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ew method’

of ;rt\};g aim of the present paper 18 to discuss a It
certai ving inhibitors of metallic corrosion and to examine
tectt n fundamental aspects of a combined method for Pro-
acti ng metalg from corrosion, pased on the gimultaneous
intrgg of organic inhibitors and cathodic polarisation. The
Potentilcﬁon of these methods is related to the ¢-scale of
probl als, proposed by the author 1~ and first applied to
ems of corrosion about ten years ago®™".

tw The ¢-potential of an electrode, §.6. the difference be-

00§en the potential € under the given conditions and the

responding potential of zero charge N€; determines the
ng solution’:’»’:

c
harge of the metal relative tothe surroundl
@ =8—N& (1)

t'Il‘ll:; two potentials € and y€ should of course be given on
mdeSame scale. By definition [Eqn. (1)] the <p-potential is
pendent of the reference electrode chosen.

roslif the steady-state potential corresponding to the cor-
corron process c€ and the potential of zero charge of the
oding metal y€ are known, the difference :

= & — NE» (2)

::vhl:ei?;, is the potential on the ¢-scale, is also 2 measure of
dition arge on the metal surface under the corrosion
of ze S, and is easily measured. The concept of potential
ago ro charge was introduced by Frumkin about 40 years
mer;taaﬁd these potentials have been determined experi-
the pot. y for many metals. It should be emphasised that
to be tential of zero charge N€ in this case is understood
20 De the particular value of the potential of the uncharged
t The main contents of this paper Were presented at the First
{ Metals, London, April

Inte
1961rn ational Congress on the Corrosion ©

_zero charge,

‘problems thus sho
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served in a solution containing no
e1°, Defined in this way, the poten-
tial of zero charge is 2 constant characteristic of a given
metal and solvent, whereas the potential of an uncharged
metal surface may vary over a wide range, depending on
the nature of the dissolved substances, The potentials of
unlike the potential of the uncharged surface
ated theoretically from the work function. ’

1f the metal undergoing corrosion is not uniform and the
decomposition process takes place by a heterogeneous
electrochemical mechanism with spatial separation of the
zones of the cathodic and anodic processes, an equation of
type (2) can be written for each zone. In most cases c€ is
almost the same for the cathodic and anodic regions, since
the part played by the ohmic factor in corrosion phe;lomena‘
is usually small. The yalues of c¢, however, may differ
considerably, due to the difference in the potentials of
zero charge N€. The adsorption of substances from solu-
tion or from the gaseous phase via a thin film of moisture
will ‘obviously be determined by the value of ¢¢ and not c€
or the nature of the process (anodic or cathodic) taking
place on the metal, Application of the g-scale to corrosion
ws the erroneous character of a wide-
spread view regarding the nature of adsorption in corrosion
processes and the mechanism of action of corrosion inhibi- -
tors. According to this view, anions and negatively~-
-charged colloidal particles should be adsorbed on anodic
regions, and cations and positively-charged colloidal par-
ticles on cathodic regions. The former are often regarded
rs and the latter as cathodic inhibitors.

ag anodic inhibito
In fact, however, the preferential adsorption of cations or
anions will be determined by the charge of the metal under

the corrosion conditions, i.e. by the value of the c¢-poten-
tial, As an {llustration, let us examine the corrosion of
d Cd in acidic solutions. The values of the cor-

metal surface, g 20€sOb
surface-active substanc

can be calcul

Fe, Zn, an

rosion potentials on the ¢@-scale for these metals are

~0.26 - 0.00 = -0.26 V (Fe), -0.75 - (~0.60) = -0.15 V (Zn)
~ and -0.50 - (-0.70) = 0.20 V (Cd) ,

According to theée < values, we should expect that the
gurface of corroding iron should show preferential adsorp~
ic and molecular substances, the adsorption of

_ tion of cation
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anions being less marked. On the surface of corroding
cadmium, however, no adsorption of cations will take
place, and molecular and anionic compounds should here be
regarded as potential inhibitors. All compounds, irrespec-
tive of their electrical character, may be adsorbed on the
surface of corroding zinc, although the slight negative
charge on its surface favours the adsorption of cations to

a greater extent. If it is assumed, for example, that inclu-
sions of Tl (cathodes) are present in Zn (anodes), the values
of the c¢-potentials lead us, contrary to the widespread
view, to expect preferential adsorption of cations on the
anode (Zn) and of anions on the cathode, i.e. on the inclu-
sions of the more noble TL

It should however be emphasised that completely reli-
able conclusions regarding the electrical character of the
substances adsorbed preferentially can be reached on the
basis of the value of the ¢ ¢-potential only in the following

. cases.

