used. Polarographic waves of Etamcy-
late can be observed down to concentration of the order of 107¢M.

Fig. 2 — Polarograms of Etamcylate of
1.10-* M concentration in BRB at SRE rota-
tion rate resp.: 10, 20, 30, 40 and 50 Hz. The
first wave from the bottom is the curve of
the supporting electrolyte, The insertion in
the figure shows the height of the first 1,
the second 2 and the sum of the first and
the second 3 waves as a function of the
square root of the SRE rotation rate,

Fig. 3 — Polarograms of Etamcylate of diffe-
_ / )13% rent concentration (from 2,2.10~4 M to 1,2.10-3 M)
e on gold SRE inﬂBRB, R;t;I of the SRE rota-

on — Z,
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Some investigations were carried out in connection with the stu-
dy of mechanism of Etamcylate electrooxidation. To determine the
number of elecirons participating in this reaction coulometric investi-
gations were carried out. They showed that during the electrooxidation
of Etamcylate one electron is involved both with the first and the se-
cond wave. -

In fig. 4a and b the E; of Etamcylate waves as a function of
buffer pH are shown. E;.» of the first and the second waves do not
depend on pH up to pH = 24 and 3,5 resp. After these pH values
E,;, show strong dependence on pH which is linear. From the slopes of
these dependences and from the coulometric investigations showing one
electron electrooxidation the participation of one proton with each
wave is obtained. '

- g b
o0 ol
938 960 - K
\ 2%
S /\;4 ] l§ 476 3
(\ .
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. 2 7 4 5
-
(]
423 5
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Fig. 4 — Half-wave potentials, E:;2, of the first wave (a) and of
the second wave (b} as a function of pH. Concentration of Etamcy-
late in the solution — 1,10~% M. Supporting electrolyte — BRB.

In table I results are presented from the determination of Etam-
.cylate in tablets by anodic polarography using SRE and by UV spec-
troscopy. It was found that the additives in the tablets (avicel PH 101,
aerosil, PVP K-25, talc and magnesium stearate) practically do not
interfere in the determination of the substance by the proposed me-
thod. From the table is seen that the anodic polarographic method is
good reproductibility. The detection limit of the method is about 5.10-6M.
We should also note that in this method the hazardous to health
‘mercury usually applied in polarography is not used. By the proposed
‘method Etamcylate can be determined directly — no additional proce-
.dures such as extraction, filtration, pretreatment of the SRE or pur-
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ging with inert gas are necessary. It makes the method suitable for
serial determinations.
Tadle 1

Precision data for the determination of Etamcylate in tablets by anodic
polarography using SRE and UV spectroscopy

Method Q"“:’g’;,ef"";g fer| sps,mg | nsp, % | Confidence limits**
?
Polirography 248,3 2,92 1,18 248,3+3,13
UV spectroscepy - 243,9 6,41 2,63 243,946,88

* For five determinations
** Probability level = 0,95
N.B. A tablet was stated to contain 250,0 mg Etamcylate.
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PE3IOME

B. Ii. Howunckr, E. B. Cebosate, 1. A. Hdpvanoecrke-Honuncke — INOJJAPOTPA.

GAYECROE AHOJIHQOE ONPEIEIEHUE OTAMENJATA (AIIIIINON)

C IIOMOIIBK CAMOOYHINAIOHIETOCA BPAINAIOHIETOCA 3JIEKTPOIA

(SRE)

CoofmalTca pesyaIbTaTs B CBASH ¢ 8HOIHEIM 00) A30M AeHCTBNA 2,5 AUTHAPOKCI-
GenacHCyIbGOHOBOTO INBTHIAMHUE R, T.€. KHCJOTH H3BECTHON MO RuMMEHOBaHICM D1aMu-
NarTa MM ﬂ.nnuuona,ﬂ-pu TIOMONIY P0JIOTOr0 B| AMIAIONISTOCA H CAMOOYNINAIOMErOCA 3.1eK
Tpona (gold self- clrantig rotating clecirede SRE).

Ha anonnoil moaeporramme 510ro pemccTsa  GHIO OTMEUCHO HOAMMEC ABYX M3BI-
anH. MeTod MomeT GHITh L(NOIb30BaH B aHANNTHYECKMX LEIfNX.

REZUMAT

V. C. Noninski, E. B. Sobowale, L. A. Dryanovska-Noninska — DETERMINAREA
ANODICA POLAROGRAFICA A ETAMCYLATE-ULUI (DICYNONE) CU
AJUTORUL ELECTRODULUI ROTATIV AUTOPURIFICATOR — SELF-
CLEANING ROTATING ELECTRODE (SRE) ’ .

Sint prezentate rezultatele asupra comportirii anodice a diethylaminei 2,5~
dihidroxybenzensulfonic, acid cunoscut ca Etamcylat sau Dicynone cu electrod
de sur rotativ autopurificator (gold self-cleaning rotating electrode — SRE).

S-au observat coud ondulatii pe polarograma anodicd a acestei substante
care poute fi aplicatd In scop analitic.
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AHOﬁHO NoJAPOrPA®CKO M3CJIEABAHE HA MOP®MH C MOMOIUTA
HA CAMOMOYHCTBAIL CE POTHPALL EJNEKTPO

B, Honuncku, E. Cobosasre :

-Bacw xnnnxo--rexnoinornqen uncruryt — Codus
BMH — Copns, PapMauestaven daxynrer, Kareapa no ¢apmauentHuua xumus
pbxosoauten npod. Jl. Jlpanoscka-Hounmucka

INonsporpadckusar merox ce H3non3Ba 3a onpespensHe Ha MopdHH, kato ce
peayuupa HeroBoTo HurposonpoussoaHo (1, 3). IlpaBenu ca onutyn 3a aHOZHO onpe-
Aexsne Ha MOPOHH BBLPXY' TBBPAH €/eKTPOAH, NPH KOETO Ce M3BBbPIIBd OKHCIH-
. TeaHa AuUMepH3auusa Ha mMopduua (4, 5). [To BpeMe HA OKHCACHHETO €NEKTPOABLT OT
TBBPA METall H3MeHs CBOACTBaTa CH M Ce IOJYYaBaT HeBB3NPOH3BOAHUMH NOAAPO-



Anonso nonaporpagcko - HICAERBaHE. . , 3

rpadckd BbAHM, KOCTO Hanara NpeRd BCAKO onpefensiHe CNELHAaAHO N3 Ce NMOYHCTH
enexTpoAsT. ToBa 3aTpyaHaBa H 3a6aBs MPOH3BENAAHETO HA aHANM3a.

Llenta na nacrosiiara pa6ora Ge na ce NPoyyaT Bb3MOXHOCTHTE 32 AHPEKTHO
onpesneasHe Ha: MOpdHMH B aHonHAaTa OGNACT OT NOTEHUHaNa, KaTO ce H3NON3Ba
CaMOMNOYHCTBALL C€ poTHpall eneKkTpoa (2), XxapakTepuaupaui ce C TOBa, we IO
BpeMe Ha paGoTaTa TPaHHLATA €NeKTPOJ—Pa3TBOP HENPEKbCHATO Ce NOAHOBHABA H
10 {TaKbB HAYMH CE€ OCHTYPSBa BBH3NPOH3BOJHMOCT HA PEe3YJTATHTE H BBb3MOWHOCT
32 0Dbp3H CepHAHH ONpEAENAHHS.

Excnepumentansa yacr

B nacrosmara paGoTa CaMOMOYMCTBAIHAT CE POTHPAUl €JAEKTPON HMalle KO-
nHycHa ¢dopma. Toit Moxe na 6bae U AuckoB (2). JIUCKOBHAT €JEKTPOA BCBUIHOCT
€ KOHYCEH, HO C 'bI'bl NPH BbPXa Ha KoHyca 180°. [lpunaranero Ha KOHYC € BIbia
npu BbPXa, no-Maxbk OT 180° KakbLBTO € HALUMAT CAyyail, HMA pelH1a NPEAHMCTRA
noaoGpsiBa ce MOAHOBABAHETO MNOpPAJAM ChELHAJHATA KOHCTPYKUMS HAa OCTPH/AKATa,
M36ArBaT Ce yTeYKHTEe MOJ H30JIAUHATA HA CTPAHHUYHATA LHUAMHADHYHA NOBBLPXHOCT,
KaKTO H CTPaHHYHOTO GHEHE Ha eNeKTPOoJa, ThH KATO OCTPHJKATAa Hrpae pPOJATa N
Ha IaB3raiwl Jgarep H T. H. C H3NON3BaHETO HA CaMOOYHCTBAIUHSA C€ POTHpALY enek-
TPOA € BB3MOXHO CNa3BaHe Ha CTPOro onpejeseHd AHQY3HOHHH, XHIDPOIAMHAMHYUHU
B ADPYTH YCJIOBHs, KOETO OCHTypsiBa MOJNYY2BAHETO HA BL3NPOH3BOAUMH PE3YATaTH
B noasporpadHara.

