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ABSTRACT

The dissolution of platinum from platinum iron alloys in
‘oxygenated hydrochloric acid/sodium chloride solutions has been
investigated using an autoclave technique.

The dissolution rate was found to be dependent on alloy
composition, acid concentration, and oxygen pressuref The dissolution
followed typical corrosion kinetics and analysis of the results
indicated that the cathodié reduction of oxygen was the rate controlling
step in the dissolution reaction, at high chloride ion concentrations.
An apparent activation energy of 16.8 kcal per mold was found for the

dissolution of PtFe alloys, and 19 kcal per mole for pure Pt sheet.
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INTRODUCTION

I. General

The extraction and recovery of platinum and the associated
metals of the platinum group from ores and industrial scrap is of
increasing importance as world demand grows. Present extraction
and recovery processes are all based on the old and proven aqua regia
dissolution as a first step, followed by classical chemical
separationsvof the various metals. As the aqua regia process is
expensive, slow and generally limited to a series of batch operations,
an investigation into the possibilities of applying modern high-
temperature, high-pressure autoclave techniques to the dissolution of
platinum was thought to be interesting. This type of processing
would be generally applicable to both ore concentrates and industrial
scrap materiai; with perhaps a further use in recovering platinum values
from low grade deposits not presently ecohomical to exploit. A general
review of thé.mineralogy and extractive ﬁetallurgy of platinum shows
that the native metal is most commonly the starting material available
for extraction. The principlés of metallic corrosion should apply to
the chemical dissolution of Ehe native piatinum, as it is a metal or
metal alloy. As part of the introduction to this work then, it was

neééssary to look at the mineralogy of platinum occurrence, the chemical
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and electrochemical corrosion of platinum and the commonly used
recovery processes, as well as reviewing previous attempts at

dissolving platinum under pressure.

II. Mineralogy of Platinum Metal Deposits

The platinum metals occur mainly as platinum minerals associated
with nickel-copper sulfides or copper sulfides in lodes, or as
platinum metal alloys disseminated in ultrabasic rock and in placer

deposits derived from these rocks.

(i) Lode Deposits

Platinum ores in lode deposits ﬁay be classified into three main
types, according to the relative concentration and form of the contained
platinum metals.

In the Sudbury type of deposit, the platinum metals are nroduced
as a by—producf in nickel and copper prodﬁction. The platinum metals
are contained in nickel—gopper, copper or copper-cobalt sulfides that
are related torbasic or ultrabasic rocks. 1In this type of deposit
there are no native platinum metals or alloys. The platinum minerals
are sperrylitev(PtAsz), michenerite [(Pt, Pd)(Bi, Te)], froodite (PdBiZ),
and minor unnamed minerals.

The Merensky type of deposit consists of platinum-bearing copper-
nickel sulfideé in which the platinum values are high enough to
constitute the principal ore mineral. The platinum occurs mainly as
sperrylite and cooperite [(Pt,Ni,Pd)(S)] in lenses of peridotite or

chromite in the host ultrabasic rock. Small amounts of native platinum

metal alloys are also present.



The third important type of deposit is a concentration of native
platinum metal alloys disseminated in peridotites and sometimes in
perknites. Most of these deposits are in dunité which is commonly
altered t0’serpehtine. This type of deposit is the source of the
Uralian placers, the Goodnews Bay deposit, and the Tulameen placers.
Most of these deposits are either too small or too low grade for direct
ﬁining, although some highlgrade concentrations in masses of chromite
in dunité have been found. The Transvaal deposits of platiniferous iron-
rich dunite are mined for platinum occurring in this way.

There are also a number of minor platinum metal occurrences, for
example in gold ores, in platinum bearing meteorites anddn‘contact

metamorphic copper ores.

(ii) Placer Deposits

Platinum placers are alluvial deposits that contain economic
amounts of native platinum metal alloys.i The two types of alloys may
be typified as ‘platinum' and 'osmiridium' with the two often occurring
together. 'Platinum' consists mostly of that metal, but contains all
the other platinum metals in varying amounts. 'Osmiridium' consists
dominantly qf iridium and osmium but aiso includes ruthenium, rhodium
and platinum. Both these alloys can also contain base metals such as
iron or copper; either as minerals or alloys, in varying amounts.

Platinum placers are derived from dunites, serpentinite, or perknites
in which the native platinum metals are very highly disseminated. As in
gold placers, the platinum placers are assumed to be close to their

bedrock sources in the absence of extensive glaciation.
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The major placer depoéit in British Columbia is in the Tulameen
area near Princeton. This series of post-glacial stream and terrace
placers ié derived from a large intrusive mass of pyroxenite and
_ gabbro containing two smaller bodies of peridotite; The peridotite is
considered a more important source rock than the pyroxenite. The
platinum occurs in these placers as small rounded grains of platinum
rich alléy, with'émall pits and some adhering chromite and magnetite.
Dana2 hés given the compoéition of the naturglly occurring Fe-Pt
alloys, knowﬁ as polyxene and ferrian (férroplatinum). Polyxene
is 80-90% platinum and 3-117% iron while ferrian is about 28% iron.

