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Introducticon:

Pew jstudies have been carnied cut cn theelectred:.
pehaviour of metals in phosphate scolutions. The results
obtained for lead'}’ and tinf2) showed that the nature
of the phosphate film "and. the. concentration ranges
within which the electrede exhibits reversible behaviour
depend on the electrode material and the se¢lution pH.
In case eof zincta) » ne thermcdg_rnamic behavieur was
observed. In addition' to given informatien regarding
the char:sic teristics of metals as phosphate electrodes,
these studiles help tec clarify the méchanism by which
phosphate iens inhibit the corresioen of metals. * In
continuatien teo our work in this field. We i1nvestigate

~the pehavieur of lron.. - _

Experimental : - oo ’ -

=

The potentlal of the iron electrode was measured
as a fupction of time within a pericd of four ~hours
_ ink-ac';ueous 'phesphate solutions eof concentration varying

between 5 x 10~ and 1 M. In order to prevent any variation
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in potential due to pH changes, the phosphate solutions
were adjusted to definite pH wvalues. Varicus series
of solutions covering the pH r‘anée 2-11 were used;
the ccmpesition eof these has al.ready been 'given(” .

The pH values were checked with the hydrogen electrode

and when posaible, with the guinhydrone electrodt_e.

The electrodes were prepared frem  Analar  iron
reds 3 mm in diameter (P.D.H. England). Before use,
the electrode waé abraded successively te 00 finish,
degreased with acetone and then washed thoroughly with
water. Each experiment was carried out with a newly
pelished e.l.ectrode and with fresh pertion of the sclution.
A saturated calomel electrode was use.d as a réfer-ence
electrede and the potentials are ceorrzeted to the normal
hydregen scale. The potential ws measured with the
aid of a Cembridge potenticmeter readible to 0.5 millivolt,

The results were reproducible to + 5 millivolts.

Determinatien of the ceorroaion rate was alsp
carried out using the weight-loss technique. Experiments
were performed eon iron pleces measuring 5 x 10 cm and
O.i‘ mm. thick, £ut from Analar iron sheet. The .test
pleces were flrat degreased with acetone and then etched
in a solution containing 15 g/l Naa PO, + 20 g NaQH
at 8(’..)—850 for 1 min. They were then_washed with conduc-

tivity water, dried in alcohol and ether and then welghed,

forresion tests were carried out in a wide 200 ml jar,
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in which the specimen was suspended for 2 hours in
the test solutien. The specimen was then removed,
rinsed with conductivity water and finally dried and
weighed. All corrosion tests were carried ocut in aerated
unstirred solutions. — Results were duplicated and the

mean was computed.

The chemicals used 1n all experiments were of
Analar grade. A1l measurements were carried out at

30°C' in an alr thermestat controlled te + 6.9 .

Results and Discussilon:

Corrosion of Iroh in Acld Phosphate Bolutions:

The steady state peotentials obtained four heours
after lmmersion in 0.001 - 1 W H; PO, are pletted as
a function 'o_f the legarithm of the molar acid concentra-~
tien: and the curve is shown 1In Fig. 1. As evldent
from this curve the pctential increases with the acld
concentration. The increase eameounts to S0 mv/unit
leg C. The potential tends to a more or less constant
valuz abt about one molar eacid. These results cannot
be attributed tc the behaviour of the metal as a metal
oxlde electrede, because the persistence of oxildes
is nc't ‘possible 1n these acid medla. We therefore
concluded that the cbserved potentials are corrosion

potentials, rather than thermodynamic values.



Ceompariscen of the results obtained 1in these acid
_selutiens with those c¢bserved by Brasher 1in neutral
sclutions (43 reveals that cerrosion prometien is net
necessarily accompanied by a negative slepe for the
petential - leg C relation. Brasher's. equaticen might
be understeced on the basis that the anlons promote
'..the ancdle reaction whereas the cathedic reaction 1is
not aff‘ected by the anlions. Thus, if the concentratlion
of the rcathodically reduced entlities (g* or % melecules)
remains constant, equality of the anodic and cathedic
reactions rates 1Is brought about thrcugh the shift
of the corresien pectential te mere negative values.
In 2cid sclutlons, the rate of the cathodic reacktion
Increasees with increase of H+ ion activity. Thus,
1f the increase of the cathodio reaction rate 1is larger
than the increase cof the anodic reacteon rate, the corr-
csien potential inereases. The results of the present
lnvestigaticn indicate that cathodlic acceleration pradom-

-

inates.