BCHYKH no/AfpH3alMOHHN KPHBH GfiXa CHETH, KaTO €JEKTPOAHHAT MOTEHUHAN ce
H3MepBalle CNPAMO HACHTEH KaJlOMEeJNOB eNeKTPOX.

Kato npoTtnBoesexTpon Geille H3M0J3BaHA MAATHHEHA XKHUA C TOAAMa NMOBLPX-
HOCT (OKOJIO ABa NOpPSABKA NMO-rONfAMA B CPaBHEHHE C NOBBPXHOCTTA HA PaGOTHHUA
€JIeKTPOn).

tacT or u3caeneaHHATa 6saXa MPOBEAEHH B e/EKTPOXHMHYHA KJNETKA OT CTHKAO,
NpPyU KOATO CPABHHTE/HHAT EAEKTPOA Ce MOHTHpPa MOCPeACTBOM WIAAPT CTPaHHYHO
Ha paGOTHHsA CaMOTOYHCTBAlL C€ POTHPAlL €NeKTPOX, 3a fa Ce OCHTypH MHHHMAJHO
Pa3CTOsIHKE MEXJAY JIYTHHOBaTa KaNHAsfpa H NOBBPXHOCTTA Ha CAaMONOYHCTBALIHA ce
porupaly enexTpoi. B cbuoro oraenenue Oelle MOHTHpaH (CblLO C NMOMOLITA Ha
wand) H cnoMaraTeNAHHAT eneKkTpox. baxa mpoBeaeHH exCEPHMEHTH H B OGHKHO-
BEHa OTBOpeHa JaGopaTopHa yawa oT 50 ml, B KOATO 6fxa MOCTaBeHH PAGOTHHAT
CaMONOYHCTBALL, Ce POTHPALL eJeKTPOA, CPABHHTENHHAT €JNeKTPOX M NpPOTHBOEeK-
TpoabT. Hawmte H3caeBaHMs NOKa3axa, 4e 3a NEJAHTe HA HacToAwlata paGoTa H
0CcO6EHO 3a aHANMTHUHH OMpeAe]eHHSs MOCAefHATAa KJAETKa AaBa HAMBJIHO 3af0BO-
JMTEJHH Pe3yJITATH.

* AHOZHMTE MOTeHUHANW 6Axa 3aJaBaHH C MOMOLTA Ha NOTEHUMHOCTAT-raJBaHO-
crata n,Radelkis*—OH-405. CxopocTra Ha pasrbBaHeTO Ha NoTeHuUHasa OGelue
10 mV/s. MNoasporpadckute BbLAHH Gfixa perucTpupanH ¢ nomowra Ha X-Y 3a-
nucsay ,Philips* PM 8120. IToasporpamure 61xa cHeMaHH NPH CTaifHa TeMneparty pa.

HisnoaspanuTte xHMukanu 6sxa keanuduxauus 4. 3. a. Mopduua HCI.3H,O u
xonenn 1H,0 — nponssogcrBo Ha Xumuxo-dpapmauestHunna 3aBod — Codus, a na-
nasepun HCI » HapkoTHH — npon3BoacTBo Ha ,Mepk“. Pa3arsopure Gaxa mpurot-
BSHH C HECTHIHpaHa BOJA.

" Karo ¢on Gsixa usnonspann 0,01 M capua, pochopra u nepxaopHa wucenuHa,
2:M natpueBa ocHoBa, 0,5 M kanues uurpat, 1 M amoHues HuTpaT, HaTpHEB CYA-
dar, xakto ¥ BpaTEH—Po6uu30HOBH CydepHH PasTBOPH.
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Tlonsporpamure ce cHHMaxa, Kato ce 3anoysawe ¢ norenuuan 0,0 V. Tlpen-
cTaBeHHTe noasporpamu ca or 0,4 V 3a nperaegHocr.

3asucumoctta Ha Ei;, or pH onpeneasxme, karo 3amoiBaxme OT HHCKHTE
-crofinocTh Ha pH, koutro ce yBenuuaBaxa ¢ go6asaHe Ha 2 M HaTplieBa OCHOBA.

KynonoMeTpnunute H3cnieaBanus Gsixa npoBeaeHH no ciaejnnns Hauyuu. Haii-
Hanpej ce cHeMmallle floJsporpama Ha Mop(hHH C onpeaeseHa KOHUEHTpPalLHa B -pa3-
TBOp Ha bpurpu—Po6unzonos 6ydep (pH=2). Cren ToBa Ha pabOTHHA €NEeKTPOX,
ce nojapaule NOTEHIHaJd, CHOTBETCTBAUL Ha INJIaTOTO Ha NOJSPH3ALHOHHATA KPHBA.

CURRENT

POTENTIAL
$ur. 1

MpoTHyalMAT Npes € NeKTPOAA TOK Geule PEerHCTPHpaH 3bB BPEMETO C NIOMOUITA Ha
X-Y sanucpay. Cne; MHTerpHpaHe Ha IUIOUITA NOA PErMCTPHpPaHATa KPHBA TOK-
BpeMe Ce M3YHCaAfBalie KOJHYCCTBOTO €NEKTPHYECTBO, NMPOTEKJO Npes KAeTKaTa.
B kpas Ha onuTa ce CHeMmaille NONSPOrpaMa, OT KOATO Ce ChAelle 332 HaMa/JCHHETO
Ha KOHICHTPALIMATA HA JENO/APH3aTOPpa BCAEACTBHE HAa €JIeKTPO/H3aTa (C NPONB/KIL-
teanocT ‘Oxoao 20 min).

Pe3yatatn u 06ChKRaHe

Ha ¢ur. 1 ca npeacrasenn noasporpadcku Bbann Ha mopduu ¢ 1,9,.10-¢ M -~
KOHIGHTpauusl, CHeTH eHa cJej ApYyra ¢ NMOMOLITa Ha CaMONOYNCTBALL C€ POTHpaLil
eaektpon B 0,01 M cspna kmcenuna. Iloxassame eaun mpuMep sa BHCOKaTa Bb3-
NPOU3BOAMMOCT Ha Pe3ysnTaTHTE OT HALHTe H3C/exBaHud,

Ilo6pata ¢opMa ¥ BHL3NPOM3BOAMMOCTTA Ha BBJHHTE HH Jaj0Xa OCHOBaHHE Aa
HapeueM MeTOAa C H3MOJ3BaHE HAa CaMOMOYHCTBAL( C€ POTHpaLL eJNeKTPOA NOAAPo-
rpadgus sa pasiMka OT OCHKHOBEHO NPHJAraHHs B TaKHBA CAYYaH 3a TBBPAH eleK-
TPOAH TEpPMHH BOJTaMETPHA HJAM BOATaMNEPOMETPHS. . _

Ha ¢ur. 2 ca nokasaHd HAKOM OT NOJy4YeHHTe BBLJHH Ha mopdun B 0,01 M
cApHa kuceanHa (ot woHuest auus 4,9.10~* mo 1,3. 10—°M) npu exHa u chbina
CKOPOCT HA BBpTEHe Ha CaMOMOYHCTBaul ce PoTHpau| enextpon. Haumre wuscaen-
BaHHMs NOKasaxa, ye JMHefiHaTa 3aBHCHMOCT Mex 1Y KOHUeHTPauHATa Ha MopdHHa H
BHCOYHHATA Ha BBJHATA Ce HAGAIOAaBa B 06AACTTa HAa KOHUeHTpauuu ot 4.10-¢
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zo 1.10-* M. Ha ¢ur. 3 e noxasana craugaptHata npasa Ha MopduHa. Ha ues
€a NnpejCTaBEHH CTOMHOCTHTE Ha BHCOYHHATA Ha BLJIHATa NPH OTHOCHTENHO MO-BHCO-
KHTE KOHUEHTPalliH, HO CBUIaTa NpaBa € BA/NMAHA M 33 Hal-HHCKUTE KOHUEHTpa-
uuH. Cbluata AHHEAHa 3aBHCHMOCT Ge ycTaHOBeHa NMPH CTaKAapTHHTE NpaBil, CHETH
H B ocTananute ()OHOBH €JEKTPOJHTH. '