An assa& of two types of platinum found in the Tulameen Placer deposits

gave the following results:

Magnetic Non-magnetic
7z Pt 78.4. 68.2
% Fe 7.87 9.8

The weighted average was 72.0% platinum and 8.6% iron. If the Fe-Pt
ratio is taken'és indicating an alloy'comﬁosition, these assays would
puf the Fe-Pt éilo& from the Tulameen area és being somewhere in between
FePt and FePt3. These two alloys are intermetallic compounds, as shown
in fhe phase diagram Figure 1. These alloys should be more easily
dissolved tbaﬁ pure Pt and as they occur commonly in this particular
deposit the investigation of their dissolution properties should prove

of more practical value than similar investigations on pure Pt.
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III. Extractive Metallurgy of Platinum

The extractive metallurgy of platinum is essentially the same
whether thé oncentrate is produced as a by-product in Cu—Ni
production or as abprimary metal value from placer or lode deposits.
Platinﬁm metal concentrates derived from Cu-Ni sulfide ores are
produced from matte anodes as anode slimes. _The copper and nickel
are dissolved electrolytically from the anode in an acid sulfate bath.
The anode slimes are collected in anode bags, then removed and washed.
Tﬁe washed slimes are roasted to remove sulfur, ground to - 40 mesh, then
vleached in hot sulfuric acid to remove residual copper and nickel.

_Tﬁe residual slimes concentrate is washed and filtered and sent to a
platinum refiﬁefy.

In placer and lode platinum operationé the platinum metals are
concentrated by graviﬁy techniques, usually a dredging operation in
pléﬁer mines, followed by tabling. Flotafion hés also been used in
some lode erations. The resulting concentrates from either tvpe
of deposit are then sent to the platinum refinery.

In most platinum refineries the steps followed are almost the same;
thé:following.description is of the Engelhard3 refinery process which
is probably typicai of the industry. The bulk concentrate is first
leached in hot aqua regia. This is done in glass lined vessels as
.follows: Five hundred pounds of concentrate are heated to 80°C in five
hundred gallons of 5:1 concentrated hydrochloric acid. One hundred
gallons of nitric acid is added over a period of eleven hours, then
the residue is filtered off. The solutibn, which is rich in

dissolved platinum, palladium and gold, is evaporated to drive off



.nitrates, then redissolved in HCl and sent to an ammonium chloride
precipitation. This precipitates an impure platinum ammonium chloride,
which is calcined to platinum metal, then redissolved'iﬁ aqua regia and
reprecipitated as pufe platinum ammonium chloride. This precipit;te
is then calcined to produce commeréial platinum sponge. The solution
after the first precipitation is treated to extract the other platinum
.metals, (i.e. iridium, osmium, rhodium and ruthenium). ’

Most recovery operations for scrap platinqm either in catalysts or
‘in metal form are based on a similar procedure. They differ only in
minof details and are applicable to platinum recovery from catalysts, and

other sources of contained platinum metal.

IV. 'Literature Review on Platinum. Corrosion

(i)  Anodic Dissolution of Platinum

The extensive use of platinum as an anode in electrolytic cells and
for cathodic protection in sea water as well as.its use in polarographic
analyses has lead to some investigations of corrosion under anodic
conditions. Even though the platinum has been considered to be 'inert",
it is slowly attacked ana eventually has to be replaced. Llopis and
Sancho4 found.that the anodic corrosion:of platinum requires high over

‘potentials and can only be studied in the presence cof complex-forming

=

ioné. In HC1 and‘chloride solutions{ platinum dissolves as PtCl6 ét

the anode. The nature of the platinum éurface has some effect on the
corrosibnvcharaéteristics, with platinized titanium anodes being more
susceptible‘fhaﬁ solid platinum anodes. . For platinized titanium in

sea water,5 consumption rates of from 6-50 mg/Ampere/year have been



reported,.while under similar conditions pure platinum anodes were
uniformly ﬁonsumed at a rate of 6-7 mg/ampere/year over a wide range
of current density. In an electrolysis cell for the production of
sodium hypochlorite for sewage treatment plafinum consumption rates
of 50-100 mg/ampere/year were reported,6'and could be controlled by
controlling the anode potential. The platihum loss was ﬁoétulated
to be related to a potential dependent change in surface structure,
corresponding to the formation of platinum oxide. On platinized titanium
énodes5 in acidified chloride solutions, this anodically formed oxide
dissolved at open circuit.

A recentvstudy of fhe passivation ofbpiatinum in 1-8 M HC1 and
1-5 M NaCl sélutions sﬁowed :apia corrosion below the passivation pbtential.
This.poteﬁtial Qas [H+]‘independent, thus rﬁling out direct oxide
formation as the cause of passivation. If.was‘concluded thét passi?a—
tion is due to the formation of a series bf adsorption‘complexes,
with a final surface of PtOX'nHOH.

| In HC1 solutibhs prior to passivation,4 platinum dissolvés to form

PtCl6=. Tﬁe rate of éorrosipn increases with temperature, chloride ion
concentrgtioniand acidity. The activation energy for diésolution\was
found to be 25 Kcal/hole corresponding to a highly irreversible step.
Suﬁefimposed alternating current increases Eorrosion by minimizing

concentration polarization effects.

(ii) Chemical Dissolution of Platinum

Platinum is a very noble metal, and extreme conditions must be

used to dissolve it chemically. According to the Pourbaix diagram,9



(Fig. 3) platinum is stable in aqueous solutions of all pH'g, in the
absence of complexing agents, except under certain very low pH and
highly oxidizing conditions. A£ room temperature platinum is
unattacked bywater, caustic alkalis and acids and attacked slowly by
oxidizing agents, except when complexes are formed.

