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Introducticon:

.

rd
Pew studiecs have been carnied cut on theeleckred s
behaviour of metals in phosphate sclutions. The results

(1) and tin(a) showed that the nature

cbtained for lead
of the phosphate film 'anq the. concentration ranges
within which the electrcde exhibits reversible behaviour
depend on the electrode material and the selution pH.
In case cof zihc(a) , ne ther-mcdy_mamic behavicur was
observed. I.n' addition. to given informaticn regarding
the char.ac teristies of metals as phosphate electrodes,
these studiles help tc clarify the méchanism by which
phosphate iona irhibit the corresion of metals. ' In

continuation to our work 1in this field. We i1nvestigate

-4he behaviocur of iron. -

Experimental : - ot ) "

-

The potentlal of the iron electrode was measured
as a function of time within a period of four ~hours
'ink-af;ueous 'phesphat"e solutions of concentration. varying

4

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 values. Varicus series
ef solutions covering the pH range 2-11 were used;

(1}

the compesition of these has already been ‘given g

(]

The pH values were checked with the hydrogen electrode

and when posaibtle, with the guinhydrone electrodg.

The electrodes were prepared frcem Analar iron
rcds 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. fach experiment was carried out with a newly
pelished electrode and with fresh pertion of the solution.
A saturated calomel electrecde was used as a reference
electrede and the potentials are corrscted to the normal
hydregen scale. The potential ws measured with the
aid of a Cambridge potentiometer readible to 0.5 millivolt,

The results were reproducible to + 5 millivolts.

Determination of the cerrosion rate was also
carried out using the weight-loss technigue. Experiments
were performed on iron pleces measuring 5 x 10 cm and
O.Bpmm. thick, out from Analar iron sheet. The test
pleces were flrst degreased with acetone and then etched
in a solution containing 15 g/1 Naq Po, + 20 g NaCH
at 86—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 jJar,



— 123 — 3.

in which the speclmen was suspended for 2 hours in
the test soluticon. The specimen was then remecved,
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 1in all experiments were of
Analar grade. All measurements were carried out at

30°C in an air thermostat controlled te + 0.5 .

Results and Discussion:

Corrosion of Iron Iin Aclid Phosphate Solutions:

The steady state peotentials obtained four heours
after 1lmmersicn in 0.001 - 1 M H PO, are pletted as
a function of the legarithm of the molar acid concentra-
tien: and the curve is shown in Fig. 1. As evldent
from this curve the potential increases with the acild
conicentration. The increase amounts to 90 mv/unit
log C. The potential tends to a more or less constant
valuz abt about one molar =acid. These results cannot
be attributed tc the behaviour of the metal as a metal
oxide electrode, because the persistence of oxides

is not possible 1n these acid medla. We therefore

concluded that the cbserved potentials are corrosion

potentials, rather than thermodynamic values,



Compariscn of the results obtained 1n these acid
. scelutiens with thogse o¢observed by Brasher in neutral

(4)

sclutions reveals that cceorrosion prometien 1is net
necessarily accompanied by a negative sleope for the
petential - leog C relation. Brasher"s> equaticn might
be understeood on the basis that the anions promote
the ancdic reactien whereas the cathodic reactien 1is
not ai‘fected by the anions. Thus, if the concentration
ot the zathedically reduced entities (8" or (b melecules)
remains constant, equality of the anodic and cathedic
reactiens rates 1Is brought about thrcugh the shift
of the corresien pctential te mere negative values.
In 2cid sclutions, the rate of the cathodic reactien
Increasees with increase of H+ ien activity. Thus,
if the increase of the cathodio reactien rate 1is larger
than the increase ¢f the ancdic reacton rate, the corr-
osicn petential inereases. The results of the present
investigaticon indicate that cathodic acceleration pradom-

-

inates.

In order tc test whether the iIncrease 1in the
cerresion rate is due only to the increase eof H ion
activity cr the aniens contribute in the premotion
of coerresion, the corresien behavicur was studied at
constant pH value, ca. pH2. Pence, the corresion rates
wer2 peasured  in equ:‘Lmolar .‘-IaH2 PO4 -H3 F‘O(1 nixlares,

within the range Q0.001-0.2. The resul¥s are rchown

in Fie. {2}). It is rlear trat Hz,"’ff ions fprevote
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the corrosion of the metal. This behaviour is important

because it 1ndicated that the primary phosphate ion

exhibits ceorrosive action. In this respect the results

(4)

agree with Erasher's theory . However this ien did
not show inhibitive action at higher concentrations

(4)

as required by Brasher thecry for neutral sclutions.

