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Abstract

1t has been discovered that magnetite ( FezOy )
is rapidly oxidized to hematite ( «-Fe, 0 ), updn
1llumination ( X<.310n ) in an O,-bearing atmosphere.
A laboratory investigation has b€en carried out to
determine the kinetics and mechanism of this rapid
oxidation process. It has been found that the
process consists of a series of constituent reactions
which are common to most oxidation mechanisms: (1)
atmospheric Op dissociates on the surface. into two
adsorted atoms, upon colliding with a pair of adja-
cent vacant adsorption sites; (2) This step is
followed by the oxidation of Fe(II) to Fe(III),
simultaneous with electron attachment to the adsorbed
0 atoms, to form adsorbed 07; (3) Step (2) is
followed by the rapid attachment of a secgnd electron
to the adsorbed 07, to form chemisorbed 07; (4)
Finally, the chemisorbed 02~ ions are incorporuted
into the magnetite surface layer, forming hematite
(e(—F3203 ) scales. The role of adsorbed H,O in
the formation of hematite nuclei, and the subsequent
scale formation 4in the absence of H,0 by "nuclea-
tion disruption", is discussed. Altﬁough the
principal oxidation product is hematite, the possi-
bility of maghemite ( ¥-Fep03 ) formation, during
nucleation, is discussed. The factor which allows
this oxidation process to proceed in a low-tempera-
ture, low-0, partial pressure, water-free, other-
wise nonoxigizing environment, is the presence of
the ultraviolet 1light., The UV illumination gives
rise to photoemission, which increases the rates of
Fe(II) oxidation and the attachment of the electrons
to the oxygen. The slowest step in the oxidation
mechanism, and therefore the rate determining step,
i1s the attachment of an electron to adsorbed O,



Finally, it is shown that the oxidation mechaniem
could occur in the present-day Martian surface
environment. It would occur at a rate which is
sufficiently fast to account for the extent of
oxidation of the Martian surface that has been
proposed in the oxidized basalt model of Adams &nd

McCord ( 1969 ).
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I. INTRODUCTION

RED PLANET MARS

One of the most controversial issues in planetary
sclence today 1s also one of the oldest: the nature and
origin of the red to ochre color of the Martian surface.
In 1934 Wildt suggested that the color is due to the
presence of iron oxides and hydroxides on the planet,
based on the similarity of the color of the Martian
surface to the color of ferric oxide- and hydroxide-
bearing terrestrial rocks. Since, on the Earth, the
ferric oxides and hydroxides in the rocks are known to
have been formed principally as a result of the exposure
of iron-bearing minerals to water, Wildt's proposal has
resulted in controversies concerning the possibilities
that at one time Mars has had an extensive hydrosphere.

There have gsince developed three principal theories
on the nature and origin of the red to ochre color of
the Martian surface. Two of these theories still
attribute the color to the presence of ferric oxides,
the limonite and the oxidized tasalt models, while the
third one attributes the color to the presence of

polymers of carbon suboxlde on the surface.
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The Limonite Model.

One group of investigators ( Dollfus, 1957, 1961;
Sharonov, 1961; Moroz, 1964; Draper et al., 1964;
Sagan et al., 1965; Sagan, 1966; Tull, 1966 ) suggests
that the‘surface i1s composed of a thick layer of
goethite (e<-FeOOE ) and limonite, a hydrous form of
goethite. This model is based on the similarities of
the polarimetric, colorimetric, and photometric
properties of the Martian disk to those of powdered
laboratory specimens of limonite, goethite, and
several terrestrial rocks. Adamcik ( 1963 ) added
further support to the limonite model when he calcu-
lated the Ho0 equilibrium dissociation pressure of
goethite, which was found to agree with the telescopic
measurements of the Martian atmospheric water vapor
pressure ( Spinrad et. al., 1963%; Kaplan et. al.,
1964; Schorn et. al., 1966 ). The origin of the
thick limonite and goethite deposits on Mars has
been attributed to subagueous weathering ( oxidation
occuring in the presence of water ) during an earlier
epoch on Mars, when the environmental conditions were
like the warm and humid tropical regions of the Earth
( sagan et. al., 1965; Sagan, 1966 ).
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The hydrosphere explanation has been attacked by
O'Connor ( 1968b ), however. He has demonstrated that
the amount of water which would have been needed to
oxidize such large amounts of iron and concentrate
it on the surface would have been accompanied by a
quantity of’NQ that disagrees with the presently
observed amounts in the Martlan atmosphere. Further,
aqueous deposits of iron oxides would have been
accompanied by large quantities of carbonates, the
characteristic spectral features of which have not
been detected in the telescopic Martian reflection
spectra. The carbonates would be more stable than
goethite or limonite in the Martian environment
( 0'Connor, 1968a ).

The stability of a fossll deposit of limonite
and goethite on Mars has been attacked by Schmalz
( 1959 ), Fish ( 1966 ), and O'Connor ( 1968a ),

They have shown that since pH,0 T 3 x 10~* torr at

the 13-torr elevation level, the goethite would be
stable only for temperatures less than 200°K. On
Mars, near the equator , temperatures below 200°K are
generally reached after sunset ( Morrison et. al., 1969;
Sagan and Veverka, 1971 ). Above 200°K, goethite

dissociates on Mars. into Hematite (0<~Fe203 ) and H20.
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The Oxidized Basalt Model

Binder and Cruikshank ( 1964, 1966 ) demonstrated
that the reflectance spectrum of Mars between 1.05 u
and 2.1 p is not compatible with the limonite model.
They suggest, rather, that the surface is composed of
igneous rocks with either a powdery coating or a surface
stain of limonite. Younkin ( 1966 ) further demonstrated
that the Martian reflectance spectrum, from .34 mu to
1.1 n, shows no obvious similarity to any of the
laboratory spectra of powdered limonite. Sinton ( 1967 )
showed that the strength of the characteristic ferric
oxide .85 u band, in the Martian reflectance spectra; ls
indicative of only 2% or 3% or less of goethite or
ferric oxide on Mars. Van Tassel and Salisbury ( 1964 ),
Salisbury ( 1966 ), Salisbury and Hunt ( 1968, 1969 ),
Tombaugh ( 1968 ), and O'Leary and Rae ( 1968 ) have
provided additional evidence that goethlte and Limonite
are only minor constituents on the Martian surface,
even though these ferric oxide-hydroxides are the
principal specles responsible fdr the red to ochre
color of the surface. In a series of papers by Adams
and McCord ( Adams, 1968; Adams and McCord, 1969;
McCord, 1969; McCord and Adams, 1969 ),it has been

shown that the optical properties of the Martian surface
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are best simulated in the laboratory by the properties
of an_alivine—bearing basalt, which has been oxidized

to the extent that it contains between 1% and 5% ferric
dxide. The brightest regions contain between 3% and

5% ferric oxide and have mean particle diameters less
than .05 mm., The darkest regions contain between 1%
and 3% ferric oxide and have mean particle diameters
between .05 mm and .1 mm. vAll regions fall on a
brightness and color continuum ( McCord and Westphal,

1971; McCord et. al., 1971 ).

Carbon Suboxide

Another theory which hag been proposed for the
coloration of the Mértian surface 1s that the surface
is coated with a polymer of garbon suboxide ( Plummer
and Carson, 1969; Perls, 1971; Khare et al., 1972 ).
The reflectance spectra ( Plummer and Carson, 1969 )
of these polymers are not 1n good agreement with the
spectra of Mars, however. Some arguments for and
against the formation and stability of tarbon suboxide

on Mars are reviewed in Perls ( 1971 ).
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PROBLEM.AND APPROACH

The Oxidized Basalt Model satisfactorily accounts
for all of the optical properties of the planet, and
it involves geochemlically common materials. However,
no working mechanism has yet been proposed to account
for the high oxidation state of the Martian surface.

Binder and Cruikshank ( 1964 ) and Salisbury
( 1966 ) suggest that, glven a sufficiently long period
of time to act, the tenuous Martian atmosphere could
possibly chemlically weather the surfaces of exposed
mineral grains. O'Connor ( 1968a ) has shown, however,
that the water vapor pressure is too low and the 002
partlal pressure 1ls too high for the oxidation to
occur. O'Connor ( 1968a ) further points out that
an abundance of water in the vieinity of volcanoes, if
it exiéts,'would not be a local source for the
produétion of goethite or limonite,either. The water
would be equilibrated to the strongly reducing magmatic
and atmospheric conditions rather than being a well-
circulated, highly-oxygenated system, as are the
oxidizing ground waters of the Earth. Tombaugh ( 1968 )
suggests that possibly iron meteorites, upon impacting
the surface, may expose permafrost. The ice would

sublime and react with the meteoritic iron to form the
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‘goethite and 1limonite. The arguments proposed by O'Connor
( 1968a ) indicate that Tombaugh's model is also unlikely.
The arguments against the direct reaction of the

Martian atmosphere with lron-bearing minerals on the
surface have neglected an important parameter, however.
In addition to the atmosphere and surface temperature,
the Martian environment is characterized by the presence
of ultraviolet radlation. It 1s well known that 1llumi-
nation can affect the rate of surface reactions, and
even reverse thelr thermodynamically predicted
directions ( e¢f. Samorjai, 1964 ).

In 1969 the author and Dr. Bruce Hapke demonstrated
that magnetite, an accessory iron-bearing mineral in
some terrestrial basalts, could be rapidly altered to a
bright red phase in air, upon illumination with a high
intensity ultraviolet lamp. The nature oé the alteration
product or mechanism was not determined,_but it was
expected that the illumination in air resulted in the
alteration of magnetite to a ferric oxide phase or
phases. An attempt to determine whether the reaction
could occur in a 002 atmosphere ylelded uncertaln

results due to equipment limitations.
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Problem

A subsequent experiment has been designed to
determine the kinetics and mechanism of the magnetite
alteration phenomenon observed in that 1969 study,
and to identify the reaction products. The results
of this investigation, and its application to the
problem of forming ferric oxides on Mars, form the
subject matter of thls dissertation., It is not in the
scope of this dissertation to discuss the genesis
or geochemistry of the Martian surface materials, or
to determine whether ferric oxides are the actual

coloring agents of these materials.

Approach

"In order to determine the alteration mechanism,

the reactants, reaction product(s), and the kinetics of

the alteration must be determined. By knowing the

reactants and products, a single reaction can be

written which describes the overall phase change. This

reaction 1s stoichiometrically simple in the senee that
its advancement is described by a single parameter: the
extent of reaction., Instead of a single reaction

taking place as written, however, such phase changes

usually proceed through a network of reactions which
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involve reactive intermediates that do npt appear among
the final reaction products. The identification of these
intermediates, the definition of the proper sequence of
constituent reactions, and the relative rates of the
individual steps are determined through the use of the
kinetic rate equation. The experimentally derived
kinetic rate equétion specifies the functional dependence
of the reaction rate on the various parameters, which

are found to affect the rate.

It was suspected, at the onset of this experiment,
that the reactlion product is composed principally of
ferric oxide, and in fact it is ( see section on alteration
phase identification ). In the following chapter magnetite
and its oxidation products are described. Also described
are the principal reactions, which .result in the formation
~ of these oxidation products. ‘In the third chapter the
eXperimental determination of the kinetic rate equation is
described. Also in this chapter. the alteration phase |
identification is described. In the fourth chapter the
mechanism is derived. In the fifth chapter. the rate of
the reaction. in a Mars-like environment, and some impli-
cations for the formation of ferric oxide, as well as

ferric oxyhydroxide, on Mars are discussed.
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IT. MAGNETITE AND ITS ALTERATION PRODUCTS

MAGNETITE

The samples used in this experiment consist of a
precipltated synthetic magnetite powder. The powder
was sorted by the manufacturer ( Fisher Scientific Co. )
to have particle diameters of .04(¥,02) n (1 u =
1074 cm. ). The manufacturer determined ( technique
unknown ) that the composition of the magnetite is
represented by the formula Fe.$22F92?5404 . Impurities
include < 27{} by welght, indigenous H,0, < 2 ppm As, and
< 1 ppm Hg, Magnetite has the theoretical formula
Fe2+Feg+O4, and therefore, the samples possess an excess
of cation vacancles, and they are more oxidized than

the stoichiometric magnetite.

Structure

The magnetite structure i1s shown in figure ta. It
1s an inverse lron spinel, which has a closest-packed
cubic array of 0°- anions, that are accompanied by
charge-compensating cations in interstitial positions.
Each oxygen lon has 14 interstices surrounding it. Six
of them are located in the cubic edge directions, each
being surrounded by six oxygen ions. The remaining

elght are oriented in the space-diagonal directions,
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each being surrounded by four 0°~ions. The unit cell
has 32 oxygen anlions and 24 cations, and hence it 1is
composed of four F9304 formula units, shown in Figure
1bs In this unit cell there are sixty-four tetrahedral
( A) sites, oﬁly eight of which are occuplied by Fes*,
The remaining tetrahedral sites are vacant., Eight Fe3+
and eight Fea* cations occupy sixteen of the thirty-two
octahedral ( B ) sites ( Verwey and Haayman, 1941;
Miles et al,, 1957 ).

The Electronic Properties of Magnetite

The properties of magnetite, which govern the nature
of its oxidation, arise from its electronic characteristics,
The ferric and ferrous catlions are transition metal
cations, so ihat thelr eleetronic characteristics are
governed by the properﬁies of their 34 electron configu-
ration. The Fe>* catlons on both the A and B sites have
3d electrons which are in the high-spin configuration,
i.e. each of the five cationic 4 orbitals’is occupied
by a single electron. The spins of these electrons
are coupled parallel to one another in the o ( spin-
down ) direction. The B-site Fe2+ cations have, in

addition to the five X -spin electrons, an antiparallel

G -spin electron paired with one of the A -gpin electrons.
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Tetrahedral
Site

Octahedral
Site

Figure ta. The magnetite structure.
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Magnetite
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\ &\G/ e
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\ A
Packing Pattern The Unit
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Figure 1b. ordinated cation
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ordinated cation

O~ Oxygen anion

Figure 1b. The unit cell.
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Néel ( 1948 ) has shown that,below the Curie temperature
( 850°K ), the e<-spin electrons of all therFe2+ and Feot
B-sgite cétions are coupled parallel, and that the

o< -gpins of the A-site d electrons are coupled anti-
parallel to the o-spins of the unpaired electrons, on
the B-sites. Above 120°K, the Verwey temperature,

only two sets of lines are resolved in the M&ssbauer
spectra of miagnetite ( Bauminger et.al., 1961; Ono et.
al., 1963 ), one set from the tetrahedral site cations
and one from the octahedral site cations. From the
Mossgbauer data of Daniels and Rosencwaig ( 1969 ), 1t
was found that the 3-@pin electrons of the Fe2+ cations

hop to the neérest-neighbor FeB*

cations,at a rate

which 1s so high, that the Fe2* and Fe>* cations are
indistinguishable., These @ -spin electrons are not
localized at discreet Fe?® cations, but rather they

are localized in Fe-Fe overlapping orbitals ( Goodenough,.
1971 ).

The charge transfer from Fe2* to Fe>t requires an
activation energy of .04 eV ( Miles et. al., 1957 ).
Heikes and Johnston ( 1957 ) have discussed the origin
of this activation energy. If the 3 -spin electron is

held at rest at one of the cation sites, for a long time

relative to the vibrational period of the crystal
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( 10712 - 10713 sec. ), then the site distorts and
compensates for the additional charge. In order for the
electron to move to an adjacent site, 1t is necessary

that the surrounding an;ons be displaced 80 as to bring
the Fe2+ cation back to the unstrained position ( position
occupiled if the cation was F63+ ). At this instant the
potentlals of the neighboring sites are degenerate, and

the charge transfer can take ﬁlace.

During electron hopping between cation sites,
electron spin is conserved., The Paull Exclusion Principle
requires that two electrons,; in thé same orbital, have
antiparallel spins. Therefore,since the spatial orbitals
in the Fe2* and FeB* catlons are occupied by an o -spin
electroﬁ, the 3 -gpin electron transfer is constrained

to occur from the Fe2* cations to B-site Feot

2+

cations.
Charge transfer from the Fe cations to A-site cations
i1s spin-forbidden.

Since the room-temperature MOssbauer data show
only two resolvable sets of lines, one from the A-site
cations and one from the B-site cations, it is concluded
that the time, thop' for a p -spin electron to hop from
one B-site to another 1s too short for the resolution

of the B-site Fe3+ and Fe2+ cations { Bauminger et al.,

1961; Ono et. al., 1963; Daniels and Rosencwaig, 1969 ).
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-8
hop < 10 gsec. The

condition for an electron to be localized is that

This finding requires that t

’c.hop>-10"12 to 10717 sec. Hence, the electron transfer
time is within the interval 10 '°¢ tnop < 108 sec.
In stoichiometric Magnetite,there is no natural

2+ >+ cations into

way of grouping the B-site Fe and Fe
pairs, and therefore the { -spin electrons can

migrate over the B-site sublattice. Hence, even though
the polarons ( P-spin electrons ) are localized to
overlapping Fe-Fe orbitals, stoichiometric magnetite
has a very high static electrical conductivity

(= 1072 onm™! cm"L‘under an applied electric field

( Verwey and Haayman, 1941; Daniels and Rosencwailg, 1969 ).

The samples used in the experiment are non-

stoichiometric,however, in that there is a deficit of

2+ 3+

Fe cations,and a surplus of Fe cations. Such

Hagnetite contains both B-slte vacancies and B-site
x4

Fe”' cations in substitution for B-site Fe®t cations

( Verwey and Haayman, 1941 ). Nearly all of the
available tetrahedral sites remain occupled by the FeB*
ions, even in the most non-stoichiometric magnetite

( Daniels and Rosencwaig, 1969),

Since the electrical conduction has an activation

energy of .04 eV, incident photong,with energies
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greater than .04 eV, can be absorbed, leading to photo-
conduction. The conduction in nmagnetite produces a
continuum absorption which sweeps across the infrared
and visible spectra, and which is so strong that the
cationic electronic transition bands cannot be resolved,
Waldron ( 1955 ) measured the infrared absorption
gpectrum of magnetite, for photon energies ranging
between .04 éV (XN=30n ) and .19 eV ( A= 6.7n ).

His results are shown in figure 2a. 1In this figure the
optical density, defined as log;q( I,/1. ), 1s plotted
as a function of the incident photon energy and
wavelength ( I; 1s the incident radiatlon intensity.and
I 1is the transmitted intensity.). It is expected that,
if cﬁarge transfer is the only process regponsible for
photon absorption; in the range .04 eV to .19 eV, the
optical density should be O, at .04 eV, and it should

increase smoothly with inecreased photon energy. In

Figure 2a, 1t can be seen that the optical density is not

0 at .04 eV, and that there are two absorption bands,
centered in the vacinity of .07 eV ( A= 18u ) and

.05 eV ( A= 250 ). The band at .07 eV corresponds to
the vibrations of the oxygen ions along the tetrahedral
bond directions, viz, [111] « The band at .05 eV |

corresponds to the vibration of the oxygen ions in a
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wavelength ( microns )

.20 .16 .12 .08 .04

photon energy ( eV )

Figure 2a. The infrared absorption spectrum

of magnetite, .04 eV to .19 eV ( after Waldron,

1955 )
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direction nearly perpendicular to the first vibration
mode., The non-zero optical density at .04 eV and

lower energies is due to absorption from the long-
wavelehgth leg of the .05 eV band, and the short-
wavelength leg of a band centered at .03 eV ( A = 41u ).
The .03 eV band is attributed to the oscillations of
the B-site cations, in thelr octahedral ligand
environments ( Waldron, 1955 ). From the short-
wavelength end of the .07 eV band to .19 eV (A = 6.5un ),
the absorption, by the ﬁ-spin conductlion electrons
causes the continuous increase in optical denslity,-with
increasing photon energy, as expected ( Waldron, 1955;
Samokhvalov et.al., 1969 ),

Balberg and Pankove ( 1971a ) extended the trans-
mission spectrum into the near-infrared wavelength
region, from .15 eV { A= 8.3u ) to .75 eV ( X = 1.65u ).
Their results are shown in Figure 2b. As in Figure 2a,
optical density 1s plotted as a function of incident
photon energy and wavelength. The anomalous absorption
features at .16 eV and .21 eV are attributed to Ti and
Zn impurity bands ( Balberg and Pankove, 1971a ). The
absorption by the conduction electrons displays a band
edge at .3 eV ( A= 4.1n ) in the curve. To interpret

this band edge, the energy levels in which the
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Figure 2b. 'The infrared absorption spectrum
of magnetite, .15 eV to .75 eV ( after

Balberg and Pankove, 1971a ).
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f -electron can reside, are first described.