The best known and most commonly used reagent for dissolving platinum
is aqua regia. This acid combines the oxidizing power of nitric acid
with the complexing power of hydrochloric acid and dissolves platinum as
chloroplatinic acid, HthClé. Pure HCl hardly attacks platinum, but
if it contains dissolved chlorine or oxygen the combination of oxidizing
and complexing actions will dissolve the metal.

Some platinum alloys, especially those with iridium, are insoluble
in aqua regia, and must be dissolved by some other method. Some
methodslO which have been used are closed tube fusions with salts,
closed tube dissolutions with HCl and added oxidizing agents, and
open boat chlorinations both with and without added salt. Fusion
with base metals followed by acid attack has also been used as a method
of dissolving resistant platinum metal alloys and is the basis of the
classical fire assay techniques.

Tronev11 studied the dissolution of the platinum metals in
hydrochloric acid under high air pressures. He found that acid concentra-
tion, particle size of the platinum, over-pressure of air and temperature
were the important variables in increasing the dissolution rate.

He proposed a mechanism of dissolution involving a free chlorine molecule

produced from the HCl oxygen reactiom.



Eh (V)

1.0

- 10 -

2
Pt —=PtC1." 3
all= |
\\ @i 1>
1 L 1 !
-2 0 2 L b

pH

Fig. 2. Eh-pH diagram for the systems 0,-H,0, and Pt-PtC]G“
at 25°C, as a function of p0, and a [c17]

passivation

[~ corrosion

14

Fig. 3. Simplified Pourbaix diagram for the

system Pt-HZO



- 11 -

1. 2HC1 + 0O —>= HOH + Cl2

2. Pt + C1 + 2HC1I —= H,PtCl

As the equilibrium in equation 1 goes to the right as the temperature
rises, this mechanism gives an increasing rate with'increasing
temperature and hence fits his results. Tronev made.no attempt to
further characterize the dissolution reaction, simply stating his
results in tabular form.

Wichers, Schlecht and Gordon12 developed a closed tube method
of dissolving refractory platiniferous materials. They felt that
temperature could be the controlling factor in the inertness of iridium
and other platinum alloys to aqua regia in open vessels. They assumed

the same type of reaction as Tronev, i.e.

THC1 + HC10, —> 4Cl, + 4H,0

10HC1 + ZHNO3 — 5C12 + N2 + 6HZQ

+
HC1 + NaClO3 — C12‘ HZO
They found that some HCl was necessary for attack to occur, using LiCl
as a source of chloride ion. They also found a maximum attack on
irido-platinum alloys with the following mixtures at temperatures

from 100°C to 150°C.
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.27 ml HNO3 + 4.2 g HCL

.37 g NaClO3 + 4.2 g HC1
The authors concluded that the pressure developed, which could go as
high as 4000 psi, was unimportant as it was controlled by the reaction
mixtures. Interestingly enough, they also mention that Tronev's work
on dissolving platinum under air pressure is equivalent to their added
oxidant method of producing chlorine, with increasing air pressure being

regarded as increasing the chlorine concentration.

(iii) Corrosion Mechanism for Platinum in Oxygenated Acid Chloride

Solutions

(a) Anodic Platinum Dissolution

Llopis7 has reviewed the literature on the anodic dissolution
mechanism of platinum in chloride solutions. As mentioned above, Pt
diséolves as PtCl6= at the anode below the oxide formation potential.
The mechanism proposed can be expressed in the form of two consecutive
reactions:

Pt + xCl=  —> PtClX—X

(x-n)

x ne.  —> PtClX_

PtCl
X

The first reaction corresponds to specific adsorption of the anions

on the metal surface with complex formation, the second to ionization
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and desorption of the adsorbed complek. The adsorption of halide ions
has been shown to depend on the presence of adsorbed oxygen, and vice
versa. However, it appears that over the range of 0.35 to 0.75 volts,
Pt displays an entirely gas-free surface, with adsofption of oxygen
leading to xide formation at potentials above 1.5 volts.7 For hydrochloric
acid and NaCl solutions up to 3 M HC1, it appears that a potential
of at least 1.2 volts is required for any passivation to occur.
The chloride ion dependence of the Pt dissolution rate was found

to follow the rate law:
Rate = k [Cl_]o'9

which supports a Cl™ one electron transfer step at the Pt surface as the
rate limiting step.
The overall electrode half-reaction for Pt dissolution at 25°C in

chloride solutions is:

Pt + 6Cl° —» PtC16= + be

E: = 0.72 + 0.015 log a(PtC16=) - 0.089 log a(Cl™)

and depends only on the activity of PtCl6

[a(PtCl6=)] and the activity

of C1~ [a(Cl )] at 25°C.
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(b) Cathodic Reduction Reaction and Eh-pH Relationship

For Pt corrosion by oxygen saturated acid solutions, the reduction
of molecular oxygen to water will be the cathodic reaction. Therefore
an overall electrochemical corrosion reaction for the dissolution would
be:

2Pt + 120170 + 0, + 3 2PECL. + 4H,0
As both the half reactions are oxidation-reduction type of reactions
we can calculate Eh-pH or Pourbaix type diagrams to represent the
thermodynamic equilibria of the various speéies. For the anodic process

the potential 'is described by:

E = 0.72 + .015 log aPtCl6

- .089 log aCl™

at 25°C. This potential is independent of pH and gives a straight
horizontal line on a Pourbaix diagram. For higher temperatures various
methods of calculation have been proposed for the construction of

Eh-pH diagrams. However none have been calculated for the Pt—-Cl—PtCl6=

system. The Eh-pH diagrams for the Pt—PtCl6 and 02—H202 reactions at

25°C and for various O2 pressures and Cl  activities are shown below
(Fig. 2). This diagram shows that thermodynamically it is possible for

corrosion of platinum to occur with the reduction of oxygen to hydrogen

peroxide as the cathiodic reaction.
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V. Theory of Corrosion

Electrochemical Theory

The basic premise of the electrochemical theory of corrosion is
that the overall chemical reaction is divided into two largely
independent processes.

