USE OF CORROSION INHIBITORS IN CHEMICAL
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The authors discuss the theoretical principles and practical results of the use of inhibitors to
increase the shelf life and service life of chemical current sources (CCS) and to improve
their electrical characteristics (degree of utilization of active masses, energy efficiency,
terminal voltage, etc.). They show that inhibitors must be the technical basis for realizing

fundamentally new CCS with electrolytes and active masses which give high-current outputs
at enhanced discharge voltages.

One of the most important shortcomings of chemical current sources (CCS) is self-discharge, largely
due to corrosion processes. Corrosion reduces the service lives of CCS and impairs their electrical charac-
teristics, Moreover, corrosion, by limiting the number of metals which can be used as anodes in CCS, is hold-
ing up progress in the development of CCS and impeding technical progress in the field. For some time, one
of the solutions to this problem has been the addition of various substances, including corrosion inhibitors {1,
21, to the electrolyte and/or active masses of CCS. However, the full potential of this method has come to
light only in the last two or three decades. In this article, while not claiming to make an exhaustive survey of
the literature, we attempt to discuss certain aspects of the use of inhibitors in CCS, mainly in connection with
the problem of effective anodes.*

1. USE OF INHIBITORS WITH THE AIM OF INCREASING
THE SERVICE LIVES OF CCT AND IMPROVING
THEIR ELECTRICAL CHARACTERISTICS
As a model we shall take the system
M/HAIMOIM (1)

where M is the anode material (the materia‘lvof the negative electrode of the CCS), usually some electronega~
tive metal, HA is the agueous or nonaqueous electrolyte (a solution of an acid, salt, or base), and MO is the
cathode material (the material of the positive electrode of the CCS), usually some sort of oxide, For conven-
ience and definiteness in our discussion we shall assume that M is zinc, HA is sulfuric acid solution, and
MO is lead dioxide. Then the model system can be written in the form

CulanHzSOu ZnS0,|PbO,|Pb]Cu. (2)
The behavior of this system and many of its properties can be described with the aid of the polarization dia-
gram shown in Fig. 1. As abscissa we have plotted the potential, and as ordinate, the current density in arbi-
trary units, with cathodic currents (ix) above and anodic currents (ia) below,

In the absence of corrosion, the emf M, MOEr = Zn,PbOzEr of the system is determined by the differ-
ence between the equilibrium potentials of the dioxide electrode pbO,Er and the zinc electrode z,Ep:

w, moEBr=suoBr—uE =1, pro.Er=pv0, B r—z0Es. (3)

The anodic polarization curve corresponding to solution of metal,

*We shall not discuss the influence of inhibitors on the structural elements of CCS.
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Fig. 1. Polarization diagram illustrating influence of corrosion and
its inhibition on electrical characteristics of CCS of the type
M/HA/MO/M and its durability, For interpretation of curves and
notation, see Appendix.

Zn=Zn**+2¢", , (4)
coincides with curve 1 in Fig. 1, and the cathodic curve, corresponding to reduction of lead dioxide,
PbO,+2¢=+2H*+H,S0,=PbS0,+2H:0 . (5)

coincides with curve 2, During discharge of the cell by some current i = 10 (in arbitrary units),* the working
voltage of the system will correspond to the quantity M,MOEi = 10 (see Fig. 1), which is less than the emf of
the system M,MOEr; the masses of the two electrodes are expended in conformity with reactions (4) and (5),
and all the electrons pass through the external circuit of system (2) from the left~hand electrode to the right-
hand one, i.e., they all take part in the generation of current. When not in operation, e.g., during storage, the
active mass should not be expended and there should be no energy loss. Then the degree of utilization of the
active mass should be unity, and the storage life can be as long as you like, However, in real conditions at
each of the electrodes there are not only the principal current-forming reactions but also conjugated reac-
tions: at the negative electrode, reactions of reduction (curve 3), and at the positive electrode, of oxidation
(curve 4), e.g.,

2H*+2e~=H,; (6)
H,0="/,0,+2H*+2e¢". (7)

As a result, not all the electrons liberated at the anode by reaction (4) go into the external circuit; some
of them combine with electron acceptors at the electrode itself, e.g., with hydrogen ions by reaction (6). In
other words, a certain proportion of the zinc is not dissolved by reaction (4) but by the reaction

Zn+2H+=Zn**+H,, ‘ (8)

i.e., unproductively, without liberating electrons or supplying current to the external circuit. Reaction (8)
naturally continues even when no current is being taken from the system, i.e., in the inoperative state, e.g.,
during shelf storage. Combination of electrons by reaction (6) leads to a shift in the potential of the metallic
electrode toward the positive to the corrosion potential MEc. In the absence of an external current, i,e., at