The degenerate 3d electron energy levels of the free
Fegf lon are splip,when placed in a regular octahedral
gite. Two of the cation orbitals, the dzg and the
dx2-y2 orbitals, have their lobes directed toward the
six oxygen ligands . The other three d orbitals, the
a

dxz, and 4 2 orbitals, are directed between the

Xy’ y
ligands. The dxy’ dxz, and dyz orbitals are degenerate
in a regular octahedral ligand field, and they are the

ground state orbitals. The dzg and 4 2 orbitals are

x2~-y

degenerate,and they are the excited state orbitals.

A trigonal distortion of the ligand field, resulting

from the charge transfer between adjécent B-site

cations, removes the degeneracy‘of the ground state

orbitals. These three ofbitals are split into a

ground state singlet and two higher energy doublets

( Yoside and Tachiki, 1957 ). The d,2 and d,p_y2

orbitals remain degenerate in the trigonal distortion.
The overlapping ground state singlet orbitals

have a lower degeneracy than the overlapping higher-

energy doublets, and, therefore, P ~electron hopping,

in the ground state, is more suppressed than hopping

along the doublet orbitals, becaﬁse of the stronger

electron correlation in the singly degenerate ground
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state ( Bari et al., 1970 ). Therefore, the band edge
in Figure 2b,at .3 eV,is attributed to the onset of
conduction along the doublet orbitals ( Balberg and
Pankove, 1971a ), i.e. the bottom of the doublet

.band lies .3 eV above the ground-state band. The

cathodoluminescence studiles of Balberg and Pankove

( 1971b ) indicate that the width of the doublet
band 1s .6 eV, and that the separation of the ground-
state singlet band and the degenerate dz2 and dxg_yg
orbitals is 3.2 eV,

Miles et al. ( 1957 ) measured the optical density
from 1.5 eV ( A = .83n ) to 6.2 eV ( A= ,20p ). Their
results are shown in Figure 2¢c. The onset of strong
absorption at 1.8 eV ( ) =.69n ) is assigned to charge
transfer from the top of the 02" 2p band to the ground
state singlet orbital of the FeJt ( Balberg and Pankove,
1971b ). Wickersheim and Lefever ( 1962 ) indicate
that such a band is characteristic of Feo* which 1is
octahedrally coordinated by 02' ions. The charge
transfer band reaches its maximum intensity at around
3 eV. The absorption plateau,from 2.8 eV to 3.8 eV
probably corresponds to this charge transfer peak,
and to the onset of conduction in the d,» and dx2-y2
orbital bands. The width of this conduction band 1is
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Figure 2c. The visible absorption spectrum
of magnetite, 1.5 eV to 6.2 eV ( after Miles

et.al., 1957 ).
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probably .7 €V (. Balberg and Pankove, 1971b ).

Photoemission

The transmission characteristics of Figure 2¢ ( Miles
et al., 1957 ) was taken with a magnetite thin film,
produced by ihe oxidation of an evaporated Fe film. The
chemisorption of oxygen to Fe at temperatures between
100°C and ~300°C results in the formation of an amorphous
Fe304 gurface film, approximately 20 R thick ( Feitknecht,
1965 ). Heating to.a temperature of 400°C)in a vacuum,
produces crystalline Fe304. Some FeO is also probably
present in the oxide film ( Pignocco and Pellissier,

1967 ). Burshtein and Shurmovskaya ( 1964 ) measured the
change in photoelectric work function of an Fe film,
when oxidized. A maximum change df -.6 eV occurs for
oxidized Fe, with oxygen adsorbed to it, and a change of
-.2 eV occurs for tﬁe oxidized Fe layer without adsorbed
oxygen on it. The photoelectric work function of Fe
metal is 4.5%.15 eV ( Eastman, 1970 ), so that the onset
of photoemission from magnetite should occur for
incident photon energies between 3.8 eV and 4.2 eV. The
lower energy value is probably the more realistic value
for magnetite in an O,-bearing atmosphere. A photo-
electric work function of 3.8 eV is in good agreement

with the observed increase in absorption for photon
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energies higher than 3.8 eV in Figure 2c.

Photoemission occurs when a ground state electron
absorbs a photon, moves to the solid / atmosphere interface,
and escapes the surface potential barrier. The photo-
electric work function is the minimum photon energy which
results in photoemission. This energy corresponds to the
energy difference between the surface barrier and the
singlet ground state electron orbital of the e -electron,
shown in Figure 3., It will vary; depending upon the
amount of adsorbed species on the surface, from a minimum
of 3.8 eV in an O,-bearing atmosphere, to about 4,2 eV in
a vacuum,

Since the work function is 1arg§,compared with the
conduction activation energy ( .04 eV ), there is a high
probability of secondary electron excitation. 1In this
case, an electron,which gains kinetlc energy upon
absorbing a photon, may collide with another electron and
partition the energy between the two electrons, cooling
the first electron. This results in a decrease in the
number of photoelectrons per incident photon, The
number 6f emitted electrons péer incident photon, the
quantum yield, generally ranges from about 10'7 at the
work function, 3.8 eV, to around 10™3 to 10“?;at 6 eV

( Sommer and Spicer, 1965 ). The escape depth will be
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Figure 3. The energy level diagram of the

@ -electron of magnetite.
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on the 6rder of 15 3 to 100 X_j Sommer and Spicer, 1965 ).
Since the onset of strong absorption at 1.8 eV in
Figure 2c¢ is asslgned to the onset Af charge transfer
from the top of the 0%~ valence 2p band to the ground-
state singlet orbital of the FeJt ( Balberg and Pankove,
-1971b ), photoemission from the 2p valence band should
occur for incident photon energles greater than about
5.6 to 5.8 eV, The electron energy level diagram of the

(> -electron of magnetite is presented in Figure 3.
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THE OXIDATION PRODUCTS OF MAGNETITE

The oxidation products of magnetite include ferric
oxides, as well as hydrous and anhydrous oxyhydroxides.
The common feature of all of the oxidation products is
that they are composed of stacks of close-packed oxygen/
hydroxyl sheetq,with various arrangements of fefric lons

in the octahedral and tetrahedral interstices.

Hematite

Hematite (¢ -Fe,05 ) is characterized by a hexa-
gonal close-packed oxygen lattice, with ferric cations
occupying octahedral interstices. It has the rhombo-
hedral corundum structure, illustrated in Figure 4.
The near-neighbor ferric ions along [111], the c-axis,
are arranged such that the spins of the electrons are
coupled antiparallel, while the spins of the electrons
of the cations in the basal plane, (111), are coupled
ferromagnetically. There is a strong antiferromagnetic
cation-anion-cation coupling between the cations of
nelghboring basal planes, with the ratio of the
strengths of the cation-anion-cation to cation-cation
interaétions being much greater than one ( Goodenough,
1971 ). The Néel temperature is 9636K ( Freler et al.,
1962; Lielmezs and Chaklader, 1965 ). From the Néel
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Figure 4. The héematite structure
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temperature down to 250°K the spins lie in the basal
planes, while below 250°K, the spins flip to [111)
with an entropy change of 600 erg/deg-g ( Gallagher
et al., 1964 ).

Optical transmission measurements were taken by
Morin ( 1954 ), Bailly ( 1960 ), end Gardner et al.
( 1963 ). Their results are shown in Figures Sa,
5b, and 5c¢, respectively. The absorption feature
at .7evV ( A= 1.8n ))iilFigure Sa,is assocliated
with 1mpur1ties ( Morin, 1954 ). The absorption feature
at 1.5 eV ( A= .83n ) 1s due to the transition,
6A18(6S)-+AT18(4G))1n Fe ot ( Wickersheim and Lefever,
1962 ). Morin ( 1954 )‘attributés the stronger broad
absorption feature, situated in the spectrum with
its band edge at .95 eV ( A= 1.3p ) and centered at
1.8 eV ( A= .7Tn ), to conduction in the sp bands of
oxygen. Morin ( 1954 ) and Wickersheim and Lefever
( 1962 ) attribute the other broad absorption feature,
with its band edge at 1.9 eV ( A = .7 n ) and centered
at 3.0 eV ( A= .4n ), to éharge transfer from the sp
bands of o'xygen to empty d levels of Fe>*, Such
charge transfer results in the temporary formation of

2+ 2+

Fe“". As a result, Fe to F63+ charge transfer occurs

via overlapping tgg (a dy,, and dyz ) orbitals,

Xy?
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Figure 5a. The absorption spectrum of
hematite, .5 eV to 2.0 eV ( after Morin,
1954 ).
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Figure 5b. The absorption spectrum of hHematite,
1.2 eV to 2.1 eV ( after Baily, 1960 ).
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Figure 5c. The absorption spectrum of
Kematite, 2.0 eV to 6.2 eV ( after

Gardner et.al., 1963 )
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giving rise to additional absorption from 1.9 eV
(A= .71 ) to 2.1 eV ( A= .6pn ). This charge
fransfer band 1s seen in the Xspectra of ortho-
pyroxeneg,containing significant amounts of Fe3+
( Burns, 1966 ). 1t is also seen in the spectra of
amphiboles ( Féye et al., 1968 ). 1In amphiboles

the charge transfer occurs from Fezf

in M, sites

( coordinated by 4 oxygen and 2 hydroxyl ions, cis )
to FeBﬁ in M, sites ( cation coordinated by 6
oxygen ions ). Charge transfer from Fegt in M,
sites, to FeBt in M; sites ( both sites contain

four oxygen ions and two hydroxyl ions, the M1 site
being cis and the Mj site being trans }ggives rise
to absorption between 2.1 eV ( A= .6p ) and 2.5 eV

(A= .50 ). In the orthopyroxene, the .6p -.7n
, 34

charge transfer occurs from Fezt in M, sites, to Fe
in M1 sites, both sites being free of OH. 1In the
hematite spectrum ( Figure 5b ) both charge transfer
features can be seen, indicating that OH substitutes
for oxygen, A strong broad abtsorption feature can

" be seen in Figure 5c, with its band edge at 3.7 eV

( N = .33n ), and centered at 5.7 eV ( X\ = .22pn ).

No explanation has been given for this feature, except

that it 1s a charge transfer feature ( Gardner et al.,
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Figure 6. The reflectance spectrum of powdered

natural hematite specimen,

Sagan et al., 1965 ).

.5 eV to 2.5 eV ( after
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1963 ). Sagan et al. ( 1965 ) measured the reflectance
spectrum of a powdered natural Hematite sample. His
results are shown in Figure 6. The atsorption bands

at .85p and between ,.5u and .71 give rise to a relative
reflectance maximum centered at .7m, glving hematite

1ts characteristic red color.

The formation of Hematite. The surface oxidation of

Magnetite to hematite occurs as a result of oxygen
chemisorption on the surface. Oxygen chemisorption
occurs in two stages ( Burshteim et al., 1964 ). The
fifst stage of chemisorption is a rapid one, in which
a monolayer of O 18 chemisorbed to the surface. The
gecond stage i1s a much slower one, but the same amount
of Oxygen 1s chemisorbed in this in this stage, as there
is in the first stage. The first stage of chemisorption
leads to the formation of a protective oxide layer
which prevents further oxidation.

Burshtein et al. ( 1964 ) found, however, that if
H20 is adsorbed on this first-stage protective oxide
layer, its structure becomes disturbed and its protective
properties aré altered. This is observed to lead to the
rapld formation of a thick oxide layer on the surface.
In a .07 torr atmosphere of O, the first stage of

adsorption on Ge, in the absence of adsorbed HoO0, for
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example, occurs in as little as 10 minutes, while several
days are required to complete the second stage., After
90 minutes of exposure to the .07 torr 02 atmosphere.
with H20 adsorbed to the surface, the amount of oXygen,
chemisorbed to the surface, 1s more than 130 times that
which 1s chemisorbed to the surface,upon exposure to

the Hy0-free 02 atmosphere, for 90 minutes, This is also
obsefﬁed to be true for 81 and Fe., Burshtein et al,

( 1964 ) propose that the adsorbed H,0 promotes the
migration of substrate cations to the surface, where they
undergo first-stage chemisorption and oxidation.

The cations are leached, from the magnetite substrate
by the adsorbed H;0. Removal of the ions, from the
magnetite depends on ﬁhether the water molecules can
penetrate the oxygen environment about the cation. The
catlons at the surfaces of the magnetite crystals are
the most susceptible to leaching, because of the broken
bonds there. In the presence of adsorbed water, an OH™
lon 1s bonded to the cation at a surface cation vacancy
and the H* ioh converts a second 0°~ ion to a second
hydroxyl ion ( Blyholder and Richardson, 1964 ). A
second water molecule approaches the cation along a
surface t,; orbital, forming a seven-coordinate

transition state ( Basolo and Pearson, 1958 ). This
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transition state bresks down to form a two-hydroxyl,
four-o:xygen coordinated cation. The process is repeated
four times, and the the cation goes into solution in the
form of Fe(H20)65+ or Fe(H20)62+, depending on whether
the cation is ferriec or ferrous. A similar process
leaches ferric cations from the tetrahedral sites., The
hexahydrated cations migrate in the second layer of
physicélly adsorbed H20 molecules ( McCafferty et. al.,
1970 ). Desorption of the H,0, oxidation of the Fel+
cations, and replacement of OH™ ions with 0°" ions,
results in the incorporation of the ferric cations, and
the growth of the ferric oxide structure. Crystallites
of hematite are formed in the #agnetite surface layer,
Once these hematite crystalllites are formed, in the
miagnetite surface layer, the oxidation of magnetite can

proceed, in the absence of HQQ}through a process of

nucleation~-disruption of the protective oxide layer

( Arkharov, 1966 ). The Hematite structure has a different

spatial configuration than that of ﬁagnetite. This
different spatial configuration,of the hematite causes
a spatial fluctuation in the structural configuration
of the miagnetite, at the Hematite / iagnetite transition
zone, Such a disruption)of the spatial configuration,

disrupts the protective properties of the overlaying
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first-stage oxide layer, and the crystallite grows
latterally. The small displacements of the atoms closest
to the center of initial rebuilding,induces displacements
of other atomq,furﬁher removed from the center. The
forces, inducing successive displacements, are then
transferred, from atom,tp atom,in each crystallographic
direction, radlally from the crystallite center. When
the magnitude of the displacements reaches some
critical value, a rupture of coherence occurs, and
hematite scales result.

The hematite islands are hexagonally shaped and
polycrystalline ( Takei and Chiba, 1960 ). Tallman
and Gulbransen ( 1968a,b ) have found that the e(-Fe,0x
crystals,in these islands, are in the form of whiskers,
blade-1like platelets, and broad rounded platelets,
The whiskers have an axial twist, characteristie of an
axilal screw dislocation. The blade-like platelet is
a contact mirror twin, with the blade face being the
rhombohedral face ( 010 ) of the primitive structural
rhombohedron. The rounded platelets are sandwhich

structures, with the faces parallél to the basal plane.

2
atmospheres, the oxlde whiskers are the first growths.

In both the H,O-bearing and drx,oz—bearingj

In dry atmospheres the whiskers predominate ,
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accompanied by separate areas of the broad rounded
platelets., None of the blade-like platelets are
observed; when the atmosphere is HyO-free. 1In the H,0-
bearing atmospheres, the whiskers evolve into blade-
like platelets. The platelets probably grow by rapid
diffusion of iron cations along the twin interfaces,
followed by incorporation into the oxide structure
along the platelet edges ( Tallman and Gulbransen,
1968b ). No crystals are observed to grow in

atmospheres free of Hy0.

Goethite and Limonite

Adsorption of H,0 to hlematite, during its formation,
can lead to the formation of goethite. Goethite is a
ferric oxyhydroxide, denoted by the formula o<-FeOOH,
The structure of goethite 1s that of hexagonally close-

3+ cations

packed O0xygen and hydroxyl ions, with Fe
occupying octahedral interstices. The Fe(O,OH)6
octahedra are arranged in strips, as shown in Figure 7

( Francombe and Rooksby, 1959 ). The strips are rigidly
bonded, because of the presence of directed hydroxyl
bonds. Dehydration of goethite occurs through removal

of water molecules, or hydroxyl groups, in stripgirunning

parallel to the c-axis,and lylng in ( 0110 ) cleavage
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Figure 7. The goethite structure.
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planes of the oxyhydroxide lattice ( Francombe and Rooksby,

1959 ).

The goethite structure starts to lose water at
about 230°C. On heating to 270°Cjtransformation to
the alpha ferric oxide structure is completed, but
ordering of the cations is incomplete. When the
temperature reaches 600°Q,the cationé are completely
ordered. These temperatures are for P = 1 atmosphere.

The reflectance spectrum of a natural goethlte
cample is shown in figure 8 ( Sagan et. al., 1965 ).
The reflectance minimum at .83p to .85n in hematite 1is
shifted to .85u to .87u in goethite ( Adams, 1968 ).
The cation-cation charge transfer absorption feature,
between .6u and .Tu 1s reduced, because of the presence
of abundant coordinate OH, while the .5u to .6n
charge transfer feature can be readily seen. This
results in a reflectance plateau between .6u and .Tp,
giving goethite ite characteristic yellow-brown to
red-brown color.

Adsorption of H,0 to hematite, during its formation
can also lead to the formation of limonite. Limonite
is essentially 5oethite)with physically bound water.
The water molecules are probably doubly Hydrogen-bonded

to the goethite structure ( McCafferty et. al., 1970 ).
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Figure 8. The reflectance spectrum of a powdered
natural goethite specimen, .5 eV to 2.5 eV ( after
Sagan et -al., 1965 ),
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A natural limonite reflectance spectrum is shown in

figure 9 ( Sagan et. al., 1965 ).
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Maghemite and Lepldocrocite

Maghemite ( § -Fe203) js a cubic form of ferric
oxide., It has the gpinel structure, with the ratio of the
cations to oxygen ions falling between .625 and .67. This
ratio is smaller than that in magnetite, which is .75.

The unit cell has a formula,ranging between

reg* [ Felp (1, | (0H),0pg and Fe3*[ Fe?3 1/3 E]z/}] 05,
( David and Welch, 1956), where O represents a cation
vacancy. The specles included within the brackets are
in octahedral sites, while the Feo* outside of the
brackets are in tetrahedral sites. The 16 octahedral
sites in the unit cell, are occupied in such a way that
each cation vacancy is surrounded by 6 ferric cations
in a deformed octahedron, and each ferric cation;in an
octahedral site,is surrounded by two vacancies and four
ferric cations. The Fejf,in the tetrahedral sites,are
distributed in the same manner as in magnetlte.

The presence of cation defects in spinel structures,
as in maghemite, normally causes the structure to break
down into a more close-packed structure, but the presence
of combined water, in the gamma oxide, provides an
additional stability . The water contents, observed in
typical ¥ -$b203 samples)( .54 to .94 percent ) correspond

to the presence of one H atom, per 10 to 20 cations ( David
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and Welch, 1956 ). David aﬁd Welch propose that combined
water 1s situated in the structure, such that the hydroxyl
portion of the molecule replaces one of the 02~ lons,
which bound a vacancy, and the H portion of the molecule
occupies"the vacancy, as an inclusion. Braun ( 1952 ) and
Aharoni et al. ( 1962 ) propose that ¥-Fe,Oz actually
consists of a solid solution of Feg+[Fe?§ 1/3E32 2/;032
and HFe508, the hydrogen ferrite stabllizing the structure.
Takei and Chiba ( 1966 ) report that the 0°~ to Fe3*
charge transfer band edge in maghemite falls between »
2.2 eV ( A= .56p ) and 2.5 eV ( A= .50u ), in contrast
to the value of 1.8 eV ( A= .7p ) in o<-Fe,0;. Takel
and Chiba did not present their optical data,in the 1966
paper, but it is expected that, instead of having such a
high energy band edge, the .6u to .7u charge transfef
feature, in maghemite 1s weak or absent, as in goethite,
and the .5u to .6u feature 1s strong, as it is in
hematite, goethite and limonite. This would give the
misleading appearance'of a band edge between .5u and .6n.
At any rate, the reflectance maximum between .6u and .7n
gives NMaghemite its characteristic brown color.
Lepidocrocite ( ¥ -FeOOH ) consists of parallel
layers of maghemite, held together by weak hydrogen

bonds. The dehydration of lepldocrocite, by heating;



62

gives X-Fezo3 at 350°C. Lepidocrocite powder is yellow
to yellow-brown in color.