1. Anodic dissolution of metal - the transfer of metal into

solution as hydrated or complexed ions, with the loss of a number

of electrons to the metal.

2. Cathodic reduction - the gain of electrons from the metal by

depolafizers which are atoms, molecules or ions in the solution

capable of reduction.

Naturally for the different processes to occur independently at
different parts of the surface there must be a hetefogeneous surface
structure. This is known as the local cell theory. If the corrosion is
considered to be analogous to a galvanic cell, the anodic and cathodic
areas on the airface may be due to a numbergof factors acting together‘
or independently. Surface heterogene ties are classified as macroscopic,
microscopic, or submicroscopic. Macro-couples are formed by coupling
different metals, or differential aeration, and lead to definite areas
of logal corrosion. Micro-couples may be formed by such things as solid
solution segregation, grain boundaries and crystal anisotropy leading
to microscale corrosion such as intergranular corrosion, structurally
selective corrosion and pitting corrosion. A good basic example is
metallographic etching. Submicroscopic corrosion couples exist on metal
surfaces within groups of atoms and are caused by factors like substitutional

impurity atoms, surface topography, and thermal oscillations of atoms in
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the lattice. These submicro-couples are very unstable and lead to
uniform surface dissolution by changing a certain point from anodic to
cathodic rapidly and frequently.

In the @se of an ultra pure metal with no impurities or heterogeneities,
corrosion would be impossible by the local cell theory. The theory for
éorrosion of ultra pure metals was first suggested by Wagner and
Traud13 in 1938. The basis of this theory is that for corrosion to
occur, spatially separated anodic and cathodic areas are not necessary.
The necessary and sufficient condition for corrosion is that the metal
dissolution and some cathodic reduction reaction proceed simultaneously
on the surface. TFor this to happen the.potential difference across the
interface must be more positive than the equilibrium potential of the
M-%»MP+ + ne and more negative than the equilibrium potential of the
reduction reaction A + ne —=» D involving a solution species.

Hoar14 recognizes three general situations of corrosion attack.

1. Base metal - the metal dissolves to an etched surface, and

cathodic reduction occurs on the same surface over a period of

time. At any instant the number of active aﬁode sites (i.e. Kinks,
edges) is relatively small, and these sites are constantly
changing and giving a uniform dissolution. In this case the whole
surface acts as anode and cathode so we may take their respective
areas as being equal.

2. Metal dissolving in well defined zones - for example at oxygen

starved areas or at obvious heterogeneities or inclusions.

3. Metal pitting - that is often due to a passivating film and the

anode area is negligible compared to the cathode area.
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Alloy Corrosion

When a hoﬁogeﬂeous binary alloy is dissolved, there are two
possible modes of dissolution.

1. Simultaneous dissolution of the two metals in the alloy,

2. Preferential dissélution of the less noble metal with

surface enrichment of the noble metal.
In an alloy consisting of a noble metal and an active metal, in solid
solution, it has been found15 that there is a'more or less sharp
increase in corrosion resistance at a certain ratio of alloy components.
Normally; this increase in stability occurs at an atom ratio of n/8
-where n is an integer from 1-6. TFor a Cu-Au system in hot nitric aéid
this occurred at n = 4. The simplest explanation of this phenomenon
1s surface enrichment, however, intermetallic compound formation may
play a part as well. TIf an active phase is finely dispersed in a noble
matrix, it will be dissolved out and surface enrichment will occur. If
the active phaée is continuous or in excess this cannot happen, as a
small number of noble atoms will probably be detached along with the
large number of active atoms. Surface enrichment should only occur
in dilute heterogeneous alloys, however a homogeneous alloy may be
regarded as a heterogeneous alloy in the finest possible state of
dispersion and therefore surface enrichment could control the.dissolution.

In a binary alloy corroding in a system in which both components
can dissolve, the situétion is far from clear. It is apparent that the
corrosion rate oflhe_noble component is raised while that of the
less noble component is lowered. In an ideal situation the corrosion
potential would vary between that of the base and noble components

linearly with the composition. As was shown above frr the Cu-Au alloys
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this is not the case, and deviations are due to solid state interactions
and non-ideal solution behavior. Uhligl6 made an attempt to explain
the passivation phenomena in stainless steels and corrosion behavior

in some binary alloys through the use of electron theory. In
particular he related the number of unpaired d electrons to the ability
to adsorb oxygen at the surface. Leidheiser17 ekplained the corrosion
behavior of certain stainless steel alloys on the basis of a nearest
neighbour theory and a rate controlling nucleation step. He proposed

. that a noble metal (slow corroding‘atom) is unaffected in its rate of
active anode site nucleation, while the ability of a base metal atom

to nucleate an active anode site is reduced.to-a negligible value by
having a noble nearest neighbour (or is unaffected if it has all the
same nearest neighbours), thereby reducing the rate of dissolution

to one controlled by the noble metal. This theory assumes no

ordering and a statistical distribution of different atoms, allowing
the cal;ulation of most likely nearest neighbours from a probability
function. This type of analysis could apply td iron platinum alloys

but only in the dilute platinum region.
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EXPERIMENTAL

I. Materials and Reagents

(i) Materials
The materials used in this investigation were pure platinum
rolled sheet as supplied by Engelhard, purified Armco iron powder and

iron platinum alloys made from these two materials.

