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CORROSION INHIBITION BY ORGANIC AMINFS
by

Korman Hackermen and Helnut Kaesche
Departwant of Chenistry
The University of Texas
Austin 12, Texas

ABSTRACT

The corrosion of pure irom in 1 N HC1 is discussed in terms of the -
theory of mixed potentlals end the same theory applied to the ichibition
by organic compounds. Corrosion rates with and without inhibition hy
aniline, several anilire derivatives, end alkylamines were determined
by cathodic polerization measurements as well as by colorimetric
analysis of the solution., It is shown that all compounds show a
saximum inhibitor efficlency at a concrtration of spproximately

0.1 mol/l, that with one exception all are cathodic as well as anodic
iphibitors, and that in most cases they are predominatly ancdic
1rhibitors. An interpretaticn of the data on cathodic inhibition

23 suggested on the tasis of the assuzpiion of a uniform metal sur-
face and uniform adsorption. The interpretation of ancdic inhibition -
is found to be dif?isult du2 to a lack of sufficient experimental data. D

e e o » 3 & o o e

There 13 little question that orgari: compounds acting as inhidbitors
of wvet corrosion do so by forming an ausorbed layer at the metal~
solution interface. £s to the details of the mechanism of inhibition
there is atill corsideradble difference of opinion. Also, while an 3
extensive literature on inhibition exists, detailed knowledge of the e
anfluence of the nature of the inhivitor is still lacking., There- R
fore it is desirable to accuwrulate more data on the inhibition
efficiency of simple org<aic corpounds with fairly well-known molecular

vropertiea. It is for this reagon that somz experiments with simple -
axilire derivatives ard alkylamines “ave been carried out and are —

sresented in this paper,
Tho corrosicn of pure iron in air-fre- 1 N BCl was chosen for the

investigation. The over-all cirTosior reactlon may be split into
= 2 anodic and cethodic "partiel” renctions:

Fe — Fe™t + 2¢7; 28" + 2" — 5,

T,e electrochemical behavior of the iron specimen 2s an electrode,

1::1uding corrosion, 1s then determined by the kinetics of the partisl
. . r- ‘ctious, these beirg chiracterized by thelr overvoltage curves, This

| I leads tc the concert of the superpusition of the "partial cvervoltage
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curves" to the "tatal current-voltsge curve" originslly given by
Wegner (1) and recently applied to tke corroding iron electrode by
Unlig (2), Stern (3), Bonhoeffer (%), and Heusler (5). The following
two parsgravhs give & short summary of the terms involved, For more
detail the pspers cited sbove should be used,

Neglecting the reverse reections (irca deposition and hydrogen dis-
solution), the two partiel reactions are assumed to have exponential
overvcltage curves of the form

pe = (Jp)pe exP- [ - T‘:F—e— (Bpq - E)-_! @
N .
¥ =)y exp.{ Py (g - E)] (2

Here Jp, and Jy are the apperent ancdic and cathodic current densities
(raged on the geometrical electroie surface F); (Jo)pe and (J,)y are
the intercepts of the overvoltage curves with verticals drawa through
the equilibriun potertials Epe &ud By, b'p, ond b'B are the “Tafel®
slopes; and E 1s the mcasured electrode potential,” Regardless of
their actual physicel sigaificance {J5)ze and (J,)y ure called exchange
currents,

If a polarizing currext j is applied from an external circuit, then at
any J

3=3.-% (3)
This is the equation of the total current-voltage curve which can be

measured by external polarization. it j=~ 0, E = Ecorr and

késel‘! 3213 JCOA"Z‘.

Here Jcorr. is the corrosion rate in terms of an apparent current
density, and Eqopp. tZe corrosicn potextial (open circult potential).
With equations 1, 2, &=3 3 both the ccrrosion rate and the corrosion
potential are completely determared ty the overvoliage properties of
the partial reactions. Tke simuliznecus measwrement of J, Jeo and Jg
should therefore yleld coxzplete knowledze of the electrode behavior
in a given swrrounding medfum, Instezl of this precedure, which in-
volves laborious analytical determirctions of the amount of dissolved
iron, or deposited hydrogen, the electrode =ay simply bs polarized to
potential regions where eltker Jp. or i becomes very small end there-
e 3T Y, or § F Jo,, so thet the tofel current voltage curve is
rivactically identical with one of the partial overvoltage curves.
Prorided that no change of the rate-determining step of the partial