Maghemite formation. Colombo et al. ( 1965 ) have

reported that ‘¥4F6203 1s formed, in the magnetite surface
1aye§,t0potactically, i.e. that the 8’—Fe203 1s formed
through internal cationic displacements, and remova% within
thé magnetite surface layer, such that there is accorqiin
three dimensions between the initlal and final lattices,
The X’-Fe203is in s0lid solution with the magnetite.
Leaching ofbthe cationsg, from the magnetite surfaceklaye@
during the formation of Hematite can lead to the formation
of maghemite, under the Hiematite surface layer. Hematite
can form, as a result of the disproportionation of 'Y-Fe203

into o(-FeQO3 and Fe304.

Magnetite-Maghemite-Hematite Stability

For temperatures between 50°C and 250°G,particles,
with diameters less than about 1p, oxidize, in the
presence of water vaﬁor and oxygen, to maghemite ( David
and Welch, 1956; Elder, 1965; Johnson and Merrill, 1972).
Particles,wlth diameters between about 1u and 25y,
oxidize to a mixture of maghemite and Hematite, in this
temperature range, while hematite forms, when the particle
diameters exceed 25u,1n this temperature range.

For temperatures between 250°C and 580°C, the < 1u
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particles oxidize to a mixture of maghemite and hematitq
in the presence of water vapor ( David and Welch, 1956 ).
In this temperature range, the 1n to 25p particles also

" oxidize to the maghémite and hematite mixture, and the
larger particles oxidize exclusively to hematite ( Elder,
1965; Johnson and Merrill, 1972 ). Again,in the absence
of water vapor, all of the samples oxidize exclusively

to hematite in thils temperature range.

Above 580°C all magnetite particles oxidize to
Hematite exclusively, both with and without water vapor
present. An exception to this was reported by Takei
and Chiba ( 1966 ), however. They deposited a XLFEEOB
phase on an Mg0 substrate, which stabilized the maghemite
to temperatures as high as 68000._ This high-temperature
gamma phase was vacancy-disordered, however. Renshaw
and Roscoe ( 1969 ) suggest that magnetite could provide
an additional stabllity to maghemite,over that supplied
by the combined water molecules.

The disproportionation of c<;F620331nto 'K-Fe203
and Fe304]is irreversible. The disproportionation
involves the restacking of the close-packed oxygen ion
layers,with a synchronized displacement of the ferric
ions ( Kachi et. al., 1963 ). The transformation

temperature decreases from 510°ijor .2n particles to
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370°C. for .015u particles ( Bando et al., 1965 ). The
transformation temperatures, for aggregated particles, are
lower thén the temperatures for the separate unit
particles, which make them up. The transférmation
temperature for the gamma phase,on the stabilizing MgO
substrate, ls considerably higher, than those gamma phases
not on stabilizing substrates ( Renshaw and Roscoe, 1969;

Takel and Chiba, 1966 ).
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II1I. UV-STIMULATED OXIDATION OF MAGNETITE:

THE KINETIC RATE EQUATION AND PHASE IDENTIFICATION

EXPERIMENTAL DESIGN

Design Requirements

It was discovered by the author and Dr. Bruce Hapke,
in 1969Jthat the 1llumination with ultraviolet light of
magnetitg,in}aig reéulted in the rapid alteration of the
magnetite to a bright red phase., It was expected that the
alteration phase was ferric oxide, but no positive
identificat;on of the alteration phase(s) was made. The
present study is designed to determine the nature of the
observed alteration phenomenon,and to identify the
reaction product.

The mechanism of the alteration phenomenon 1s
determine@ithrough identifying the reactants and reaction
products and by experimentally determining the kinetlc rate
equation. By knowing the reactants and products, a single
reaction can be written, which describes the overall phase
change; This reaction is stoichiometrically simple,in
that its advancement is described by a single parameter:
the extent of reaction.

Instead of a single reaction taking place,as written,

however, the process proceeds through a network of reactions
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which involve reactive intermediates, not appearing in the
overall‘reaction.‘ The central tasks,of determining the
mechanlsm arej (1) identify the reaction intermediates;
(2) define the proper sequence of constituent reactions;
and (3) determine the relative rates of the individual
stepé.. The experimentally derived kinetlc rate equation
provides the information needed to solve these three tasks,
by specifying the functional dependence of the reaction
rate on the various parameters, which affect the rate. The
kinetic rate equation also alldws a prediction of the
reaction rate in any specified environment.

The various environmental parameteré,which may affect
the rate, include atmospheric composition, pressure, and
temperatﬁre, incident spectral radiation intensity
distribution, Magnetite particle size, and the amounts
and types of adsorbed specles present. The dynamic
ranges over. which these parameters must be investigatedy
in order to determine the mechanism. dictape the experi-
mental design requirements,

The apparatus must be capable of attaining the values
of the parameters, which obtained during the discovery of
the alteration phenbmenon by the author and Dr.

Hapke. If, as was suspected during the design stages of

this experiment, the process 1s an oxidatlon process,
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“then it i1s of special interest to determine whether the
proceés can occur in the Martian environment. Hence,
the apparatus should also attain the values of these
parameters, that obtain in the Martian environment.

In air, the reaction took place in the presence of
sz 02, COp, H20)and other minor constituents,at a total
pressure of 760 torr. The atmosphere and sample reached
a temperature of »370°K. The spectral radiation intensity
distribution, at the time of the observed alteration;is
unknown., The particle diameter was .Oh(i.OZ)p. The
principal adsorbed species were N2 and H2O, with minor
quantities of O2 and CO,.

The present-day Martlan lower atmosphere consists
almost entirely of COa)with a surface pressure of between
1 and 13 torr ( Fjeldbo and Eshleman, 1968; Fjeldbo et
al., 1970; Kliore et al., 1972; Belton ahd Hunten, 1971 ),
depending upon the surface elevation. The 0, / €Oy
abundance ratio is 1.3 x 10-?,and the 02./ CO abundance
ratio is approximately 2.0 ( Traub and Carleton, 1972 ).
The H,0 / CO, abundance ratic is on the order of 2 x 107"
( Schorn et al., 1967; Kaplan et. al., 1964 ). The
diurnal temperature range,at the subsolar lattitudes,
ranges between 185°K and 305°K ( Morrison et al., 1969;

Sinton and Strong, 1960 ). Since the atmosphere 1is
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compoéed almost entirely of COe,at pressures ranging from
about 1 torr to 13 torr, 1t will allow solar radiation to
penetrate to the surface, nearly unattenuated, at wave-
lengths longward of about .f9§p ( Thompson et al., 1963).

An environmental chamber, in which the parazmeters
can be manipulated, has been designed to accomodate
atmospheres, with up to six compositional components. in
any proportion. The total pressure can be adjustéd to
any value within the range 5.0(f.1) x 10™2 torr to

1.0(£.1) x 10°

torr. The temperature can be adjusted

to within * 2°K over the range 240°K to 380°K. The
relative spectral radiation intensity distribution at the
sample can be adjusted to any of the five curves, in
Figure 10. These curves are scaled to 1.0 at .350p. The
inteneity, at .350m,can be ad justed to any valué,up to

T 350

accuracy. A comparison of the laboratory relative

= 2.8 x 1019 phot,ons—c:m'~2-s<=,=c'1--x"1 to within 210%

J

gspectral intensity distribution to that of solar

radiation is shown in Figure 11,

Environmental Chamber

The environmental chamber constructed for this experi-
ment,is illustrated in Figure 12. It was designed by the
author and machined from 316-stainless steel stock. The

chamber includes a high-thermal-inertia 316-ss sample
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Silica CsBr Csl - Pyrex
I i} / ] 1 ‘ l i \
« 200 . 250 « 300 « 350

waveiength ( microns )

Figure 10. The relative spectral radiation inten-
gity distribution, at the sample, using the fused
silica, CsBr, Csl, or Pyrex window, scaled to 1.0

at A= .350u.
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100 « X

m)i / 0,200 -

i i i 1

.200 .250 « 300 « 350
wavelength ( microns )
Figure 11. A comparison of the laboratory relative spec-
tral radiation intensity distribution, using the silica
window, to that of solar radiation, the two set equal to

each other at A= .200p.
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btlock, which can be rotated, so that the incident radiation
can illuminate the sample, at any desired angle, between 0°
and 90°.

Connected to the environmental chamber ics a mixing
chamber, in which the composition of the atmosphere 1s set.
The gases enter the chamber through a network of high-
vacuum rough valves and needle valves, The composition is
controlled through the use of an Edwardg ED5330 two-stage
mechanical pump, four Cenco vacuum / pressure gauges, and
a Norton NRC 820 Alphatron Vacuum Gauge. The gases>used
are Matheson Research grade and Ultrahigh Purity grade
€0,, CO, 02, N2, and Ar. A stainless steel liquid nitrogen
cold trap is located between the vacuum pump and the envi=
ronmental chamber. Also attached to the chamber is an
electrical feedthrough box)for the temperature sensors
and general electrical connections. The electrical feed-
through box was also machined from 316-s8s stock. The
Norton NRC 820 Alphatron gauge 1s connected through a
third inlet to the chamber. The same inlet is used for
purging the system with Ar. Access to the chamber 1s
accomplished with a removable 6-inch diameter Pyrex
plate at the front of the chamber.

The UV radiation enters the chamber through a 13-

inch diameter window, at the top of the chamber. The
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relative spectral radiation intensity distribution can be
modifieq,by replacing the fused silica window with a CsBr,
Cel, or Pyrex window. The resultant intensity distributioﬁs
are shown in figure 10. The radiation source is mounted
difecﬁly above the UV windbw. It consists of a horizon-
tally mounted Christie 300-watt Xenon iamp)and a 1-inch
diameter fused silica lens. The net transmission factor,

of the lens and fused silica window, source to sample, 1is
.72 i.oA)over the wavelength range .200u¢ A<.400u. The
radiation intensity at the sample, at the standard wave-

length ( A = .350nm L is computed using the formula,

.72(£.04) (1.1x1010) (ma2/4mr2) / A, (1)

T 350

where .72 ( T.oa ) is the dimensionless transmission

16

factor, 1.1 x 10'° is the source intensity at X\ =.350n

( lamp output data was sppplied by the manufacturer,
Christie Electric ) in photons -~ ’—sec'1-o-1, the
factor (TTa2/4ﬂr2 ) is the dimensionless fraction of the
source intensitx which passes through the lens,of radlus
a and located at a distance,r, from the source, and A 1s
the cross-sectional area, in cm2, of the incident
radiation beam, at the sample. W 35y is adjusted to the
desired intensity by varying r.v a is fixed at 1.27 cm.

The chamber 1is cooleq,and heated, through the use of a
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fluid bath, which is}ciiculated around the walls of the
chamber. The fluid consists of a solution of alcohol

and water, heated by a laboratory hot plate,or cooled
With dry ice or liquid nitrogen. The temperatures of the
circulating fluid, atmosphere, and sample are monitored
with three remote thermistor probeg,linked to a Simpson

" Thermo-Meter," and calibrated with the use of dis=

tilled ice water.

Sample Preparation

The samples consisted of a synthetic precipitated
magnetite powder, sorted by the manufacturer ( Fisher.
Scientific ) to be .04 (¥.02 )y in diameter, with the
formula Fe.gggFe2?£404. Impurities included < 2 ppm As
and < 1 ppm Hg.

The samples were washed with acetone and methyl
alcohol, to reduce the amount of organic impurities, and
~then with distilled water,to reduce the amount of water-
soluble inorganic impurities. The washed magnetite
was then placed in a dynamic N2 atmosphere,af a préssure
of 2.2 (£.05) x 1072 torr, and a temperature of 302 (22)%.
The dried material was then pulverized in air, and formed
into 1 cm x 1 cm x 1 mm portions, with a packing density
of .91 (*.03) g-cm™>.

The H

2,O vapor pressure, in the amblent atmosphere,
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was determined prior to each experimental sessionlby redu-
cing the temperature of the chamber to the onset of H20
condensation. The temperature of the chamber was then °
increasedyﬁntil the ratio of the HQO vapor pressure to

the HQO saturation vapor pressure, pHQO/P, was .05.
Assuming that the magnetite grains aré spheres of diameter
d = .04p/and density e =5 g-cm‘B, the geometrical

surface area of the magnetite is ( Brunauer, 1937 ),
A, = (6/ap) em2-g=1 = 3 x 10° emP-g~ . o (2)

Since the grain diameter is so small, the true surface
area is closely approximated by the geometrical surface
area ( Fanale and Cannon, 1971 ). With a surface area of

3 X 10° cm?-g'1

, a pHQO/P value of .05 corresponds to
between 1 and 3 monolayers of adsorbed HEO)on the grain
surfaces ( Dushman and Lafferty, 1966, p.469; Weast, 19€9,
p.D-108; Fanale and Cannon, 1971 ).

From the data of Lendle ( 1935 l,for activated
charcoal, and with the ratio of the specific surface areas
of Fez0, and activated charcoal of 3 x 1072 ( Brunauer,
1937 ), the volume of adsorbed Oz,from.the air is on the
order of 1072 to 10~4 cmo-g~!. With the surface area of
the magnetite being 3 x 10°cm-g ', the volume of O,,

adsorbed per unit surface area of magnetite, is 10'H to
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10-1°cm302—cm"2. The volume of Og)in an adsorbed monolayer,

per unit surface area of magnetite, 1s ( Brunauer, 1945 ),
Vv, = 3.72 ( 107295, ), (3)

where S5 1s the surface area covered by an O2 molecule,

equal to 1.2 x 10-15cm2. Vo for O2 is 3 x 10“5, and,

therefore, there 1s between 107 and 1076 of a monolayer, of

Oe,adsorbed on the magnetite grain surfaces.
The quantity of adsorbed N2,on the graln surfaces,is

8 6 to 1077

10'7 to 107" of a monolayer, while there is 10°
of a monolayer of 002 on the magnetite ( Rowe, 1926 ).

The quantities of the other adsorbed gases, on the grain
surfaces, are even more negligible.

The experiments were initiated in less than 15 seconds
after the insertion of the experimental atmosphere. There-
fore. 1t can be assumed that,at the onset of illumination,
each sample had adsorbed, to its surface,1 to 3 monolayers
of H,O0, 1072 to 10"6 monolayer of O, or O ( O2 dissociates
into two O atoms on the surface ), 100 to 1077 of a

monolayer of CO,, and 10=7 to 10‘8 of a monolayer of N2.
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EXPERIMENTAL DETERMINATION OF THE REACTION RATE DEPENDENCE

ON THE ENVIRONMENTAL PARAMETERS

Oo and UV as Necessary (onstituents

Magnetite samples were placed in atmospheres of

1.0 (£.05) x 102 torr CO., N,, and Ar, and irradiated for
2 A

o1
five houré,at an intensity corresponding to m.350 =

2.8 x 1012 photons-cm‘z-sec‘1-3—1. In each case, there
was no visible alteration of the sample, and an X-ray
diffractometer pattern of the sample showed no alteration
of the magnetite peaks, or additional peaks. ( see section
on alteration phase identification ). At the onset of
irradiation, the partial pressure of 0o, p02, was less

4 torr, and pH,O0 was less than 2 x 102 torr.

than 10
The experiment was repeated for 1.0 (¥.05) torr
atmospheres of 002, N2, and Ar, and again there was no
detectable alteration.

Samples were next placed 1n an gtmospherg,composed

of p0, = 1.0 (¥.05) torr and pCO, = 760 (*5) torr, and the

2
sample visibly altered to a bright red color after 8
minutes of irradiation at the same intensity. An
equivalent amount of N2 was substituted for the 002, and
again, a sample became bright red after 8 minutes of

irradiation. The sample was re-exposed to this envl-

ronment twenty times,in order to accumulate a sufficient
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amount of the red alteration material for identification.
The alteration product was identified, through X-ray
diffractionAand reflectance spectroscopy, to be the
ferric oxide phase, hematite, although some maghemlte
may be present ( see section on alterétion phase 1denti-
fication, for details ). |

Hence, it has been found that illumination with UV.
in any Oz—free atmosphere,composed of H2O, 002, N2,
or Ar,cannot oxidize the Magnetite. O, 1s a necessary
constituent. Further it was found that in the absence
of illumination, . "rapid oxidation of the magnetite
does not occur in these atmospheres. UV and O2 are |

necessary constituents.

At,

In the Oz-bearing atmosphere, the}sample turned bright
red after 8 minutes»of,irradiation. Irradiation for an
interval of 7 minutes 30 seconds left the sample unaltered
to the unaided eye. Examination with the petrographic
microscope ( both reflected and transmitted light ))after
these two illumination intervals, revealed that, at the end
of each of the intervals, there were particles of a
transparent phase present. These particles were not
present at the onset of irradiation.

In order to determine whether these transparent
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particles were alteration products or foreign particles,
several samples were lrradiated,at the same intenslity and

in the same atmospheres. Each sample was thoroughly stirreq,
and a particle point count was taken of 10 random samples,

of 300 particles each, using the petrographic microscope

( transmitted light ), with a resolution on the order of

a microh. Eleven samples were irradiated,at an intensity
corresponding to m.350 = 2.8 x 1019 photons-cm'2~sec'1—2'1
in an atmosphere composed of pO, = 1.0 (£.05) torr and

pCO,. = 760 (¥5) torr, for intervals of 1, 2, '3, 5, 6, 7,

2
7.5, 8, 8.5, 15, and 30 minutes, respectively.

‘It was found that, after the | and 2 minute intervals
of exposure to the environment, no transparent particles
could be found. After 3 minutes of exposure, however, an :
average of 5 (¥1) transparent particles ( or aggregates of
particles ) each were found in 10 random samples of 300
particles.A After 5 minutes of exposure, an average of
8 (1) transparent particles were found in the 10 samples.
After 6 minutes, the number of transparent particles
climbed to 10 (*¥1). After 7 minutes there were 11 (*1)
particles in each of the 10 samples of 300 particles
each,

After both the 7.5 and 8 minute exposure intervals,

an average of 13 (f1) transparent particles ( or
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aggregates of particles ) were found. Some of the trans-
parent particles approached 2u in dlameter,after exposure
to the environment for 7.5 and 8 minutes. Up to this
point,most of the particles were around a micron

or less in diameter, although a few particles larger
than a micron were found. These larger particles appeared
orange to red in color, while the smaller ones appeared
colorless. After 8 minutes of exposure, the unstirred
sample had a slightly higher albedo to the unaided eye.
Stirring the sample decreased its albedo.

After 8 minutes of exposure to the environment, the
sample appeared brighter and red in color. Stirring the
sample returned it to its original black color. With the
microscope, 1t was found that there was an average of 14
(£4) ﬁransparent particles ( or aggregates of particles )
in the random samples of 300 particles each. After 15 and
30 minutes of illumination, there were 26 (¥5) and 49 (27)
transparent particles presenﬁ. The 1afger the aggregate
of transparent particles, the moré deeply colored it
appeared in transmitted light. No aggregates of particlég,
smaller than about 1 to 2 microns in dlameter appeafed
colored.