(ii) Reagents

All reagents used were reagent grade. Deionized water was used
for all solutions. The oxygen was cylinder grade, supplied by

Canadian Liquid Air.

II. Alloy Preparation

The Armco iron powder was reduced under cracked ammonia at 700°C
for four hours to remove any surface oxide, then cooled under the
reducing gas; The platinum sheet was cleaned in aqua regia, washed,
degreased with aetone, and dried in an air blast. Stoichiometric
proportions of the two metals, platinum and freshly reduced iron, were
then weighed into a 10 cc recrystallized alumina crucible. This
small crucible was then placed in a tight fitting graphite susceptor
crucible, and placed in alumina powder in a larger crucible. The

crucible assembly was then placed inside a Vycor tube and the metal.
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melted under a helium atmosphere in an induction furnace. After
melting the metal was well stirred by ﬁagnetic induction and

then allowed to‘cool slowly under helium. The resulting alloy button
was then annéaled under cracked amﬁonia at 700°C for twelve hours to
ensure homogenization. After annealing the samples were cleaned and
polished by standard metallographic techniques through 3-0 carborundum

papers and on the 6 ¥ and 1 u diamond dust wheels.

I1TI. Autoclave Design

A titanium autoclave (Fig. 4) of 2000 ml capacity, manufactured
by the Parr Instrument company was used for the leaching experiments.
This series 4500 autoclave as supplied had the head, cylinder and
inner wetted parts of titanium with the external valves aﬁd fittings
of stainless steel. As the leaching experiments were to be done in
hot acid chloride solutions the stainless steel sampling tube and
valve had toe replaced. An all titanium sampling tube and a Tefloﬁ—
titanium sampling valve were fabricated and fitted. 1In order to
protect the titanium cylinder a tight fitting glass liner was used, and
a protective glass tube was fitted over the thermowell.

The reactor contents were stirred by a large magnetic stirrer
‘bar on the bottom of the glass liner, which was protected with a thin
Teflon sheet. This was found to be the only practical method of
stirring as the top stirring arrangement proved to be susceptible to
corrosion and leakage.

The autoclave was heated by a 1500 watt electric heater built into
an insulated steel shell. The autocla§e slides into the heater

and rests on the magnetic stirrer at the bottom. Automatic temperature
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control waé achieved with a Thermistemp temperature controller Model
71 (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio). The
thermistor probe was of iron constantan and slid inté the thermistor
well in the autoclave. A second thermocouple was used to follow and
record the temperature variation. The‘temperature was controlled to
within 1°C.

The pressure gauge used had a 4 1/2" dial graduated from 0-1000 psi
in 5 lb/in.2 subdivisions. This was connected on the pressure side
of the gas exit tube valve.

The oxygen cylinder was connectedlto the autoclave with high
pressure woven wire tubing. A check valve was installed before the
inlet valve on the‘head of the autoclave to prevent accidental backflow
of corrosive gas or liquid.

The sample tube inside the autoclave wasimade of Teflon with a
fritted glass filter on the end. The iﬁtefnal pressure forces the
sample through this tube and out the sampling valve. A 'small cold
water moler was used on the sampling tubé outside the autoclave to
prevent flashing of the high temperature liquid.

The sample holder (Fig. 4) was constructed §f Teflon in such a
manner as to maintain a constant surfacelarea exposed to the solution.
A Teflon cylinder was machined on one eﬁd to provide a restraining lip
to hold the sample. The sample was pressed against the lip by a
threaded rod, the edges being sealed by using a ring of soft Teflon
valve packing onvthe restraining lip. The sample holder was supported
on the sample tube inside the autoclave‘ with the exposed face held at
an angle to the flow of the solution. This arrangement of sample

positioning worked very well and gave no evidence of uneven leaching
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or stagnant pockets of gas on the sample surface.

IV. Analytical Method

The dissolution rate of the alloys was followed by determining
the oncentration of Pt (IV) in solution. A colorimetric method

(I1)

utilizing the colored Sn -Pt chloro-complex was used. The method
is described in detail by Beamish.10 The optimum concentration range
is from 3-25 ppm platinum, however the system conforms to Beer's law
fairly well uﬁ to about 60 ppm. The procedure used was as follows.