2
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resction under investigation occurs between this potential region and
Boorr,s the partial curve in the vicinity of the latter potentiel cen
then be cbtained by extrapolation, This simple geometrical operation
is 1llustrated by Fig. 1. lMoreover, extrapolation to B, ylelds
the value of Jcopr,. Stern (3) hzs shown that the corrosion rates
obtained by extrapolation of the cathodic partiel overvolitege curve
check well with those deteruined by analysis of the smount of dissolved
iron. The same method is used throughout the present investigstion.
So far it appears to be difficult to measure the ancdic partial curve
in the same way, but in the vicinity of Ecqpp, @ pert of this curve
may be obtained from corresponding values of J and Jg by application
of equatica (3).

The organic inhibitora used for the present investigation do not

change the over-all reaction. The lowering or the corrosion rate

must therefore be brought about either by a decrease of the distance
between the equilibrium potentiels Zy and Eig, vhich can only be
‘brought about by changes of the bulk concentration of the species
taking part in the corrcsion reaction, or by an increase of the over-
voltage of one or both partial reactions. With respect to their action
on one or both prartial reactions, inhibitors are often clasgified as
being of an arodie, cathcdic, or mixed type. The general result of -
etrictly cathodic inhibition is shown in Fig. 1 by the chift of the
cathodic partial curve (A) without inhibition to the inhibited curve (D)
with inhibition. Tke izhibition is assumed to decrease the H-equillbrium
potential from Eg to E'y, the exchenge current from {3,)g to (I5) 'B

&nd to increase tte Tafel slope, while the corrosion rate decreases
Trom Joopr. 10 3 eopp.- It 18 clearly seen that vhether om2, two, or
all of the possible chenges of the partial cathodic curve ccewr, Eeorr.
muat slways charge to & less noble velue Blegrp . Sinmilarly, 2

reverse change of Eoopy, indicates the presence of anodic inhibition.
If only the decrease of Jeoppy, 20d the shift of B - 18 observed,
only the predemirvance of encdic or cathedic inhib‘{tion can be stated,
because at the saze time a small effect on the opposite partial re-
action may exist, so that the inhibitlon is actuslly of the mixed type.

Local cell action between fixed ancdic and cathodic areas cacnot be
affected sericusly by the ohzic resistance of the adsorbed layer as
long as the above-described polarization method gives the seme value
for the corrosion rate as the snslysis of the solution {or weight loss
measurements). The former zethkod is based on the assumption of &
virtually unifora electrode poteantial and nust lead to serious errors
if IR drops of the order of 2 5 2V exist along an average current vath
between locel electrodes. Correct polarization values of Joorp,
indicate either very short local current paths or lov values of the
specific resistance of the adsorbed layer. Hoar (6) bss suggested
that practicslly the whole electrode surface is capeble of acting as

a cathedic area, whereas the ancdic ares should be represented by the
sum of all atomlc sites undergoing dissolution at any given moment,

3




Figure 1

Schematic representation of tne partiel overvoltage
curves {dashed curves) and the total current voltage
cvr.-e (solid curve C) of iron corroding in ron-
oxidizing acids. {A) - cathodic partial curve;

(D} - cathodic partial curve in tne presence of a
cathodic inhibitor; (E) - anodic gpartial curve,
Other syzbols as defined in the taxt,
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where the sites might de,:for instance, tue ends of incomplete atom
rcws. With &3y non-ides] erystal, lattice dlstortions and included
foreign atoms ray also-give rise to anodic ats. With respect to
tte relative size of the .ahodic and cathedic areas and the distribu-
tion of anodic spots the cpnditicn of the ccrroding iron surface is
then very similar to the;condition of the sucface of a corroding
1iquid apmlgam, where the gathodic area 1s ilanticel wita the total 9
surface and the anodic areq is given by the sum of atoms of the J
amalgamated metal in the gyrface of tze wercury. Since at any moment .
predictions can be made that the next ircn ecoa being transferred T
across the phase boundary should come from the same incomplete atowm
row or lattice distortion the iion dissolutics 1s atill not as truly -
statistical as the dissolution of an smalgemated metal, Nevertheless, -
the condition of the corroding amalgan surfacs should be a better S
model for tre condition of the surface of cocroding iron than the
frequently-used mcdel of 8 checkerboacd-line pattern of local Sl
electrodes. Therefore, the concept of a wniform metal surface wnuer- S
going statistical dissolution 18 used for the discussion of inhibition. .
It 1s obvicus that this concept, If Justified for pure irom, is not PRy
izmediately arplicable to steel surfacss whe:s secondary phases may -
have considzrable influence,