It is concluded that the transparent particles are

the alteration product of the magnetite, rather than
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impurity phases. The number of these particles increases
linearly with increased exposure interval, and it can be
concludedifrom the distribution of particle sizes after
each of’these intervals that the volume of the alteration
product increases 11near1y‘with exposure time; i.e. the
number of particles increases linearly with time, and the
particle diameters were essentially the same ( between 1
and 2 microns ) for each exposure interval. A few of the
particles exceeded about 2 microns in diameter,and were
orange to red in color. It is concluded that these
particles are of the same composition, as the smaller ones,
but they exceed 1 or 2 optical depths in thicness (~1a ).
The undisturbed sample appears red, to the unaided eye,
when an accumulate layer of the alteration product reaches
a thickness which exceeds 1 or 2 optical depths,

The minimum'exposure interval which will produce s
layer of the alteration phase,that is 1 to 2 optical
depths thick ( ~ 1u ) is defined as At . Since the
volume of alteration product increases linearly with
time, the alteration rate isk( L}to )"1 microns per
minute. |

PAY t, was determined for ten other environments,
and it was found that the 1nterva¥,from the time when

the sample last appeared black ( to the unaided eye )
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to the time when the sample appeared definitely red (A tq
exceeded % is on the order of 8% to 10% of At _,in all
cases. Hénce the uncertainty in determining ;}tojwith
the unaided eye,is on the order of 5% of At . The
results are repeatable,to within i5% of At for several
trials in a given environﬁent, and it was decidéd that it
is'not necessary to resort to another, more sophisticated

detection system for determining L)to.

Ar, Ny, CO, and COp
The effect on Aty of substituting Ar, Ny, or CO for

the CO, in the atmosphere was next examined. First, the

2
samples were lrradiated,at an intensity corresponding to
T ,z50 = 2.8 x 1012 photons-cm‘e-sec'I-R"t and an O,
partial pressure of 1 (i.OS) torr. The total pressﬁréw
of each atmosphere, was 760 (35) torr. It was found that
Aty is the same, within the 594 measurement uncertainty
1imits, for each of the atmospheres. The reaction rate,
at this total pressure and oxygen partial pressure, was

not affected by changes in the composition of the

ma jor atmospheric constituent.

The Total Pressure, P

T
Maintaining the same radiation intensity and O2

partial pressure, the total atmospheric pressure, PT,
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was varied from a maximum of 800 (%5) torr to 100 (%5) torr.
The resulte are shown in figure 13a. The CO, was then re-
placed with NE’ CO, and Ar, and the total pressure was
again varied over the same range of values. For all four
atmospheres, 43t0 was the same 6 at any glven pressure, and
the data presented in figure 13a apply to each of these
atmospheres. The best fit to these data is given by the
expression,

Atg = 1.4 x 1075 P (4)

T
‘100 torr, was determined with p02 = 1.0 (¥.05) x 1072

-1 O-
2—sec 1-A 1

The z&to dependence on variations in PT, for P, less than

torr and I 350 = 4,8 (¥,5) x 1018 photons~-cm™ .
Pp was varied from 200 (*5) torr to 6.0 (%.05) torr, and
the results are shown in figure 13b, The best fit to

these results are given by the expression,
- -3 2 -

Aty = 2.0 x 1077 P, (5)
The error barg}in z&toion the data polnts in figures 13a
and 13b reflect the measurement uncertainty in A5to' and
the error limits in PT reflect the pfecision of the
vacuum gauge. The leak rate of the system,during these
measurements and the other measurements in this experiment,

was low enough not to affect the results beyond the

measurement uncertainty limits.
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Figure 13b. The At dependence on variations in
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photons-cm‘2~sec'1—A‘1, and pO2 =1 x 1072 torr.
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Atmospheric O, Partial Pressure, pO,

The effect on [;tb of varying the O2 partial pressure
was next determined. For a total pressure of 760 (¥5) torr
and for W zc = 2.8 (¥.3) x 1019photons—cm°2—sec'1—2-1, 0,

was varied from 100 (%5) torr to 1.0 (¥.05) x 1072

torr.
The results are shown ih figure t4a. The error bars on
these data points are there for the same reasons as
described for figures 13a and 13b, The best fit to these

data points 1s provided by the function,
Aty = 8.0 poy %, | (6)

Again, the CO2 was replaced by Nz, CO, and Ar, and for all
four atmospheres , the best fit to these data i1s provided
by the same function. Next, pO, was varied from,9.oo(t.05)

x 1072 torr to 1.00(%.05) x 10~%

torr. The results are
presented in figure 14b. The best fit to these data 1is

provided by the function,

2

- -
Aty = T.4 x 107 p0y"2, (7)

Incident Radiation Intensity, 11.350

The response of A}to to variations in the incident
radiation intensity was next determined. With pO, = 100
(¥5) torr and Pp = 760 (%5) torr, ][.350 was varied from
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2.8 (%.3) x 10'9 to 1.1 (¥.1) x 1018 photons—cm'Q—sec‘1-R'1.
The results are shown in figure 15a, from which it was found

that

i

2 -3/2
Aty =1.2x 109w 5 (8)

A pure O, atmosphere was then used at a pressure of 10(X.5)
torr, and T 35, was varied from 7.2 (£.1) x 10'7 to

- - -1 O-
8.6 (¥.9) x 1015 photons-cm 2. cec~1.271'. 1t was found that,

Ato = 6.5 X 1025 I.350-3/2, (9)

from the data in figure 15b., The range of intensities was
further extended by using a pure O2 atmosphere. at a
pressure of 1.00(%.05) torr. 25.350 was varied from 1.4
(£.1) x 1016 to 6.6 (£.7) x 1014 photons-cm'grsec'1-x.1,
and the results, shown in figufe 15¢, were best fit by

the function,

Aty =2.0x 10 ]L.BSO’B/Q. (10)

The Relative Spectral Radlation Intensity Distribution

The response of L}to to variations in the relative
spectral radiation intensity curve shape was next deter-
mined. The fused silica window, in the chamber, was
replaced with CsBr, CsI, and Pyrex windows. mizso

19

was adjusted to a value of 2,8 (t.B) x 10 photonsg-
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cm"2-sec“1-3f1 for each window. The relative spectral
radiation intensity distribution at the sample for each
of these windows, is shown in figure 10. The spectral
transmission characteristics were provided by the
manufacturer ( Harshaw Optics ). For PO, = 100 (¥s5)
torr, and PT = 760 (%5) torr,‘LXto‘for the fused silica
window was measured to be 48 (13) seconds. L}to for the
CsBr window was 2min. 42(*8)sec., for CsI it was 10min,
30(*35)sec., and with the Pyrex window, At, was 17min.
30(%¥50)sec.

Since the quantity of alteration material increases
linearly with exposure time, then, in a given period of
irradiation, only .05 times as much of the alteration
product is formed, by using the Pyrex window, as would be
formed if the fused silica window was used, With the CsI
window, only .08 times as much alteration product is
formed, as would be formed with the fused silica window.
With the CsBr window, .3 times as much would be formed.

Therefore, from figure 10, the radiation intensity
can vary by a factor of *2 from the fused silica values
for wavelengths longward of about .280m, and change
ANty by less than its 110% uncertainty limits., Similarly,
by changing the intensity, longward of .230p by a factor

of ¥1.25, At, varies by less than ¥10%. Longward of
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.210m, the intensity can be varied by a factor of i.33.
From this information, a mx region can be constructed,
within which any spectral intensity distribution curve
may lay and yield a L&towhich i1s the same, within a $10%
unceftainty, as the Aty for the fused silica window.
This is presented in figure 16. Also plotted in figure
16 is the solar UV spectral intensity distribution, set
equal to the 1nténsity of the radiation passed by the
fused silica window at .200p ( Allen, 1965, p.171 ).
Although the solar curve lays within the i[&to curve, its
value at .350u is a faétor of 2.2 higher than the Xenon/
gilica value, at .350u. Hence, a,m;350 value for solar

radiation is obtained,by dividing by 2.2 at .350n.

Atmospheric and Adsorbed H,O, pH,0/F

In each of theﬂexpériments discussed so far, the
quantity of adsorbed Ho0 at the onset of irradlation
was that amount which is in equilibrium wiﬁh a pHEO/P
ratio of .05 during sample preparation. The effect on

Aty of variations in the quantity of adsorbed H_O, at

2
the onset of irradiation, was next determined. First,

all of the physically adsorbed H20 was removed from one
of the samples through a chain of five 3-hour dynamic
desorption environments, A dynamic desorption envi-

2

‘ronment is characterized by a 2.2 x 10" torr flow of
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Figure 16. ml region, within which any relative
spectral radiation intensity distribution may lay,
and yield a Asto value, which is the same, within
a 110% uncertainty, as the Aty for the fused

silica window, scaled to 1.0 at A= .200u.
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Ultrahigh Purity grade Matheson Né gas at ambient
temperature. The dried sample wes then irradiated in a
760 (¥5) torr atmosphere, containing 100 (¥5) torr 0,,
at an intensity corresponding tofm;BSO = 2.8 x 1019
photons-cm‘e-sec’1-g-1. Irradiation for 5 hours pro-
duced no observed alteration, while 1rrad1atioh of a
samﬁlgfwhich was prepared with pHaO/P = .05 had a At

of .80(%.04) minute, in this environment. Therefore, in
order for the reaction to occur, some HéO was required

to be adsorbed on the gréin surfaces at the onset of
irradiation.

It was next investigated whether the HQO was required
on the grain surfaces throughout all of the zlto interval,
or whether it was needed only for some initial interval.

A sample was prepared in an atmosphere in which pH2O/P
was .05. It was irradiated for an initial interval of
10 seconds, at an intensity corresponding to m}35o =
2.8 x 1019photons-cm”2csec"-X'1, in a 760 (%¥5) torr

atmosphere with pO. = 1.0(¥.05) torr. The visibly unaltered

2
sample was then exposed to the dynémic desorption chain,
and reirradiated, at the same intensity,and in the same
atmosphere. After 8,0(X.5) minutes of exposure to this Hy0-

free environment. the magnetite reddened.
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The experiment was repeated with the initial interval
reduced to 5 seconds, and again z\to = 80(%.4) minutes.
When the initial interval was reduced to 1 second,
however, irradiation in thg HQO—free environment left
the sample visibly unaltered. ‘No transparent particles
could be found with the petrographic microscope ( see
gsection on Lsto, earlier in this chapter ). The experiment
was repeated for other lengths of the initial interval,
and 1t was found that the adsorbed’HQO was required for
the initial § (11)4seconds of the exposure to the UV |
radiation in the Op-bearing atmosphere.

Investigations.with various combinations of I =gq,

P and pO2 revealed that the initial interval, during

T’
which the adsorbed H,0 is required, is between 1 and 2
percent of At . This value for the initial interval

applies to the case in which the adsorbed H,.O layer

2
has a thickness corrésponding to a pH20/P ratio of .05,
during sample preparation.

A sample, prepared with the same pH20/P ratio, was
irradiated for its initial interval of .02At ( 10
seconds in this case ), at an intensity corresponding to

19 2ve3ec:"1-g_1, in a 760 (i5)

D;35O = 2.8 x 107 photons-cm
torr atmosphere, containing 1,0(¥.05) torr O5. It was then

exposed to a chain of five 3-hour dynamic desorption
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periods. It was re-éxposed to the original environment

for 30-second 1ntervals,.a1ternating with 15 second inter-
vals of no irradiation or adsorbed HQO, until the sample
turned red. At  was found to be 8 minutes ¥ 30 seconds,
essentially the same as for an uninterrupted exposure
interval in this environment. Irradiation for 30-second
intervals at the same intencity and in the same atmos-
phere, was repeated. However, instead of exposing the

the sample to the desorption envirohment after exposure to
the initial interval, the sample was exposed to the
standard sample preparation environment ( pHEO/P = .05 )
‘prior to each 30-second exposure interval. In this casal&to
‘wag found to be 7.5 (¥.5) minutes.

Hence, for previously un-irradiated samples, an
.adsorbed H2O layer 1is required}at the onset of irradiation,
in order for oxidation to occur. However, after having
been irradiated for the initial .01At, or .O2z&to interval,
the HQO is no longer required. In addition, if the sample
is exposed intermittantly to adsorbed HQO, with a layer
thicknese corresponding to a pH2O/P value of .05, the At
value is8 shortened.
Next, the effect on At  of varying the thickness of

the adsqrbed H,0 layer was investigated. Lsto was determined

as a function of the pHQO/P ratio during sample preparation.
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This was done for various combinations of T, p02, PT, A,

and.31350.

pHQO/P greater than .05, At, increases with increasing

It was found that, for samples prepared with

pH,0/P. Further, for pHQO/P greater than .05, At  has
two components. During one of these intervals, oxidation
occurs at a rate which is equivalent to the rate when
pHEO/P is .05 during sample preparétion. Preceeding this
oxidizing interval, there is another interval during which
no oxidation occurs. The length of this non-oxidizing
interval increases with increased pHEO/P. The length of
the non-oxidizing interval was found to decrease by
increasingim.BBO and T, and by decreasing At’ but it was
unaffected by variations in pO2 or PT'

The effect of adsorbed H.O on tho, for values of

2
pH,0/F which were less than .05,at the onset of irradiation,

17 photons-cm’z-

was investigated, using W 359 = 1.7 x 10
sec"-g-1,in a pure 10,0(¥.5) torr 0, atmosphere. For
pH2O/P = .05, At was found to be 55 (¥3) geconds. - The
initial interval, during which adsorbed H2O was required,
was found to be less than 1 second. For pHQO/P values

of both .03 and .01, At  remained at 55 (¥3) seconds, and
the initial interval was still less than 1 sécond. For
PHy0/P = 5 x 10”3, Aty increased to 9 minutes 15 seconds

(¥ 30 seconds). The initial interval, during which the
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HoO0 was required, increased to 6 (¥1) second. For pHo0/P =

1 x 1073, At, was 45 min. %3 min., and the initial interval
increased to 30 seconds. Finally, for pHo0/P=0, Aty
increased to a value greater than 5 hours.

Next, the effect on Akto of varying the atmospheric
HQO partiél pressure was determined. Samples were irradia~‘
ted.at an intensity corresponding toim.35o = 2.8 x 109

2-sec"-2’t in atmospheres composed of various

photons- cm™
proportions of N,, and aiq;with-known H2O partial pressures.
The resultant H20 partial pressures 1in these atmospheres
ranged from valﬁes of 5.3 torr to 5.3 x 10'3torr. The L>to
for each of these atmospheres was determined, with the

onset of irradiation occuring in less than 10 seconds

after injection of the air into the chamber. These values
of Aty were then compared with A)to values obtained for

the H20—free atmospheres. which had the same pO2 and PT
values., It was found that At  was not affected by

| changing the atmospheric H20 content. In each of these
cases, the amount of adsorbed H,0 corresponded to a pHQO/P

ratio of .05 during sample preparation.

Temperature, T.
The effect of temperature on Z}to was next investiga-

ted. Since variations in surface temperature affeet the
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desorption rate of the adsorbed H,0 layer, the samples

were all irradiated for the .O2£&to initial interval, and
"then they were exposed to the dynamic desorptlion environment.
All At values were then determined in the H,0-free
environments.

The temperature of the sample, at the onset of

irradiation, was varied over the range 263°K to 3730K,

and Alto was observed to be’unchanged, within the ¥5% uncer-
tainty 1limits. The experiment was repeated for a variety
of environments, W1th:m;350 ranging from 2.8 x 1019 to

14 -2, on-1. 91 +
photons-cm™<- sec™ '-A™', Pqp ranging from 760 (=5)

T.3 x 10
torr to 1 (£.05) torr, and pO, ranging from 100 (%*5) torr
to 1.0 (¥.05) x 1072 torr, and it was again found that

Zkto is independent of the temperature of the.sample at

the onset of irradiation.

In the 760 torr atmosphere, it was noticed that irradi-
ation., at an 1ntensity corresponding to.ﬂZ.350 = 2.8 x 1019
_photons-cm‘g-sec‘1-271, caused an 18°K increase in the
sample temperature, stabilizing after 6 minutes of exposure.
To determine the effect of this temperature change. during
irradiation, a sample was dynamically cooled during the
irradiation interval, and the temperature was constrained

to increase by only 29K over the 6 minute interval. JANT

remained the same. When the temperature was made to
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Increase by 32°K over 6 minutes, A to was also the same.
The experiment was then repeated for various radiation

intensities, repeating between n.BSO = 2.8 x 101,9 and

14 photons-cm'z-sec’1-x‘1, and total pressures

T.3 x 10
between 1 torr and 760 torr. Temperature changes were made
to range from values of fBOOK to +52°K, and A ty was found
to be unchanged, as a result of altering the magﬁitude of
the temperature change during irradiation, in every

case., In summary, temperature has no apparent effect on

the length of the oxidizing interval.

Surface Area, Ay

The next parameter that was investigated was particle
size. Samples of the .04n diameter magnetite grains were
wetted with acetone, spread onto glgss slides, dried, and
scraped off into a mortar. The magnetite was then in the
form of densely-packed aggregates of particles. They
were sorted into various particle diameter ranges between
.O04n and‘10;¢. Thé aggregates were 1frad1ated at an
intensity corresponding to kaSO = 2.8 x 1019 photons-cm‘a-
sec"-X’I in a 760 torr atmosphere containing 100 (%5) torr
02; Aty was determined as a function of the particle
( aggregate ) diameter, 4, in microns. The results are
shown in figure 17. The principle feature of the figure

to note is that the L;to values deviate from a d2 law,



Figure 17. The l&to dependence on
variatlions in 4, the aggregate
3 diameter, for .04u £ 4 <« 10u,
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represented by the curve in the figure, at the higher d
values. This observation 1s consistent with the fact that
aggregates of particles have more complex surfaces, and |
therefore greater surface areas. per gram than the geomet-
rical surface area of a smooth-surfaced sphere of diameter
d. The .04n diameter Magnetite particles have surface
areas which are most closely approximated by the geo-
metrical surface area of a sphere of diameter d ( refer

to section on sample preparation, in this chapter ),

given 1n‘equation 2 to be 3 x 105 cm2-g"‘. The curve in
figure 17 is fit to the datum point at .O4u, and the

data at the other 4 values are consistent with the

interpretation that, !
Aty = 2.4 x 10° 871 (12)

where At is the true surface area, per gram, of

magnetite.

SUMMARY OF LABORATORY RESULTS: EMPIRICAL CONSTRAINTS ON

THE REACTION MECHANISM

A model for the mechanism of the UV-stimulated
alteration of magnetite is constrained to satisfy the

results of the laboratory investigation. They include:
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1. The presence of both atmospheric O2 and ultraviolet

light are required in order for the reaction to proceed.

2. The reaction rate is proportional to LPT'2

, where PT
is the total pressure of the atmosphere, but it is in-
dependent of whether the principle compositional con-
stituent is Ar, Np, COp, or CO. The range  for which the

PT-2'dependence is valid is 6 torr £ Pp £ 800 torr.

i

3, The reaction rate is proportional to p022, where

pOs is the atmospheric 02 partial pressure, over the range
1 x 10"4 torr £ p0, £ 1 x 102 torr. Atmospheric 0,

also contributes to the Pp dependence.

4, The reaction rate is proportional toiﬁ.3503/2, where

E:350 is the incident radiation 1ntensity,at the reference
.wavelength of .350m, over the range 6.6 x 10“+ £ °.350 <

2.8 x 1019. The units of'maBSO are pl’xo?;ons-c:m"g-s,t'ec"'1-2"1

5. The alteration rate 1s higher with higher incident

photon energies, for hv £ 6.2 eV.

6., The reaction rate is independent of temperature, over

the range 263°K < T < 373°K.