Ha ¢ur. 2 Moxe na ce BHIH, Ye C yBenAHYaBaHE Ha KOHUEHTPaUMATa Ha Mop-
¢una E., ce u3MeHss KbM NO-NOJOXKHTENHH CTOHHOCTH. Taka HanpuMep npH KOH-
nenrpauns 4.10-¢ M E.,,=0,580 V, a npu 1,1. 10-3 M roii Beue e 0,695 V. Ilo-

6.
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POTENTIAL, ¥ 5. SCE CONCENTRATION. 10 % 4
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nonoxwurtenen ¢ oxono 0,020 V (sa o6aacTra OT KOHUEHTPAUMH OT MOpsIbKAa HA
10-4 M) craBa E.,, xorato oGopotute ce yseauuat ot 10 z0 50 Hz. Mono6uo
OTMeCTBaHe Ha TIOTELLEINA HA NMOMYBBAHATA C€ HAaGAIOLaBa W B OCTaHanuTe (HOHOBE.
OTMecTBaHETO KbM NO-NONOXUTENHH croiiHocTH Ha E.;, Ha Mopduna ¢ yBeanua-
BaHe Ha HEroBaTa KOHUCHTPaUHfd YCTaHOBHXMe M NpH APYTH TBBPIAH E€NEKTPOAH B
ny6aukauuute (4, 5), H) aBTOpUTE HA Te3n PaGoTH He ca o6bpHaNiH BHHMaHHe Ha
TO3H (akT. . v

Belle M3CnenBana SaBHCHMOCTTA Ha Npeleanns AuvaHOHeHn TOK OT KBajapaT-
HHA KOpeH OT 6posi HA OGOPOTHTE 3a €JHHHUA Bpeme B 15 pastBOpa C pasnH4HH
KOHIEHTpauiH Ha MopduH oT mopsiabka Ha 104 M u ce ycraHoBH, Y€ BbB BCHUKH
cayyan Ts e auHeiina. Ha ¢ur. 4 noxassame HSKOH OT NOJY4EHHTE NpPABH. Tasn
3aBHCHMOCT NOKa3a, 4e MOJyueHHTE NOJASPOrpaMu HMAT YHCTO Au(Yy3HOHEH XapakTep
¥ Ye caMOMOYMCTBAIIMAT C€ POTHPALl €NeKTPoA NpHTeXaBa ChILUTE CBOHCTB2 NO
OTHOIIEHHe Ha AudysunTa, KAKBATO HMA POTHPALUMAT AUCKOE €NEKTPOL.

Beme m3yucHa €710 3aBHCHMOCTTA Ha BHCOYMHATA HA BbJAHATA H E:/, Ha MoOp-
¢una ot pH. C yBcnnuaBawe Ha pH BHCOUMHATa HA BBJHATA Ce HaMaJfBa, KOETO
BOJHM N0 HAMAJNsBaHe Ha TOYHOCTTAa Ha OnpejeseHHiTa. 3a yBe/H4aBaHe Ha TO4-
HocTTa npH Huckure pH crofiHoCTH Aonpuacs Mo-xoGpoTo otdopmsiHe Ha BBIHHTE
.B cpaBHenne ¢ ToBa npu no-sucokute pH. Ha ¢ur. 5 e npencTaBeHa 3aBHCHMOCTTA
ua Ev, or pH npu en'a B Chla KOHUEHTPauUHi Hi mop¢dun. Ilpn npemHHaBaHe
KbM ankannata o6aact ot pH (or «kono pH=6,8) ce noaysasa paspsosBaHe Ha
gbiHaTa. [lpH yBeiuuasaHe Ha KOHWLEHTpalusATa Ha MopduHa ce yBenHyaBa BHCO-
YMHATa CaMO Ha N'bPBaTa BbAHA M T OM MOrna Ja Ce M3NOJ3Ba 33 aHANNTHIHA
uean. [lpu oule No-BHCOKH CTOHHOCTH Ha pH (san pH=8,5) Bropara BBiHa, OTrO-
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Bapsilla HAa MO-MOJIOXHTENHH MNOTeHUHAH, H3Ye3pa. CleOBATENHO AHATHTHYHOTO
onpejensHe Ha MOP(HH € BBH3MOXKHO BBB BCHUKH o6GractH na pH, Ho 3a npakrtu-
YecKH leAH e 3a NpesnoYHTaHe ONPeAc/AsHEeTO A2 Ce H3BbLPIUBA B 06/aCT C HUCKH

crofirocTn Ha pH. :
-Kakro, ce Buuaa ot ¢ur. 5, Es,—pH -saBucumocrra no pH=10 ce cncron
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OT TpH JHHEHHH YaCT:I. ITbpsara npasa uma nakaon 0,026 V/pH. Mpu pH=4,3 T«
npecuua JIMHUATA, NOKA3BALIA YCMOPEAHA HA aGCLHCAT3, KOATO MPOATJIKAEBA A0
pH =6,3. Cnen Tasu pH croiinoct E.,—pH 3aBucumoctTa nma naknon 0,80 V/pH.
Or KYJOHOMETPHYHHTE H3CJIEABaHMA Gelle HaMepeno, uye B Kucesa Cpeaa mpH
pH=2 npu OKACIeHH:TO Ha MOpdHHA yuacTBa eiun enexTpo:. Exwoenektposnsoro
OKHC/eHHe ‘Ha Mop(hHHA Ce NOTBBPANABA M OT aHa/MH3a HAa HaKJIOHA HA MOAAPO-
rpadckata BbAHA. AKO B3eMeM Npeasua To3M daxt, 33 6poAt Ha MPOTOHMTE, ydyacT-
pailiy B okucaenueto 10 pH=4,3, ce nonyuasa yucao, koeto e no-maaxo or 1. Tosa
BEPOATHO ‘€ yKA3aHHE 3a HeO6paTUMMA XapaKTep Ha MOJY4EHHTE NOASPorpadCku
sband. Ot pH=4,3 a0 pH=6,3 npoToun He yyacTBaT B OKHCIEHHETO, 3aui0T0 Esy,
né¢ sasucu of pH. Ot pH=6,3 1o pH=10 naknontT Ha AuHeiinaTa 3apucumocT e
0,080 V/pH. Axo' npueMeM €LHOENEKTPOHHO OKHMCJEHMC, 32 GPosi Ha NPOTOHHTE Ce
monyuasa 1,35 (ToBa YMCJAO MOXME Aa Ce aNpPOKCHMupa 1O 1). Cren pH=10 E,;,
‘Ha MopduHa CBINO He H3raexaa Aa 3asucu ot PH. Xoawt wa E., 3aBucmmocrra,
«<Heta B DpurpH—PoGuH30oHOB Gydep, pasriefad B CTaTHATa, C€ MOTBLPXJaBa
.C’BIIO OT OTAEI eKcnepumeHTH B ApYyrH ¢onose enexrpoautu (HNO., H,SO,) npu
'pa3nMYHU KOHUEHTpauuH Ha MopuHa. XoasT Ha 3asucumocrra E.,—pH e Bce
-oile 6e3 obscieHHe H No-CNelHalHO CBUIECTBYBAHETO Ha oGaacT oT pH, xbaero
IPH OKHC/EHHETO Ha MopduH He B3eMaT yyacTHe npoToi. Ta ce maMupa Mexay
‘aBe Npyrd pH 06nacTH, mpH KOHTO B OKHCJIEHHCTO B3EMAT y4acTHE MPOTOHH.