1. When the solution contains no surface-active substances.
In this case if ¢ > 0, surface-inactive anions will be pre-
ferentially adsorbed, and if ¢ < 0, surface-inactive cations
will be adsorbed. This is the case in the corrosion of
metals in solutions of most mineral acids and salts.

2. If the absolute value of ¢ is extremely high, all adsorp-
tion forces, except electrostatic forces, can be neglected,
and in any solution we should expect adsorption of anions
when ¢ >0 and adsorption of cations when ¢ < 0. This
appears to be the case for the corrosion of Zn and Al in
alkali?,

If ¢ =0, we should expect preferential adsorption of
uncharged species.

In the more general case the value of the ¢-potential
alone cannot serve as a reliable criterion for estimating
the nature of the species being adsorbed. It has been known
since Gouy's time that surface-active substances can be
adsorbed in appreciable quantities on a mercury surface
carrying a charge of the same sign. This phenomenon has
been called specific adsorption and has been interpreted as
the result of non-coulombic forces of interaction between
the metal and the dissolved substance predominating over
the forces of electrostatic repulsion so long as the charges
on the surface are not too high. At each value of the
¢-potential the surface concentration of the substance will
therefore be determined by the superposition of the specific
adsorption forces on the electrostatic forces.

If the ¢-potentials of different metals are the same, the
electrostatic interaction between the metal surface and
adsorbed species will be approximately the same, and
forces of a specific nature will play a decisive part. There
is reason to assume, however, that this specific character,
if we exclude the extreme case of chemical compound for-
mation, depends to a greater extent on the properties of the
substance being adsorbed than on the nature of the metal.
This is indicated by the following considerations.

1. The change In the adsorbability of most surface-active
substances on a mercury surface under conditions corres-
ponding to its potential of zero charge is parallel to the
;:hanlgle in their adsorbability at a solution-vacuum inter-
ace't.

2, Many organic compounds with clearly defined 7 bonding
show specific adsorption on a positively charged mercury
surface'?. A similar specific adsorption has been shown
for the case of cadmium!?®, Some indications of an ana-
logous effect were obtained in a study of the influence of a
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number of nitrogen-containing organic compounds on the
corrosion of iron in acid solutions 4, In this case the
specific character is evidently due primarily to the com-
pound and not to the metal.

3. The change in the shape of the electrocapillary curve
observed in the presence of surface-active substances can
be described by Frumkin's equation s or Butler's equation’®,
Neither of these equations contains quantities specific for
mercury, and they show that for a given subitance the rela-
tive change in the shape of the electrocapillary curve should
be determined only by the deviation of the potential of the
metal from its potential of zero charge. At equal values

of ¢ the change in the adsorbability relative to that ob-
served at the potential of zero charge should be indepen-
dent of the nature of the metal.

Thus the introduction of the ¢-scale gives a basis for
using data obtained for a given metal to interpret results
for other metals, and for predicting the possible influence
of a surface-active substance on various electrochemical
processes. Some applications designed to describe the
influence of organic inhibitors on the corrosion of metals
are given below.

The Possibility of Determining the Retardation Coefficient
and the Rate of Corrosion of Iron from Electrocapillary
Measurements on Mercury