If the electrole surface is uriforam, inhiditor adsorption should be
general, As has been pointed out by Hoer (7)., and Backerman and A
Makrides {8), the theory of adsorption cf caiionic irhibitors on ——
cathodic sites only, for soe time widely accepted (as may be scen -
from papers by Maon {9)) is objeciionable even if local cells are
operating ca the corroding surface, the obvicus argument deirg the
uniformity of the electrode potential, The possibility of catlon
adsorpticn By means of electreostatic ferces is determined dy the
electrdc charge of the electrcde with r:spect to the solution, i.e,,
by the position of the electrocapillary waximm with respect to
E.orp,» Dot by the cherge of an electrcde with respect to another
electrode, as for ingtance local anodes with respect to local cathodes.
Little iz Xncwn about the electrocepillasry marimum of ircn and a

value of 0.57V in 103 1 HzS0y, measured by Fruxkin and co-vorkers (10)
dces not indicate that iron correding iz 1 K ECL (Ecopr, = 0.25 V) "
has a positive charge at the carrosicn potextial. The electrecapillary . -
maximm o2y be shified to considerably more nctle potentials by chemi-

scrption of €17, analcgous to observaticas rexorted by Iofa and

co-workers (11} for I~ and Br- at very icw covcentraticns, At

precent the possibility of strong cetion mdscrption on corroding

iron is therefore undecided. This is iuportant with respec? to the

theory of ckemical rather than vhysical sdsorption, suggested by -
Hackermsn ard Makrides (8), According to tals concept cationic ;
organic inhiditors ere deionized at the i2tzl-solution Interface;
therefore, in the case of amine-hydrochlorides he adsorbed species .
ghould be the free amine, The estudlishrnt of 2 move or less well-
defined chezical bond between the iohibitor and the iron showld

5
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result im a decrease of the epparent iron activity of the electrode
sarfec.. (Sackerman (12)). This leaves Ep, unchenged, but it may
greatly decrease the exchange current of the anodic partial reaction.

MATERIAL AND APPARATUS

Iron electrodes wera cut out of 99.99;1 Arzco iron gheets, 1 mm in
thickness, in the shape of little flags of about & to § sq.cm, geo-
metric surface area. The handle of these Zlegs was soldered to a
copper wire and sealed into a glass holder with polyethylene. Before
immersion, **.e electrodes were sbraded with No. 1 through l&/0 ewery
paper, and rinsed with benzene, acetone, and water,

1 N BCY solutions were prepared from C.P. concentrated HCl and
double-distilled water, No change of the corrosion rate was observed
vhen gaseous HCL distilled into watrr was used instead,

Except for methylemine- and ethylemine-hydrochloride, which were used
without further purification of the high-grade compound, all inhibitors
were redistilled one to three times under reduced pressure, until a
colorless product of constant boilirg point was obtained, The inhibitors
were then dissolved in the appropriate excunt of concentrated HC1 to

give a 1 N ECLl solution of the hydrochloride., HNo inhibitor solution

was used later than three deys after preparatiom,

Electrolytic hydrcgen was passed through pyrogallic acid in alkaline
solution, sodium plumbite in alkaline solution, concentrated E SOy,

a trap cooled with liquid nitrogen, end finally a 50-cu, colum of

1 N HC) before teing bubbled through the test solution, Omitiing this
procedure resulted in a parked de=creese of the corrcsion rate,

The apparatus used throughout the experiments ia shown in Fig. 2.