' BAxa NPOBEAEHH H3CJCNBAHHA OT aJMKANOHIHTE KOJAEHH, NafiaBepud H HAPKOTHH
TipM CBHIUHTE YC/AOBHS HAa aHOAHO ompelessHe Ha Mopduu. U npu Tpute ankaaouna,
npu KOMTO (PeHOMHAaTa rpyna le e CBOGOAHA, Ce MOAMYYHXa BBAHI C MHOrO BHCOK
moTennuan Ha moayBbavata (wan 1000 V). B vactosata paGota usaMa na pas-
raexpame MoxpoGHO Te3H BBLAHH. Macaensano Ge BiausHHero Ha KOAEHH, NanasepHH
‘H HaDKOTHH BBpPXY ‘moasporpadckaTa BbAHa Ha Mopduua. PesyataTuTe nokasaxa,

_+4e KORGHHBLT He BAHfE BbPXY BHCOUHHATAZ HA BBJHATA Ha MopQHHA, Jaxe H NHpH
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BHCOKHM HErOBH KOHUEHTpauinM (CPaBHAMH C TE3H Ha HANMHYHHA B pasTBOpa Mopdmn)-
[NpH TakuBa KOHUEHTPAUWH KOREHHDBT OTMeCTBA NOTEHUHANAa HAa MONYBBJAHATA HA
MopduHa KbM no-nosoxureann croiiHoctH (¢ oxono 0,050 V). TloxoGuo Ha KOfeHHa
BAHAE B HAPKOTHHBT. [lanaBepHHBbT B MalKH KoO/AHYeCTBAa (B KaKBHTO TOH ce Cb-
ABbPKa B ONMYMa) CHUIO He BAHAE BBPXY BHCOYHHATA Ha BBJHATA Ha MOP(HHA, HO
crano orMecTBa E., KbM no-nonoxurennu ctoinocTH. IIpn no-BHCOKH KOHUEHTpa-
HHH TOH CHAHO BHAOW3MEHS BLJHaTa Ha MopdHHa, a MPH CPaBHHMH KOHUEHTpaLHH
c Te3n Ha MopdHHa MOXe Aa # moTHcHe. TesH M3C/JeNBaHHA TNOKa3BaT, Y€ OKHCAe-
HHETO Ha MOp(HH Ce H3BBPUIBA C Y4acTHETO Ha CBoOOAHATA ¢eHONHA rpyna.

\

.  Kunwromnc 1. Honumexun, Xp. Jl. Ipanoscka-Houuncka JL Cr. Uanen.
Gapuayun, 19, 1969, 24. — 2. Honuncxu, X p. Xusmus u uxdycmpun, 10, 1966, 443 — 3. Bag-
gesgaard, H. C. Kasmussen. Halm. Jlerk Dansk Tidssks, Farm., 13, 1955, 41. —
4 Devs, H. P. Pharm- Weekblad, 99, 1964, 737. —5. Rashid, A, R. Kalvoda. Cesk
farm., 20, 1971, 143. '

B. Honuncxu, E. CoGoea.te — Awonno€ noasiporpadiuyeckoe KccaeaoBaHue MOpdHHA npn
NOMOIMH CAMOOYMIIZIOUIErocH poTipylomero saexkrpoaa (CP3) '

Pe3w0ome. Tlpensonennnii noasporpapuueckiii METon HENOCPEACTBEHHOTOTO ONpEneNeHHa Mop-
{una B aHONHOf OGNACTH NOTEHUHANOB NPH NOMOUH CaMOOMHUIAIOUIEroCH POTHPYIOUIEr0 SAEKTPOAZ
MMeeT DRI NPEHMYIECTE B CP3BHEHMH C CYIIECTBYIOWIMMH NOAGGHBIMH METONAMH C NPHMEHEHHEM
TBEpABIX 3NEKTPONOB. Bnepshie YCTAHOBAEHA XOPOWAA BOCNPOM3BOAMMOCTb TOARPOTrPahHUECKOil BOAHEL
npH BNEKTPOROOKHCACHHH OPraHHYECKOTO COCAHHEHHS B aHOXHOH OGNACTH C TBEPALIMH 3AEKTPORAMiI.
Onpefefenne MOPGHHA NPOBOAMTCA B GOree WIMPOKMX FPaHMUAX KOHUEHTpauufi u mpu Gonee Bbico-
KOR 9YBCTBHTEALHOCTH. MeTOR Nerko BHNONHMM H GuICTPHIN, oGecneqnBaeT HENPEPLIBHOCTH NPH Npo-
BERERNH CEPHAHbLIX aH3IH30B, .

Noninski, V., E. Sobovale — Anode Polarographic Investigation of Morphine with the
Help of Selfcleaning Rotating Electrode - .

Summary. A polarographic method for direct determination of morphine in anode region
of potentials with the help of selfcleaning rotating electrode is proposed. It has many advauta-
ges in comparison with the same methods with solid electrodes. Good reproducibility is obtained
for the first time of the polarographic wave on electrooxidation of organic compounds in the
anode region with solid electrodes. Determination of morphine is carried out in wider concentra-
tion limites and at higher sensitivity. The method is prompt and ensures continuous process
which is suitable for serial analysis. Lo C ot :
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Experiments on a Possible y-Ray Emission Caused by a
Chemical Process

V. C. Noninskl, J. L. CloTToNE, P. J. WHITE
Fitchburg State College, Department of Chemistry, Fitchburg, MA 01420

Abstract — We report here results from Geiger-Mueller and Nal(T1) y-ray
counting of a mixture of several chemicals before and after burning compared
with a control sample of KNO;. The experimental results did not show non-
trivial increase in y-emissions after burning of the mixture.

Introduction

Enhancement in the low-energy end of the y-ray spectrum incited by non-nu-
clear processes is increasingly being reported. Probably one of the first to re-
port such non-trivial low energy y-ray emissions was Matsumoto (1990). Un-
fortunately, in addition to the experimental results he has presented an
obviously untenable theoretical explanation of three-body collision of
deuterons and protons. He has also misinterpreted the 3¢ Tl (2.615 MeV)
peak, interpreting it incorrectly as a 33 Bi (2.615 MeV) peak. Other groups
also report low-energy (Karabut et al., 1992; Scott et al, 1990; Takahashi,
1990) and high-energy (Prelas et al., 1990) y-ray emissions induced in an un-
expected way. Recently Bockris and collaborators reported unexpected ef-
fects during burning of a mixture of chemicals. Bockris and colleagues’ re-
ports caused a certain controversy (cf. Bishop, 1993) and some further
scientific inquiry into the problem is warranted. In this paper we present some
experimental results with regard to the claimed increased y-ray emission as a
results of a chemical process. No experiments were carried out concerning
other claimed effects (Bishop, 1993; Sundarasan & Bockris, 1994) in this sys-
tem.

Experiments

The experiment was carried out by mixing of 300 g C, 900 g KNO,, 80 g S,
120 g Si0,, 100 g FeSO,, 30 g Cd, 100 g Hg,Cl,, 50 g PbO, 5 g Agand 30 g
CaO. The resulting mixture was burned in a hood. We performed five bums,
four of which were successfully completed (burn #2 contained approximately
one-half the amount of KNO; resulting in very slow burning and was discard-
ed). The burning was vigorous and lasted from about 30 s (burn #1) to about 3
min (burn #3). After burning was complete and the sample was cooled down,
random samples were taken from the bulk and were ground in a mortar with a

201
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pestle. The initial experiments were carried out by transferring the sample
into a crucible. To ensure that the configuration (area, thickness. and geome-
try) of sample viewed by the detector was the same for all samples. the same
size crucible was used, and care was taken to level each sample in the same
way. The crucible was then inserted under the active window (=1 cm diame-
ter) of a Radalert Geiger-Mueller counter. The Radalert was connected to a
laptop IBM PC, where a special program was written to monitor the counts
every minute throughout many hours. In the initial experiments the Geiger-
Mueller counter was surrounded by a 0.2 cm lead shield. Later. in addition to
the Geiger-Mueller counter a Nal(Tt1) scintillation detector (3 cm x 3 cm) was
set up. The sample, prepared according to the above procedure. was trans-
ferred into a watch-glass, levelled using a piece of glass and inserted into the
gap below a Nal(TI) scintillation detector. The configuration (area and thick-
ness geometry) of the sample in this case was also the same for all samples
used; the watch-glass was the same throughout. The detector and the sample
were surrounded by 5 cm thick lead bricks. The detector was connected to a
Model 35 Canberra Multichannel Spectrum Analyzer. In all experiments mea-
sures were taken to maintain the same counting geometries. The obtained
spectra were dumped through the serial port of an IBM PC, where they were
observed and analyzed using MathCad 5.0. Besides the natural calibration of
the Nal(T1) detector system by the prominent 19K line appearing at 1.460 MeV
in the background and the 0.511 MeV e*-e™ annihilation y—ray we also cali-
brated the system using §9 Co (1.33 MeV and 1.17 MeV) and 3}Na (0.511 and
1.274 MeV) sources. Although a Ge(Li) detector would have given better res-
olution, we believe that the Nal(Tl) detector available in our laboratory
should be considered capable of giving reliable results.

Experimental Results

The typical Geiger-Mueller count rate per minute of the sample before
burning was 19.07 = 0.86 over a 24-h period. This was clearly lower than that
after burning which was 24.64 + 0.43. The control sample, KNO,, exhibited
22.85 £ 0.32 counts per minute. It is to be noted that these determinations
were carried out on random days during February and March, 1994, thus influ-
ences of cosmic events on the results were expected to be excluded. The in-
crease in counting rate after burning provoked our interest and we contmued
our studies with a Nal(T1) detector.