The corrosion of iron was studied in 1 N H,SO, contain-
ing different concentrations of inhibitors. This made it
possible to determine the retardation coefficient & = j./jc,
where jc is the rate of corrosion in the original acid con~
taining no inhibitor and j¢ the rate of corrosion at a given
inhibitor concentration. The electrocapillary curves for
mercury in the same solutions were then recorded and the
decrements in the surface tension of mercury Ao were
found at the ¢-potential corresponding to the c¢ corrosion
potential (as shown for the case of caffeine in Fig.1). The
corrosion potential depends on the presence of inhibitor,
but these small changes were not taken into account; and
in all cases we used the value of the standard potential of
iron in 1 N H,80, (c¢re = -0,26 V). The values of 2 were

e
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Fig.1l. Electrocapillary curves for
1 N HCI containing the following concen-
trations of caffeine (M): 1) 0; 2) 2.15 x
x107%; 3) 4.30 x10™3; 4) 8.60 x1073;
" 6) 1,72 x107%; 6) 3.44 x10°%, The
vertical straight line corresponds to the
corrosion potential of iron in 1 NHCI1,
expressed on the g-scale. The numer-~
als on the right denote the values of Ac
observed in the presence of the appropriate
quantity of caffeine at .¢re.
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plotted against the corresponding values of Ac. Some typi-
cal results are given in Fig. 2. For each substance studied,
the plot of the retardation coefficients against surface acti-
vity (Ac) is linear. These data confirm the basic principle
of the method and indicate that it is possible to use results
obtained for one metal (Hg) to describe the conditions of
adsorption for another metal (Fe) at the same value of the
@-potential. It is evident, however, that the surface acti-
vity of a substance cannot be regarded as the only factor
determining its efficiency as an inhibitor of metal corro-
sion. If this were the case, all substances, irrespective

of their nature, should give the same retardation coef-
ficient at a given value of Ao, Fig. 2 shows that the values
of k& for a given value of Ag, and the slopes of the plot of

k against Ao, are different for different substances. The
quanti‘ty 0 in the equation

k = dAs (3)

for the two metals chosen (Hg and Fe) depends on the
chemical properties of the compound. As a first approxi-
mation, however, we can regard & as constant for similar
compounds. Thus, for example, for three nitrogen-con-
taining compounds (Fig. 2), logd = constg is approximately
the same and equal to -0.8. For anthranilic acid, a com-
pound with two functional groups, constg = -0.1 (Fig.3). In
the general case

logk = constg + logQa, 4)
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Fig.2. Dependence of the retardation
coefficient 2 on the decrease in surface
tension Acg in 1 N H,SO4 containing:

1) sulphathiazole; 2) sulphidine;

3) o-hydroxyquinoline,

Fig.3. Plot of logk against log Ag for:
1) anthranilic acid; 2) o-hydroxyquinoline;
3) pyramidone; 4) caffeine.

where consts is a quantity which remains approximately
the same for a group of similar substances. Eqn.(4) can
be used to calculate the retardation coefficients from the
value of Ag, if consts is unknown. For practical purposes
it is more convenient to modify Eqn. (4) so that it includes
the volume concentration of inhibitor. The experimental
dependence of the retardation coefficient on the volume
concentration of inhibitor ¢ canbe expressedas follows7-29;

logk = consty + B loge. (5)

According to experimental data'""2°, the dependence of
Ao on c i8 given by the equation

logAo = const, + B, loge. (6)

Under the conditions defined earlier, i.e. when ¢ug =
= c@re, the quantity Br for a given organic compound is
equal to B,. Substituting the value of log Ac from (6) in (4),
we obtain :

logk = const, + const, + B, loge. (7
Comparison of (5) and (7) shows that
consty, = const, + const,, (8)

where consts should be the same for any group of similar
compounds. Eqn. (7) can be used to calculate the retarda-
tion coefficients k from electrocapillary measurements}.
The applicability of the method is illustrated by Figs. 4 and
5 and Table 1. Fig. 4 shows that, in accordance with the
above assumption, the value of consts remains the same
(-0.8) for different nitrogen-containing organic compounds.
Thus the values of k for any organic compound containing
nitrogen as -NH,, =NH, or =N as the only functional group
can be found from electrocapillary measurements alone,

Fig. 5 shows, for example, that Eqn.(7), on substitution
of electrocapillary data for mercury?®, describes fairly
satisfactorily the values of k for the corrosion of iron in
the presence of diethylamine #,%2 and quinoline#.~25, Table 1

Fig.4. Relationship between consty and
const for nitrogen-containing organic
compounds. 1) Piperazine; 2) diethyl-
amine; 3) pyridine; 4) aniline; 5) quino-
line; 6) di-n-butylamine; 7) dimethylani-
line; 8) ethylaniline; 9) 2-methylquino-
line; 10) diethylaniline; 11) brucine;

12) g-naphthoquinoline.

t If the rate of corrosion in the pure acid is known, we can
find not only the value of &k, but also the rate of corrosion for any
inhibitor concentration.
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Fig.5. Plot of logk against logc

for diethylamine. The straight line
was drawnin accordance with Eqn.(7).
The points correspond to the experi-
mental data of: 1) Ride; 2) Mann.