A solution 1.0 M in HCl was prepared. A 15 ml sample aliquot was

put in a 25 cc volumetric flask, and 2.5 ml of concentrated HC1 Vas
added. Then 5 ml of the SnCl2 solution was added and the volume
diluted to the mark with deionized water. The flask was shaken and
the colour allowed to develop for fifteen minutes. The transmittance
of the sample was measured at 403 millimicrons in a Beckman DU
spectrophotometer using glass cells. A blank sample was prepared
from the Sn012 solution and deiopized water and used as a reference.
"A standard sample containing 10 ppm pLatiﬁum.was prepared from
H2PtCl6 solution and measured against the reference to calibrate the
transmittancé curves. ‘The platinum content was calculated from the
curves using Beer's law. The total amount of dissolved platinum was
calculated from the known volume of solution and the concentration
determined spectrophotometrically. The iron concentration wés checked

by using an Ortho-phenanthroline method as described by Bath.18
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V. Experimental Procedure

The alloy buttons were polished and mounted in the sample holder.
The excess Teflon packing was carefully trimmed away'u;give a
circular surface area and the sample holder was washed and‘mounted‘on
the autoclave sample tube. The leaching solution was made up by
adding the proper amounts of reagent grade NaCl and concentrated HC1
to deionized water and making the total volume up to 1500 ml. The
autoclave was then assembled and placed.inside the héating jacket. The
temperature controller was set and the autoclave flushed‘through with
oxygen. When the autoclave reached the desired temperature the
stirrer was started and the oxygen pressure raised to the desired
pressure. The oxygen pressure was constantiy maintained at the
desired pressure. Samplés were taken at régular intervals, using
10 cc to flush the sampling line and keeping a 25 cc sample for
colorimetric analysis.

At fhe end of each run, the alloy button was removed from the
sample holder, washed, dried and examined microscopically. Photographs
were taken after some runs and electron pfobe photographs were also

taken to further reveal surface structure.



RESULTS

The dissolution data obtained are presented in graphical form;
the numerical results are tabulated in the appendix.‘
" The rate curves are calculated from analytical results and are
corrected for initial surface area and reaction volume changes due to

sample removal.

I. Dissolution of Fe-Pt Alloys

The dissolution curves are all based on the total amount of
dissolved platinum after certain time intervals. These values were
then used to célculate the améunt of dissolution per unit initial surface

.

area. All the dissolution curves found were linear after a short initial
non-linear portion.

(i)A A typical dissolution curve for an Fe-Pt alloy is given in
Fig. 5. As noted above the curve is linear, apart from a slight
initial curvature. This curvature may be due to polishing effects on the
surface or o a deficiency in the analytical technique at low platinum
concentrations.

(ii) The curves in Fig. 6 compare the leaching rates for Pt sheet,
Pt alloys. The curves for the Pt sheet, Fe-Pt and Pt Fe

3
Pt alloy,

Fe-Pt, and Fe3

are again linear, however, no platinum dissolved from a Fe

3

and the results were not plotted.
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(iii) The effect of temperature on the leaching rate of FePt
is given in Fig. 7. The rate increased with temperature as expected.
An Arrhenius fype plot of this data is presented in Fig. 8 from which
an apparent activation energy for dissolution of 16 kcal/mole is
found. This high an apparent activation energy would indicate
chemical control rather than diffusion control.19
(iv) A series of curves showing. the temperature effect on the
leaching rafe of pure platinum sheet is given in Fig. 9. As for the
Fe-Pt alloy an Arrhenius plot of this data is given in Fig. 10. An

apparent activation energy of 20 kcal/mole is found, again indicating

chemical control.

IT. Effect of Acid Concentration

The effect of varying the H+ concentration at a constant Cl-ion
concentration (3 M) on the dissolution of Pt from Fe-Pt alloy is
given in Fig. 11. The acid concentration was limited to 3 M because
of the danger of autoclave corrosion. A plot of the rate of dissolution
versus acid concentration is given in Fig. 12. This is a curve, however

+
a plot of rate of dissolution versus [H ]2 (Fig. 12) is linear.

ITI. Effect of Oxygen Pressure

The effect of oxygen pressure on the rate of dissolution of
Fe-Pt alloy in 2 M HC1l at 150°C is given in Fig. 13. All the curves

are again linear, and the rate increases with increasing 0, partial

2

pressure. A plot of 0, partial pressure versus dissolution rate

2

(Fig. 14) is also linear. As the solubility of O, in aqueous solutions

2
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. . 20 .
is proportional to pressure, this plot therefore gives the
variation in reaction rate (dissolution rate) as a function of O2

concentration as well as pressure.

IV. Effect of Chloride Ion Concentration

The effect of increasing the chloride ion concentration through
the addition of NaCl to 2 M HCl solution is shown in Fig. 15. Increased
Cl™ ion leads to an increase in rate, but a saturation type of curve

is obtained when a rate versus (Cl ) plot (Tig. 16) is made.

Estimate of Errors in Results

The calculated error in the raw data used to obtain dissolution
rates is * 5%. This is composed of a * 1% accuracy in analytical
results and a * 4% error in the calculated surface area of the sample.
The actual errors in the derived rate values are than * 5% plus an
error incurred in drawing a straight line through the scattered experimental
points. Repeated experiments gave identical rates of dissolution,

using the line drawing technique.
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DISCUSSION

I. Linear Dissolution Curves

In all instances in this study, the dissolution rate of the
platinum from both pure Pt and Fe-Pt allbys was linear with time.
Microscopic examination of the surface showed general uniform corrosion
(Fig. 17) with some preferential grain boundary corrosion. However,
electron microprobe analysis of the leached surface showed no
preferential dissolution of Fe from the Fe-Pt alloys at greater than
50 at %Z Pt. Therefore in the following discussion it is assumed
that the alloy dissolved uniformly over the exposed portion of the
sample, with Fe and Pt dissolving at the same rate. The linear
rates of corrosion indicate21 that the surface area of the specimen
remained essentially constant over the duration of the leaching experi~
ments and dso that the reactant concentrations remained unchanged.

The small amounts of Pt dissolvedin all cases tend to suprort these
assumptions, as not enough would dissolve to appreciably change the

surface.