Corrosion Inhibition with Phosphate. Ions in Neutral and

“Alkaline Solutions:

Potentiel-time curves were also constructed for
the 1ron electrode ‘1'n sodium phosphate solutions of
different pH values. The steady state potentials obtained
four hours after immersion, are plotted as 2 founction
of the logarithm of fthe molar concentration. Different
relations were obtained depending <-:n the solution pH
(of. Figs. 3 and 4). In none of the solutions studied
within the pH range 4.6-13 did the electrode potential
show a linear logarithmic decrease with phosphate conecen-
tration, indicating that, at least under our experimental
condition, iron does not pehave as a reversible metal/metal

phosphate electrode.

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

are glven in the fellowing table.
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3
eries PH max C
max

NaH2F04(in acetic acid 4.6 - 0.408 V 0.005 M
sodium acetate buffer)

HaH,PO, + Na,HPO 6.5 0.394 ¥ 0.01 M

4

Naapo4 9.4-12.8 0.136 ¥V 0.02 M

NazHP04 + Na PO4 10.96 0.094 V 0.05 M

3

Na PO + 0.01N NaOH 11.2 - 18

350, 0.083 vV 0.02

=

As menticned above, the Increase c¢f potential
with phosphate concentratvion shows that 1ron deces neot
behave as metal/metal phosphate electrede. The results
indicate also that the electrode potential is not governed
by an oxlde layer. This is because the scluticns of
a given =erles are adjusted at a constant pH value,
and hence, the notential should have remained constant
in the gdifferent sclutions cof eac;l series, The behaviour
observed in these soluticns 1s not vrobably ascribed
te the inhibitive effect of phosphate ions con the corrosion
of iron. The mechanism cf corrosion inhibitien and the
phenomenon of potential maximum are dilscussed here below

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

reactions.

The heterogenity of the surface, 1in the sense

that some sites are anodic and others are relatively
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Qrthedic, 1s now a well established fact. At a metal
corrceding in aerated sclutiens, the prcbable reacticns
expected to proceed are:

i) Anedic disselution of the metal from the anodic areas

M.;—‘Mz+ P O

11) Cathodic deposition of the metal ions at the cathedic

areas.
2+

WY & #2a —="¥'ooooocooonoooooooononooooocon GER
1i1) Cathodie reductlon of oxygen at the cathodlic ereas

0, + 2H,0 + de = 4 OH (in alkaline solutions)(3)

2
iv}) and finally,- the ancdic evolution of oxygen at

the anodic areas.

4 OH —> 2§, 0 + O

5 2+4e semersZanensannsases  (4)

The rates of these reactions are represented, respectively

by:-
vl_ (x) exp[—gg‘—EF B 9 ]
v, - K2(M }(1- x)exp[ giiflgg.............(s)
vy = K (0,)(1-x) exp "lﬁ;--zf (D)
v. = K {OH)(x) . exp [_sﬁl_glgg_j O £ 3
q a4 RT

VWhere Kl, Kd(a and K4 are the rate constants, x is the
anodic fractien cf the surface and (1l-x) the cathodic
fraction; o<£ and 3 are the fractions of the electrode
potential, E, which accelerate the metal dissoluticn
and reduction cf oxygen, respectively, and (l1-o& ) and

(l—p} correspond to the reverse reactions.
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Under stationary condltions, the metal corrodes

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

corr !
vtion, which 1s alse equal tc the net rate of reduction
of oxygen;

thus

= =~V =V, =V i iireanr oo
Vcorr vl 2 3 4 (s)

The reduction of oxygen is often very slow- compared

to the metal dissoclution. Thus (Vl- V2) = 0, with

the result that vlﬁ 1’2 - This means that the potential
approaches the reversible value o©of the metal/metai
ien or metal/metal compound when a precipitating anion
is present, For ncble metals, on the other hand, reduction
of cxygen procsads at a higher rate than metzl dissoluticn
Hence, (VS = V4)2'-0 and accordingly \,’3"‘_‘.’. V,. The potential
appma_ches, therefore, the reversibie valhe of  the
oxygen electrode in the given solutien, In many other
.oases. mstal disscluticon and r‘eduction‘ of oxygen proceed
at comparable rates; the electrode thus acquires a
potential which is appreciably more pesitive than that
of the metal/metal ion 3ystem, and appreciably more
negative than that of the oxygen electrede in the given
seclution., In this case the reverse rections, 1.e. the
deposition of metal icns and the anodic evolution of

oxygen, are neglected, and

Vv, = V

v, ™
1 —"3 COIT e asnsansnsscnsnsnneocnaanas (10)
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The potential acquired by the metal in this case satis-

fies the equality of the anodic and cathodic reaction

rates, end 1s called "corrosion potential™.