All parts were nmade of Pyrex, with gtoppers and etopcocks very lightly
greased with silicome grease. The test vessel A, the Ag/AgCl-
electrede B, and the Pt-electrode C, were £illed with 1 N HC1 up to
the dotted lizes, Three iron electrodes, D, of which caly one is
shown, are used at the same time,

The outlet of dureite F was scaled into the ground Joint E and on
top of F a flask G served as a reservoir Cfor inhibitor solutions,

A second burette H was also sealed into E snd was extended via
cepillary tubing into the test solution. EHEydrogen entered the
apparatus at I and left it at K, thus keeping 2ll parts air-free
and ciso slightly agitating the solution. If hydrogen was bubbled
through the solution more vigorously the corrosion potential end
the ccrrosion rove did not change by wore than 1 mV and 1 uA/sq.cm.
The +23% vessel vas placed in a th-imostat kept at 30 + 0.5°C, The
voluriz of the test solution in A was 500 cc., all pH changes due to
the corrosion resction were negligible.
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Figure 2

Apparatus used for the measurement of overvoltage
properties aend corrosion rates,
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The potential difference between the Pe-electrode ahd the Agfagci-
refercnce elecirode was zeasured with a student-type pbtentiometer
withiu + 1 oV, In order to be able,td make quick readings during
polorization measurements, an oscillodcope was used as zero indicators
Polarizing currents were applied betveen the Fe- and the Pt.plectrods;
using a 220 V. dry battery in series with a resistance box and a
rilltammeter., Current readings were taken with a precision of

+ 5ud at currents between 1 end 3 mA and * 2pA at currents less than
1 mA. The resigtance of the electrode system was smell compared with
the external ohmic resistance, the polarizing currents were therefore
congtant during the polarizaetion time,

PRCCEDURE AND RESULTS
After the electrodes had been irwersed in ajr- and inhibitor-free

1 ¥ BC1 a periocd of 3 to 5 hours was required for both EO o and
Pcorr, (¥) to become constant. After 5 hours, E9q... and Béorr.

*0 gesignates uninhibited properties.

were constant in most cases except for random changes of + 1 mV/hour
end 3pA/sq.cm./hour respectively. The polarization behavior of all
electrodes was cnecked at one-hour intervals throughout the immersion
time, but only the readings taken between 5 and 7 hours after immersion
were used for the final determina*fon of the overvoltage properties.

A considerable nurber of runs had to te discarded because of (2} cor-
rosion rates more than S pA/sq.cm. lower or higher than the average

of all meesurements, (b) non-constant values of Eeopp, 80d Jcorr,
after 5 hours, (c) potentlal drifts during polarization. Any drift
greater than 1 mV/10 sec. cbserved later than 10 sec, after switching
on the polarizing current vas regerled as abnormal and attributed to
cortexination of the acid., In all cases of erratic behavior the
electrodes were freshly sealed to the glass holder, fresghly abraded
and riased, and the test solution replaced by freshly prepared
solution. No irhibitlon experizent was carried cut until a given set
of electrodes exhibited “norzal” bebavior, with B, .. -26C + 10 oV
(vs. S.H.E.), dcorr, 30 % pi/sq.cn. and non-drifting Potentials during
cethodic polerization,

A typical exasmple of a single polarizaticn measurement with en
uninhibited specimen is showa in Fig. 3. B ... wes measured
irzediately vefore the first polarization (m&iately afterwards
Eoopp, 18 usually 1 to 2 nV more ncble then before, but the orfginsl
value'is reestablished within a ninute). Cathodic currents < various
strength were applied at 3G-second intervals and the polerized potentials
E mzasured with the potentiocmeter (s0lid circles) 5 to 10 seconds after
switching on the current. The total current-voltage curve cbtained as

8
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Figare 3

Total current-voltage curve ard partial cvervoltage
curve delermined by cathodic polarization of an
iron electroda ia 1 N KECl without inhibition.
Syxbols as given in the caption of Figure 1l; other
symbolg as defined in text.
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as E vs. log J (s0lid curve) was always found to have a linear section
in the current range 0.2 < J ¢ 0.7 mA/sq.c;m, which could easily be
extrapolated to EOc oy, (dashed curve). From this curve, presumably
the cathodic partial overvoltage curve, JO.. and b9 (=bO°L/2.303)
were determined graphically. In & few cases the non-linear part of
the logarithmic total current voltage curve was also measured to
obtain examples of the anodic partial overvoltage curve by application
of equation 3 (open circles and broken line). Thus the slope b%, of
the anodic curve was found te be of the order of 0.075 * .01

volt/log J which may be compared with Stern's (13) value 0.C68,
determined by the same method in Na C1 + EC1 soluticn of pH 1.5 at
25C. The exchapge curreat ( Jo)%e vas calculsted to be of the ocrder

of 0.0% to 0.1 ph/sq.cm. vhich again checks fairly well with Stern’s
value 0,04 pA/sq,.cm. meagured under the quoted conditions noted.
However, the errcr limit of any single determinetion of (J4)pe 18