1 A 1 1 (] I} 1
'014 30 26 22 -1 1.4 -0 -0 loge

Fig.6. Plot of log 2 against log ¢ for
quinoline. Straight line drawn in accord-
ance with Eqn.(7). The points correspond
to the experimental data of: 1) Ride; :
2) Mann; 3) Rhodes and Kuhn; 4) Hoar
and Holliday; 5) Okamoto et al.

TABLE 1. Comparison of the values of # found
experimentally and calculated theoreti-
cally from Eqn. (7) for the corrosion of
Fe in 1 N H,S0; at 25°.

10%, M ,1.01 2,45 | 4.30 | 8.60 | 17.20 | %40

!

Anthranilic acid
"ezp — ]2.26] 3.24| 4.77 6.42] 0.79
the or — | 2,34 8.24| 4.47( 8.45] 8.5¢
Deviation, % — (53 |09 (6339 (32
(consty = ~ 0.1; const, =
=1.70; 3, = 0.46)

o-Hydroxyquinoline
koxp 1.65 | 2.42 | 3.80| 4.55] 5.43] —
kiheor 1.66 | 2,57 | 3.24| 4.27] 5.49) —
Deviation, % 0.60/6.2 (136 ] 6.2 { 1.4 | —
(consty = — 0.8; const, =
= 2.17; B, = 0.36)

Trimethy!silylmethyldiethylallylammonium
iodide

Kexp 4.7 5.22 | 7.95[10.44(11.98] —
Fthoor 4.17'05.49 | 6.50 9.12]11.80 —
Devistion, % 0.0 {5.2 [18,2 [12.6 | 1.4 | —
(consty = — 0.8; consty =

=2.10; B, =0.37)

compares the experimental and calculated values of % for
three different substances. The agreement is no poorer
than that usually observed in the comparison of corrosion
measurements.

The empirical equation (6) canbe derived theoretically 17,18
from the Gibbs adsorption formula and the Freundlich -

- adsorption isotherm:

logAo = log S—TII‘HB +Bgloge, 9)
o

where fkug is the Freundlich constant for adsorption of
mercury and log (RT/B,) rkug = const, and depends on the
properties of the compound.

Eqn. (5) can be obtained !"»!? from general kinetic con-
siderations, with the assumption that the surface of the
corroding metal is equipotential, that the steady-state
potential is independent of the inhibitor concentration, that
the surface and volume concentrations of the inhibitor are
related by the Freundlich equation, and that the exchange
current with respect to hydrogen is inversely proportional
to the surface concentration of inhibitor. With these
assumptions, the theoretical equation can be written in

the form
logk = log phgey + By loge, (10)

where fkre is the Freundlich constant for adsorption on
iron and v a specific coefficient depending on the nature of

the inhibitor,

Better agreement with the actual relationships can be
obtained if allowance is made for the change in c€ with
inhibitor concentration and % is compared with the values
of Ao found at corresponding values of c€ (c¢). For the
present accuracy of corrosion measurements, this correc-
tion is superfluous and the theory can be used in the form
of the simplified equations (9) and (10). Recently, qualita-
tive agreement was observed between the influence of dif-
ferent compounds on the capacity of the electrical double
layer and their behaviour as inhibitors of the corrosion of

iron®,

Combined Protection and the ¢-Scale of Potentials

Use of the ¢-scale of potentials makes it possible to
suggest a new method for protecting metals from corrosion,
based on the simultaneous action of inhibitors and cathodic
polarisation®:%,27,28, Under the influence of cathodic polari-
sation the potential of a corroding metal will be displaced
to more electronegative values, leading to an increase in
the adsorption of cations and certain polar organic mole-
cules. The total protective effect may therefore be greater
than the sum of the individual effects. Various experiments
confirm this assumption. Tables 2~5 give some results
obtained in a study of the combined protection of iron and
zinc®%, Here it is more convenient to express the effi-
ciency of protection. not by the value of % but by the
degree of protection P, defined as '