In view of the above argument we can proceed
to explain the experimental results. Thus, in solutions
of pH 4.6-13 contalning phsophaete ions, the aeanodic
areas of the metal surface are covered with a persisting
layer of ircn oxide or 1iron phosphate. The shift
of potential te less negative values on 1noreasing
the phosphate conce}ltratcn shows that Fhe rate of
the anodic reactien, viz., the metal dissolution 1s
being subjected to a decelerating effect, whlch |is
possibly the decrease of the ionicf conductivity of
the iron oxide or 1ron phesphate layer. In analogy
to lead(“, tin(z) and zincta) , this can be attributed
to the adscrpticn of phesphate ions on the iren oxide
or iron phosphate layer, 1n a highly peclymerised form.
The interface between the 1iron phosphate layer and
solution acquires a semi-glassy constitution rather
than an 1onic or crystalline structure, and hence,
inhibits the transfer or iron iens to the solutien.
In order that the equallty between the rate of metal

dissolution and that of catnhodlc reduction of oxygen
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1s restored, the potential rilses. This leads to decrease
of the rate of the cathedlc reaction Va , and conseqg-
uently to diminution cf the correosion rate (cof equations
7 and 10).After reaching to a certain maximum, the
petential decreases with further increase cof concentra-
ticn. This shift cof potential to the. active side
might be taken as indication tc increased coerrosion

rate, on the basis .that socme complex compounds might

foerm at high phosphate concentrations.

V'e _therefore measured the cecrrosion rates Iin  some
representative solutions. The results given in fig
(5). reveal that the corresien rates at concentrations
higher than Cmex are generally smaller Fhan the rates
at lower cceonecentratons, This means that althecugh
the potential decrease the corrosien rate 1is further

diminshed.

The decrease of potential after reaching a maximum
value 1s expleined on the basis that further increase
of concentratlon permits adsorption on the cathodic
sites of the metal surface. The area available for
cathodic reducticn of oxygen, (l-x), decreases, and
hence, the rate of reductien V3 + Should decrease
as equaticn (7) implies. Accordingly, the potential

decreases sc¢ that the equilibrium between the anedic

and cathcdiec reaction 1s again restored. If follcws




that "1 an? conssgquently tne corresicn rate i3 once

mere “iminished (Cf, ecustlon (S) anc f10).

Summary:

The petential of the iron electrode in aquecus
o]
phesphate scluticns was measured at 30 C as a functien

ot pH and electreclyte concentration.

In pure phospheric acid scluticns as well as
in phespheoric azid-primary 'phesphate. mi)_:tures having
constant pH value, corresion eof iren is premcted as
the concentraticn 1is increased. This 1is peossibily
due teo ac-elea-t‘or cof the metal dissolution by adsorbed

ions on the bare ancoric arszas.

In sclutions of pH 4.6-13, the potential increases
with phosphate roncentraticon, an3 after reaching a
maximum value, it decreases again on further increase
cf cencentration. The ceorresion rate was always ~ecreas-
ing as the Theosprate concentration was increased,
A mechanism for cerreosien inhibhition is prepesed,
based on the adscrption of chesphate ions, on  the
surface c¢f a persisting phesphate or  oxice leyer,
in a highly peclymerise~ form, The tilm/sclution inter-
face accuires, theretore, a sari-glassy structure,

tthich hinders the transfer of iren ionm to the scluticn,



2 5 aas g 3l h- o =2 i1 r st3, The .decreasé
a3 pc:ELtial aite' ez h.n. a maximum valus was attrib-
vutei tc the adrerptier of phesphate iens en the bare
cathedic areas of the 22ctre-ie surface. This 1cacs
to the deceleration of the cathonie reductieon ¢ oxygen,

and results in further inhihiticn 2f corrosion.
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