+ 0.02 and any attempt to calculate the chenge of the excharge

current due to weak inhibitor action is therefore useless,

In order to avoid erroneous results caused by slow drifts of the
electrode properties during irmersion over several days, all electrodes
vwere agein abraded and rinsed before addition of inhibitors to the
solution., Also, usually after two cowmplete series of experiments

for one inhibitor new electrodes were prepared, Otherwise the measure-
ments in inhidited solutions were cerried out exactly as were those
without inhibitors. In addition to &nd Jcorx-. a property 5, the
cathodic partial current of the Inhibited electrode at £0.4pp wes
determined. Especially after addition of tke more effective inhibitors
a slow drift of the potential of exterrally-polarized electrodes to
less noble potentials, presumsbly caused by chenges of the adsorption
concentration of the inhibiter, could not be eliminated, Using the
potertials obtained 5 to 10 sec. after switching on the polarizing
current, allewing 1 miaute intervals “etw=an two consecutlve poleri-
zations, ard also _imiting the polarizing currents to 0.5 mA/sq_.cu.

in cases wigere the logarithmic total current-voltage curve becazme
linear at 0.15 - 0.17 nA/sq.cm. becauge of the lowered Jcorr. »

correct values of Jc were nevertheless cotained, This wes skhown
by indeperdent analygfgél messurenents. For this control, polzrization
measurements were carried out bevwecen 2 and 8 hours afrer irmmersion

in separate runs at one-hour intervals, and samples of the sclution
were taken at the same time., The Fett concentration of the sz=ples
was then determined colorireirically, using o-phenanthroline 2s
ccmplexing agent, The averaga values of the corrosion rate cbtaired
by polarization checxed well with the corrcsion rate determined by
analysis (Table I).

10




Table I

Comparison of the average total corrosion rate of 3 electrodes
cbtained by cathodic polarization ({,) end dy colorimetric

analysis (12) « C = irhibiter~concentration

BAM

Irhibitor ¢ {mol/1) ;l(pA) L) .
]
t
- 0 820 + 20 8w ¢t 50
N-Methyleniline 0.06 "120 t20 700 * 20
N-Ethylaniline 0.05 Lkso * 10 5o * 10
R-Prepylaniline 0.12 355 + 10 350 * 20




Usually 3 to 4 tuns at inhibitor concentrations between 0,05 and 0,2
wo3 /1 were carried out, For each inhibitor concentration final values
of Seeer.s 3 b?, ard F_ .. Were cbtained by obtelning the algebraic
mean ol £ix sirgle measurements, two per ele¢trode. A typical example
of the resulting curves of the electrode properties as a function of
cencentration 1s shown in Fig. 4 for m-toluidine. At C > 0.08 to 0.1
mol/l, all inhibitors showed a8 maximum effect on the electrode pro-
pertles 1independent of further increase of concentration up to 0.2
mol/1, the highest concentration iavestigated. As no attempt was
mada to measure fully the changes of the electrode properties at
concentrations 0 < C < 0,1, Table II 1lists only the electrode pro-
perties at maximum inhibitor effect cbtzained graphically from plots

of the experimental values agaeinst concentration. With propylemine
as inhibitor the slope V of the anodic partial overvoltage curve
was determines at maximm inhibitor effect and found to be of the
ozdar of 0.030 * 0,01 volt/log 1.

The error limits given in the tables are caused by differences in

the behavior of different electrodes. Compared with these differences
the limited precision of the meagurewents has little significance.
This includes the error introduced by the resistance between the tip
of the reference electrode and the iron electrodes (approximately

2 em.). It doec not include the error limit of the colorimetrically-

deternined values of "c orr.*

s R —3

POFTI




Pigure 4

The variation of the corrosion potential Ec orr, and
the corrosion rate Juopy. Of a set of threé irdn
electrodes as function of the concentration of
n-toluidine hydrochloride of the splution.
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Table II )

Average value of the corrosion potential Ecorr , the corrcsion
~ete J. _ , end the cathodic Tefel slope by of three electrodes
with no 15hibition (0) and at daximum inhidition (m), also the
cathodic eurrent at meximum ichibition at EO.... . The error
limits listed do not apply for by in the case of sniline and
R-Propylaniline where it was + 0.004.

