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ABSTRACT

- —

Rates of anodic oxidation of iron are measured at ccnatant potential
in diluted perchloric scid, acetate and borate buffers, and scdium hydroxide
solutions, A treatment for the kinetics of ancdiec oxidation of metels at
constant potential is presentsd for processez in which a solubls species is

formed and processes yielding insclubls producte are also interpreted.
Experimental methods are described.

The kinetics of the anodic oxidation of metals is involved especially
when ingolubis products are formed. These processes do not lend themeelves to
mathemtical analysis, end an essentially experimemtal approach must be
followed, Such an approach im adopted here, and results are reported for iron.

EXPERIMENTAL

POTENTIOSTAT,

The potentiostat was a modified version of the inztrument described

1
by lamphere and Rogers . So many potentiostats bave been descriled in

(1) R. W. hmh@e and Lo B.v Rogerl, m. Che‘:.o’ 22’ ,.L63 (1950).

2
the literature that there is no need for a detailed description herej

(2) J. J, Lingane, "Electroanalytical Chemistry", Interscience, New York,
Ne Yoy 1953, PPe 202-2k o




2 -
The diagram of Fig, 1 is sufficilently explicit. The potentiostat had an
output, voltage of approximately 160 volts; the maximum current was 2. amperes,
ELECTROLYTIC CELL,
The cell was designed to achieve uniform curreni density over the whole
s&rea of the electrode, The arrangement is quite apparent from Fig, 2. The /

electrode of the metal being studied was a disk placed at the bottom of the
Lucite cell, A disk was pressed against the electrode by means of three screws.
Comnection (B,) was obtained by pressing a metallic point on one face of the
elsctrode, A thin (0,2 mm or so) plastic washer inserted betwean the metal and
the wall of the cell ensured tiphtness. The dlameter of the working ciremlsr
area ¢f the electrode was 2,5 ~m, The auxiliary elecirode was & platinum disk
(E;) whose diameter was only slightly smaller than that of the effective circular
area of the electrode, Electrsde E, was inserted in a separate compartment
whose bottom was a fritted glass disk. An agar-agar plug (not represented in
Fig, 2) covered this disk and decreased the rate of diffusion of electrolyte
from one compartment to the other. The assembly of electrode E; was held by a
rubber ring R,

Uniform stirring was obtained by circulating the electrolyte at the rate
of 200 ml. min, by means of a pump P {Fig, 2 right) made of uncorredable
nateriala. Ozygefa was removed by bubbling nitrogen in cell C;e This cell was
maintained at 3% # 0,1°s The total volume vr scluvion was i;20 mi.

-

. e
- rer . eeema o P C OURNeforen. % i a FLETL .




(3) Vanton Corporation, New York, N. Y.

The potential of the working electrode (E;) was msasured against a
saturated calomel electrode which was connested to the main cell by a wsalt

bridge (241led with the same elecirolyte as the main cell), The usual Haber—

‘é
:
g
i
f.

Ingzin tip for reference electrodes was not utilized, because the resulting

shielding of the working electrode causes a local decrease in current density

L

in the area of the electrods where thc potential is being measured, This

4
effect wes studied extensively by Piontelll and coworkers ,

(4} R. Aletti, U, Bertocci, G, Bianchi, C. Guerci, R, Piontelli, G. Poli,
9 ] ] 9 ?

eI %+ e A

and G. Serravalle, Int. Comm, Electrochem, Thuerm. Kin., Proceedings ¢f 3rd
HQBEB, hnfred* Mﬂan, 1953, PPe 30‘,-12.

who recommended a cylindric tip pressed against the electrode, This procedure
was used in this study. The end of the tip was made of a Lucite piece which
was cemented to an ordinary glass +tube, There was virtually no electrolysis

a%, the point of contact, but the current density was otherwise uniform,

I AT T Y L £ - At o

Connection between electrodes E, and E; was provided by a small canal O
i (diameter 0.5 mm) whose lower end was in the immediate vicinity of the surface
. of the wurking electrode.