*In constructing Fig, 1, we have assumed that the geometrical surface areas of the cathode and anode are the
same and are equal to unity, i.e., I =1 (the current is equal to the current density). This assumption is not
critical, and can bhe abondoned, though the construction and arguments would then become somewhat more com-
plicated,
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the corrosion potential, the rates of solution of zinc and of evolution of hydrogen (in current units) are both
equal to the corrosion current of the metal (see Fig, 1):

(Mil=lhik=uic) EexuMEcr (9 )

In this case the corrosion current pic also characterizes the rate of self-discharge of the negative electrode
of the CCS. Similarly, as a result of the self discharge of the positive electrode, its potential changes in com-

parison with its reverse value, and ;o E, will be more negative than MOEr Owing to self discharge, the volt-
age of the cell ati =0,

M, MOEc<MOEc—MEc ’ (10)
will be less than its emf in the absence of corrosion (see Fig. 1):
M, MoEc<M, MoEn

In exactly the same way, the working voltage of the cell will be reduced when some current is being taken (e.g.,
if i =10):

M, MoEc(i—m)<M, MoErU-N)- ( 10a)

Since during the shelf life of the cell its electrodes corrode at a rate of pie for the anode and poic for
the cathode, there is a continual loss of capacity, and this is one of the causes of self discharge of the source,
The capacities of both the electrodes will be completely lost after times Tk and 7j, given by the equations

f= 2 (11)
Mol

=22, (12)
Mlg

where Qk and Q, are the capacities of the active masses of the cathode and anode in ampere-hours.* Corro-
sion reduces the degree of utilization of the active masses, and decreases the proportion of the current given
out by them to the external circuit, i.e., the useful proportion of the current ¢, Thus for the negative elec-
trode (anode) at some potential E the useful proportion of current is given by

g (Mamle) g — () . (13)
Mia E Mmla/E

When E = g,Er, from Fig. 1 it follows that ik = i_{{z - ﬁlz =0 and £ = 1, i.e., the whole of the current goes
into the external circuit. When E = MEe, H,ijk = M athen¢=0, i.e., the whole of the current is expended in
the corrosion process. If the electrode potential lies between pMEc and H,Er, 0 < £ < 1, and the less the re-
tardation of the hydrogen evolution process, the less is §.

Thus corrosion of the electrodes reduces the emf and the effective voltage of the CCS, shortens its

shelf and service lives, and reduces the degree of utilization of the active masses, and thus decreases the use-
ful proportion of current. All these harmful consequences of corrosion can be avoided or reduced by means of
the appropriate corrosion inhibitors. In current sources, together with the general requirements for all inhi-
bitors [3, 5], corrosion inhibitors must also meet special requirements specific to the protected system in
question [2, 5]. One of the principal conditions which must be satisfied by inhibitors for CCS is selective ac~
tion on the particillar reactions on which the corrosion process is based, The inhibitor must primarily (in the
limit, exclusively) suppress the conjugate reaction, in our case the evolution of hydrogen at the negative elec-~

trode and oxygen at the positive, without affecting the main reaction of ionization of metal or reduction of ox~
ide,

When such inhibitors are added, there is an increase in the overvoltages of both hydrogen and oxygen,
so that the stationary potentials shift toward the negative for the anode and toward the positive for the cathode

*The useful life of the cell is less than the time for complete loss of its capacity or of the capacity of at least
one of the electrodes, because it does not relate to complete loss of capacity but only to its reduction to a
level at which the cell can no longer be used, Moreover, self-discharge of the cell can be caused by other fac-
tors.

T Among other requirements imposed on inhibitors for CCS we must include stability at any values of the ef-

fective electrode potentials. Moreover, while improving the action of one electrode, the inhibitor must not
harm that of the other.
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(MEc and MOE¢ in Fig. 1) in comparison with a source with no inhibitor. As a result of this change in the
stationary potentials, there is an increase in the potential developed by the cell when the external circuit is
open; i.e., at i = 0 it is now

¥, soEe' =uoE—uE. . (14)

and is greater than the corresponding quantity in the absence of inhibitor (see Fig.'1). Similarly, the effective

voltage when current is being taken (e.g., i = 10),
(14a)

’ ’
s, 0B (1m10y=1300E o (tme10y—mE e (1103,

will be greater after addition of the inhibitor, i.e., M,MOEé(i=10) > M,MOZEc (i=10)-

Moreover, since the corrosion rate of each electrode (i, Moié) decreases on addition of inhibitor in
comparison with the original values (nic, Moles see Fig. 1), the rate of self discharge decreases, and the
service life increases in proportion to the increase in the time of self discharge:

o =2 (11a)
mole

T = Q., . (12a)
Miec ’