In order to test whether the increase 1in the
corresion rate is due only to the increase of o ion
activity cr the anicens contribute in the promotion
of corresion, the cbrrosion behavicur was studied at
constant pH wvalue, ca. pH2. Hence, the correosion rates
wera rreasured  in equ:".molar NﬂH2 P‘C"4 —Hs F’Dd mixlures,

within the range 0.001-0.2!. The resualts  are shown

in Fle. {2). It iz rlear tP‘.at_HzF’?’d ions fpreormote
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the corrosion of the metal. Thls behaviour is important

because it 1ndicated that the primary phosphate 1ion

exhibits corrosive action. In thilis respect the results

agree wlth Erasher's theony(4) . However this ieon did

not show inhibitive action at higher concentraticons
(4}

as required by Brasher thecry for neutral sclutlons.

corrosion Inhibltion with Phosghaté Ions in Heutral and

“Alkaline Seolutlons:

Potentiel-time curves were also constructed for
the 1iron electrode Iih sodium phosphate solutions of
different pH values. The steady state potentials obtained
four hours after lmmersion, are plotted as a founction
of the logarithm of the molar cencentration. Different
relations were obtained depending én the seclution pH
(ef. Figs. 3 and 4). In none of the sclutions studiled
within the pH range 4.,5-13 did the electrode potential
show a linear logarithmic decrease with phosphate concen-
tration, indicating that, at least under our experimental
condition, iron does not behave as a reversible metal /metal

phosphate electrode.

Generally speaking it 1s clear from these curves
that the potentlal increases with the phosphate concen=
tration till it reaches a maximum value, and then decreas-
es agaln with further 1ncrease of ccncentration. The
maximuﬁ; cencentration C . for - the different series

are glven in the fellewing table.
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Series pH mex
max

NaH2P04(in acebic acid 4.6 - 0.408 V 0.005 M
sodium acebate buffer)
NaH2PO4 + NaEHPO4 6.5 - 0.394 Vv 0.01 M
N33904 9.4-12.2 - 0.136 ¥V 0.02 M
N32HP04 + Na3P04 10.95 - 0.084 V 0.05 M
Na3P04 + 0.01N NaCH 11.2 - 13 - 0.083 VvV 0.02 M

As mentlcened above, the Increase ¢f potential

with phosphate cencentraﬁicn shows fthat 1ren dees not
behave as mebal/metal phosphate electrede. The results
indicate also that the electrode potential 1s not governed
by an coxlde layer. This is because the sclutliens of
a given c=erles are adjusted at a constant pH wvalue,
and hence, the petential should have remained constant
in the different sclutions cof eac; series. The behaviour
observed 1n these solutiens 1s net vprobably ascribed
te the inhibitlive effect of phosphate ilons on the_corrosion
of iron. The mechanism c¢f corrosion inhibitien and the
phenomenon of potential maximum are discussed here below

from the stand-point of the rates of the varicus electrode

reactions.

The heterogenity of the surface, 1in the sSense

that some sites are anodie and others are relatively



— W7 —

grthedic, 1s now a well established fact. At a metal
corrcding in aerated scolutiens, the prebable reacticens
expected to proceed are:

1} Anodic dissolution of the metal frem the anodic areas

R R PR & B

11) Cathodic deposition of the metal icns at the cathedic

areas.

Mot + 2e e P -

1i1) Cathodie reductlon of oxygen at the cathedilc ereas

0, + 2H0 + de — 4 DH (in alkaline sclutions){3)

iv) and finally,- the ancdic evolution of oxygen at
the anodic areas.

4 QH ‘__*75_21{20+02+4e Pamvi bt me B e s an {4}

The rates of these reactions are represented, respectively

by:-
vy = K (x) expEgi'L—EE- e -3
A7 —al}
v, = E (" )1 E:gEl--~E§].............{6)
2 2 x)'exp RT
v. = K.(0,)(1-x) exp ‘iﬁ@i{] TR ¢ 2
3 82 " RT
_ 4(1-B)E
- w (OH)(x) exp |--2=2ZZi22l N -3
1o - 000 o [

Vhere Kl, Kd{a and K4 are the rate constants, X ie the
anodic fractien cf the surface and (1-x) the cathodic
fraction; o£ and 3 are the fractions of the electrode
potential, E, which accelerate the metal dissolution
and reduction of oxygen, respectively, and (l-e£ ) and

(18} correspond to the reverse reactions.
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Under stationary conditions, the metal corrodes

at a rate V equal to the net rate of metal disszol-

corr °*
ution, which 1s alse egual te the net rate of reducticon
of oxygen;

thus

=- '-V —_V -V.........-----o--
Vcorr Vl 2 3 4 (s)