7. The alteration rate is proportional to the surface

area of the sample, At‘



106

8. 1In order for the reaction to occury with a previously
unaltered magnetite sample, some HQO must be adsorbed on
the graln surfaces for an initial interval of .OIthO or
.O2At0, where Ato is the illuminétion interval th.aﬁ is
required in order to form an accumulate layer of the
alterétion product to a thickness of 1 micron. Once a
sample has been exposed to this initial interval, however,
adsorbed H,0 1is no lohger required in order for the reaction
to contirme.At.0 is the same, for both continuous and
interrupted intérvalsjin the absence of adsorbed H,O,
while 1if HEO is adsorbed to the surface during illumina-
tion interruptions, Al'to ie decreased. The amount of
adsorbed Hzofon the grain surfaces,is that which is in
equilibfium with the ratio of the atmospheric H,0 partial
pressure to the HpO vapor saturation pressure of the
atmosphere, i.e,.pHo0/F. When pHZO/P~<;01, the reaction
rate is proportional to pH,0/P. For .01 £ pH20/P £ .05,
the reaction rate is independent of pH,0/P, For pHQO/P
greatér than .05, L&to is composed of two intervals: an
alteration interval, which is the same length as[}po
for .01 £ pH20/P £ .05, and a non-reacting interval,zktn,
which preceeds the alteration interval. The length of the
non-reacting interval increases.in a complex manner with

increased pHpo0/P and Ay, and decreased m335o and T,
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THE KINETIC RATE EQUATION

It has been found that,upon illumination with ultra-
violet radiation in an Oe-bearing atmosphere, magnetite
has formed on 1t a surface layer of bright red alteration
material. The interval of exposure to this environment
which results in the formation of a surface layer 1 micron
in thickness 1s defined as z&tb. The rate of formation
of this layer 1s linear with exposure time, and, therefore
the formation rate can be expressed as ( At )—1, in
units of microns per minute. From the functional
dependences of the formation rate on the various environ-
mental parameters,' which were.experimentally derived and
presented in this chapter, an expression for L)to can
be formed for each of the three characteristic pH20/P
ranges. The kinetic rate equation for the alteration
process, which i1s operating in each of the characteristic
pHoO/P ranges, is simply the inversé of the experimentally
derived [&to expression for that region. The expressions

for [}to are:

For pHEO/P .01,

1

31 2 -1 -3/2,~-1 =1
Aty = 6.0(.6)x10 Pp(p0p) /2(m,350) 3/ At(pH2O/P)' ; (13a)
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For .01 £ pH,0/P £ .05,

-1
Ato = 6.0(%.6)x1029P%(p0, ) /2(mﬁ350

)"B/QA{1; (13b)

For pHQO/P > .05,
‘ . e
At = 6.0(2.6)x102%8(p0,) /2 (0 5500 2y e Aty (13)

In equations 13a, 13b, and 13c,z§to is in minutes, and
PT = total atmospheric pressure, in torr.
pO2 = partial pressure of atmospheric 02, in torr.
m;350 = incident photoh flux at the reference wave-
length of .350u, in photons~cm”2-sec“1~ﬁ'1.

2'8-19'

At = true surface area of the magnetite, in cm
per gram of the sample.

pH,0/P = ratio of the partial pressure of HpQ in the
atmosphere, to the saturation H20 vapor
pressure in that atmosphere. This ratio is
the value, which is in equilibrium with the
amount of adsorbed H,0,on the'érain surfaces
at the onset on illumination.

At = length of the'noh-reacting exposure interval,

in minutes.
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ALTERATION PHASE IDENTIFICATION

Identification of the oxidation product is extremely
difficult. Although the structures of the two forms of
ferric oxide are different ( see chapter II ), their X-ray

- diffraction patterns are similar, Differentiation between
the two is made difficult by the broadening and shifting
of the peaks, assoclated with the solid solution and small
particle size effects. Further, since maghemite and
magnetite are isostructural, their patterns are nearly
indistinguishable, even for large end member crystals.

Bulk magnetic measurement is not a good technique,

A because of the various combinations arising from the
mixing of different magnetic characters. Magnetite is
ferrimagnetic, with a Curie point of 578°C and a satura-
tion magnetization, at room temperature, of 92 - 93
e.m.u. / gm. ( Nagata, 1961 ). Maghemite is also ferri-
magnetic, with approximetely the same Curie point, and
with a saturation magnetization of 83.5 e.m.u. / gm.
Hemptite is only weakly magnetic, displaying ferro-
magnetism and paramagnetism, with a Curie point'of 67500.
In the samples, the oxidation product 1s mixed with the
magnetite, and therefore bulk magnetic measurements are
not useful for the 1ndeﬁtificétion of the alteration

phase,



110

Differential Thermal Analysis ( DTA ) alone is also
limited. Heat from the exothermic reaction,Fe3O4—a-X-Fe203,
triggers, to an unknown extent, the transformation,
X’—Fe203-4>a(—Fe203. Adsorbed gases on the small particles
lead toerroneous results for mass changes in thermogravi-
metric analyses of the powdered specimens. Wet chemical,
microprobe, and Mdssbauer analyses cannot differentiate
between the two forms of Fe203. ‘

The best single technique, although still not free of
of ambiguity, is the color of the powder in reflected light.
Magnetite is black to black-brown;in small particle reflec-
tivity. Maghemite 1s yellow to yellow-brown, and hematiteis
red to red-brown. Ambiguity arises when the hematite has
OH in substitution for some of its O ligands. The presence
of Fe(O,OH)6 octahedra causes hematite to become brown to
yellow-brown in color, depending on the extent of'the
hydroxyl substitution ( see section on hematite in chapter
IT ). Maghemite never is red or red-brown in color,
however., ©Spectral reflectance curves distinguish hematite
from the other ferric oxide and oxyhydroxides, since only
hematite péssesses the .7m reflectivity peak. The others
exhibit a reflectivity plateau from .5p,or .6u,to .Tu.

The teast .ambiguous characterization method is the

combination of the reflected color and the X-ray diffraction.
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X-Ray Diffraction

A two gram sample of ‘magnetite was prepared for
oxidation, in the ﬁanner described in the section on
sample preparation, in this chapter. The sample was
11luminated at an intensity corresponding to m.350 =
2.8 x 1017 photons-cm'e-sec'l-X'I, in a 760(%5) torr
atmosphere, composed of 20% 0, and 80% N,, for 5 min.
The sample was then stirred, replaced in thé samplé
preparation environment, and illuminated again in the
0o / N2 atmosphere, for Skmore minutes. This exposure
cycle was repeated 20 times, in order to insure that
there was sufficient alteration product in the sample
for X-ray identification. A one-half gram portion of
the sample was next placed in a mortar, where it was
mixed with 18 drops of amyl-acetate and 6 drops of
Collodion. It was then spread on a glass diffraction
‘sample:sliﬁe and allowed to dry for a half\hour.

An X-ray diffractometer trace of the sample‘was
taken., In addition, eréy diffractometer traces of
‘unoxidized'magnetite\ and reagent grade ( Fisher
Scientific Co. ) hematite, were taken,'forbcomparison.
Both the unbxidized*ﬂagnetite and the Kematite have
the same mean particle dlameter, .04 ( o2 n.

The diffraction patterns of the three samples were
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taken wusing the GE Unit #1 at the MIT X-Ray Metallo-
graphy Lab. Chromium K-o¢ radiation was used, at 35 kv
and .14 ma, with a vanadium filter.

In‘figures 18a through 18g, the results are presented.
In these figures, the positions of the diffractién peaks
are presented in terms of 20, where © is the Bragg angle.
Not presented in these figures is the diffraction record
of maghemite., The reéson for this ie that the maghemite
peaks are positionea, for the most part, coincidently
with the magnetite peaks. The maghemite structure
differs from the magnetite structure in one important
reépect, however. It has a superstructure, due to the
vacancy ordering, ylelding characteristic 26 peaks at

22.4° (a4 =5.887 %), 27.5° (d = 4.810 8 ), %5.8° (4 =

o

3.721 2 ), and 29.4° ( a ;»3.398 A ). The other, not
so characteristic, principal peaks occur at 45,8° ( 4 =
0.944 A ), 54.2° (d = 2.510 & ), 66.8° (a = 2.082 % ),
78° (d = 1.818 8 ), 91.4° (a = 1.602 8 ), and 101.2°
(d=1.472 & ). Of the latter peaks, only the 78°
peak is not coincidenﬁ,:or nearly coineident, with a
magnetite peak. This peak is 80% of the intensity of
the maximum intensity maghemite peak at 54,29, and
Ashould be clearly visible if Mmaghemite oeccuples greater

than about 5% of the sample volume and is crystalline,
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In figure 18e, it can be seen that there is no peak
present at 20 = 78°. The characteristic peak at 22,4°
would have an intensity which is 40% that of the
maghemite maximum intensity peak, and it could’not be
seen on the record ( figure 18a ). even if it was present
because of the noisy background at 26 = 22°, The
characteristic peak at 27.5° 1s nearly coincident with the
magnetite peak at 27.30, and would not be distingu;shable
in the record. The characteristic peak at 35.80 has an
intensity which is 60% that of the maghemite maximum
intensity peak. A low-intensity peak. at 35.70 may
correspond to this maghemite peak, in figure 18b. An
ambiguity arises, however, since hematite has a peak
at 360, in figure'18b. No peak at 39.40 can be seen in
figure 18b, even though the intensity of thefmaghémite
peak would be the same as the intensity of the 35.70
 peak. On this evidence, the peak at %5.7° is assigned
_ to Hematite. |

In figure 18c, the 46.6°'magnetite peak 1s seen
in the oxidized’magnetité record. However, the peak is
shifted slightly toward'a higherIQG value, In addition,
the peak is broader.and more complex,than the unoxidized

magnetite peak. The shifting and broadening are charac-

: 0
teristic of the presence of small particles ( ~100 A in
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diameter ), and the presence of two phases, with d spacings
of similar value. Such mixing of the 44.6° ( 4 = 2.966 2 )
magnetite peak and a 50° (4 = 2.69 2 ) bPematite peak
could result in the observed shifting of the oxidized
magnetite peak. A broad, low-intensity peak at 50° in
the oxidized magnetite record, is visible in figure§ 18¢c
and 18d. 1In figure 184, the scan speed has been reduced
to 0.4°/min., and the range is reduced from 1000 to 200.
The scan speed in figure 18¢c is 2°/min. The complex.
peak at 54° 1in figure 18c demonstrates the small-particle
and mixing effécts. The mixing occurs as a result of the
magnetite 53.8° ( d = 2.5308 ) and the Hematite 54° ( d =
2.510 8 ) peaks. |

In figure 18e, the magnetite 66.2° peak is seen in the
oxidized Mmagnetite record. Again it is brpader and more
kgomplex than the unoxidized magnetite peak. The hematite
peaks at 62.4° and 76.7° are not evident in the = oxidized
magnetite curves, due probably to the fact that the hematite
peaks are so low in intensity.

In figure 187, the peak at 84.4? in the oxldized mag-
netite record shows the effects of the 84.9 R Hematite
peak and the Magnetite 83,9° peak; A similar mixing of the
- 90.3° magnetite peak and the 91.5° hematite'peak,results

in the 90.80 peak in the oxidized Magnetite record.
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Magnetite displays a peak at 101.1° and hematite displays
peaks at 100.6%ng 103.80. As a result, the oxidized
sémple displays a single peak, resulting from the mixing
of the7nagnetite‘and_ﬁematite peaks, 101.6°. In figure
18g the 84,4° oxidized Mégnetite peak is shown in more
detail. In this figure the assymetrical peak arising
from the influenée of the Hematite peak at 84.9° 1is
clearly seen. v

"Goethite and 1imonite display essentially the same
X-ray diffraction records,.highlighted by four intense
peaks at 31.6° (d = 4.21 £ ), 50° (a = 2.69 & ),
56° (d = 2.44 & ), and 26.5° ( d = 5.0 & ). The first
peak is not present in the record in figure 18b. The
peak at 26.5° for goethite is not distinguihéble from the |
magnetite peak at 27.30 due to mixing effects. The 50O
peak is not charactéristic only of goethite and 1imonite,
it is also.characteristic'of hematite, and is therefore
not diagnostic of goethite or limonite. ©No peak is
present in the oxidized hmagnetite record at 56°.

From the X-ray diffraction record of the oxidized
sample,-it can be concluded that hematite is the
prinecipal oxidation product. If any maghemite is

present in the alteration product, it either occupies

less than about 5 volume percent of the sample, 1t is
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amorphous, or it is vécancy—disordered. Goethite and
lAmonite are apparently not present in the alteration

product.

Reflected Color

The oxidation product ﬁas compared with a sample of
hematite, both samples being of the same size and shape,
and both being packed at the samé density. Both samples
appeared)visuallxjto have the same reflected color, bright
red. Also present for comparison was a sample of
goethite, prepared by steaming hematite 1nAain,for T2
Vhours, and then heating it in dry 02 for 24 hours. Goethite
and @aghemite havé the same reflected color, viz. brown to
yellow-brown. it was evident that the oxidized sample is
definitely red, not brown or yellow-brown, in color. This
supports the X-ray diffraction evidence that hematite is

the principal oxidation product.
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Figures 18a - 18g. An X-ray diffraction
record, for the hematite, unoxidized and
oxidized magnetite samples, for 22° < 20
£ 86°. 1In figures 184 and 18g, the 20
scén speed is .4%/ min., while in the
remaining figures, the 26 scah speed is
2° / min. Relative intensity is along

the ordinate,
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IV. UV-STIMULATED OXIDATION OF MAGNETITE:
THE MECHANISM

THE OVERALL REACTION

It has been demonstrated in the iaboratory that
Magnetite ( Fe304) can be oxidized to ferric oxide ( Fe203 ),
when 1t is illuminated with ultraviolet radiation in an
Op-bearing atmosphere. The ferric oxide is principally in
the form of Hematite («'—F9203 ), although some Maghemite
(Y -Fezo3 ) may be present. The overall reaction can be

bepresented“by the expression,

2Fe304( solid ) + 30,( gas ) PLs 3a0¢-Fe,03 + 3(1-a) ¥-Fep0%
| (14)

This reaction is stoichiometrically simple, in the senSei

that its advancement can be described by a single pérameter:

the extent of reactioﬁ. The extent of reaction is glven

by (At )"! times the length of time to which the Mmagnetite

is éxposed to the oxidizing environment. A&to is given by

equations 13a, 13b, and 13c.

THE CONSTITUENT REACTIONS: THE RATE DETERMINING STEF

It is apparent from equations 13a through 13c that.
instead of a single reaction taking place as written
( equation 14 ), the phase change proceeds through a

network of reactions which involve reactive intermediates:
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i.e.)the reaction rate 1s a complex function of the total
atmospheric pressure, the atmospheric 02 partial pressure,
the ultraviolet radiation intensity, surface area per gram
of the sample, and the amount of adsorbed H20 on the grain

surfaces.,

Surface Controlled Rate Determining Step

One 1mpoftant result from the experiment is that the
amount of ferric oxide formed from the Magnetite increases
linearly with time. A linear growth law . indicates that
the rate determining step in the oxidation mechanism is
surface controlled, rather than diffusion controlled
(_Evans, 1947; Gulbrancen and Wysong, 1947; Grimley and
Trapnell, 1956; Ritchie and Hunt, 1969 ). When the rate
determining step 1s diffusion controlled, the growth
laws are parabolic, cubic or exponential ( Mott, 1940,
1947 ), or logarithmic ( c.f. Fromhold, 1963a,b ).
That the réte determining step 1s surface controlled is
further supported by the direct proportionality of FAN to

to At’in equations 13a through 13c.

The Rate Determining Step Follows O, Dissociation
Since the kinetic rate equation for this oxidation .
process demonstrates a dependence on the atmospheric Op

partial pressure, the graln surfaces are not saturated
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with adsorbed 02"( Gulbransen and Wysong, 1947; Grimley and

Trapnell, 1956; Ritchie and Hunt, 1969 ). Since the

%
. . 2 ’
the rate determining step must follow O2 dissociation

reaction rate is linear and it is proportional to pO

( Ritchie and Hunt, 1969 )., If the rate determining step

had involved undissociated O the linear growth law would

2,
be proportional to p0, or L ( pO2 ), where L ( pogn) is
the Langmuir function , bpoen/( 1 #+ bp02n ). bt is a

constant.

The Electron Concentration is Independent of Oxlde Thickness

If the growing ferric oxide layer remains mechanically
intact on the magnetite core, the rate determining step
can be elther d1ffusion controlled or surface controlled.
If the adsorbed ions,on a mechanically intact oxide layer
set up an electric field across the oxide layer, this
electric field results in a Boltzman distribution of .
electron concentration across the layer ( Collins and
Nakayama, 1967; Ritchie and Hunt, 1969 ). This electron
distribﬁtion gives rise to the diffusion of idns through
the oxide layer, As pointed out earlier, if the raté
determining step was controlled by the diffusion of these

ions, the oxide layer growth law would be elther parabolic,



128

cubic; exponential, or logarithmic. It has already been
pointed out thatr?ate determining step is surface con-
trolled and the growth law 1s linear. This indiCatés that
the electron concentration, at the surface of the magnetite
is independent of the oxide thickness ( Ritchie and Hunt,
1969 ). If the surface controlled rate determining step
was controlled by the Boltzman electron distribution, a
parabolic growth law would result, unless the lonization
of oxygen is rate determining. In the latter case, a cubic
or logarithmic law results.

It can be concluded that the rate determining step
occurs eithef at a‘fresh.magnetite surface, or on the
surface of the ferric oxide. The first case requires that
the ferric oxide layér fails mechanically, and is
continually broken away from the Magnetite surfaces.to be
contiuously exposed to the atmospheric Oxygen ( Evans,
1947 ). The second case suggests that cations from the
magnetite substrate diffuse rapidly to the surface of the
ferric oxide layer, where the slower, rate determining,
post-Op-dissociation step occurs. In elther case, the
electron concentration would be independent of the oxide

thickness, as required by the results of Ritchie and
Hunt ( 1969 ).
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0, Dissociation on the Surface
In the presence of ultraviolet radiation with wave-
lengths shortward of .230m, the 02 can dissociate in the

atmosphere ( Kaufman, 1967 ),
0, 2£» 20, | (15)

with a photodissociation rate constant of 5.8 x 10_1Osec+1.

The atomic Oxygen can collisionally recombine by the three-

body process ( Kaufman, 1967 ),
20 + M —> 0, + M, | (16)

where M 1s a molecular atmospherlic species. The recombina-
- "209 -
tion coefficient is kg = 3 x 10 33 ( /300 ) cmé-sec 1.

O can collisionally recombine with Oeiin a three-body

process to form OB‘by the process ( Kaufman, 1967 ),
O+ 0y +# M—>05 + N, (17)

with a rate coefficlient of k;, = 5.5 x 1O~34( T/300 )-2'9

cm6-sec'1. Ozone photodissociates by the reaction ( Inn

and Tanaka, 1959 ),

03-?11-»024, o, (18)

with the photolysis rate J.. = 4.2 x 107> sec™! for

; 18
.200p £A £ .300p. Further, O and Oz recombine by the
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reaction ( Kaufman, 1967 ),
0 + O3 —» 20, (19)

'with the recombination rate coefficient k19 = 1.4 x 10714
exp( -1500/T ) cm3~sec;1. Hence, the three principal
neutral atmospheric oxygen species are O, 02, and 03.

Upon approaching the surface, a portion of the these
three species of oxygen can collide Qith photoelectrons
emitted from the magnetite. The photoelectric work
function of magnetite is on the order of 3.8 eV to 4.2 eV,
as described earlier ( see section on photoemission, from
the chapter on magnetite and its oxidation producﬁs ). The
number of emitted electrons per incident photon ranges
from about 10'T‘at the work function to around 10'2 to
10”7 for the 6 eV photons.

For photoelectrons with kinetic energies between

.03 eV and 1.3 eV, electron attachment to O can occur by

the process ( Branscomb, 1964 ),
e5+o(3P)-—-—>6(2P)"+hv, (20)

with the radiative attachment coefficients ranging .
between 1.2 x 107 Pem>- sec™! and 1.9 x 10™ Pcm3- gec™!.

These low energy photoelectrons can also attach to 02,
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by the process ( Chanin et al., 1959 ),

- -
ep+02+M—-—?02 + M—»0, + M+ hy, (21)

with the three body attachment coefficlents ranging
between 1 x 10 Ccm. sec™! and 7 x 10" %emO-gec™!.

For photoelectron kinetic energies greater than .4 eV,
electron attachment to ozone can occur by the reactions

( Meyer and Neldel, 1937 ),

e + Oz —> 07 + 0, (22)

and
e; + 03 —> 0 + o;, - (23)

wlith the rate coefficients for these two reactions

being on the order of 1071056 3.

sec™ !, Og is formed
by collision clustering of 07, O, and M ( Burch and
Geballe, 1957 ),with a clustering collision rate

coefficient of 8.8 x 10_31cm6»sec"1,

O_+02+M ——->-03+M. (24)

For electron kinetic energies greater than 1.3 eV,
0~ is produced by electron attachment to 0p ( Chanin et
al., 1959 ), |

e; + 0p =—»0 4+ 0, (25)
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with the attachment coeffielents ranging from 4 x 10‘130¢3-

-12 cm>- sec™ |

sec™! for the 1.3 eV electrons to about 6 x 10
for the 2 eV electrons. Also above 1.3 eV, radiative

attachment to O, will produce O; ( Branscomb, 1964 ),

e, + Op =0, + 1/, (26)

with the radiative attachment coefficients on the order

of 10—16cm§sec_1. Electron attachment to ozone for electron
kinetic energies greater than 1.3 eV 1s given by reactions
(22 ) and ( 23 ).