Pn initial rate of corrosion — l;ednced tate of corrosion , (1 1)
initial rats of corrosion
and related to the retardation coefficient % by the equation

P=1——, (12)

The subscripts e, ¢, and m in Tables 2~5 indicate

whether the protection is due to cathodic polarisation,

inhibitor, or both. The quantity P, can be regarded as



Vol.37 No.5 RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY May 1963

the sum of P} and P;, attained under conditions of com-

TABLE 2, Combined protection of Fe at 25°; F, in pure acid
bined protection

solution = 30% .
10 [ Pn=Pi+P,. 13)
Solution (e Pi+Pe| p
(?:.'." j‘i’;“;" Po® | P % Pu® In some cases it is more convenient to assume that only
one of the quantities changes under the combined protection
ll)iltvt:’ *sg 0 g litre™ fjgg };33 3 5 g % coilditions. Thus in Tables 2—~5 the values of P were
thiourea - calculated on the assumption that Pe is independent of the
Dti!:t:uta‘: L0l g litre™ p-tolyl-] 0,63 0.14 77 ‘ 95 107 65 presence of inhibitor, i.e. that Pe = Pe-
Ditto + 0.1 g litre™ 2,37 2,02 .9 25 39 -5
Dmg.:u;igcl.m ora- 199 0.40 2 s 5 s Table 2 shows that, in agreement with theory, the effect
butylammoniam sulphate ' : of combined protection is a maximum when surface-active
Ditto + 0.1 g litre™ trix 1.22 | 0.00 53 100 83 70 cations$§ (tetrabutylammonium sulphate and tribenzylamine)
are used as inhibitors. In this case P{ is always greater

benzylamina
than the corresponding value of P; and Py, > P; + Pe.
On the other hand, the ability of anions to protect iron from
corrosion (thiourea) decreases when cathodic polarisation
is applied (P} < P; and Pm < P; + Pe). Cathodic polari-
TABLE 3. Combined protection of Fe at high temperatures; sation has only a slight effect (a decrease) on the inhibit-
P, at 40° =22%; P, at 60° = 10%. ing action of molecular substances of a slightly predomi-
nant anionic character, such as p-tolylthiourea. The ano-
malous behaviour of anthranilic acid (the negative value of
Solution ) 7m0 pog | P, % P:) must be due to secondary effects, probably involving
Je=0 | X107 an increase in the surface area of iron.

Agcm

: ol.g HCI 5.3 o5 2 The efficiency of ordinary cathodic protection decreases

60° 22.8 203 - - 10 - sharply with increase in temperature (Table 3), but the
efficiency of the combined protection depends little on tem-

perature and remains fairly high at higher temperatures.

& Particularly interesting results were obtained in a study
of the corrosion of iron in neutral solutions #, It was found
1N HCl + 0.5 g litre™ (Table 4) that organic substances which have no corrosion-
oY droryquinoline 52 PR 55 -inhibiting action in neutral solutions become effective when
60° 14. a sufficiently high external current is applied. This sudden
change in behaviour can be attributed to the fact that the
diffusion limitations (oxygen supply) typical of the corrosion
67 of iron in neutral solutions are replaced by limitations
72 determined by the kinetics of hydrogen liberation when
cathodic polarisation is applied. The adsorbed species of
the organic substance, covering only a relatively small
proportion of the surface, cannot change the rate of diffu-
sionT. Their influence on the anodic dissolution of the
metal cannot be detected under these conditions until the
TABLE 4. Combined protection of Fe in neutral rate constant of the anodic dissolution becomes greater
solutions (artificial seawater) at 25°, than the rate of diffusion. The picture changes signifi-
cantly, however, when kinetic limitations predominate, and
Je=0 fe=8.0X107 A cm™ the organic compound, by influencing the anodic dissolution
Solution Puth | Pt | Pot | BPe | PL% of the metal and the cathodic formation of hydrogen, begins
to act as an inhibitor.

l
Iron is not the only metal which can be successfully pro- - 5
tected by the simultaneous action of cathodic polarisation i
and an inhibitor. The protection of zinc, for example, is [
more effective when cathodic polarisation is combined with
the use of inhibitorst (Table 5). No change in the weight of
a zinc specimen could be observed in an experiment at a
current density of 3 X 10°2 A cm~? in a solution containing
0.1 g litre~! of tribenzylamine. In pure acid solution the
corresponding current density was three times greater. In

lO‘]‘c, Acm?