In Figure 1 we show the background taken for 12 hours starting on March
13, 1994 at 11:32 am (curve 1). In the background trace the prominent 19K
peak at 1.460 MeV, the e*-e” annihilation peak at 0.511 MeV, the ¥{Bi at 1.12
MeV, the smaller peaks of %;Bi at 1.764 MeV, 3yBi at 2.117 MeV, and 2T at
2.615 MeV are observed. In Figure | the y-ray spectrum from the sample be-
fore burning (curve 2), after burning (curve 3), and the control KNO, sample
(curve 4) are also shown.

Figure | shows that the background counts at all energies are lower than the
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Fig. I. The y-ray spectrum measured with a 3 cm x 3 cm Nal(TI) detector. Curve 1 — back-

ground, curve 2 — mixture before burning, curve 3 — mixture after burning, curve 4 —
pure KNO,.

counts of the studied samples. Even the mixture before burning (curve 2)
shows higher counts vs. background, especially at energies corresponding to
the 10K peak and the low-energy y-ray peak (0.06 MeV). This fact, however, is
eas11y explainable by the higher concentration of {OK in the mixture. As ex-
pected from the results of the preliminary Geiger-Mueller experiments, the
curve corresponding to the sample after burning (curve 3) lies at still higher
counts at almost all energies compared to background and the mixture before
burning. Practically no change is observed for the e*-e” y-ray annihilation
peak at 0.511 MeV and for energies higher than that of {oK peak. The higher
counts for the mixture after burning were confirmed during several indepen-
dent trials. We believe that the obtained data (of which Figure 1 is only one
example) contains a statistically significant number of counts for this differ-
ence to be considered real.

Discussion

In order to explain the above increase in the y-ray emission after burning of
the sample, we carried out some additional experiments. For clarification,
standard isotope data references were used to determine if any significant
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decay of the observed y-ray peaks would occur (Walker et al., 1989). The
Nal(T1) detector was mounted vertically inside the lead-brick housing and a
weighed amount of the burned sample #5 (several hours after the burn) was
placed directly on top of the detector. The sample was monitored during the
course of one month. No decay was observed during the period of study which
indicates that no radioactive isotopes of short lifetime were created during the
burn of the sample.

Of all the elements initially present in our mixture K is the most important
since it has a naturally occurring radioactive isotope (}oK) with a long half-life.
Other elements that have naturally occurring radioactive isotopes are ' Hg
(16.9%), 2%Pb (1.4%), 2IPb (22.1%), 'TAg (51.8%), 'FAg (48.1%), 4§ Cd
(12.8%, half-life 48.5 min) (Walker er al., 1989). These elements have iso-
meric transitions (states) which usually decay through y-emissions but 'J Ag
and 'Y Ag decay by B~. The half-life of 's;Hg is 42.6 min, ;Pb is 0.8 s, 55 Pb is
1.12 hours, 'JAgis 44.2 s, '5Ag is 39.8 s (Walker et al., 1989). Isotopes with
even numbers of neutrons may decay through B~ to'JO and neutrons (delayed
neutrons) are emitted with a half-life of 4.17 s. Thus, the short half-lives of the
naturally occurring isotopes of elements other than {0K cannot account for the
observed effect. Therefore, we focused our attention on the concentration of K
in the samples. As is already observed from Figure 1 an enhancement of the
intensities of all peaks is seen after burning of the mixture. This, however isa
trivial effect due to concentrating the amount of available K (resp. {9K). In-
crease of K concentration was independently confirmed by atomic absorption
analysis using Perkin-Elmer 3100 Atomic Absorption Spectrometer (AAS).
One gram of the mixture before and after burning was dissolved in 50 ml
HNO,, and the solution was diluted to 11. Of these, 5 mi were diluted to 50 ml,
and the absorbances of the diluted solutions were determined using AAS with
a K lamp at A=766.5 nm. For our purposes it was sufficient to just compare the
AAS absorbance signals rather than to determine the exact concentrations of
the two studied samples. Since, as mentioned, it was 1 g of each sample that
was used for the AAS determinations, a difference in density of the two stud-
ied samples might have resulted in differences in K concentrations due to dif-
ferences in volumes of samples. The increase in K concentration was not due
to differences in sample density, because the density of the burned sample was
at least of the same order of magnitude as that of the mixture before burning.
We have noticed, however, that during weighing of the burned sample constant
weight was not able to be reached, because of a certain hygroscopicity of the
bumed sample. Obviously, the mentioned difficulty due to hygroscopicity
even further enhances the conclusion that the increased y-ray emission signal
is due to increased K concentration in the burned sample.

In another experiment designed to explain the above effect, the y-ray spec-
trum of pure KNO; was taken under the same conditions as used for previous
experiments. Figure 1 (curve 4) shows the y-rays from this experiment. Com-
parison of curve 3 and 4 shows that there is practically no difference between
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these curves. It was also determined that the density of the ash was slightly
lower than the density of the KNO, by weighing equal volumes of these sub-
stances on a five-place electronic balance. It was determined by AAS that the
concentration of K was practically the same both in the ash and in the pure
KNO;.

Conclusions

The above experimental results provide no basis to conclude that any unex-
pected effects, such as appearance of radioactive isotopes not present initially,
are occurring due to a chemical process (burning of the sample).

Although we did not observe non-trivial effects during the present studies
there are several conclusions which we were able to draw. First, we now un-
derstand that the results are very reproducible. The methods we apply are sen-
sitive enough for the purpose and we would have been able to observe effects
should there have been such. Secondly, we do not exclude the possibility.that
we have overlooked some hidden effects since we were looking for the broad
picture of the events. Also, there may be some intricacies, unknown to us, for
preparation of the samples which may cause positive results to appear. We
also note that such claimed effects should be resolved only experimentally and
no theoretical arguments should supercede or prevent the carrying out of ex-
periments. Theoretical arguments should in general be used as mere guide-
lines and should be suspended once effects contrary to theoretical expectations
are observed. This is not unusual in science. In this respect even experiments
such as the above, the negative outcome of which can be predicted based on
contemporary knowledge, are worth carrying out because the boundaries of
those parts of contemporary knowledge that constitute absolute truths are not
always clear cut.
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Experiments on Claimed 3-Particle Emission Decay

V. C. Noninsk, J. L. CIOTTONE, AND P. J. WHITE
Fitchburg State College, Dept. of Chemistry, Fitchburg, Massachusetts, 01420-2697

Abstract — In a previous paper (Noninski, 1995) we reported comparative
results of y-ray measurements before and after buming of a mixture of chemi-
cals. Increase of y-ray activity after burning was claimed by some colleagues
to be an indication of the fact that certain nuclear processes can be induced
simply by carrying out chemical reactions. Although we observed an increase
in the y-ray counts after burning of the sample, we concluded that the reasons
for this increase are trivial and are due to concentrating, as a result of burning,
of the naturally occurring isotopes of some elements, especially ‘K. We
noted, however, that there may be certain conditions, unknown to us, which
may bring about the purported changes of nuclear character due simply to
chemical reactions. In follow-up of our manuscript, (Lin, 1995), presented
data of f-particle decay when using a mixture whose composition includes
fewer chemicals than those in the mixture studied by us. Also, the amounts of
the various ingredients in the mixture differed from those used in (Noninski).
We carried out a series of measurements of the 3-particle emission activity
with this new recipe and are reporting the results from these studies in the
present communication.

Experimental

Nine separate burns were carried out. The composition of the mixture used
was: C — 100 g, Johnson Matthey, Carbon Graphite Powder, 300 mesh, 99.0%;
KNO, - 300 g, Fisher, ACS grade Mallinckrodt; S — 30 g, Johnson Matthey,
Sulfur Powder, Sublimed USP; SiO, — 30 g, Fluka, Seesand, 40-200 mesh,
acid purified; FeS — 40 g, unknown origin, granular; Hg,Cl, — 10 g, Merck,
USP; PbO - 10 g, Fisher certified lead monoxide. All chemicals are from the
stockroom of the department.