Detachment 6f electrons from O  occurs collisionally,
by reaction 24, and by photodetachment. Electron photo-
detachment from O~ results in O(§P) formation, for photon
energies between 1.4 eV and 3.4 eV, with cross sections
ranging from 2 x 10 %em? at 1.4 eV. to 6 x 16"8em?  at
3.5 eV ( Klein and Brueckner, 1958 ). Photodetachment
produces O(‘D),for incident photon énergies between 3.5 eV
and 5.7 eV, with detachment cross sections of 10'17cm2
( Henry.et. al., 1969 ). Above 5.7 eV, photodetchment
from O  produces o(!s), with photodetachment cross
sections of 107" em®.( Henry et.al., 1969 ).

Photodetachment of electrons from 05 occurs for

photon energies above .5 eV ( Branscomb, 1964 ), with

photodetachment cross sections ranging from 10"20cm2 _
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for (0.5 eV photons to 10"18 for 2.9 eV photons. The cross
sections from 2.9 eV to 6 eV increase at a rate which

compensates for the decrease in photon flux beyond 2.9 €V
( Branscomb, 1964 ). Collisional detachment of electrons

from O, occurs ( Phelps and Pack, 1961 ),

03 + M —»0, + ¢ + M, (27)
with a collisional detachment coefficient of 4 x 10”20

1

cmj-sec" at T = 23000, decreasing with T by the'factor '

exp ( =-.46 /T ).

The number of molecules of Ozithat collide with the

2 16 2

per second range from 10 “molec-cm™ 1

surface per cm -gec”

for the lo"atorr 02 partlial pressure experimental

atmospheres, to 1022 molec-cm“z-sec‘1, for the 102 torr

02 partial pressure experimental atmosphefes.. The
number of molecules of the M species ( C02, co, N2, Ar,
HoO, and Op ), which collide with the surface per cm®

18 molec-cm'z-sec'1 to 1022

2

per second _fange from 10
molec-cm'a?sec“1/for the 1072 torr and 10° torr total
pressure atmospheres, respectively. The maximum photon
flux at .350m ( 4 eV l,in the experimental environments.
vas 2.8 x 1019photons-cm‘2-sec“’-X‘1. At 6 eV, the flux
17

was around 10 photons-cm'asec“-x."1 ( see figure 10 ).

The minimum photon flux at .350n that was reached in the
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ﬁexperiment was 6.6 x 1014 photons'cm'Eosec'1~X'1, with the
corresponding minimum éﬁ 6eV being on the order of 1012
photons00m'2~sec'1'ﬁ'1. The maximum emitted electron
flux ranged from 1017 clectrons scm 2.sec” ! for the 6eV
photons to 1010 electrons-cm™2.sec™! for the 4eV photons.
The emitted electron flux was five orders of magnitude
lower than these values when the low intensity radiation
levels were used.

The steady state concentration of O at the surface

is governed by reactions ( 15 ) through ( 19 ), with

ky7kg102]/K1gT1g >> 1:

(o]

1

1
{ J15107] ©
Kig MO0 1 % Ky gk 7 Ok 6318 )

I

7 \E
(3159,¢/ k17k19[,M] ) . (28)

The steady state ozone concentration ies governed by

reactions ( 17 ) through ( 19 ), with k19[Q]<<J18:

[03] k7 [0]T0 MY / ( ayg + kqg[0))

1

k17[0][02] [M ]/ J18

Ckyg 45/ 34581 1¥T02). (29)
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The steady state concentrations of

o, Oé, and Og are negligible in comparison to the 0,
and O3 concentrations, due to the low photoelectron
fluxes relative to the photon fluxes, and to the short’
mean free paths of the electrons in the atmosphere ( c.f.
Sommer and Spicer, 1965 ).

Hence, 02 and'O3 are the principal atmospheric
Oxygen species which collide with the Magnetite grain
surfaces, although some O} o-, 05, and 03 will also be
colliding with the surfaces., In addition to these six
atmospheric Oxygen species, the atmosphere also consists
of varioﬁs combinations of CO,, N, CO,'Ar and H,0. Thesge
gspecies all compete for occupancy of the surface adsorption
sites.

‘The CO,, 00, Np, Ar, H0, 0, 07, O3, and O3 species all
adsorb as individual units. That 1s, each atom, molecule
or ion adsorbs at a single site'( Langmuir, 1918 ). The
forces which hold the O, and 02“Aspecies.to the surface
act principally on the individual atoms,rather than on

the molecule or ion, however, If two adjacent adsorp-

tion sites aren't vacant for the dissociation of the O2
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and 05 species and chemisorptioﬁ of the two atoms, the 02
molecule desorbs, The 05 ion gives up its electron to
the surface and desorbs as an O, molecule, before chemi-
sorption of one of the atoms can occur ( Langmuir, 1918 ).
It is also poséible for the 05 ion to desorb before giving
up its electron to thé surface. Therefore, in order for
the chemisorétion and subsequent incorporation of oxygen
to occur as a result qf collisions by»O,2 or 0" two |
adjacent'surface adsorption sites must be vacant.

Langmuir ( 1918 ) found that the number of adsorbed

2 of surface area reaches a

molecules and atoms. per cm
steady state value. At steady state, the number of
molecules and atoma which adsorb to the surface per cm2
per second equals the number of molecules and atoms.

which desorb from the surface per em®

per second. The
nﬁﬁber of species, M, which are adsorbed to the surface
per cm? at steady statejis proportional to the number
of‘species‘which are colliding with the unit surface area
pér second,%’M; and to the fraction of the surface not |
covered by the other adsorbed atoms and molecules,

From kinetic theory, the number of molecules

colliding with a unit surface area per second is,

ol

= 3.5 x 10°°pM /( uT )% = cypM,
(30)

V y =M/ ( 2wmkT )
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where pM 1s the partial pressure of the species,in torr,
m is the mass of the molecule or atom, m' is the molecular
or atomic mass, in grams, T is the temperature, and k is |
‘Boltzman's constant. ‘/M is in cm™2-gec™!. For all of the
species,‘cM is on the order of 1020 at 300°K.

IfcxM = fraction of the incident moleéules and atoms
that adsorb to the surface, and By = number of adsorbed

2

molecules and atoms, which desorb per cm“ per sec, then at

steady state,
AyV = M | . (31)
MY M M

Let o | be the total number of sites per cm?® available for
adsorption on a clean ( free of adsorbed species ) surface,
and 1ett7‘M be the number of adsorbed molecules or atoms
per cmz,that‘is in steady state with the atmospheric
pressure of that species. Assuming that a singlé adsorbed
molecule or atom occupies a single site, then the fraction
of surface sites which are occupled,in steady state with

the atmospheric pressure of that species is,

If it is assumed that, (1) the adsorption sites are all
identical, and (2) the potential energy of an adsorbed

atom or molecule at a site 1s independent of the
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presence of adsorbed atoms and molecules at other sites,

then,

By = 11 M Oy, (33)

wnére p1’M is the rate of evaporation, in molecules-cm'e-

sep‘1, for a surface completely covered by the M species.
With‘oolbeing the fraction of the surface sites
already occupled by oxygen atoms, 1.e. eo = cﬂo/oﬂ1, then

tme fraction of sites avallable for adsorption is 1 - 0O,

where 6 = eo + 6M. Therefore, the number of atoms or

mbﬁecules)which adsorb to the surface per cm? per second,

1.e.oyYM, 1s given by the relation,

Vv '—-'O(O’M ( 1-0 )‘/M’ . : (34)

MY M
_ whére<&b’M ig the fraction of incident atoms or molecules
that would adsorb on a surface which is free of any

pﬁeviously adsorbed molecules or atoms, At steady state,
My oy Oy =t yVy (1 -8 ). | (35)

In order for oOxygen chemisorption to occur,as a résult

of collision of an O2 molecule with the surface, the 02

( or 05 ) molecule must collide with a pair of adjacent
| .

that one of these sites 1s avallable is proportional to

vacant surface sites, as described earlier. The probability



139

1 - ©., The probability that both are available for the
adsorption of the O atoms is ( 1 - 8 )2. The rate of
adsorption of the O atoms, resulting from collisions by

0, or O, 1s therefore,

0(02\/02 20(0,02 ( 1 -0 )2/ 02, (36)

where o(o 1102 is the number of O, molecules which collide
2 .

with a pair of adjacent vacant surface adsorption sites per

2 per second, dissociate, and .adsorb as a pair of O

cm
atoms, andcxb’oz is the fraction of incident 0, ( or 05 )
molecules that would adsorb ( as two O atoms ) on a surface,
which 1s free of any previously adsorbed atoms or molecules.
The rate of desorption of isolated adsorbed O atoms
is negligibly small, while adjacent O atoms can combine
together more readily. " The desorption of atoms from the
surface occurs only in pailrs, as molecules, The'probability
that an\adsorbed O atom will be in one of these adjacent
spaces 1s proportional to 60, and that both sites are

occupied by the O atoms 1s proportional to eﬁ. The rate

of desorption of these two atoms as an 02 molecule is

2

2

where 11,00 is the rate of evaporation, in molecules-cm~
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sec", for a surface completely covered by the O atoms.

For the steady state,

2 2
or,
2 2
0y =e<q,0,Y 0, (1 - @)/ 1,0, (39)
Let b = 5,05 ®0, / M1,0ps then
2 2
@, = b po, (1 -8)°, , (40)

But, 1 - 6 = 1 - GM - &,, so that

o, + 0, ( b0y )T = (b0, )T (1 - ey), (41)
or,

e, :{(bpo2 )‘%/ [t + ( b po, )%]}( 1 - 8y ). (42)

For the adsorbed molecules and isolated atoms, steady

state occurs when ( equation 35 ),

The adsorbed molecules ( including 0, and Oé ) and isolated
atoms at single sites oécupy significantly more spaces per

cm® than the adsorbed O atoms. at ad jacent surface sites, and
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@,, = 6. Hence, equation 35 becomes,'

M
}A‘,M GM :o(O’M\/M (1 - eM ). (43)

Subtracting p1 M OM from both sides of the equation, and

adding ”1,M to both sides yields the exprescsion,

FI,M;pﬂ,M"‘LM Oy + %5, mVy (1 = 8y ), (44)
or,

(1 -8y ) =my y/ (g y+eg yVy ). (45)
Letting b' = =5 M Oy /‘“1,M’ equation.( 45 ) becomes,

(1t -06y)=1/(14+Dd'pM). (46)
Substituting (46) into (42),

o, ={( b »0; ¥ /[1 + ( b po, )'%‘]}.[1 /(1 +b' p)]
(47)

From equation ( 39 ),
. 2 2
P POy =G 0,V 0p /My 0, =%/ (T -8, (48)

where 60 1s the number of sites occupled by O atoms at
ad jacent sites, and ( 1 - © ) is the total number of
sites available for adsorption per cm2.1¥60 K (1- 98 )

= ) .
and therefore ( b pO, )* << 1, and if
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D' POy =ocy yVy /My = O/ (1= 8y )3y 1, (49)
then equation ( 47 ) becomes
0, = ( b po, )E / o'y, (50)
or,
( ) P (o, )t
o< n c pO
0,0 M 0 2 7.
90 = —_— ’ 2 . 1’ ° ) 2 ) ’ (51)
%
(ny,00 ) =6o,m  ©°n pM
The terms o¢ 0. and e are the fractions of incident
o, 2 O,M'

molecules on a surface,which is free of any previously
adsorbed species,and are proportional to the rate con-

gstants of the reactions

O, (gas ) +28 —» 5-0 +8-0 (522)
and

M (gas ) + S —_— S - M, (52b)

l.e. =5,00 9‘k52a and o, M < k52b' In these reactions,
S 1= a vacant surface site, 2 S 1s a pair of adjacent
vacant surface sites, and S5-0 and S-M are adsorbed O and

M. Kgpg 18 1n emP-sec™! and k525 is in cmo-sec”!

, while
;(0’02 and o, y are both unitless.

Samorjal ( 1964 ) has demonstrated that illumination,
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at wavelengths shortward of the optical bandgap, results
in more rapid desorption of atoms and molecules from the
surfaces of semiconductors than that arising from thermal
€energy. Hence,‘p1;M and.p1’02 are proportional tq the

rate constants of the reactions,

S-0 + 5-0 -ﬂ-»og (gas )+ 28 | (5%a)
and
hv .
S-M —> M (gas ) + S, (53b)

i.e. p1,02<£ J53a and‘n1’M °CJ53b' p1,02, “1,M"J53a’

2

- -1
and J53b all have the units cm “-sec . c02 and Cy are

i
proportional to T™%® from equation ( 30 ), and they have the

units cm'zfséc—1-torr-1.
Therefore,
5 5
Keog® J T'% pO,*%
0 = KSL'_ 52a . 53b . _ 4 . 2 [ (54)
° T % K % oM
53a 52b

where K54 is a constant which incorporates all the
proporfionality constants in going from the =< factors to
the k factors, from p to J, and from the ¢ factors to T'%.
Key has the units torr%-cm-oK“%. |

| 60 is the ratio of the number of adsorbed O.atqms per
cm2 on the grain surfaces,cfoz, to.the number of sites per

cm2 available for adsorptioqff1. Hence, the steady state
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surface concentration of adsorbed oxygen atoms 1is,
i i
k % J T4 pOs*®
2a ) 2
o’ :K540510 53bo 1 . o’
2

- =1 ' o -~ (55)
53a 52b

pM

wheré 0’1'13 a characteristic of the grain surfaces of
Magnetite, assumed to be a constant for magnetite. For
the 02' species, pO, is replaced with pO,” in equation
(55 ).

_For the case when the principal adsorbing oxygen
species is one of the odd oxygen species, viz; o, 07,

05, or 03', then equation (.38 ) becomes,

9(0’0‘/0(1'.6)::)11'0 eo! (56)

where the subscript O refers to any of the odd Oxygen
species, not just atomic oxygen. Then, equation ( 42 )

becdmes,
& = [Pp0/ (1+bp0) | (1-8y), (57)

where pO is the'atmospheric partial pressure of the odd
Oxygen species under consideration. Equation ( 51 ), for

the case of odd oxygen, becomes,

o 0,0 Mm% rO

Hi,0 “%o,0 CM

(58)
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The ternms °<o and < M are the fractions of incident

0 o
9 A
0odd oxygen and the other molecules, respectively, that
adsorb to the surface, which 1s free of any previously
adsorbed species, These terms are proportional to the

rate constants of the reactions,

O (gas ) + S —-->--S-O (59)
and

M(gas) + 5 —>S- N, (52b)

l.e. °(o,0 oc kgg and do,M oCk52b. In these reactions,

S 1s a vacant surface site, and 8 - 0O and S - M are
adsorbed odd oxygen ( elther O, 07, O, or 03- ) and
adsorbed M, respectively. kg and k52b are in cm- sec"1,
while °‘o,0 and °<0,M are unitless. u1’M and u1’o are

proportional to the rate constants of the reactions

S—O-bifo(gas) + S ’ (60)
and
hy
S-M—>M(gas ) + S, (53b)

i.e. }11’0d J60 and }11’M dJSBbo .The 111’0, n,,M, Jéo,

2 1

and J53b 2ll have the units cm “-sec™ ', cO and cM are
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, _ N , |
proportional to T’i from equation ( 30 ), and they have

the units cm~2- sec™ - torr~!.
Therefore, |
k J po
6, = Kg, 22 . 2% , (61)
0 61 3 i =5
- 60 52b p
and equation ( 55 ) becomes,
| | K J O
oy =Kg o 20 . 9% T o (62)
0 L K T 1
‘ “60 52b p

For the 07, 63, and Og species, pO is replaced with

pO~, pOS,'and pbg, respectfuely; in equation ( 62 ).

It is e&ident from expressions ( 28 ) and ( 29 ), and the
discussion which follows them, that the principal odd
‘0xygen specles 1is 03. Asldiscussednlater, the electron
conbentration is greatest at the surface, and electron
attachment occurs there ai a higher rate than it does in
the atmosphere. The principal atmospheric oxygen species
that collide with the surface are O, and Oz. From

o1
expression ( 29 ) pOz¢p0, pM* and

i

i L -1
oo, = Be3 7 T 20gt o o7 (63)

and

—
o 0. = Kgy POz PM g7y, (64)
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where K63 and K64 are proportionality constants. J is
proportional to the inecident UV radiation intensity. The

pressure dependence of atmospheric O, is not affected by

2
any of the subsequent steps‘of the oxidation mechanism

( shown later in this chapter ), and so it can be seen
from expressions ( 63 ) and ( 64 ) that the square root
dependence of the 02 partial pressure in the kinetic rate
equation arises from the surface dissociation of O2 on
the Magnetite grain surfaces. The néxt step in the
oxidation process is Oxygen chemisorption, i.e. electron

attachment to physically adsorbed Oxygen, forming a bond

with a surface cation.

Electron Attachment to Physically Adsorbed Oxygen

After O, collides with the surface,and dissoclates
into twé Oxygen atoms, physically adsorbed, at two
ad Jacent surface adsorption sites, the Oxygen atoms
chemisorb to the surface. Oxidatién of the Magnetite
occurs,when the chemisorbed Oxygen 1s incorporated into
the surfacé iayer, i.e. When it coordinates a cétion
as an 0°~ ligand.

Electron attachment to physically adsorbed Oxygen,

to form S - 07, occurs through the reaction,
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S -0 + e;—-—-—)S—O-, (65)

where eg is a photoelectron. Electron attachment can

be followed by electron photodetachment,
S-0typs.0 +e, (66)

where e~ =otep + ( 1 - ) €5y i.e. a fraction, 1 -<X,

of the photodetached electrons return directly to the
crystal as conduction or valence electrons, and the
remaining portion,e¢, are emitted as photoelectrons.
Electron attachment can also be followed by the attachment

of a second electron,

¢ + S-0° —S- 02, | (67)

Again,%oz' may suffer photodetachment before being

incorporated,

S-0ohyg .00 4+ e, (68)
or,

s-0BPss_0 426, (69)

The principal source of electrons for the electron

attachment is photoemission from an Fe - Fe B-site catlon

pair ( see section on the electronic properties of

magnetite ) in wagnetite. Photoemission from iagnetite
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can be répresented as,
Fe0, DYs Fe;0,% + <ey + (1 -x) eg. (70).

The work function ofinagnetite is between 3.8 eV and 4.2 eV,

-

P
incident photon for photon energies around the work

and the bhotoelectric yield, =¢, ranges from 1077 e per
function, to around 102 to 10~2 e; per incident photon
for photon energies around 6 eV ( see section on electronic
properties of magnetite ).