TREATMENT OF WORKING ELECTRODE,

5
The working electrode was made of "pure™ iron . The metal was first

ahan e m




R,

R - - Tmaced

(5) Obtained from D, H, Masksy, 198 Broadwey, New York, N. Yo The emissicn
spectrum indicated that the metel was at least as pure as “spectroscopicaliiy
pure iron",

cleaned with acatone and water. It was then immersed for 15-30 sec, in 6 M
hydrochloric acid and rinsed with distilled water. The electrode was dried
and finally weighed. At the end of eslectrelysis ths electrode was rapidly
removed from the c¢sll by unfastening the taree mcrews at the bettom of the
cell, the electrolysis circuit remaining closed, The electrode was washed
in 6 ¥, IICL for 30 mec. to remova tra mroaducts of snodie oxidationy this was
folloyed by waahing in water and drying under vacuum, Losses of weight as

R |
low a8 042 — 0.3 mg, cm. hr, could be muasured,

DESCRIPTION AND DISCUSSION OF RESULYS

OXIDATION IN 0,1 N PERCHLORIC ACID,

Rates of oxidation of iron in 0.1 H perchloric acid are plotted
against potential in Fig. 3. The rate of oxidation decreases as the potential
becomes more cathodic. These results can be explained as follows,

The current for the anodic oxidation of & metal with the formation of
a soluble species is

- (1)




wn

whers the k's are rete constants for the snodic and cathodic processes res—

! pectively, fysn the activity coefficient of ion M™, (Cy, ). . o the con=
centration of ion M'® at the electrode surface, and A the area of the electrode.
Equation (1) 4s written on the assumption that the sctivity of the metallic
alectrede ir unity end that the anodic procsss is controlled by a single rate
o determining step, Furthermore it will be asswmed that A is constant during
electrolysis, i.e. that there is no preferential attack.

The current can also be written in terms of the fiux of ion M'® at

the elactrode smrface. Thus
' (2)
] ﬁ\ n
(’, —= - ;.2 F,A _DM-'n [’) :,__/44-7', / DJ’.'_ }
- v [ Il

N Sz

: vhere D)Hn is the diffusion coefficsent of ion MB, The calculation of the
. derivatize in (2) 4= exceedingly difficult in ths case of a stirred solution 2ven

under the cass of luminar flow®, and an approximatz solution based on

(6) See for example B. Levich; Actd Physicochim, U. R. S. S., 17, 257 (i942).

Nernst’s concept of diffusion layer will be given here. Thus

- -]
") Chrn (Cis) = Coer @

Z=C
~
;

e
vz w oz 2
: n
where C‘Hén 4s the concentration of ion M*P in the bulk of solution, and ¢
N
the thickness of the diffusion layer. Since 4 is very small in couparison

with the dinensions of the vessel, C°y,, at time ¢ is

-

[
o / .ol

E>
L~ 4

C
/1,!1-71
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where V i8 the volume of 3olution.

By combining equations (1) to (L) onc obtains a differentisl oqustion
whose s8clution is

(= 7 F e)VS/ vg\_ﬁ+) j

This solution is written for C.M-i-n- 0 at t = 0, The average rate of

oxidatiou W for a durstion ¢ is obtained from {5) by application of Faraday's

law, If cne assumes that f 1s independent of time, one obtains

. 6
. W; kn ,‘ fv/l_-_ f/' X‘):\ ( )
W = , a V\
M AT
where W, 1s the atomic weight of metal M and A 1is defined by
n

) = AD

\/f(ﬁ—-b? +o)

The fanction of the dimensionless g.oup A I in equation (7) is equal

unity for AU =13 this function, which decreases as A L increases,

D

proaches zero for sufficiently large values of A U . Two important con—

clusisns ean be drawn from equation (7).

{1) When the potential is sufficiently anodic, Kc and consequently A ,
1s very smelly equation (7) can then be written under the form W = Wyk,. OSince
K, 12 an exponentisl function of the electrode potential, a plot of log W versus

potential should yield = straight line, This is essentially the case in Fig 2

faw natantinie mora anadie than 0.2 velt., L&A= the notentisl is made more
e WL !JV WArdidi Vunabdel? MBBISD W s W ¥ W e -y s ¥ s we =1 oA w P e LT —— L~ g -

=, Y PN
1R . a e mrroatien ¢ ARHPRII I DD A O AP BTIRD D ARG 1y T - 42p U BB B 1) PR PP S TR QU Y (TSR, < S L e — T LS TS s g ne b o N G oo ]

b
/

anodic the influence of the cathodic process becomes more prénounced, i.e,

e
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k, increases, The rate W is thus smaller than ome would expecit from pro=-
portionality between W and Wy k;, and there is a departure from linearity in
the diagram of Fige 3, Nu precise calculation of the dependeace of ka. on
potentizl can be deduced from Fig. 2 because of the fsllowing cause of errors:
the vaine of the potential of the working clectrode with the cell of Flg. 1
includes the ohmic dirop between the end of canal O and the surface of the
elsctrodse It would be difficult to evaluate this error, although it could be
minimised by decreasing the diameter of canal 2, However, this solution is wot
practical because the canal O is then too easily plugged when a precipitate (sce
below) is formed at the surface of the working electrode.