P"*Pe, .
Py 3
% »%

1 Nlllil+l .0 g litre™,
uin

87

67

rg
b3

~3 -
TN

0°
60° 1

o
o
@
3
*
[
5
e
&

1 N HCl + 0.1 g Hire™
:)lgbanzyllmina

60°

61 80
70 82

=0
88

o
ST
~o

- 30,7 - 30.7 -
0 - 02.4 39.7 §2.7

Salt solution

Ditto + 1.0 g litre™
calfeine

Ditto + 1.0 g litre™
ethylammoniom
benzoate 0 —_ 60.0 39.7 20.3

TABLE 5. Combined protection of Zn in 1 N H,80,; at 25°, In-
§ The electrical nature of the organic substances was assessed

hibitor: 0.1 g litre~! tribenzylamine; P; =48%.
from the corresponding electrocapillary curves.

for A e 0.00 2.0x10° | 2.0x107 | s0x10? | saxi07 |ooxiot T This apparently also explaing the fact that many organic
compounds, despite their ability to decrease the capacity of the
i Aem? | 1.28.407 | 1.26.40 | 1.02.10 | 0.82.10 | 0.75.10-1 | 0.00 electrical double layer on mercury, are quite ineffective as inhib-
jl Acm™ | 0.66.10° | 0.62.10-3 [ 0.30.10~* | 0.75.107 0.00 - itors of the corrosion of iron in NaCl solution
g et - 5::8 ?2: gg-g ‘gc":g‘ 10 t A similar observation was made by Machu®!, who gave no
P“"; Po % 8 49.6 73.5- 83.9 80.4 data, however, on the nature of the inhibitor or the values of the
’, — 49.4 5.0 57.8 58.6 - polarisation current.

Pi %
5N
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accordance with theory, an increase in P} for the cationic
compound chosen is observed with increase in the current
density.

Further independent confirmation of the efficiency of
combined protection was given by Rajagopalan and Row 32,
who used a Hall cell.

The above results were explained on the assumption that
the adsorbability changes with potential. Other explana-
tions may be given, however, and some of these are con-
sidered below,

1. The increase in the efficiency of inhibitors, observed
under the influence of cathodic polarisation, can be related
to the decrease in the rate of dissolution of the metal. As
a result of this decrease the adsorbed species will have
more time and greater opportunity for forming a strong
bond with the metal surface and producing a more complete
covering layer. This possibility cannot be excluded com-
pletely, particularly for organic substances with large
molecules and a low rate of adsorption, but it cannot by it-
self explain many of the experimental facts. For example,
it is difficult on this basis to understand the difference in
the behaviour of cationic, anionic, and molecular substances,
the fact that the temperature dependence of % is only slight,
etc.

2, It may be suggested that the change in the pH of the solu-
tion close to the corroding metal, produced by the external
current, will be revealed in different ways, depending on
the nature of the inhibitor. There are some grounds for
this explanation, if we consider the action of inorganic
inhibitors on corrosion in neutral media 33,%, but it can
hardly apply to acidic solutions, where the pH does not
change appreciably under the influence of a small external
current. This explanation is also unlikely for neutral solu-
tions containing organic inhibitors which do not give in-
soluble compounds with OH™ ions.

3. External cathodic polarisation may lead to partial reduc-
tion of surface oxides and thus change the conditions of
adsorption of organic compounds. This factor, which does
not explain the difference in the behaviour of different
organic substances, cannot be decisive, although it may
play some part in cathodic protection. Moreover, it follows
from tabulated data (Table 6) that the effect of combined
protection is slightly greater when an oxide film is present.
The complete or partial reduction of oxides cannot there-
fore be the reason for the increased efficiency of combined
protection.