Photoelectrons,\e’, that do not attach to the adsorbed
oxygen, may either ( 1 ) collide with another
adsorbed atom or molecule, lose kinetic energy, and

recombine with the Fe304+;

Fez04* + 5 - M+ 65 —> 5 - M+ Fey0,; (71)

or ( 2 ) penetrate the adsorbate, lose kinetic energy
through collisions with atmospheric species, and subse-

quently return to the crystal,
Fe504+ + M ( gas ) + ep —> M ( gas ) + Fez0y. (72)

-Those photoelectrons which return to the solid recom-

bine with Fe;0,* through the reaction,

Fe304+ + e, —» Fez0y . (73)
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Incorporation

Those dhemisorbed oxygen ions, S - 02', which do not
undergo electron photodetéchment, are incorporated into the
magnetite surface layep,to form hematite (a<-Fe203 L and

possibly some maghemite ( &-Fey03 ),

2 Fe 04* £ S - 0°"—s 3a -Fe,0

3 +3 (1 -8)§-Fey02

(74)

The structures and electronic properties, of these ferric

3

oxide phases were discussed earlier,

The Rate Determining Step

" The linear growth law of the kinetic rate equation ,
and the poz% dependence of the oxidation rate reveal that
the rate determining step ( the slowest stép of the
process ) is a surface-controlled, rather than diffusion-
controlléd, reaction,‘and that it follows O2 dissociation.
Therefbré, the rate determining step 1s either one of the.
electron attachment prdcesses, or incorporation. All the
steps which preceed the rate determining step are much
faster than the rate determining step, and the kinetic
problem is reduced to the consideration of the kinetics
of the rate determining step and the steady state of all

the preceeding steps.
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Assume S-0" formation as rate determining. If electron

attachment to 5-0 1s rate determining, then, from reaction
(65 ),

a|Fez03]/dt = ( 1/3 ) a[s-0]/dt = kgg [5-0][ep ] Ay, (75)

where dl}eQOBJ/dt is the rate formation of Fe,03,in sec’1,
d[S-O"]/dt is the rate formation of S-0)in sec’I,[ S-O} is
the steady state concentration of adsorbed O atoms,‘in cm“e,
[ei-]is the steady state rhotoelectron concentration at the
surface, 1in cm'z, and At is the surface area per gram of

the gample. k65 is the rate constant of reaction ( 65 ),

in cm2-g-sec'1. Since'[S~O] :crbz , from expression ( 55 ),
a[Fey05)/at = ( 1/3 ) kggop, [€5 ] Ay - (76)

The emission rate of photoelectrons is given by
reaction ( 70 ). Thevprincipal photoelectron cooling
processes are given by expressions ( 20 ), ( 21 ), ( 22 ),
(23), (25 ), (26 ), (65), (67), (71), end ( 72 ).
The assumption that SQOf formation is rate determining
eliminates o ( 65 ) as a principal cooling
process. Further, ( 20 ) is eliminated because of the
low abundance of O and the low attachment coefficient.

( 26 ) 1s inefficient reldtiver . to (25 ) . ( 25 )

is negligible relative to ( 21 ), because of the short
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mean free path and low abundancevof the high energy
photoelectrons, Since the ozone to O, abundance ratio

| ranged between 1 and 10”3 in the experimeht; the
attachment coefficients for the remaining gas phase
attachment processes reduces the choice to ( 22 ),

( 23 ), or to the non-attachment collisions with the
étmosﬁheric M species, ( 72 ). In addition, collisions
with adsorbed species remain forAconsideration. Since
the surface 1s not saturated with adsorbed oxygen, and
gince ( 65 ) is assumed to be slow, ( 67 ) is

negligible with respect to ( 71 ). Finauy, the ratio of the
‘abundance of ozone, to [M] ~ is always less

than one, and the choice is reduced to (>71 ) and ( 72 ).

Hence,

afep/at = Jqq[Fes0, ] - ko IS—M][F%OU[""EJ (77)
- kqa]leg) |

and the steady state concentration of photoelectrons at

the surface 1is,

Lep] = 9ug [Fes0, )/ [Fes0f J( 17y [5-1) + x5 [11). (78)

[Fe304] is a constant, [FeBOZ]is a steady state volume

concentration, controlled by reactions ( 70 ) and ( 73 ),

[FeBQZ] = J7O/k73 )[FeBOQ} (79)
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It is to be noted that reaction ( 73 ) is included
implicitly in expressions ( 71 ) and ( 72 ). The steady
state surfaée concentration of S-M is controlled by

reactions ( 52b ) and ( 53b ),
[5-M] = ( kgp/Tc3y) oy DM o, (80)

where Cy pM is the number of molecules colliding with

the surface per cm2

per second, andcrH is the total
number of surface sites available for adsorption. Finally,
from kinetic theory, the volume concentration of the

atmospheric species,[ﬁMJ, is given by the expression,

8

[M]=9.656 x 10'° pu / T, | | (81)

where pM is in torr, and'[Mt]is in em™2., T is the tem-
perature of the gas,in °%.
Substituting (.79 ), ( 80 ) and ( 81 ) into ( 78 )

gives the expression,

Lep 1= 370(Fe504)/ { (370/875){Fes0,) ] (ksopkry/ Tg5p)-

¢y PMoy +(k72 k81}pM/TJ:} . (82)
It can be seen that if reaction ( 71 ) is the principal
photoelectron cooling process, substitution of expression
( 82 ) and ( 63 ) into ( 76 ) yields an expression

which is inkagreement with the kinetic rate equation
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which was derived experimentally, except for a factor
a .
of T%* 2nd for a factor accounting for variations in

the amount of adsorbted HQO on the grain surfaces:
2 o0.F @ 12
a [Fey05] /at = Kgz 9% p0,® pi © T’ At £(H,0). (83)

The factor of T4 appears in equation (83) but not in the

experimentally derived rate equation. In the experiment
the temperature was varied from 263%°K to 373°K, and no
effect on At, was observed. vAskshowh below, the f(Hgo)
factor in expression (83) is proportional to T—% and the
temperature dependence of (83) is actually T%. A T%
dependence over the 263°K to 373°%K fange would result in
less than “a 310% change 1in zxto ( the measurement un-
certainty ). Therefore, the Té factor in equation (83)
is not in disagreement with the measured temperature
independence of At_ in expression (13). Further, the
acsumption that 5-0" formation ié rate determining
satisfies the empirical kinetic rate equation constraints
only if (71) is the principal electron cooling process,
rather then (72), and (49) is true.

Assume S-0°~ formation ig rate determining. Then,

d[FGZOB]/dt = (1/3) a[s-02"]/at = kgo LS-O']Iei;]At, (84)
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where all the preceeding steps are assumed to be in steady
state. The steady state concentration of S-O' is con-
trolled by reactions ( 65 ) and ( 66 ), and is given by the

expression,

[S_O—] =(k65 / J66)[S'OJ [el—;} ’ (85)
so that with o7 = [s-0],

d[Fey05]/at =(kgy kgg/ 3 Jgg) o, [ep ] : A . (86)

In this case, from ( 82 ) and ( 63 ), the intensity factor
would be J% or J-%, depehding on‘whether reaction ( 71 )

or ( 72 ), fespectfully, is the principal photoelectron
cooling process. In addition the total pressure;depen-
dence is pM’B; andcf1 appears explicitly in the expression.
Also, the temperature dependence would be either T% or f%,
depending on whether ( 71 ) or ( 72 ) is dominant, respect-
fully. |

Assume incorporation ics the rate determining step.

If incorporation 1s chosen as the rate determining step,
then all the the previous reactions afe in steady state,
and deviations from the experimentally derived rate

equation are even more profound than in the previous case.

The kinetic rate equation is consistent with S-07

formation as the rate determining step. From reaction
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( 63 ), it is still unspecified whether O2 or 05 dissociates
on the surface. In expression ( 63 ), if 05 was the
diésociative species , then 0’02 would be proportional to

( pOE )%, rather than-pOzé, as written. The OE concentra-
tion is a steady state concentration, governed by reactions

(21 ), (26 ), ( 27 ) and photodetachment,

[0 1= (x5 [0o)legl] + k26[02]b5:0/(k27fmj + Joga)s (87)

where Joc, is the photodetachment rate coefficient. If (21)
and ( 27 ) are chosen as dominant over ( 26 ) and photo-
detachment, t.hen'd’o2 demonstrates a J, rather than J%;
dependence, or Tf depeﬁdence, rather than T% dependence,
depending on whether ( 71 ) or ( 72 ) is dominant in[é;).

In additionf 0202 wouid demonstrate a eré, rather than a
pM’1, dependence. If ( 26 ) and ( 27 ) are dominant in

( 87 ),then 0“02 demonstrates a pM“% dependence, and a

J or T% dependence, depending on whether ( 71 ) or (72)
is dominant in [951' If ( 21 ) and photodetachment are
dominant in ( 87 ), then cfoe demenstrates a T} , rather
than T% dependence, for 02’ the dissociative species,

if ( 71 ) is dominant in [eg] . If ( 72 ) is dominant,
then 0‘02 demonstrates an independence on J and a T%

dependence. If ( 26 ) and photodetachment are dominant in

( 87 ), thencrg)2 demonstrates either an independence on J,
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or a 7% dependence, depending on whether ( 71 ) or ( 72 ) is
dominant in [ei ]. It also demonstrates a pr% dependence.
The surface dissociation of 05 would result in the
direct formation of S5-0", however, and S-0" formation would
not be the rate determining step. In this case, either
5-02" formation or incorporation would be the rate deter-
mining step. In the former case, S5-0 would be a steady

state value, governed by the reaction,

05 (gas ) + 28 ——> S-0 + 8-0, (88)
and reaction ( 66 ). Following the format of ( 55 ),
. R 1 3 N
[S-O ] = ( K89 k882J53b / J66 k52b ) Tt p02 pM 61.(89)
The formation rate of the ferric oxide would therefore be,
d[Fep0z]/at = ( 1/3 ) kgy [8-07][ep ] A, - (90)
From ( 87 ) and ( 81 ),
P03 = p0p [ 5 ] ( kpy kg 'BM T + kg )/( kpy kg7'pM T +
Io6a) - : (91)

The closest that the theoretical kinetic rate equation
comes to reproducing the experimentally derived equation,
viz. ( 21 ) and photodetachment dominant in ( 91 ) and
( 7t ) dominant in ( 82 ), demonstrates a T% and a o,~%

1
dependence. Hence, 8-0" formation is rate determining.
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The Role of Adsorbed H 0

| Included in the empirical rate equations, but not
included in the previous section, is a dependence on adsor-
bed H,0. It was observed.in the experiment that magnetite
samples which were previously unexposed to the ultra-
violet 1light in an Op-bearing atmosphere reqdire the
presende of adsorbed H20 at the onset of illumination in
order for the reaction to proceed. After this initial
exposure, with adsorbed H20 on the grain surfaces, HQO

is no longer required in order for the reaction to
proceed. The reaction rate is increased, however, if

H,O is adsorbed to the grain surfaces intermittantly, viz.

2
during intervals of non-illumination.

The surface oxidation of magnetite occurs as a result
of vxygen chemisorption ( S-OQ’ formation ), and subsequent
incorporation into the magnetite surface layer. Oxygen
chemisorption occurs in two stages ( Burshtein et. al.,
1964 ). The first step is a rapid one, in which 2
monolayer of O is chemisorbed to the surface. The second
stage 1s a much slower one, but the same amount of oxygen
is chemisorbed in this stage, as in the first stage. The
first stage leads to the formation of a protective oxide

layer, which prevents further oxidation.

However, Burshtein et al. ( 1964 ) found that if Hp0
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is adsorbed onto this first-stage protective layer, its
structure 1s disturbed and its protective properties are
altered. This 1s observed to lead to the formation of

a thick oxide layer on the surface. They propose that

the adsorbed H20 promotes the migratiqn of substrate cations
to the surface, where they are submitﬁed to first-stage |
oxygen chemisorption, and subsequent oxidation.

The cations are leached from the substrate by the
adsorbed Hy0. Ihe process starts at the surface of the
magnetite crystal, where the cationslare most susceptible
lto leaching, because of the broken bonds ﬁhere. An OH™
ion i1s bonded to the cation at a surface anion vacancy,
and the HY ion converts a surface 02~ ion to a second
hydroxyl ion ( Blyholder and Richardson, 1964 ).

A second H20 molecule approacheg the cation along a
surface tzg orbital ( cationic 3d electron orbital,
which 1s sltuated between the ligands, rather than belng

directed toward the ligands, as are the e, orbitals ),

g
forming a seven-coordinate transition state ( Basolo
and Pearson, 1958 ). The transition state breaks down
to' form a two-hydroxyl, four-oxygen coordinated cation,

‘The process is repeated four times, and then the cation

goes into solution in the form of Fe(Hzo)g+ or Fe(H2O)§:
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depending on whether the cation is ferric or ferrous. A
similar process leaches ferric cations from the tetrahedral
sites. ‘

The hexahydrated cations migrate in the mobile second
layer of the adsorbed H,0 ( McCafferty et al., 1970 ).
Upon illumination in an Oa-bearing atmosphere, the H20 is
desorbed ( Samorjai, 1964 ), the Fe* cations are oxi-
dizea to‘Fe3+,and,the cations are coordinated by the 0e-
1igands. There results a ferric oxlide crystallite in the
magnetite surface layer.‘
| For thernagnetite, however, the presencé of adsorbed
Hy0 is only required during the initial 1 or 2 percent of
Ato. Beyond t.his‘ initial interva‘l, the reaction can
proceed in the absence of adsorbed H,0. Arkharov ( 1966 )
proposes that the oxidation can proceed in the absence
of Hy0 through the process of "nucleation-disruption" of
the protective oxide layer. |

"Nucleation-disruption" requires the pfesence of
nuclei of different spatial configﬁration than that of
Mmagnetite in the magnetite surface layer, however.

Such nuclel are formed during the initial .O1z&to

interval, dﬁring which H20 1s adsorbed to the grain
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surfaces. Thesg nuclel would have to be hematite, rather
than maghemite, because only the Hematite has a different
spatial configuration than the magnetite. 'If the nuclei
were Maghemite, the protective properties of the first-
stage oxide layer would not be disrupted, and " nucleation-
disruption" could not proceed. It is expected that the
nuclei havé the Hematite structure, since Hematite
groﬁs epitaxially, as the nuclei do, while maghemite forms
topotactically, i,e; the maghemite crystal structure has
a 3-dimensional accord_with the Magnetite surface layer,
within which it grows.( Colombo et. al., 1965 ).

~The different spatlial configuration of the hematite
nucleus causes a fluctuation in the magnetite surface
layer at the hHematite / Mmagnetite transition boundary.
Such a disruption of the spatial configuration disrupts
the protective properties of the overlaying first-stage
oxide layer, and the crystallite grows 1laterally. The
small displacements of the atoms which are closest to
the center of the initial rebuilding. induces a displace-
ment of other atoms which are situated further from the
center, The forces which induce successive displacements
are transferred from atom to atom, radially from the
crystallite center. The absolute value of the displace-

ments increases proportionally to the distance from the
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center of the nucleus. Vhen the megnitude of the displace-
ments reaches the interatomic distance of the magnetite’
lattice, a rupture of coherence in the surface layer occurs,
and hematite scales result., Takei and Chiba ( 1960 ) found
that the hematite nuclei are polycrystalline, and generally
hexagonal in shape. When the hematite scales are abraded
away, fresh magnetite surfaces are exposed, and the oxida-
tion process continues.

Since the migration of the cations occurs in the
second monolayer'of‘adsorbed H50 (McCafferty et al., 1970),
the number of nucleation centers per cm2 should increase
with increased surface coverage, until completion of the
second monolayer. This accounts for the observed ﬁecreése
15 At with increased values of pH,0 / P, for pH,0 / P(.O1.
For pHQO/P between .01 and .05, however, At, 1s the same
as that for pHQO/P = .01. For pH,0/P > .05, A;to is
composed of an oxidizing interval, which is equivalent to
that for pHQO/P = .01 at the onset of irradiation, and a
non-oxidizing interveal, which is proportional to pHQO/P.
The length of the non-oxidizing interval is,decreased for
increased radiation intehsity and temperature. This
suggests that, for pHgO/P:>.O1 at the onset of irradiation,

the quantity of adsorbed HpO is increased beyond the
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Jseqond monolayer, and therefore the time required to
desorb the HQO before the oxidation can occur increases.
In the range .01 £ pHy0/P £ .05 the decrease in At
due to increased surface coverage i1s apparently balanced
by the increase in length of the ﬁon—oxidizing interval,
Aty. For pHpO/P > .05, At, becomes the dominant of the
two opposing effects.

vThe pH2O/P value corresponds to a sample preparation
environment temperature of 300°K. As the temperature is
increased, the HQO desorbs from the grains such that the
quantity of adsorbed H,0 is proportional to (pHQO/P) it
'from kinetic theory. Therefore the function f(Hzo) in

equation (83) becomes;

k91a(P?2O/P) T°% ; pH,0/P < .01
I R -5 .
f(HQO)— k5ot l, .01 £ pHES/P £1.02 (91a)
kL7l TR 4 kX 2 E -1, .
.E(’91a T2 &+ k91apM- T? 13022 J= At Atn] : pHEO/P>'05

The Posgsible formation Qi Maghemite

During the formation of the hematite nuclei in the
magnetite surface layer, catibns are leached from the
megnetite substrate, leaving the substrate cation defi-
cient, stabilized by interstitial H20 and the surrocunding
magnetite. Vacancy-disordered maghemite would probably

result. The vacancy disordering eliminates the structure
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which ylelds the only identifyihg peaks for wmaghemite in
the X-ray diffraction record. Otherwise, the X-ray
diffraction record is the same as that of magnetite. The
absence of such peaks in the X-ray diffraction record

of the samples In this experiment indicates that,if there
ls any maghemite present at all. in the alteration

product it is elther vacancy-disordered, occupies less
thah 1 or 2 volume .percent of the X-rayed sample, or it

is amorphous.

- SUMMARY OF THE OXIDATION MECHANISM

The principal oxidation product of Wagnetite in this
experiment is hematite, although there may be some Maghe= .
mite formed. If wmaghemite is present in the X-rayed
samples, it 1s either vacancy—disordered, occuples less
than 1.or 2 volume percent of the samples, -or it is
amorphous.

The overall'reaction is represented by the expression,

2 Fez0, ( solid ) + % Oy ( gas ) —he o 38 o(-Fep05 +
3( 1-a ) ¥-Fey03 (14)

Even thoﬁgh this reaction is stoichiometrically simple,
it has been found that instead of & single reaction taking
as written, the phase change proceeds through a network of

reactions.



165

Upon exposure to the Op-bearing atmosphere, the
magnetite surfacé becomes covered with adsorbed species.
The atmospheric O2 competes with the other atmospheric
specles for vacanﬁ adsorption sites. The adsorption of
Oxygen is in the form .of chemisorbed O, and in order for
Oxygen chemisorption to occur, two édjacent vacant ad-
sorption sites are required. The other atmospheric
specles require only single sites fqr their adsorption.
The surface dissociation of O, 1s represented by the

expression,
O2 ( gas ) + 28 —»=5-0 + 8S-0, : (52a)

where S5 is a vacant surface site, and 5-0 is a physically
adsorbed O atom. The number of physically adsorbed O
atoms reaches a steady state concentration, the desorption

being represented by the expression,

2 5-0 >0, (gas ) + 28, - (53a)

Electron attachment to 5-0, to form S-07, occurs through

the reaction,

- 5-0 + e5 —5-07, ; (56)

where ep is a photoelectron. It was found that reaction

( 56 ) 1s the rate determining step, i.e. it is the
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slowest reaction of the oxidation sequence.
Following S-0~ formation, attachment of the second

electron rapidly occurs,
8-0" 4+ €T ——» 5-0°7, (58)

in the presence of photoelectrons. Following S5-0" and
S~02- formation, desorption in the presence of UV may occur

by the reactions,

S5-0"-2% 5.0 + e-, ' (57)
sfozz'u, 5-0" + e~ - (59)
5-07W, 50 + 2e-, | (60)

although incorporation of the chemisorbed oxygen ( 5-0°")

occurs rapidly after $-0°" formation,

5-0°7 & 2AFe3O4+-—+-33o<-Fe203 + 3( 1-a ) ¥-Fey03.

(65)
In this reaction, Fe304+ represents a formula unit of mag-
netite, from which the (3-e1ectron of the octahedral

Fe-Fe pair has been photoejected, 1.e. all the cations in
Fez04* are Feot.