For measurement of the B-particle emission activity a Ludlum 44-1 Beta
Survey Detector consisting of a plastic scintillator of 0.010 thickness with 11.6
cm? window area was used. The window was covered by 0.8 mg/cm? metal-
ized mylar for light tightness. The plastic scintillator (crystal itself), 1 inch in
diameter, was NE102. The operating range/efficiency is from C'*/15% to
P**/60%. The PM tube used was the 10 stage head-on type. The detector was
attached to a Ludlum Model 2200 Scaler Ratemeter whose settings were as
follow: Window 3.02; Threshold 6.0; Range x1k; set for 60 min intervals;
meter readings 200 cpm; Window ON. The ratemeter was typically set to ac-
quire counts in the course of one hour. The number of counts acquired for one
hour (from burn 4 on) were dumped into the memory of a computer through a
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serial port. A larger paint pail (leaktite paint pot #5) from HQ was used as a
vessel. As also required by the recipe, two 6 inch galvanized framing nails
were placed in the reaction vessel. Counting was carried out by placing the de-
tector-sample combination in a dark space. Initially the detector and the sam-
ple were placed simply in a bench cabinet. The room background count was
approximately 8 cpm. Later a specially prepared wooden enclosure was used.
In the latter configuration sample and detector were placed in the box which
was covered with lead sheets. The sample was placed in a 50 ml beaker and
the detector was suspended at about 5 mm from the surface of the sample. Ex-
periments with and without dessicant in the enclosed space were carried out.
Finally the sample and detector were placed in a glass vessel painted black on
the outside. The cover of this vessel had provisions for maintaining vacuum
conditions (~30 inch underpressure) internally — Figure 1.

Simultaneous temperature measurements within the sample were also car-
ried out with some experiments. A thermistor in a glass tube was placed with-
in the sample and resistance readings determined by a Fluke 8840A DMM
were averaged over an hour and dumped through a GPIB (IEEE-488) bus into
the memory of a computer.

One of the samples after burning was brought to MIT on the same day of the
burn for observation of the y-emission spectrum. The Ge(Li) detector showed
an overwhelming signal of *“’K in the sample and it was found that further
studies are necessary if one is to use a Ge(Li) detector to determine whether
any unusual nuclear events have occurred due to burning.

VACUM PUP

-8 IT]SN?ALLEL
RS-232 INTERFACE

COMPUTER
P |

Fig. 1. Schematic diagram of the vacuum B-counting system. 1 — vacuum gauge, 2 — BNC
feed through connector, 3 — valve, 4 — aluminum lid, 5 — glass vessel externally
painted black, 6 — Ludlum 44-1 Beta Survey Detector, 7 — sample.
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Neutron activation analysis of samples before and after burning was per-
formed and a comparison was made of the y- spectra. The peak at 411.7 keV,
originally thought to be due to '**Au, was determined in reality to be the dou-
ble escape peak of *>V. The photopeak at 1434 keV and the single escape peak
at 923 keV were also present in the spectrum. Observation of the decay rate of
these peaks verified the identification. Details of these studies will be reported
in a separate communication.

Discussion

In Figure 2 the B-counts as a function of time are presented of a sample pre-
pared according to the above recipe. The B-counting of that sample was done
in a manner similar to that by which the data in (Lin) were obtained. As seen
from Figure 2 a decrease of the B-counts in time, similar to that reported in
(Lin), is clearly observable. The question which then had to be answered is
whether this decrease is due to nuclear decay or to some trivial reason. One
trivial reason may be the hygroscopicity of the sample, as mentioned in our
previous publication (Noninski). One of the sources of B-emission from the
sample is the decay of the naturally occurring radioactive isotopes such as “’K.
Absorption of water vapors would be an attenuating factor for this naturally

130
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90 " M 2 " 1 L " M " J , " " " " i i i
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Fig.2 Plot of B-counts vs. time of a sample after burning. The sample was prepared according

to the recipe in (Lin) and counting was carried out in air. B-detector and sample were
placed in a bench cabinet to avoid external light.
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occurring B-emission. Thus, any decrease of B-emission activity due to such
cause should be considered an artifact. Another factor which may cause atten-
uation is oxidation of the ashes from the bum. Instead of further exploring
whether absorption of water vapors or oxidation is the trivial cause for B-emis-
sion decrease we decided to measure B-emission under conditions where any
such cause would be eliminated. The measurement of B-emission activity of
the burned sample was carried out in a container from which a continuous
evacuation of the air was performed as described above — Figure 1. An exam-
ple of the results from these measurements is shown in Figure 3. As is seen
from Figure 3 no decrease of the B-counts is observed when measures are taken
to avoid oxidation and/or absorption of water vapors by the sample. It was
found that variations over time, if any, of the $-counts are in good concordance
with room temperature changes.

We conclude from the above studies and from the studies reported in (Nonin-
ski) that at the level of accuracy of our apparatus and methods and the preci-
sion of our determinations we were not able so far to determine signatures of
unusual nuclear events invoked by burning of the proposed sample.
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to the recipe in (Lin). B-counting was carried out in the vacuum system shown in Figure
1.
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Experiments on Claimed Transmutation of Elements Caused
by a Chemical Process
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Fitchburg State College, Department of Chemistry, F it&hbu}g, MA 01420
email: ciottone@falcon.fsc.edu, pwhite@falcon.fsc.edu

Abstract — Results are presented for neutron activation analysis of a mix- -
ture of several chemicals before and after burning. The experimental results
do not show any unexpected appearance of new elements after buming of the
mixture.

Introduction

In a recent publication, Bockris and collaborators have reported unexpected
effects during burning of a mixture of chemicals (Lin et al., 1995). In this
paper we present some experimental results of our studies with regard to
claimed creation, as the result of a chemical process, of elements different
from those initially present in the sample.

In previously published papers (Noninski et al 1995a,b), we have studied
some other aspects of claimed nuclear effects due to chemical processes, such
as increase of y-ray emission after burning and B decay after burning. This
communication is intended to wrap up our studies on this matter.

' Experiments

Studies were carried out using two different recipes. The first mixture (A),
used mainly for the determination of y-emissions, consisted of 300g C, Cam-
bosco; 900g KNO,, Fisher Certified ACS grade; 80g S, Johnson Matthey, sul-
fur powdered, sublimed USP; 120g Si0,, Fluka, Seesand, 40-200 mesh, acid '
purified; 100g FeSO,, Fisher Certified; 30g Cd; 100g Hg,Cl,, Merck, USP;
50g PbO, Fisher Certified lead monoxide; 5g Ag and 30g CaO. The second
mixture (B) contained fewer chemicals and lesser amounts of each. Mixture
B, used primarily for B-counting and neutron-activation analysis, consisted of
100g C, Johnson Matthey, carbon graphite powder, 300 mesh, 99%; 300g
KNO;, Fisher Certified ACS grade; 30g S powder, sublimed USP; 30g Si0,,
Fluka, Seesand, 40-200 mesh, acid purified; 40g FeS unknown origin, granu-
lar; 10g Hg,Cl,, Merck USP and 10g PbO, Fisher Certified lead monoxide.

For all burns, performed in a chemical fume hood, the vessel used was a
large paint pail (leaktite paint pot #5). As also required by the recipe two 6
inch galvanized framing nails were placed in the reaction vessel.
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A total of 16 burns were carried out. Burn procedure is described elsewhere
(Noninski et al., 1995a). ,

Neutron activation analysis of samples, before and after burning as well as
each individual chemical component of the mixture, was performed in a 10
kW open-pool reactor at Worcester Polytechnic Institute, and a comparison
was made of the y-spectra, which were obtained using a Germanium detector.
The samples studied were irradiated for approximately 3 min. at 1 kW power.

Results and Discussion

The neutron activation analysis was specifically performed on burns #13
through #16 from mixture B and their y-spectra were compared to the spectra
of the same samples before burning. An amount equal to 3.6166 g of mixture
B before the 13th burning was placed in a small plastic vial. The small plastic
vial was then placed in a larger one, transported into the reactor core and irra-
diated with neutrons for 3 minutes. Similarly, 2.8855 g of the 13th burned
mixture B was irradiated. After irradiation of each sample a y-ray spectrum
was recorded using a Ge detector shielded with Pb, Cd and Cu. A segment of
these y-spectra is presented in Figure 1. It is seen from Figure 1 that peaks
such as the ones corresponding to, e.g. j§Ce, at 133.55 keV or 2’Hg at 279.19
keV initially present in the mixture B before burning are seen to disappear in
the y-spectrum of the burned sample. Some of these disappearances can easi-
ly be explained by the fact that the high temperatures of the burn may be caus-
ing the evaporation of the respective elements. Upon careful scrutiny of the
spectra one may notice appearance of small additional peaks after the burn
(this part of the spectrum is not shown in Figure 1). These peaks, however,
were established in the y-spectra of the nails and the vessel after carrying out
neutron activation, and therefore, should be considered trivial.