(2) The averaze value of ¥ at a given potential depends on the duration
of electrolysie. Thus, /\ is conetant at a piven potential. hut )\ ¥ obhwisusly
increases with the duration of electrolysis, and the function of A Z in (6)
decreases, This effect is apparent from the dats of Fige he There is some
discrspancy between theory (curve) and sxperiment for the lomger durations of
electrolysis, This may result frai variations in the elsclreds arca while it
wad assuead in the above analysis that this area is constant, In quoting rates
of anodic oxidation at consvant potential it is therefcre essential to indicate
the duration of electrolysis, It migit seem preferable to report values of k,
and )\ s but these data could be used only for cases in which the above treat—
ment is applicablej this would not be sc when Pilms are formed (see below) or

when the anodic process cannot be accounted for by equation (1),

OXTDATION YN ACETATE BUFFER,

Results for acetate buffers of different pH's are summarized in Fig. Se
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These resulis can be conveniently discussed by considering the potential-pH
]
diagram of iron ss established by Fourbaix . It should be emphasized that

(8) M, Pourbaix, "Thermodynamicque des Solutions Aqueuses Diludes® -~
Représentation Graphique du Role du pH st du Potentiel" (Thesis) Delf, Meinems,
1945, English translation by J. M. Agar, Armold, London, 1949,

®
this diagram supplies only equilibrium econditicns , while sxperimental results

cbviously depend on the kinetins of the reactions being considered,

(9) The construction of potential-pH diagrams is based on a systematic

application of the Nernst squation.

The use of the potential-pH diagram is nevertheless fruitful in the elucidation
of experimental results, Inspection of the diagram fer iron shows that between
pH L and 6 the oxidation of iron proceeds with the formstion of Fe“ion. The
equilibrium between P W ions and Fe(OH)g

Fo(0H); ¢+ 3H® + e = Fe*™* 4 3 10

must also be considered, The correspondiug equilibrium potential at 25° is 10

PR
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(10) P. Delahay, . Pourbaix, P, Van Rysselberighe, J. Chem, Educaticn, £7,
663 (1950),

E = 1,04, = 0,177 pH — 09,0591 log 8Lt (8)

The standard potential in equation (8) varies somewhat according te the
standard free energy ome adopts for Fe(OH),, i.e, according to the solubility

product of +this substance, Latimer's valuell of -166,0 keal,

{11} ¥. M. Latimer, "The Oxidation States of the Elements and their Potentials

/ﬂr

in Aqueous Solutions; Znd. Ede, Iietics-H2ll, New Yark, N. Y.. 1952, pe 221,

was usod here,

One calculates from (8) that E = 0,327 volt for pH = L05 and S e 1.
There iB therefore a relaﬁ_.vely large equilibrium concentration of ferrous ion
up to potentials as anodicy say, 0.3 — Oy volte At more anodic potentials
ferric hydroxide is formed and the curve for pH L.05 in Fig, 5 levels off pro-
gressively., At pH 4,99 and 5,37 the behavior of iron is somewhat different from
that at pH L.05; there is rapid drop in the rate of oxidation between C,1 and
0,3 volt. This probably results from the formation of ferric hydroxide at the
electrode surface, At 0.3 volt, one has approximately Bpoes ™ 1572 s but this
velue is quite uncertain because the AF® for Fe(OH)s used in the calculation
corregponds to a solubiiity product of 6 x 10 32 for ferric hydroxide, Values
as low as 10 *2 nave been reported for this datur® and the resulting value of

8ots at pH 5,37 and 0,3 would be much lower than i0° (10 ° or so)e In

———
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conclusion, thc formation of Fe{OH), probably causes the rapid drop in the rate
of oxidation at pH 4,99 and 5.37. This effect is far less pronounced at JE
4605,

The more or less linear segments between -G,7 and C volt in Fig, 4
should be shiftea tco more cathodic potentiels by 0,177 volt per increase of one
pH wnit (see equation (8)). Actually there is a shift in the right direction,
but the relative lack of precision of experimental data dose not allow one to
reach any fu-thar conclusion.