 Thus the action of organic inhibitors under the conditions
of combined protection should be attributed chiefly to their
adsorption, which changes with change in potential. The
adsorbed species of inhibitor do not form a compact cover-
ing layer and do not change the diffusion conditions (see
results obtained for neutral solutions). They cannot create
an appreciable ohmic resistance. The inhibiting action of
adsorbed organic substances must be related to their influ-
ence on the kinetics of the electrochemical reactions invol-
ved in corrosion. This can be illustrated by the corrosion
diagram (Fig. 7) drawn on the assumption that a semilog-
arithmic function of the Tafel type applies both to the anodic
dissolution of metal and to the cathodic liberation of hydro-
gen. The diagram is based on the Frumkin-Wagner-
Shul'tin theory of electrochemical corrosion and represents
the acidic corrosion of metals such as iron. Fig. 7 indi-
cates that the current necessary for any given degree of
protection should decrease when inhibitor is added, in
accordance with its influence on the cathodic and anodic

512

Combined protection of
bright and oxidised speci-
mens of iron at 25° in
artificial sea water con-
taining 0.5 g litre™! dex-
trin,

TABLE 6.

10/, A em™ | Bright iren | Oxidised iron

374 - 37.5
§9.5 81,0
89.3 - 90,5

WD

V4 ] i
y AL ; i log/
°9H/¢x"°9Hi.;t | ! .
: '°9m/gxl" v'°9l'c.l= log /e
log 1 fax Togj; = log mle

Fig.7. Corrosion diagram for the application
of an external current, given in semilogarithmic
coordinates for pure acid solution (right) and
for the same solution containing inhibitor (left);
Jes Hier miexs mies and q€ denote respectively
the rate of corrosion, the hydrogen exchange
current, the metal exchange current, the cur- -
rent necessary for complete cathodic protection,
and the corrosion potential in the acid solution.
The same symbols marked with primes refer to
the solution containing inhibitor.

polarisation. The relationships are simplified consider-
ably if we restrict ourselves to the case of complete pro-
tection®. The current ensuring complete protection can

be defined® as the current necessary to displace the poten-
tial of the metal to a value corresponding to the equilibrium
potential of the anodic process. It is evident that for the
case of complete protection, the effect of the kinetics of
dissolution of the metal becomes insignificant, since
according to definition the metal is under equilibrium con-
ditions and the resulting rate of dissolution should be zero.
Thus the relationships corresponding to complete protec-
tion should be determined only by the kinetics of l{beration
of hydrogen and should be independent of the mechanism of
anodic dissolution of the metal. For this particular case,
the diagram in Fig. 7 can also be applied to metals whose
anodic dissolution does not obey the Tafel formula, for
example zinc. From the diagram we obtain the equation

mj; - mlt"/b‘;" Wex

' (14)
nigge/bea '
or
m’; = mieac!/“cu H/'ax . (15)
i aga/%ea
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where mje i8 the current necessary for complete protec-
tion, uje the hydrogen exchange current, b.. the slope
of the cathodic polarisation curve, ac. a kinetic factor
(bea = 2.3RT/2acF), and the prime refers to solutions
containing inhibitor. Under the influence of inhibitor wjex
usually decreases, but the change in aca (bca) depends

on the type of inhibitor. For surface-active cations
ata/atea < 1 (bea/bla < 1) and the effect of cathodic polari-
sation is a maximum if an inhibitor of this type is used for
the combined protection of metals. For many molecular
organic substances, the ratio @ca/acais close to unity, and
the efficiency of combined protection is determined by the
change in the hydrogen exchange current under the influ-
ence of the added inhibitor:

s . Hie'x

mle “mle — - (16)
. Hex

CONCLUSION

1. The determination of the relationship between the
electrocapillary data obtained on mercury and the results
of corrosion measurements made on iron has been made
possible only by the introduction of the ¢-scale of poten-
tials, based on the corresponding potentials of zero charge
for the metals. The results depend on the reliability of the
known values of y€. The potential of zero charge for mer-
cury, determined by different methods, always lies between
-0.19 V and -0.21 V on the hydrogen scale, i.e. the dif-
ference does not exceed 0.02 V. The values of y€ for iron,
found from the position of the minimum on the plot of dii-
ferential capacity against potential, differ from the values
used in the present paper by 0.2-0.3 V. Birintseva and
Kabanov?? have shown, however, that this method cannot
be used for metals whose surface is covered by adsorbed
hydrogen3®. The values of N€ found in this way must there-
fore be regarded as incorrect. The potentials of zero
charge for Zn, Cd, and T], used in the present work, were
determined to about +0.05 V. An accuracy of 0.1 V is quite
sufficient for even the quantitative application of the method
described in the present work, although the error in the
determination of y€ should be of greater significance when
the adsorption of charged species is considered.