The reduction of oxygen is often very slow- compared

to the metal dissclution. Thus (Vl- \.'2) i 0, with

the result that ‘-.rl"‘._! v2 - This means that the potential
approachess the reversible value <of the metal/metal
ien or metal/metal compound when a precipitating anien
is present, For noble metals, on the other hand, reducticn
of oxygen procsads at a higher rate than metzl dissolution
Hence, (Va - Va}ﬁ’—o and accordingly \,'3":’.. V,. The potential
approa_ch'es, therefore, the reversibl'e valﬁe of  the
oxygen electrode in the given spolutien. In many other
.oases. mstal dissclutien and reduction‘ of oxygen proceed
at comparable rates; the electrode thus acquires a
potential which is appreciably more pesitive than that
of the metal/metal i1on 3ystem, and appreciably more
negative than that of the oxygen electrede in the given
solution, In this case the reverse rectiens, 1.e. the
deposition of metal icns and the anodic¢ evolution of

oXygen, are neglected, and

-~ =
Vl'—-“"a Vcorr............................ {10)
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The potential ascquired by the metal in this case satis-

fies the equality ef the anodic and cathodic reactlion

rates, end 1s called "corrosioen potential®.

In view of the above argument we can proceed
to explaln the experimental resulcs. Thus, 1n solutions
of pH 4.6-13 contalning phsophete ions, the eanodic
areas of the metal surface are covered with a persisting
layer of iron oxide or iron phesphate. The shift
of potentlal teo less negativs values on inoreasing
the phosphate cnnce'nl:ratcn shows that Fhe rate of
the anodio reactien, viz., the metal dissolution 1is
being subjected to a decelerating effect, which is
possibly the decrease of the 1lenie conductlivity of
the jiron oxide or 1lron phesphate layer. In analogy
to 1ead’??, t1n?) and zinc(®) , this can be attributed
to the edserptlon of pheosphate iens on the iron oxide
or iron phosphate layer, 1in a highly peclymerised form.
The 1interface between the 1reon phosphate layer and
soglution acquires a semi-glassy constitution rather
than an 1lonic or crystalline structure, and hence,
inhibits the transfer or iron iens to the solution.
In order that the equallity between the rate of metal

dissolution and that of cataodle reduction of oxygen
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1s restored, the petential rises. This leads te decrease
of the rate of the cathcdle reaction V.’;‘I » and conseg-
uvently to diminuticn cf the correcsion rate (of equations
7 and 10).After reaching to a certain maximum, the
pcetential deereases with further increesse of concentra-
tien. This shift eof potential to the. actlve side
might be taken as indicaticon to increased corrosion
ra\ie_, on the basis that some complex compounds might

form at high phosphate concentrations.

V'e_therefore measured the cecrrosion rates 1in  some
representative solutions. The results given in fig
(5). reveal that the corresicn rates at concentrations
higher than Cmax are generally smaller ;han the rates
at lower ceoncentrateons, This means that although
the potential decrease the corresion rate is further

diminshed.

The decrease cof potential after reaching a maximum
value 1s expleined c¢cn the basls that further increase
of concentratlon permits eadsorption on the cathedic
sites of the metal surface. The area available for
cathoedi¢ reductlen of oxygen, (1l-x), decreases, gand
hence, the rate of reductien ‘Ja ¢y Should decrease
as equation (7) dimplies. Accordingly, the potential
decresases sc that the equilibrium between the ancodie

and cathedle reacticon Is again restered. If follcws




that 1’1 and conssguently tne corresicn rate iz orce

mere “iminished (Cf, ecustion {(S) anc (10).

Summary:

The peotential of the iron electreode in aguecus
o] .
phesphate scluticns was measured at 30 C as a function

of' PH and electreclyte concentration.

In pure phespheric acid sclutions as well as
in phespherice azid-primary .phesphate_ mixtures having
constant pH valus, corresion of iren is promoted as
the concentraticn 1is increased, This 1is pessibily
dug te ac-elea=t’or of the metal éissolution by adsorbed

iens on the bkare ancric arsas,

In sclutions of pH 4.6-13, the potential increases

with phosphate roncentratien, ansd after reaching a
maximum value, it decreases again on further increase
ef cencentration. The ceorresion rate was always rfecreas-
ing as the Theosprate concentration was inereszsed,
A mechanism fer cerresien inhibitien is propesed,
based on the adserption of cheosphate ions, on  the
surface of a persisting phesphate or  oxicde  layer,
in a highly pclymerise~ form. The film!sélﬁtion inter-
face accuires, theratcore, a sari-~glassy structure,

whizh hinders the transfer of iren ion te the sglution,



afF ¢Lﬂ$ qgéf‘I h- o 11 T 53, The-'detreasé
of 5c:eLtial aj te. tea‘h;n, a maximnun value was attrib=-
utei te the adrerptieor of hhcsphate iens en the bare
cathoedic areas of the 2lzactreie surface. This 1eads
to the deceleretion of the cathonic reduct_on ol oxygen,

and results in further inhihiticn of corresion.
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