Because of the complexity ~f anodic processes which yield insoluble

subatances no attempt was made to develop a quantitative treatment,

OXIDATION IN BORATE BUFFER,

Data for the oxidation iz horate buffer of pH 9.0 are listed in Table I.
There was virtually no oxidation at potentials less anodic than 1.0 volt,
Pitting of the electrode was observe!d at more anodic potentisls, This ob~
ssrvabion can be explained as follows., Oxygen is evolved at these very anodic
poventials, Since the surface of the e.ectrode is not tniform, oxygen evolution
cccurs in these areas of the electrode surface where the overveltage for this ‘
reaction is lower than in the other parts of the electrode, The svolution of
oxygen is accompanied by the liberation of hydrogen ion and by a local Aecrsase
in the pH of the solution. The solubility of ferric hydroxide is increased
accordingly in these areas where the cxygen is evolved, and there is a high rate

of localized exidatione

OXIDATION IN SODIUM HYDROXIDE,

Rates of anodic oxidation in 0,1 N, sodiuvm hydrexide were too low to be




o
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measurable with precision., Ne¢ experiment was wmade above pH 13 because of the

danger of attack of the ecircalating pusp (rubber part).
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TABLE 1

ANODIC UXIDATION OF IRON IN BORATE BUFFER OF pH 9.C

[
N

W PR AT AN NI N B

+1o706

t Potential Rate of Oxidation
Yolts j_!. N.H.E, mgncmo-ah‘;_‘

{

i

P
=0.757 c1

: ‘1.098 '01
+1,250 0.17

\ .
*]uhhh Qohs
+1,549 3470

| | 7.19

(1) Smaller than sxperimental errors




e T mmmmmﬂwmmwf"ﬂ‘

Ly g S A SN2 SGFTTIIT R OSTY e WA ot

g4

1N
f

LIST OF FIGURES

E—
4. .

Mg, 1, Schematic diagram of potentiostat, Ty, isclation transformer, 3L0
wattsy T,, isolation trensformer, 150 wattsy T3 and T,, "Powerstat" transformer,
3 amp, eutputjy R,, selenium bridge rectifier, 1l volts, 0,9 amp.} Ry, seienium
bridge rectifier, 168 volts, 2.4 amp.y Cy to Gy, electrolytic condenser, 125
microfarads, 350_ voltey Cs to Cg, electrolytic condenser, 250 microfarads, 350
volisg ry to rs?ésﬁ-, 50 wattsg r.. LO ohms, 200 wattej rg to r,, 10 ohms, 200
watt8} rg t0 rya. shunts for meter A to give readings of 0,05, 0,5, and 5 amp,;
respectively} ry,, 20 K., 20 wattey rzq, 10 Koy 20 wattsg rysy 5 Koy 20 wattsg
Tyes 2 K 20 wattay ryg, 1K,y 20 watisg rye, 500 ohms, 50 wattsy ry,, 200 ohms,
100 waiisy r,g, 10C ohme, 170 wattsg r;5; 50 ohms, 100 wattsg r,o, 25 ohms,
200 watte; py, potentiometer, 16 ohms, 100 watisy pp, "Helipot® potentiemeter,
1000 ohms, 10 turns, 0,185 pa, potentiometer, 2000 ohms, wire-wounds p,,
potentiometer, 200 ohms, wire-woundy Sgy DePoD.I, switch; S, and Sg limit
switchesj Sy push-button switchy by, 6 volt storage battery; Br, "Brown"
amplifier model#¥356358-1; M, “Brown" reversible motor, model #f76750-3;

Yy, 0~150 volt, voltmetery Va, O-3 vclt, volimetery 4, O-5 milliamp, ammeter,

Fige 2, Electrolytic celi and accussories.

Mg. 3. Variations of the rate of anodic oxidation of iron (in O,1 N perchloric

acid with potential, Duration of electrolysis, 2 hours,

Fig. he Variations of the rate of anodic oxidation of iron with duration of

electrolysis. Points are experimenial valuesj curve calculated for A =0,8733 wine™

Fige 5 Variations of the rate of oxidation of iron in acetate buffers with

potential. Duration of electrolysis, 2 hours.
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