2. For two given metals, the values of consts, determined
by Eqns.(7) and (8), depend on the nature of the functional
group and remain approximately the same for a series of
similar organic compounds. At present consts has been
determined fairly accurately only for amines, although it
can also be found for other substances. The values of
consts may serve as a basis for a theoretical approach to
an intensive but as yet predominantly empirical choice of
efficient inhibitors. This method is not restricted to any
definite type of inhibitor and can be applied to any sub-
stances, so long as their action involves adsorption on the
surface of the corroding metal. It should also be applicable
to the study of industrial inhibitors of unknown composition,
for example to find the optimum content of an industrial
inhibitor and to establish the nature of its active ingredient.

3, In recent years the principles on which the method is
based have been used by a number of authors. Thus in 1957
De® explained the behaviour of a number of inhibitors in
terms of the potentials of zero charge of Hg and Fe and
data obtained by electrocapillary measurements, as was
done by the present author in 1951-1954. Although this
paper was highly praised by Gatos*%, it contains a number

of unsatisfactory features. Without making a detailed criti-
cism of De's work, {t must be pointed out that the action of
inorganic anions as inhibitors of the corrosion of iron in
neutral media is due primarily to their ability to oxidise
the iron surface, and cannot be related to simple adsorp-
tion. Blomgren and Bockris4! undertook certain studies
because “there is apparently no information on the degree
of adsorption of organic ions as a function of the potential
and, particularly, the structure of organic groups” (Ref.41,
p.1475). In fact, however, information of this type is
available !";!® and electrocapillary curves covering a wide
range of potentials and concentrations have been described
for many organic ions, including four of the six compounds
studied by Blomgren and Bockris. The main conclusion
reached by these authors, namely that there is a parallel-
ism between the adsorption of aromatic amines on mercury
and their ability to decrease the rate of corrosion of iron,
is not new. It was presented, in a more general form, in
a report® at the Conference on Electrochemistry in Mos-
cow in 195617, and one of the authors cited?! (Bockris) even
took part in the discussion*? of the report. In connection
with Blomgren and Bockris' articles, it should be noted
that the parallelism which they mention is shown suffi -
ciently rigorously only if the adsorption is measured at a

¢ -potential of mercury equal to the c@-potential of the
corroding iron, but this important feature was not noted.
Nevertheless, Blomgren and Bockris' work is of consider-
able interest, particularly the application of a modified
Langmuir equation to describe the adsorption of organic
substances.

4. The inhibitors most suitable for the combined protection
of metals can be found on the basis of electrocapillary and
polarisation measurements, As shown above, there are
grounds for assuming that the most effective inhibitors in
acidic and possibly in neutral solutions should be organic
cations. The use of organic cations as inhibitors in com-
bined protection, apart from its high efficiency, also has
the advantage that their presence decreases the degree of
absorption of hydrogen by the metal®3=45,

5. The efficiency of combined protection has been explained
as follows: when cathodic polarisation is applied, the
@-potential of the corroding metal is displaced to more
negative values, so that the adsorption of organic cations
and certain organic molecular substances is facilitated.
Under the conditions of combined protection this change in
the @-potential results from the displacement of the
€-potential of the corroding metal towards more negative
values. Since ¢ = € - N€, an analogous effect may be
attained if the value of N€ for the corroding metal is made
more positive. This probably explains the increase in the
inhibiting activity of organic cations and certain organic
unionised substances in air compared with that in an inert
gas. A similar explanation can apparently be given for the
favourable effect of halides and certain other anions on the
inhibiting power of a number of organic compounds 4,4,
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