ES, corr. boﬁ Joccrr. 3 '
Inhibitor B rr. vy Foore.
(mv) {v/iog 1)  (pafsq.cm.)  (pAfsg.cm.)

Aniline 0 -249 0.091 L7

n -237 0.090 30 %0
M-Toluidine 0 -248 0,092 48

n -239 0.093 > k2
0-Toluidine 0 -257 0.086 51

'y -2ko 0.091 29 4a

N-Methylaniline o] -2k 0.092 51

n -2n 0,085 3 L6
N-Ethylaniline 0 -259 0.088 53

n -260 0.054 37 46
N-n-Propylaniline [} -267 0.039 L9

n -258 0.095 32 38
N-Dimeinylaniline 0 -2k9 0.085 53

= -231 0.085 At 274
N-Diethyleniline 0 -263 0.083 Sk

n -25% 0.093 25 34
N-Di-n-propylaniline 0 -266 0.08% 53

n -252 0.095 2 ]
Methylamine 0 -265 0.086 52

n -268 0.086 15 43
Ethylamine 0 -268 0.091 54

n -268 0.091 L2 42
Propylemine 0 ~269 0.085 55

n -267 0.091 L2 W

Error limit t2 + 0.002-3 ta %3
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DISCUSSION

(a) Inhivition of the Cathcdic Partial Reaction.

Table II shows that with all inhibitors J' is lower thaa J°, v
in many cases b%; 1s larger then b9z, Therefore, all inhibitors
investigated exhibit cathodic inhibiter action. To obtain a quan-
titative reasure of this action it is recalled that with = constant
the quotient §'/J ... Dust equal the quotient (3)%:/(3,)% and
therefore be a measuré of the decrease of the cathodic exchange
surrent, Evea for small values of ab (=b7y - b%) the same relation-
ship hclds to a first approximation and is therefore calculated for
each inhibitor., Following ccumon usage in inhibitor research, instead
of 3'/30.opp. itself, Table IIT lists the quantity (1 - §'/d%qpr.) -
100% = I.. Neglecting the influence of Aby this quantity is celled
the "catﬁodic inhibitor erficiency” (not identical with the inhibitor
efficiency which would be observed with a given I. in the absence of
all anodic inhibition). The values of Abg and the "total inhibitor
efficiency” I¥ = (142 /3° ) * 1005 are also tabulated. It

C

and

is seen that is praggfgéllycggﬁétant for the alkylamines and the
group forzed by eniline and the toluidines. With increasing chein
length of the substituent of N-alkylanilines I increases, this
increase being more pronounced in the series of N-dialkylanilines

than in the series of N-moroalkylanilines.,

Remembering thet all nurbers are limiting values for maximum inhibition
and therefore probably maximum adsorption, 1t can be expected that the
adsorbed molecules sre oriented nearly rerpendicularly to the surface.
If this 18 true, then the cbserved tendencles of the chenge of Ic
strongly suggests an effect of the projected area per molecule. For
perpendicularly oriented moleculea the projected area of straight
chain alkylamines 1s independent of the chain length and equals the
projected area of the emine group. On the other hand, perpendicular
adsorption of a N-substituted aniline weans that 8ll substituents
form en angle smaller then 90° with the metal surface. An increace
of chain length consequently increases the projected area, Also,
with N-dialkylanilines a larger increase of the projected aree 1s to
be expected since two methyl groups are added instead of one in the
case of N-monoalkylanilines. While no quantitastive interpretation is
peasible it is clear that for alkylamines, and N-alkylamines changes
of I, parallel chenges of the projected area within each group. As
T, 33 constant for aniline and the toluidines it has to be concluded
taat only substitution for H on the nitrogen is effective, that is,
close 40 the surface of the underlying metal, It is 8iso posaible,
a1 a smaller effect would be observed cn increassing the chain length
o” the substituent on the benzene ring.
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Table IIT

The total cathodic and anodic inhibitor efficiency calculated
for each inhibitor from Jecyy,
$eorr.» 28 found in uninhibitéd solution with the same set of

electrodes, also Abg = b%; - bcn calculated in the same way.