6000 -

] " ‘ — -
50 " 00 150 200 250 300 350
Energy , keV

Fig. 1. Part of the y-spectrum of irradiated mixture B before burning (Burn #8). Upper trace —
before burning; lower trace — after burning.
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The peak which attracts the most attention is the one at 411.70 keV which
may appear to be due to the presence of 'J3Au. The part of the y-spectrum con-
taining this specific peak is presented in Figure 2. It is seen from Figure 2 that
the peak which may ostensibly be due to 'J3Au at 411.70 keV is present almost
at the same level in the burned and unburned samples. Nevertheless, calcula-
tions show that the amount of what appears to be Au in the burmed sample is
3.43 x 107° grams of the element per gram of sample. One may speculate that
because of these stated differences in the amounts of the irradiated samples it
may appear that the burned sample contains an unexpected large quantity of an
element showing a y-peak at 411.70 keV. It should not be forgotten, however,
that a peak at 411.70 keV was initially present in the mixture and might have
been concentrated in the sample during the burn. Special efforts were applied
to understand the nature of the peak at 411.70 keV. Several additional neu-
tron-activation studies were carried out on the graphite samples used. At all
times during these studies it was found that after irradiating the sample of Alfa
graphite in the core of the reactor for three minutes at 1 kW power the peak at
411.70 keV was present. It turned out, however, that after leaving the sample
for about an hour and recounting it this peak completely decayed. This shows
that the peak in question cannot be due to '53Au since its half-life is 2.7 days.
Upon careful observation of the y-spectrum it was found that the peak at 411.7
keV is due to the second-escape peak of 33V whose photopeak is at 1434 keV
and whose half-life is 5 min. This explains the disappearance of the peak at
411.70 keV in about an hour. In all samples where there was the peak at
411.70 keV the photopeak of 33V was also present (as well as the first-escape
peak). In the samples where there was no photopeak at 1434 keV no peak at
411.70 keV was observed.

Counts
8B 8 8 8 8

8

0

370 ‘380 390 400 410 420 430 440 450
" Energy , keV

Fig. 2. Expanded region from y-spectrum containing the 411.70 peak (Burn #8). Upper trace —
mixture B before burning; lower trace — mixture B after burning.
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Conclusions

We did not observe non-trivial effects during our studies such as the appear-
ance, as aresult of a chemical process, of elements different from those initial~
ly present in the sample. One may wonder what may have caused us to carry
out the above studies. These problems, one may argue, have been resolved
long ago. However, it is obvious from the above results that there may be cases
such as the ostensible increase of the y (Noninski et al., 1995a) and the de-
crease of the f§ counts (Noninski e al., 1995b) due to burning, which may
tempt some to abandon these previous conclusions. If left unresolved, these
effects may lead some to unsubstantiated far-reaching conclusions. This may
be as much detrimental to the scientific process as the deliberate ignoring of
facts, which occasionally occurs. As we mentioned previously (Noninski ez
al., 1995a), because the boundaries of what are considered to be absolute
truths in science are not always clear cut, sometimes mere theoretical argu-
ments, based on contemporary understanding, should not be the only guiding
lights in scientific research. Although rare, it is not unusual in science to find
experimental facts in clear contradiction with the accepted view of nature.
Therefore, we remain critically open-mined and will be happy to be shown ex-
perimental evidence contrary to what we have found.
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LETTER TO THE EDITOR

ON AN EXPERIMENTAL CURIOSITY THAT IF
UNDETECTED MAY LEAD TO ERRONEOUS
FAR-REACHING CONCLUSIONS

Recently, a renewed interest has been observed among
some colleagues of the possibilities of inducing nuclear effects
by carrying out only chemical reactions.! Undoubtedly, this in-
terest is a result of the still unresolved problem of “cold fu-
sion,” and some colleagues tend to see a clear connection, and
even an extension of the studies, between cold fusion and the
alleged chemical transmutation of elements. While we have al-
ready published thorough reports (negative so far) of our stud-
ies with regard to the claimed increase of gamma-ray emission
and beta decay after burning of a mixture of chemicals,®* in
this letter, we wish to inform the Fusion Technology reader-
ship of an experimental curiosity that we encountered during
similar studies that initially led us to an erroneous conclusion.
We believe that sharing this information with those interested
in the question is important so that errors of a similar character
are avoided, which may avert the making of unsubstantiated
far-reaching conclusions.

As in the previous studies,* we compared certain radio-
chemical properties of a mixture of chemicals before and after
a chemical reaction (burning). Under discussion here is a peak
that we observed in the range of 412 keV in the gamma spec-
trum of one of our burned samples after neutron activating it
for 3 min at 1 kW. This peak was ostensibly not present in the
same sample unburned. Because '9§Au has a gamma peak at
approximately this energy (411.8 keV), our attention and in-
terest increased. This finding, if true, would have meant that
the mercury, which the unburned sample contained, had “trans-
muted” into gold, which was not initially present in the un-
burned sample. This further would have meant that the highly
unexpected “transmutations” of this sort, claimed by others,’
would have been confirmed.

Determination of the true nature of this peak was some-
what accidental. In a subsequent burn, we again observed the
peak-at 411.7 keV immediately after neutron activation. Ap-
proximately 1 h after the neutron activation, we wanted to see
the peak again, but when the sample was counted at this time
with a germanium detector, the peak had completely disap-
peared. Because the aforementioned 55 Au has a half-life (¢,/2)
of 2.7 days (Ref. 4), the peak seen at ~412 keV could not have
been due to the presence of this element. Another exotic pos-
sibility for the peak in the range of 411 keV, formation of
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132Eu, was also excluded because its 1,2 is 13.33 yr (Ref. 4)

and its photopeak lies at 411.1-keV energy, which is somewhat
lower than the energy we observed. It was speculated then that
the observed peak at ~412 keV could be due to a single or a
double escape peak of some other element. We noted from the
data in Ref. 4 that 32V [t;/; = 3.75 min (Ref. 4)] has a photo-
peak at 1434.1 keV, which would provide a double escape peak
fortuitously coinciding almost exactly with the peak of gold at
411.8 keV but having a much shorter half-life. Indeed, a photo-
peak of 33V was found in the gamma spectra after neutron ac-
tivation of both burned and unburned samples. Figures 1 and 2
present parts of the gamma spectrum containing the photopeak
and the second escape peak of 33V decaying in time.

To verify further the foregoing conclusion, we again neu-
tron activated the samples before burning and determined that
in the gamma spectrum taken immediately after irradiation, all
three peaks (photopeak at 1434.1 keV, single escape peak at
923.1 keV, and double escape peak at 412.1 keV) due to va-
nadium were indeed present. Some 15 min after the irradia-
tion, the peaks disappeared. In this way, our initial observation
of the “unusual” event found its explanation. After the un-
burned sample had been neutron activated, obviously we inad-
vertently delayed the taking of its gamma spectrum, and the
double escape peak had decayed; this led us to the erroneous
conclusion that no peak in the range of 412 keV had ever ex-
isted in the unburned sample. Conversely, we accidentally took
the gamma spectrum of the burned sample right after its neu-
tron activation; this did not give enough time for the peak at
~412 keV to decay. We noticed this peak, and erroneously con-
cluded that the appearance of a peak at 412 keV, fortuitously
coinciding almost exactly with the value of the '3§Au peak,
was due to burning of the sample.

We encourage all our colleagues who have done neutron
activation of such samples and claim to have seen similar trans-
mutations, but still claim their reality, to check again their
gamma spectra and note whether their findings can have a triv-
ial explanation similar to ours.