IT. Activation Energies and Stirring Effects

The apparent activation energies for the dissolution of Pt from

both Fe-Pt alloys (15.6 kcal/mole) and pure Pt sheet (19.8 kcal/mole)
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are high enough that it appears the reaction is chemically controlled.19

A two fold increase in the stirring rate had no effect on the rate
of Pt dissolution, therefore chemical reaction control is definitely

indicated. The chemical reaction which is rate controlling must occur

. at the surface, as the rate is dependent on initial surface area.

The activation energies of both the cathodie reduction reaction
and the anodic dissolution of Pt in chloride solution are close to the
values found for dissolution of Pt in the autoclave.

- The activation energy for oxygen reduction at a blatinum surface
is in the neighborhood df 20-25 kcal/mole. This value is found by using
the magnitude of the exchange current density ( iO—lO amps/cmz) and .
calculating the activation energy By a modification of the Tafel equation.
The activation energy for the anodic dissolution of Pt in all solutions
was found to be 20 kcal/mole.7 The decreaée in activation energy fqr
the dissolution of the Fe-Pt alloy is probably an effect of 1owering'
the orrosion potential and/or ﬁroviding more easily corrodable sites

at the surface.

III. Kinetic Analysis.

The kinetics of corrosion of metals has been presented by Habashi23
in the following fashion.
For the cathodic half-reaction, when first-order kinetics are

followed, the rate law is:

v, = kA [D]
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where VC = the reaction velocity
k = the cathodic velocity constant

A = the surface area of the cathodic zone

o
e
"

concentration of the depolarizer.

Similarly, the rate law for the anodic half-reaction is given by:

VvV = kaAa[C]

where Va = the reaction velocity
ka = the anodic velocity constant
Aa = the surface area of the anodic zone

-
(@}
—
i

concentration of complexing agent.

At the steady state, the rate of the cathodic reaction is equal
to the rate of the anodic reaction; and this rate is equal to the

corrosion rate, i.e.
V = kCAC[D] = kaAa[C]
however since A = AC + Aa where A is the total surface areaavailable

for corrosion, the rate equation car be written:

kc ka A[D]IC]

Vv =
kC[D] + ka[C]

At a relatively low concentration of D and a high C concentration

the rate equation simplifies to
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V= kC A[D]

indicating a cathodically controlled corrosion reaction. Similarly
at a high concentration of D and a low concentration of C, the

rate equation becomes:
V = ka'A[C]

and the corrosion is anodically controlled.

For metal corrosion in acid oxygenated solutions the cathodic
reduction of oxygen is the most likely 'depolarization' reaction.

24 . Do . .
Hoare has reviewed the literature on the oxygen reduction reaction
at platinum electrodes. This reaction is generally believed to occur

in two steps both involving a 2-electron transfer. The first step is:

O2 + 2H + 2e —» H202

followed by a second catalytic step on the surface:

H202 + 2H + 22 —— 2H20

The reaction mechanism for the first step is believed to be as follows,
with the first one-electron transfer reaction involving adsorbed

.

molecular oxygen being rate determining:
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OZ(soln) OZ(ads)

o +e slow ~
2(ads) —— '(02) ads

-+

(0,) ads + H —- (H02) ads

2

(HO,) ads + e —>= (HO ) ads
~ 2
- +
.(HOZ) ads + H (HZOZ) ads

after which the adsorbed peroxide molecule either desorbs or reacts
further. The second reaction step is believed to be catalyzed
somehow by the surface and a detailed mechanism has not yet been
proposed. However, the rate of this second reaction has been found
to be an order of magnitude larger than the first reaction rate.’
Hoare also noted that on alloys of Pt, the same overall reaction
mechanism is observed, however the rates are generally enhanced, due
to a better electron transfer, an improvement in catalytic ability,
or a decrease in inhibiting anion adsorption. In this case, taking
the first reduction reaction to H,O, as being the rate controlling

272

step, we get:
0. + 20 + 2 —» HO

Under the conditions for determiﬁing the oxygen dependence of the

dissolution reaction, the H202 concentration is regarded as being
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small as it is a quickly reduced intermeaiate.

The effeét of chloride ion concentration on the dissolution rate
of the PtFe alloy is given in Figs. 15 and 16. As shown in Fig. 16
it is aéparent that there‘is no increase in dissolution rate with
increasing chloride ion concentration above 2 M. This leads to the
conclusion that the dissolution reaction is in fact cathodically
controlled, and therefore only the oxygen pressure and hydrochloric
acid oncentration will have an effect on the dissolution rate. As
the situaticn is one where the concentration of complexing agent (c17)
is high with respect to the depolarizer (Oé,H+); according to the
kinetic derivation given above, the overall dissolution rate should

correspond to a rate law of the form:
vV = kc A[D]

where V is the dissolution rate, kc is a cathodic rate constant, A
is the surface area and [D] is the concentration of depolarizer.

The effect.of oxygen pressure on the dissolution rate, determined
at a constant hydrochloric acid concentration of 2 M is shown in Figs.
13 and 14. The plot of dissolution rate vs. pO2 (Fig. 14) shows a
linear dependence of the rate on the oxygen pressure. As oxygen

follows Henry's law in this temperature and pressure range, this

dependence is equivalent to a linear dependence on the 0, concentration

2
\ . . . . . . . 2
in solution. As the dissolution rate is given in mg dissolved/cm” /hour

we can write a specific rate expression.