The coefficients of utilization of the active masses in the presence of inhibitor will be greater than in its ab-
sence (naturally, in the electrode potential ranges in which the corrosion effect appears and in which the inhi~

bitor preserves its action — see Fig, 1).
Thus the use of inhibitors enables us to increase the service life of a CCS and to improve all its electri-
cal characteristics,

This conclusion is supported by the experimental data so far obtained. It has been found that in the pres-
ence of tetrabutylammonium sulfate the self discharge of a zinc electrode in a lead—zine sulfuric-acid cell is
reduced and the shelf lives of these cells in the filled state are increased severalfold [1, 6]. A beneficial ef-
fect is also obtained by adding ascorbic acid [7] and certain monocarboxylic acids containing at least two
ethanolamide radicals [8]. In the electrolyte of the same cell, 2 combined additive (an organic substance and
a heavy-metal salt) increases the discharge time by a factor of three [9].

Certain inhibitors (e.g., hydroxynaphthoic acids, N-phenylanthranilic acid, lignin, etc.), sometimes in
combination with extenders, prevent oxidation of spongy lead during air-drying {10-16] and can increase the
capacities of negative plates of lead storage cells by 20~50% in comparison with uninhibited cells [17].

The action of inhibitors cannot be attributed merely to a reduction in the corrosion rate on account of
suppression of reactions which cause corrosion of the electrodes, It also involves positive influence on the
morphology of the electrodes, not expressible on the polarization diagram, This manifestation of inhibitory
action is particularly important for reusable current sources such as accumulators. In such gources the elec~
trodes are spongy, with large specific surface area. During successive processes of charging and discharging
of the electrodes (e.g., spongy zinc electrodes) there is compaction and some change of shape, reducing the
number of possible working cycles and reducing the capacity of the source. The use of inhibitors, in particular
polyethoxylated aliphatic and phenolic hydroxyl compounds [18-20], which are adsorbed in the same range of
potentials in which a zinc electrode charges [21], preserves the desired structure and avoids loss of capacity
[18-22]. Additives have been suggested which have a beneficial influence on the morphology of the positive
electrodes of lead accumulators [23, 24] and increase the capacity at low temperature without reducing the

gervice life (see, e.g., [1]).

During charging of accumulators, metallic dendrites not infrequently form, causing short circuits and
damage to the cell. Dendrite formation and growth can be stopped if to the electrolyte we add certain inhibi-
tors in concentrations depending on their nature and on the deviation of the electrode potential from the equili-
brium value [25]. Thus when Nzn = 100 mV, addition of a lead salt is effective at concentrations c =104 M;
at lower concentrations the inhibitor does not affect dendrite formation or growth, Tetrasubstituted-ammonium
bromides and iodides also suppress dendrite formation in concentrations of order 10°3 M. The commercial
inhibitors "Emulphogen," "Triton," and "Igepol" are somewhat less effective in this respect.

The action of all inhibitors involves adsorption on the metal, leading to blocking of the surface and to
changes in the reaction kinetics (changes in the double layer structure, the diffusion potential, and the dis-
tance between the discharge plane and the boundary [26], and also in the activity coefficient of the transitional
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complex [27]). Oneorother effect will predominate according to the nature of the inhibitor.

2, USE OF METAL CORROSION INHIBITORS AS A BASIS FOR TECHNICAL
REALIZATION OF NEW CURRENT SOURCES

The use of zinc anodes in chemical current sources, e.g., in manganese—zinc cells (MZC), has become
technically possible only owing to amalgamation, i.e,, to the use of mercury as a corrosion inhibitor (mercury
compounds such as mercuric chloride can undergo contact reduction in MZC on the electrode surface, forming
metallic mercury, and can thus act as proinhibitors [3]). Owing to the toxicity of mercury and its compounds,
this type of protection is not a terribly good idea. The use of mercury as an inhibitor in attempts to replace
zinc by a more electronegative metal such as aluminum did not give the desired effect. It was found that, al-
though the hydrogen overvoltage increases and the potential of the aluminum shifts toward the negative, its
corrosion rate not only fails to decrease, but on the contrary increases [29].% Other inhibitors have been
suggested, but have proved ineffective [ 30, 31]. Subsequently much work was done, mainly by Indian scientists,
to find the most suitable corrosion inhibitors for aluminum used as an anode in CCS with neutral (salt), acid,
or alkaline electrolytes [32-35]. It cannot be said that they were very successful in solving the problem of re-
placing zinc by aluminum and of creating better CCS, but their results were very encouraging. It turned out
that very many organic substances with various chemical compositions and molecular structures (amino acids
[35, 371, ketones, esters [36], etc.) reduce the corrosion rate of aluminum in solutions of acids (1 M HCl).
However, in these media aluminum cannot be used as an effective CCS anode, owing to its insufficiently nega-
tive potential and easy passivability, The creation of new, better current sources will no doubt involve a
change not only to different materials for the anode and cathode but also to different electrolytes. Solution of
the problem of obtaining high currents from sources often involves correct choice of electrolyte, and these
are usually more aggressive in corrosion than those in present use, For example, in anodic solution of zinc
in acids and alkalies, greater currents can be obtained at the same potentials than in salt media. It is there-
fore expedient and necessary to add inhibitors to the CCS, not only to use new active masses, but also in con-
nection with the use of new electrolytes with greater corrosion activity.