Vesselin C. Noninski
Judith L. Ciottone
Paul J. White

Fitchburg State College
Department of Chemistry
Fitchburg, Massachusetts 01420

February 12, 1996

FUSION TECHNOLOGY VOL. 31 MAR. 1997
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Fig. 1. Time variation of a part of the gamma spectrum of a neutron-activated burned sample containing the photopeak of 33V.
The gamma spectrum was taken with a germanium detector, and the nuclear reactor power was 1 kW. The time of acti-
vation was 3 min. The S7 through S1 spectra were taken successively at 5-min intervals after the neutron activation.
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Fig. 2. Time variation of a part of the gamma spectrum of a neutron-activated burned sample containing the double escape peak
of 33V. The conditions are the same as in Fig. 1.
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B. Xp. Homnuckn, Xp. Us. Honnnckn

2. Cogus (HPB)

B nocneanmne rops axcnepumentansHo 6Gein ycra-
HOBNEH MBKPOCKONMMECKKH 3HEpreTMueckuis Gapsep 8
NPUMINGKTDOAHOM CNOE B NPOLECCE INGKTPONUTHUS-
CKOro ssifieneHus meau s racdenesckoii obnactu no-
TeHUKanos, OBBLACHAIOUIMHCA CKONNGHMEM KOHOS B
ITOM CNOoe NOA BO3AGHCTRHEM INEKTPUUSCKOro NO-
ns [1]. Mmen & Bnay 3aTPyAHeHMSE, KOTOPbEe BO3HM-
K3IOT 8 TEOPHM BINEKTPOAHOTO NEPEHANPMKSHWA NPH
BRINCHOHMM TachenescKkoX 3aBucumocTH [2], HeoBxoau-

Puc. 1. Czema onutholi ycramoeku (noAcherus
rexcre)

é

50

Bamarme MarHETHOTO MOJA
Ha pacupejeseHne
OOTEeHNHUAJIa IPH OCAM[eHHH
menn B TadeseBckoit obiacTh
MOTEHI[HAJIOB

MO OBpPaTHTE BHMMBHME HE YKA33HHBIA Bbilue akKT,
A3IOUWMI OCHOBAHME ANR HOBOro NOAXOAa Kk obocHo-
sanuio Tacdenesckoii sasucumoctw. B [1] Geino ycre- .
HOBNEHO BNUAHME Ha MakpoGapsep PpajIMenBaHuA
NPHINGKTPOAHOrO CNOA MNOCPEACTBOM COCKAENHBBHWA
INGKTPOAHON TNOBEPXHOCTH, B Hacrosuiem coobuwieHun
NPeACTARNSHLI PE3YNLTATE HEKOTOPhIX ONLITOS BAMA-
HMA MACHMTHOrO NONR Ha 3TOT Mmakpobapeep.

Ha puc. 1 cxemarnuecku nokasana IKcnepHmeH-
TanbHas YCTAHOBKA, € NOMOWBIO KOTOPOH NONYUSHS!
pe3ynTaThl, NPEACTABNGHHBIE B HACTOSWEN CTaTee.
YcraHOBKA BKMIOUAET MUKPOMBTPHUECKMM CTOnMK (Ha
puc. 1 He yKa3aH), X KOTOPOMY NPUKPENNEH HACKI-
WeHHBIH KanoMenkHeid 3nexTpoa 4 C  KENMNANAPOM
Nyrruna 3 pnamerpom ~30 mkm. Kanunnsp norpy-
wen 8 pacrsop 0,75 M CuSO,+0,1 M H,SO,, naxo-
ASMiicn 8 CTeKNAHHON kioseTe 6 paamepamu 2X2X
X3 cm. B kiometry BMOHTHPOBaHWI MmepHsili Katoa [ ¢
nosepxHocteio 10 mm2 u mepHuili avon 2 ¢ nosepx-
HOCTBIO Ha AB3 nopsaka 6onsile NOBEPXHOCTH KaToO-
Ra. Kioseta pacnonoxeHa mexay nNONOCammu 3NeKTpo-
marHuta 5 ¢ unpykumesd nons 12 klc. MoctosHHeib
TOK 4YEPEe3 3INEKTPONHUTHUECKYIO RUEHKY NOAAEPMH-
BANCA NPM  NOMOWIK  MOTEHLWOCTATA-raNsBAHOCTATA
Radelkis OH-405 (Bewrpua), a senwumna nepeHanps-



T MEHUA OTCUMTHIBANACL NPKM NOMOWK NAMNOBOTrO MmMKnN-

nmsonsTmerpa Cl-2,

Ha puc. 2,6 npeactasnensl 3aBMCMMOCTM hepeHa-
NPAXEHHSA 1] OT PACCTOAHKMA d MOXKAY KOHLOM Kanmun-
NAPA M NOBEPXHOCTHIO INGKTPOAA NPM NPOTEKAHMM TO-
Ka 2, 4 u 5 mA. PasHoBeCHMBI NOTEHUMBN MBAHOTO Ka-
toRa cocrasnmer 360 mB (n. 8. 3.). Ynomanytsie 3na-
HGHMA TOKZ COOTBETCTAYIOT NOTEHUMANAM Tahenesckon
o6nacTi, UTO NOATEEPKAAETCH NONYNOrapMPMUUSCKOH
3ABMCHMOCTRIO MOIKAY TOKOM M NEPSHANPAMEHMOM.

M3 puc. 2 BMAKO, UTO NPU YRANGHWM KanuAnspa OT
INGKTPOAHOH NOBOPXHOCTH HIMEHEHHE NOTEHLMANA
s3nauntensHo Gonswe TOro, KOTOpPOE COOTBGTCTRYy®T
omuueckomy nageHmio (Habniogsetcas RO paccToRHMi
d wemnoro 60nswmx 0,2 cm). Ana Gonsnx paccros-
HUA ONPEABNAIOWMM, OHEBHAHO, ABNABTCA OMMHMECKAR
cocTasnmowan noTeHuuana, obycnosneHHas conpoTMs-
neduem pacrsopa. ITOT KT HBXOAMTCA B NOMHOM
cootseTcTann ¢ Habnogaemol paHee 38BMCHMOCTAIO
MeXGYy noTeHumManom nextpoga u d. Heobxoanmo
OTMETHTE, HNTO € YBENMUGHKEM NNOTHOCTM TOKA HIMme-
HeHWE nepeHanpsKeHus ¢ paccroanwem d nPoasns-
etca Gonee peaxo. 3asMcHMOCTs MOXAY d M Mame-
PAGMON BENMUMHON NOTEHUMANA, ONBBMAHO, CBA3AHA
€ YNOMAHYTBIM maBKPOCKONKWuecKWM Gapsepom, npeo-
AONBHME KOTOPOro MOHAMM ABNAGTCA [NABHON NPUUYM-
HON NePEHANPMKEHKs BeipeneHun mean. lMpu HanKuunm
marnutHoro nona (12 xlc) nabniopeetca mnameHexwe
xona kpusoii 7 or d, xotopoe vem OGonswe, uem
6onswie NONAPUIYIOUMIA TOK, ITO HIMEHOHME CBA3A-~
HO € YMEHBILUGHMEM OMMYECKOro TNaAeHHA B cnoe
PACTBOPA MEMAY KOHLOM KAMMANAPE ¥ NOSGPXHOCTRIO
xatopna. EguHcTeenHON npuukHOiR Habnioglaemoro CHu-
WEHUA OMMUYGCKOrO CONPOTHBACGHHUN MmOMeT buiTe M3-
MEHEHME KOHLLGHTPALMM PACTBOP3 B NPHINGKTPOAHOM
cnoe (ymeHsileHne KOHUGHTPAUMM WOHOB MEAK B
NPU3INEKTPOAHOM CNOE 8 HANPABNEHWMM BhIPABHUBAKMA
KOHUEHTPALMM BO BHYTPGHHEH uaCTM pacTsopa npu
HOMIMEHHON KOHUEHTPAUMKM CepHOi kucnote). Oue-
BMAHO, HTO NPM BKNIOMGHMH MATHMTHOTO NOAR MOHBI
MIMEHAIOT CBOIO TPAGKTOPMIO ABMIMEHWR NOA BO3AEH-
CTOMEM NOPENUEBOH CMNel TakMm OBpPalIoMm, HTO MX
KOMUEHTPAUMA 8 NPHINGKTPOAHOM CNOE YMEHLLLASTCR.

Us puc. 2 suaHo, uto npr niobom 38p8HHOM pac-
CTORHMM MEMAY INGKTPOAOM W KENHANAPOM NPM YKa-
33HHBIX JHAMGHMAX TOKS BONHUMHA NEPEHANPIIKEHUA,
NONYYEHHOTO B MArHUTHOM NONE, BCErAa MeHswe, Hem
6e3 Wero. 310 HaBniOAEGHWE COrNACYeTCA C HAWMMM,
paHee ony6nukosanHeimMKu paHHeimKk [3], KoTOpeie noka-
3aNM, YTO MarHMTHOe none ¢ uHAYKuMeR 12 klc ymeHs-
WaeT NEPEHANPAKEHME BhIAENEHNA Mean Ha —~ 60—
100 mB.
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Puc. 2. Basucumocry norenyuasa xaroda or paccros-
Hus Mexdy KOHUOM Kanuaaspa U 3AeKTpodHol no-
8ePITHOCTHIO,

1 — 8 orcyrcreue Maerurnozo noas; Il — nocae esedenus maeo-
HUTHO20 noan undyryuetl 12 xl'c npu naorvocTax toka, Alcm®:
1~—0,02; 2—004; 30,05
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