» 3! and §", respectively, and

p—

Inhibitor I I &by I

(%) (#) (v/10g 1) {#
An{line 36 15 -0,001 55
m-Toluidine n 13 40,001 46
o-Toluidine 43 1 10,005 65
N-Methylenilins 25 10 -0.003% 5%
H-Ethyleniline 30 13 +0,006 57
N-n-Propylaniiine 26 +0,006 53
N-Dizethylaniline 5 n 0.000 66
N-Diethylaniline sh 37 40,010 68
N-Di-n-propylaniline 57 Lo 40,008 n
Methylamine 13 18 0.000 0
Ethylanine 17 20 +0,002 20
Propylenine 23 20 40,006 29
Errer limit 4 3 0.003-4 %
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If all types of ani“ine derivatives invedtiguted have the same maximm
number of moles edsorbed per sq.cm, of the metal, tien the total pro-
Jected eres should increase in the series aniline, H-methylaniline,
N-dimethylanitine, end I. should also increase. Actuell: I. is greater
for aniline then for both N-methyl- and N-dimethylaniline, and practically
constant for the latter two compounds, Experimental date for the maxirm
adsorbed smount are not available but it is reasonsble to predict a
decrease with increasing branching of the substituents due to steric
hindrance, Therefore it is likely that, while the projected area per
zolecule increases, th- total projected area decreases from aniline to
N-methylaniline because of a decresse of the number of adsorbed moles,
ard the decreagse of I, is therefore not contradictory. The decrease of
{3 )H 15 usually ascrfbed to a decrease of the true surface area avail-
able for hydrogen deposition (6,7,9). With respect to this the cbserved
changes of by, neglected in the discussion Just above, is of importance.
In principle, changes of by can indeed be caused by mere changes of the
true surface area avallsble. This follows not only for the case of com-
peting adsorption of inhibitor end E-atoms but also because of competing .
perallel reaction paths for H-deposition (e.g., slow discharge followed by .
Tefel recombination, and electrechemical mechanisa) depending to a different
deg.ee on the H-concentration of the surface., However, this requires very
special assuaptions not Justified by experimental evidence. Less elaborate,
and therefore for the time being preferable, in the assumption that doth
partial reactions are cc.trolled by an energy dberrier at the phase
dboundary which requires a slow discharge mechanisn for the cathodic
portial reaction, According to the theory of H-overvoltage by should
then be of the form 2,303 RT/azF, where R 1s the gas constant, T the
absosute temperature, a a factor between O and 1, 2z the electron nuzter,
and F the Faraday, For iron in different inhibitor-free solutions values
of bK between 0.C8 and 0,15 volt/log 1 have been cvserved by different
suthors (3,5,13,14) indicating values of a ranging from 0.7 to O.h.
The average value of bg found during the present investigation 1s
0.083 * 0,004, a therefore is 0.66. The theory of slow discherge pre-
dicts @ = 0.5 for the case that exactly half of the overvoltege 1s used
to lower the activation energy of the forward reaction, the other half
being usec to fucrease the activation energy of the reverse reaction.
Eowever, ihis ideal symmetry need not be followed in every case, and
with a different a, slow discharge {or the electrochemical mechanisa)
ray still be rate-determining. If this is accepted for the cathodic
partial reaction it follows that an increase of by indicates a decrease
of o ard therefore a decrease in the fraction of the cathodic over-
voltage used to lcwer the activation energy of the H* trensfer across
the phese bourndery. This requires a distortion of the potential dis-
tribution in the phase boundary, It is then reasonable to assume that
the cause of this distortion is the establishment of an additional
energy barrier due to inhibitor adsorption. Consequently the inhibitor
layer is treated as a wiforn £ilm which leaves the avallable surface
unchanged but increzses the activation cnergy of HY transfer, thus
decreasing tae probability of this transfer. While the distortion of
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the potential atstribition 3o ¥dbpon. tble for the change of bye, the
lowering of the transfed probabllity is responsible for the decresse

of (3o)g. The observed influence of the total projected srea is then
not an Influence of the increzsing degree of surface blenieting, but

of the increasing density of the uniform inhibitor layer, where the
fncrease in density is expected to cause a proportional incresse in

the activation enesgy. In view of the considerable error limit of the
4by values 10 similar interpretation of by as & function of the moleculsr
structure of the inhibitor can be attempted,

{b) Inhibition of the Ancdic Partial Reaction.