In alkaline media (1 M KOH, 1 M NaOH), which are the best to use in conjunction with aluminum in cur-
rent sources, all the above additives either scarcely slow up corrosion, or even slightly accelerate it [35, 36,
38]. But if to the alkali we add not only the organic substance but also a calcium salt (10"I M), the position is
completely altered [28-36, 38]. The inhibiting capability of the organic substances is then increased tenfold.
The calcium ions themselves algso possess some inhibiting action [33, 35, 391, but this is markedly increased
in the presence of organic substances, i.e., we are dealing with a case of synergism., For example, ina 1 M
solution of NaOH, addition of 10"¢ M dibenzylsulfoxide gives a negative degree of protection of 1%, i.e., it
slightly accelerates the corrosion; addition of a calecium salt in a concentration of 7.8 1073 g/liter of Ca?'
gives 63% protection of aluminum; but the simultaneous presence of both substances gives 82% protection [38],
The absence of any appreciable influence of organic substances on the corrosion of aluminum in alkali and the
attainment of a high degree of protection when they are added together with calcium ions is explained by
Remakrishnaiah and Subramanyan [38] in the spirit of the theory of Antropov [401 which is based on the con-
cept of a corrected scale of potentials.

On the other hand, in acid media calcium ions are totally ineffective. The degree of protection (maxi-
mum 82%) attained in alkali solutions with added organic substances and calcium ions is insufficient for the
operation of dry cells, but apparently satisfies the requirements for the anodes of standby (fillable) cells,
especially with intensive discharge with current densities of over 0.01 A/em? [31].

CONCLUSIONS

1. The use of rationally selected corrosion inhibitors can improve the main operational characteristics
of chemical current sources and prolong their service lives.

2. The use of effective corrosion inhibitors is one of the principal prerequisites for the creation of new,
better chemical current sources.

*However, there is one report [28] that cells with an anode of commercial aluminum (Indian mark 28) in 15%

MnCl, in combination with a cathode of manganese dioxide have better characteristics than ordinary Leclanché
cells,
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APPENDIX
1) Idealized polarization curve of anodic reaction, e.g., reaction of solution of zince,

Zn=Zn**+2e", l (1)

not complicated by process of corrosion of metal.

2) Idealized polarization curve of cathodic reaction, e.g., reaction of reduction of lead dioxide, .
PbO,+2e~+2H*+H,SO,=PbSO,+2H,0, . (2)

not complicated by corrosion (self-discharge) process.

3) Idealized polarization curve of evolution of hydrogen:
2H*+2¢~=H, (3)
4) Idealized polarization curve of evolution of oxygen:
H,0=2H*+!/,0,+2¢"~ (4)

la, 1'a) Real (resultant) polarization curves of anodic solution of metal, e.g., zinc, i'eﬂecting effect of

corrosion, i.e., superimposition of reaction (3) on reaction (1); here and below a prime (') will refer to solu-
tion with inhibitor,

2a, 2'a) Real (resultant) polarization curves of cathodic reduction of oxide, e.g., lead dioxide, reflecting

effect of self-solution (corrosion), i.e., superimposition of reaction (4) on reaction (2).

3a, 3'a) Real (resultant) polarization curves of cathodic evolution of hydrogen, reflecting superimposi~

tion of reaction (1) on reaction (2).

4a, 4'a) Real (resultant) polarization curves of evolution of oxygen, reflecting superimposition of re-

action (2) on reaction (4).

MEr: Equilibrium potential of metal (zinc).

MOEy: Equilibrium potential of oxide (lead dioxide).

MEce and yEg: Stationary potentials of metal (zinc),

MOEc and poEg: Stationary potentials of oxide (lead dioxide).

Mic and pig: Rates of corrosion of metal (zinc) at MEc and E¢ respectively,

Moic and Moicv; Rates of self-discharge (corrosion) of oxide (lead dioxide)at yy~E¢ and MOE¢'respectively.
M,MOEr: Electromotive force of system M/HA/MO/M in absence of corrosion, ‘

M,MOEc and y,MOEc: Voltage of M/HA/MO/M system on open circuit (i = 0) during corrosion process.
M,MOEi=10(r)’ M,MOEi=10(c)- and M,MOE{=10(0)= Voltages of system when current of 10 arbitrary

units is taken off in the absence of corrosion, in the presence of corrosion, and with inhibition, respectively.

[ 3
.
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