= !
\% kc PO, _ @)
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where V is the disso;ution‘rate per unit area and kc' is a rate

constant describing the linear dependence of the dissolution raté'bn
oxygen pressure. Therefore, for the specific conditions of high

(> 2 M chloride idn concentration and a constant acid concentration,
the dissolution rate follows standard corrosion kinetics. The numeriqal

value  the mte constant is:
' 2 .
kc‘ = 0.00517 mg/cm” hr psi
and the rate law is:
' - 2
vV = 0.00517 PO, mg/cm” hr

The effect‘of the acid concentration 6ﬁ the dissolutipn rate is
. more c&mplex. Tﬁe acid dependence of the rate was determined at high
(3 M) total chloride ion concentration and at constant oxygen pressure.
Q.)As shown in Fig. 11, the rate dependence on the acid concentration is
non-linear. However, a plot of (acid concentration)2 vs. dissolution
rate (Fig. 12) is linear over a region from 1.0 M HCl to 3.0 M HC1
Below 1 M HC1l the rate drops off sharply and should become zero at
zero acid concentration.

Therefore over the region from 1 M HC1l to 3 M HCl a rate law for

the dissolution may be written:

v o= kc"' (1% o @



- 47 =

where V = dissolution rate
k " = rate constant

acid concentration

£
il

C = integration constant.

Numerically, kc" is the slope of the Rate vs. [H+]2 curve and kc”C is
the zero intercept of the straight line extrapolated to zero. At

+
constant [H ] the rate law was found to be:

therefore for a situation where both the acid concentration and pO2

are changing, the rate law will be:
Vo= k" T2 4k "C)po , (3)
c c ¢ P 2
which simplifies to

Lo +,2
v o= k [H']p0, + k_CpO, (%)

where k =%k "'k "
c c e

Therefore kC is a rate constant for the overall cathodic reaction in
R . +
the rate law (4) which is wvalid in the region 1 M < [H'] < 3 M.
The anodic half reaction of the dissolution was not rate controlling

under the experimental conditions used in the autoclave, therefore, no

experimental data are available for calculating a rate constant for
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the anodic half reaction or the overall dissolution reaction.
Chemodanov et a1.8 have shown that at low Cl concentrations, from
about 0.01 to 0.5 M, the rate dependence of the anodic Pt dissolution

on chloride ion concentration in acid solution is of the form
' -.0.
v o= kafc1]”?

where ka is an anodic rate constant, A is the surface area and'[Cl_]
is the chlorid ion concentration. If this dependénce on chloride ion
is valid for the dissolution from PtFe alloys, a rate law describing the

overall dissolution rate would have the form:

+.2 -10.9
[k [H' 10, + k _CpO,lk_[C17]

+.2 -,0.9
(kC[H‘] po2 + kCCpOZ) + ka[Cl ]

v =

in a region where both the anodic and cathodic reactions are rate
controlling to some extent. In the dissolution experiments done in the
autoclave this region was not studied, therefore, ne¢ numerical values
for the rate constants or experimental evidence for the validity of

the proposed rate law is available.



- 49 -

CONCLUSIONS

Platinum-iron alloys at platinum concentrations of 50 atom
percent or greater dissolve homogeneously in oxygeﬁated

hydrochloric acid solutiomns.

The rate of platinum dissolution from platinum-iron alloys

-follows corrosion kinetics at chloride ion concentrations greater:

than 2 M, with the rate controlling step being cathodic
oxygen reduction. The rate is dependent on acid concentration,

temperature, oxygen pressure and alloy composition.



- 50 -

SUGGESTIONS FOR FURTHER WORK

An investigation of the dissolution rate under anodic corrosion
control would add to the detail of the dissolution mechanism.
This work would have to be done using an electrochemical

technique, as the corrosion problems in the autoclave are

serious.

A series of experiments on other PtFe alloys at concentrations
both below 50 atom percent and in a solid solution regime
rather than at intermetallic compound compositions could lead to

better understanding of both alloy corrosion and the de-alloying

type of phenomena.
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TABLE 1. Alloy Comparison
Alloy pO2 [HC1]/M Dissolution rate
(mg/émz/hr)
Pt 700 psig 2 1.4
Pt3Fe 600 psig 3 1.9
PtFe - 700 psig 2 2.9
TABLE 2. Effect of Temperature on Dissolution Rate
Alloy Tempefature (°c) Dissolution rate
Pt-Fe 130 0.40 (1 M HC1
700 psig)
" 141 0.675
" 150 1.10
" 170 2.20
Pt 140 0.90 (2 M HC1
700 psig)
" 150 - 1.40
" 170 4.60
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+
TABLE 3. Effect of [H ] on Dissolution Rate of Fe-Pt

[H+] M) Dissolution rate
0.5 : 1.85
1.0 | 2.185
1.6 2.33
2.5 2.70

3 2.97

-+
TABLE 4. Effect of Oxygen Pressure on Dissolution Rate [H ] = 2 M,

T = 150°C
pOé(psi) Dissolution rate
A (mg/cmz/hr)
170 0.75
270 1.80
470 2.40
670 3.25

870 4,45
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TABLE 5¢ Effect of Chloride Ion on Dissolution Rate.

[H+} = 2 M, pO2 = 500 psig

Total [C1 ] (M) Dissolution rafe
(mg/cmz/hr)
2.0 3.1
2.2 3.9
2.4 3.9
2.485 3.9
2.8 3.9