- Except for the gingle pair of data of before and after addition of
propylamine as inhibitor no other information on ancdic inhibition has
been obtained except the shift of Ep.. Asguning by, = constant = 0.075
for inhibited apd uninhibited ejecuicucs wu “~dic partial cuizrent §"
of the inhibited eleetrode at EOcopr, can oe obteined from I.,.. and
Io and a quantity (1 - ¥/ J°,m,? + 100% = I can be calculated whieh
15 eomparable tg9 I., This has been done graphically and the resulting
walues of I,, listed in Table IIY is used for the discussion of ap -dc
{zhibition instead of the shift of Eocorr « In view of the arbitrary
assumption dpe = constant the same error limit has to be attributed to
the I, values as to those of I.. Within this limi%t I,, if not a
measure of the decrease of (J s ; 1s at any rate a measure of the
gncdic inhibiticn and therefore Sustly called the "anodic innibitor
efficiency”. Inspection of Teble III shows that with the exception of
wathylamine 8ll inhibitors investigaled exhibit anodic &s well as
cathodic inbibvition and are therefore inhibitors of the nixed type.
Purthermore it is also seen that all eniline derivatives are of a pra-
deninantly encdic type.

I, 18 zero for methylamine and increases rapidly with increesing chain
lergth of alkylemines. It has already been argued that the total pro-
Jeeted area for alkylamines is constant with respect to the cathodic
partial reaction. Within the concept of gerneral zdsorption and uniform
electrode surface, the same must be true for the anodic partial reaction,
An explanation of the increase of I, in spite of constant total pro-
Jected area, 1s offered by the theory of chemisorption., It has been
Founted out by Hackermen and Makrides (8) that chemisorption of amines
ghould increase with electron donor properties and that lacking other
data the basicity of the free amine skould be considered rapresentative
of these properties. As the basicity of the alkylemines used here is
practically constant (15), this suggestion gives no clue as o the
wvariation of chemisorption of these compounds, Therefore, it can

only tentatively be assumed that the contridbution of cherfsorption to
the total adsorption may increase with increasing chain length, while
tke total edsorbed smount, and thersfore the total projected gresa,
remains constant because of the exiastence of a saturated rmonolayer of
adgorbed amines., As has bsen mentioned before, this can be expected

18
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to result in a decrease of the apparent iron activity of the electrode

surfsce. , If slow cherge tramsfer across the interface 1s rate-

determining'for the anodic partial reactios, the ancdic exchange current

(Jo)g.e may then be treated as the product of the true . wfece area F

(which is constant if the concept of uniform sdsorption is correct), o
a transfer probability P (tke probability of the penetration of the <
activation barrier across tbe double layer by Fe*+) and the ifron sur-

face activity A, The predcminance of anodic inhibition cea then be

interprreted as being due to the lowering of A by chemisorption, where

the lowering of P by inhibitor adscrption could be rcughly the same as

that for the cathodic inbibition,

Aniline derivatives are much less basic then straight chain elkylamines,
but they are nonetheless the better snodic irhibitors. The K-alkylanilines
shov a cowparatively sumall increase of I, with Increasing ckein length
of the aliphatic substituert but 1: is doubtful whether this can be
attributed to the basicity. Easicity constants of aniline derivatives (15)
in dilute solutions show that the basicity does not Increase regularly
with chein length of aliphstic substituents, The difference in basicity
of different compounds is usuelly small, so that no predictiocns as to
the basicity in concentrated solutions are possible, Both the total
amount end the differences of anodic inhibition observed with aniline
derivatives are therefore difficult to explain, Considerirg that within
each group of N-slkylsnilines the changss of Iy parsllel the changes of -
I. it mey teniatively be assumed that this indicates an influence of e
e energy barrier similar to that of the cathodic partisl reaction. -
Whether the lerge total value of I, is caused by additionel strong
chemisorption of the aniline derivatives carnot be decided here.
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