This sequence of reactions results in a theoretically

derived kinetic rate equation, except for a factor of T%,
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The uncertainty,in At ,is $10% , however, and a T%
dependence 6ver the temperature range investigated would
result in less than a £10% change in the reaction rate.
Therefore, the T% factor in the theoretical expression
does not disagrée with the apparent temperature independence
in the experimentally derived kinetic rate equation.
Incorporation leads to the formation of a protective
ferric oxidewlayer on the Magnetite surface;'Which prevents
any further oxidation. In the presence of adsorbed H,O,
however, the protective properties of this layer are dis-
turbed, and the formation of ferric oxide can further
procéed. The H20 leaches cations from the magnetite sub-
strate, and promotes their migratidn to the surface, where
they are submitted to oxygen chemisorption and incorporation.
This resﬁlts in the formation of‘a hematite crystallite
in the Magnetlite surface layer, possibly underlain by a
layer of ( vacancy-disobdered ) maghemite.
.VOnce the hematite crystallite 1s formed, oxidation
can proceed in the absence of adsorbed Hy0. The crystallite
| serves as a nucleus for oxide growth by "nucleation-disrup-
tion" of the protective oxide layer. Thé different spatial
configuration of the hematite nucleus causes a fludtuation
in the gpatial configuration of the'magnetite_surface layer,

at the hematite / magnetite transition boundary. Such a
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disruption of the spatial configuration disrupts the
protective properties of the overlaying oxide layer, and the
crystallite grows laterally. A rupture of coherence in the
surface layer eventually occurs, and hematite scales form.
This reveals fresh magnetite surfaces, and the oxidation
process continues.

The migration of the cations from the magnetite
substrate, during nucleus formation, occurs in the secgnd
( mobile ) layer of adsorbed H,0. Since the oxidation
rate is proportional to the number of nucleation centers,
per cm2, in the surface layer, the rate should’increése
with incréased coverage of the surface by adsorbed H,0 |
( ratGOCpHQQ/P ), until completion of the second mono-
layer of adsorbed H,0. This accounts for the observed
increase in'oX1dation rate with increased pHQO/P, for
pHy0/P < .01 at the onset of irradiation. For pH,0 > .01,
at the onset of irradiation, the quantity of adsorbed Hx0
is increased beyond the second monolayer. The time
requirea to desorb ﬁhe HQO bgfore oxidation can occur,
Aty, 1s therefore increased. in the range .01 £ pHQO/P <
.05, the decrease in Oto ( oxidation rateocﬁxto-1 ),

. due to increased surface céverage and nucleus formation,

is balanced by the increase in Aty,. This accounts for

the observed independence of the oxidation rate on pHQO/P,
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for .01 £ pH,0/P £ .05, at the onset of irradiation. For

pH,0/P > .05, At becomes the dominant of the two effects.

OXIDATION OF OTHER Fe2*-BEARING MINERALS

One important result of the mechanism is that it is
not unique tq magnetite, The constituent reactions in the'
mechanism simply involve the chemisorption of oxygen at
vacant csurface adsorption sites, simultaneously with the
oxidation of Fe2+ to F63+, and the incorporation of the
adsorbed oxygen in the surface layer to form ferric oxide.
This is characteristic of ﬁhe oxidation of most minerals,
which contain ferrous iron. Further, the mechanism, or a
similar one, could apply to any cation that is not in its
lowest naturally-occuring oxidation state, such as T13+.
The factor which makes this oxidation process occur in
~environments, which are otherwise non-oxidizing, is the
presence of ultraviolet light. The UV illumination

increases the rate of Fe2+

oxlidation, and the attachment
of electrons to oxygen, as a result of photoemission.
Hence, the oxidation rates of Fe2+-bearing gillicates,
1lmenite, ﬁlvospinel, and other minerals are also expected
to be high, in the presence of small amounts of atmospheric
O2 and ultraviolet light. Ferric oxide is expected to be
one of the oxidation products of all of the Fe2+—bear1ng

minerals, although a laboratory experiment would have to
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be carried out to determine if that i1s true. In addition,
the rate deterﬁining step in these other minerals may not
be the electron attachment to S5-0, In this case, the
kinetic rate equation would have a different form. Before
making any estimates of the surface mineralogy, or the
actual ferric oxide formation rate on Mars, the rates of
ferric oxide formation from minerals other than wMmagnetite
will have to be investigated.

’In the next chapter, the oxidation rate of magnetite

in an environment such as that which exists on Mars today

(W)
4]

predicted from the kinetic rate equation. Although

it is not predicted accurately how much ferric oxide is

in the Martian surface layer, it does indicate whether the
presently described mechanism could account for the
proposed degree of oxidation ( Adams and McCord, 1969 ) of

‘the Martian surface materials.
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V. FPREDICTED OXIDATION RATE IN A MARS-LIKE ENVIRONMENT

INTRODUCTION

The surface environment of Mars contains the necessary
constituents for the UV-stimulated oxidation of Magnetite,
and probably several other minerals as well. The atmosphere
is Oo-bearing, and solar radiation penetrates to the Martian
surface, attenuated only by a factor of about 1/e at a
wavelength as short as «.195un1. In this chapter,the Martian
surface environment is described, and a simple prediction
of the oxidation rate from the kinetic rate equation is
made, The other factors which would affect the rate but
that could not be determined explicitly in the experiment
are diseussed. The probable oxidation rate, with these
additional eonsiderations, i1s then compared with the rate
required to account for the extent of oxidation that is.
proposed by Adams and McCord ( 1969 ) fof the Martian
surface layer,

This chapter is not intended to make any statements
about the presence, or absence, of magnetite, or any other
Fe2+-bearing minerals in the Martian surface materials.

It is only intended to provide an oxidation mechanism,
which could be responsible for the formation of ferric'

oxides on the Martian surface.
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THE MARTIAN SURFACE ENVIRONMENT

The reaction rate is estimated with the use of the
kinetic rate equation. To do this, the total atmospheric
pressure, the atmospheric O2 partial pressure, the
radiation intensity, the magnetite surface area per granm,

and pHQO/EJmust be specified.

The Total Pressure, Pp

‘The Martian lower atmosphere consists almost entirely
of COé, as 1ndicated—by ground-based spectroscopic measure-
ments ( Belton and Hunten, 1966; Owen, 1966; Spinrad et al.,
1966; Belton et al., 1968 ), the Mariner 9 IRIS detection
of the 15un COp band ( Hanel et.al., 1972 ), and the UV
spectrometer observations by Mariners 6,7, and 9 of the
CO and O airglow ( Barth et al., 1971; Barth et al., 1972 ).
The surface pressﬁre, Pp, of the atmosphere, as deduced
from the S-band occultation experiments of Mariners 4, 6,

7, and 9 ( Fjeldbo and Eshleman, 1968; Fjeldbo et.al.,
1970; Kliore et al., 1972 ), and from the ground-based
observations of Belton and Hunten ( 197! ), .ranges

between 1 and 10 millibars, i.e. between 1 and 13 torr.

Atmospheric O, Partial Pressure, pOp

From the telescoplc measurements of Traub and Carleton

( 1972 ), the 05/COo abundance ratio is 1.3 x 1072 and,
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from the discussion of Belton and Hunten ( 1968 ) on the
the mixing of O2 to the surface from the upper atmosphere,
the 02 partial pressures at the surface range between

1.7 X 10~3 torr and 1.7 x 10"2 torr, depending on PT.

The Surface Area, Per Gram, of the Magnetite

V From their comparisons of the Martian spectral
reflectance curves with phe laboratory curves of pulverized
oxidized basalte, Adams and McCord ( 1969 ) conclude that
the mean particle diameter of the darker Martian regions

is between .05mm and .i1mm, and for the brighter regions

it is less than .OSmm.. Fanale and Cannon ( 1971 ) measured
At for a similar pulverized basalt, having a mean particle
diameter of ,012mm, to be 5.8 x 104 cm2~5“1.7 A scanning
electron micrograph of the basalt used by Fanale and

Cannon ( 1971 ) indicates that there 1s some surface sub-
division as fine as .1u in their samples. With such
extensive subdivision, the differencé between the mean
particle diameiers of the Adams and McCord and the Fanale
and Cannon basalts should result in a negligible
difference\between the Ay for the twé basalts., If it is
assumed that the magnetite has the same particle diameter
and degree of surface subdivision as the rest of the
Maftian surface materials, Ay becomes 3 x 10% cm2ng"1for‘

the Mmagnetite,
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Adsorbed Hy0, pH,0/F

The precipitable H20 content of the atmosphere is on
the order of 10 to 30 microns ( Spinrad et al., 1963;
Kaplan et al., 1964; Schorn et al., 1966 ), corresponding
to an atmospheric H20/002 abundance ratio,at the surface,

of around 2 x 10'4. The H,0 partial pressure ranges from

4 torr at the 1 mb elevation level 1o about

atout 3 x 10~
3 X 10“3 torr at the 10 mb level. The HEO vapor saturation
- pressure, P, depénds on the temperature, and therefore
varies across the Martian surface. The HzOyvapor saturation
pressures, for which pHgO/P falls below .05, occur for
temperatures greater than 225°K, at the 1 mb elevation level,
and 250°K, at the 10 mb elevation level, assuming that the
photodesorption of the H20 is negligible in the low inten-
gity Martien radiation environment, relative to the thermal
desorption rate. The temperature will vary with longitude,
lat itude, and elevation on Mars, and in order to determine
the pHQO/P ratio for a region on Mars, the variation of

temperature acrose the surface must be determined.

Martian surface temperatures. Morrison et .al. ( 1969 )

and Sagen and Veverka ( 1971 } have derived expressions
which are intended to give the temperature of any point on
the Martian surface. These expressions are based on the

telescopic 8u to 13u observations of Sinton and Strong
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( 1961 ). They found that the temperature of a point,
located at an angle g ( 4 = 0° at midday ) on the

equator, could best be described with the relation,

T

f0) = 197 + 104 cos ( g - 7° ). (92)

The observed lattitude dependence is given by them to be,
T,(A) = T,(0) cosPa. (93)

These two expressions are vglid for the case when the
subsolar point, S, is at the equator, i.e. the equation
applies during the Vernal and Autumnal Equinoxes. At all
other times during the year,  the subsolar point falls on
la titudes other than the equator, and it is apparent
that the equations must be modified, in order to accomodate
these other cases.

Assume that the subsolar point, S, is located at
la titude ¥ . Y is positive in the Northern hemisphere,
zero at the equator, and it is negative in the Southern
hemisphere. When ¥= O, for which expressions ( 92 ) and
( 93 ) apply, the surface of the planet is illuminated
for one half of the rotational period, P,, at all lat itudes
exclusive of the poles. When J# O, however, the daily
11lumination period, P, is only equal to %PO at the equator,

and expressions ( 92 ) and ( 93 ) no longer apply.
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Expression ( 93 ) indicates that the maximum
temperature on the surface, at any hour angle, occurs at
the equator, and that,with increased distance from the
equator, the temperature decreases uniformly by the
same amount in both the Northern and Southern hemis-
pheres. This is only true for ¥= O, however. When
¥ £ 0, thé maximum temperature occurs at A;:X, not at
)\: 0, and the temperatures are warmer in the hemisphere
that contains the subsolar point, than they are in the
other hemisphere, due to the assymetry of P in the two
hemispheres, about the equator.

The geometry for determining the illumination
period, as a function of A and ¥ , is shown in figures 19a
aﬁd 19b, In figure 19a is presented the latitudinal
plane of Mars, which contains a point A. The rotational
axis of Mars passes through the center of this plane.

The rotational period of Mars is P,, and the i1llumination
period is P. It can be seen in the figure, that for

-1 2 sinX/cos¥ £ 1, P =T + 2, wherebo<: sin~1(a/f).

d and T can be determined as a function of A and ¥ from
figure 19b. In this figure is presented the longitudinal
plane of Mars, which contains the gubsolar point, S.

From 19a and 19b, d = e tan ¥, where e = r_sin X , and

f = ryeos A, for -1 £ sin}cos¥ £ 1. Hence, for
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Figure 19a., The latitudinal plane of Mars, which
contains point A and. geometry for obtaining the
illumination period, P, of Mars.
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Figure 19b. The longitudinal plane of Mars, which
contains the subsolar point, s, and geometry for

obtaining the illumination period of Mars,
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-1 = sin¥cosY¥ 2 1, = sin~!'( tan Xtan¥ ) and,
P=T1+ 2 sin"'( tanXtan ¥y ). (94)

For sinA /cos ¥ ¢ -1, P = 0, and for sinA/cos¥ > 1,
P=2rm.

In figure 20 is shown the geometry for obtaining
an expression for ¥. Since the rotational axis of Mars
is tilted at an angle of € = 240, with respect to a
normalyto the orbital plane of Mars about the Sun, the
rotational axis traces out a cone, during one period
of revolution about the Sun,JLO. In figure 20, this cone
1s shown. 1In this figure, tbe apex of the cone is the
South Pole, € is the inplination of the rotational axis
to a normal to the orbital plane ( the normal to the
orbital plane is the axis of the cone ), and the base of
the cone is circumscribed by the trace of the North Pole
during {l.,. The 1ength'of the cone edge ( and axis ) is
the diameter, d4,, of Mérs. The Vernal Equinox is chosen
as the origin of the trace of the North Pole., After (L
days into the orbit, the North Pole will have moved an arc

distance of § = (ML /L, ) x2m radians. From the figure,

¥ = sin~! [.407 sin ( 2ml/ N, ﬂ ; (95)

where .407 = sin €., X is zero at the Vernal Equinox,
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Normal
to Orbital Autumnal
Plane Equinox
Vernal Winter
Equinox Solstice

S.P.

Figure 20. The cone, which is traced out by
the planet's rotational axis, with respect to
a normal to the orbital plane of Mars, during

one period of revolution about the Sun,
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increases to +24°, at the Summer Solstice, passes through
0°,at the Autumnal Equinox, extends to -24°, at the Winter
Solstice, and returns to OO, at the Vernal Equinox, over
an orbital period ofJL 4.

From figure 19a, it can be seen that at ¥, the lat i-
tude which contains the subsolar point, the daily illumina-
tion period, P, is longer than it is at the equator, for
¥ # 0. As a result, the surface becomes illuminated
earlier, and remains illuminated longer, than it does at the
equator, while at ¥ ,the maximum tempefature is assumed to
be the value specified in equation ( 92 ) for g = 7°.
Further, the phase lag factor of 7° in the equation 1is
applied to A=¥. Finally, equations ( 92 ) and ( 93 )
apply to the average surface elevation. If it is assumed
that the average surface elevation is at the 5 mb pressure
level, an expression to describe the temperature at a

point on the surface 1is,

TS(A,\(, P) = {197 + 104 cos ((PO g/2P) - 70]}005%&-%)
‘ +AT(E), - (96)

where P is the daily illumination perlod, for a specified
cet of values for X and ¥, and AT(R) is the variation in
temperature, due to changes in elevation. From the

Mariner 9 Infrared Spectroscopy Experiment ( Hanel et al.,
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1972 ), the thermal lapse rate over the South polar fegion
is -3.8%K/mb, from 10 mb to 2 mb, and +1.0°K/mb from 2 mb
to 1 mb. Equation ( 96 ) is only valid for -1<sinA/cos¥.
If it is assumed that the principal factor, controlling
the steady state adsorption of H,0 on the surface, is the
temperature, then the oxidation process could only occur
when pH,0/P 2 .05. From equation ( 96 ), and using the
Mariner 9 lapse rat%A T(P), the latitudes over which the
oxidation can occur, i.e. the latitudes for which pH20/P
falls below .05 for a poriion of the year, can be deter-
mined. To determine this, the warmest hour of the day
( P, 2 /'2 P = 7° ), at the Summer Solstice ( ¥ = 24° ),
is chosen, and the latitude is found, for which pHyO/P =
.05. At the 1 mb elevation level, pH,0/P = .05 at
T = 225°K ( Dushman and Lafferty, 1966, p.469; Weast,
1969,p.D-108; Fanale and Cannon, 1971 ). From the
Mariner 9 1apse rate, AT(1 mb) = -10°K. Hence, at the
1 mb elevation level, oxidation will not occur pole-
ward of ¥83°, At the 10 mb elevation level, pHoO/P is
always less than .05, at latitudes poleward of :770
( pHy0/P = .05 at 250°K, and AT(P) = +19°K ).
Hence, the oxidation process can proceed only within

the approximate latitude range, -80° = A < 80°, Further,

the oxidation can occur within this latitude range, only
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when the solar radiation has heated the surface above the
temperature for which pHZO/P = .05. From expression ( 96 ),
the oxidation will begin when the hour angle reaches a

minimum value of,

2F T(PT) :
ﬁmin = _{ 7°- cos™! i 1 - 1.9%, (97)
P, 104K cos™2(A-Y)

and a maximum value of,

2P T(Pm) , '
ﬂSmax = __ To ¥ 005-1 T/min 1 - 1.9 . (98)
P, 1049K cos™2() ~¥)

In these equations, T(PT)min is the temperature, due to

insolation, which will result in a surface temperature, for
which pH,0/P = .05. It is calculated by subtracting from
the temperature, for which pH20/P = .05, the temperaturg
change,[}T(PT), induced by the difference in elevation of
the region from the 5 mb level. For example, at the 3 mb
elevation level, pHoO/P = .05 at 2389K. However, the 3

mb region is 8°K cooler than the 5mb elevation level, with
the same amount of insolation. Therefore, the solar
radiation must heat the region to a temperature, which is
89K higher than that nceded to heat a 5 mb level region,

in order for pH,0/P = .05, i.e. T( A,Pp)pin 1is 246°K, for
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3 mb regions.

L. 350
Since the atmosphere is composed almost entirely of

- Radiation Intensity,

002, at pressures ranging from 1 torr to 13 torr, the solar
radiation intensity, at the surface, is reduced by a
factor of 1/e from the intensity outside the atmosphere,
at a wavelength of .195u ( Thompson et al., 1963 ). The
relative solar spectral radiation intensity distribution is
shown in figure 16, with the absolute solar flux,at «350n,
equal to 9 x 10! phc'c.ons—cm‘2--sec:'1-—3"1 ( Allen, 1955, p.
172 ). In this figure, the solar flux,at .350m is not
scaled to 1.0. It is set equal to the intensity of the
laboratory source at ,200nu. Hence, in order to translate
the incident solar flux into a value for I.BBO’ the solar
intensity at .350u must be divided by'a factor of 2.2.
Hence,Im;35o,at the subsolar poiﬁt on the Martian

- -1 Q-
1 photons- cm 2-sec 1~A 1. The solar

surface,is 4.2 x 10
flux at a point, A, located at an arc distance,f>, awvay
from the subsolar point, s, will have an intensity,at

. 350n, of,

T 350,p = T, 350,8¢08P - (99)

The geometry for obtaining an expression for P, in terms

of the known parameters A, ¥ , and g,1s given in figure 21.
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Figure 21. The geometry for obtaining

an expression for e.
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“From this figure,

tan(’m Ay )/ tan((/2): sin | -/\+_Y)/ cosk{‘| =¥ R
2

2 2

or,

p=2 tan~! sin('m + A-Y)/ cos(w - )‘-X) . (100)

2 2 2 Zz

To obtain a value of 11.350, for use in the kinetic rate
equation, the daily average of |g| can be determined, and
substituted into the expression for /J, and then cos O can
be averaged over an orbital period, with respect to Y.
During a single rotational period, the oxidation occurs
for bnly ( Bpmax - Pmin )/ 27T of that period, centered
around g = 0°, From equations ( 97 ) and ( 98 ), the

average daily value of |41l is

2P M T(Pp)pin

\ - - 217 =
‘ﬁ'av ( Pmax - Ppin ) / |;?ocos 1049K COS’%(X*X»

-1.91, (101)

where,

fo ; sin\/ cos¥ £ -1

P =lw+ 2 sin”'( tanAten¥ ); -1 £ sinhkosY £ 1, (96)

2 ; sin A/ cos¥ 2 1
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and T(PT)min is equal to the temperature,for which pHZO/P
is equal to .65, minus the temperature change,AI(PT),
arising from the elevation difference from the 5 mb level.
The average yearly value of.m;350, for a point at latitude
X\, and at the elevation level, corresponding to Pp, 1is,
Y= 24°
' 1
B350, av (M Pr)= B.350,8% 1| c08 (ifly X, ¥) av.(102)
= -24°
At the equator,.a point,at the 5 mb elevation level would
have a yearly.average radiation intensity of.mg35o,av(o,5) =
3.9 x 101 photons-cm"e-sec"1-2'1. Some other average
radiation intenslties over the surface 1ncludeflﬂ.350,av(i30,

11, + - 11, +
5) =.2.8 x 10775 T 354 54(%60,5) = 1.6 x 1075 T 554 o (375,
11

5) = 1.4 x 10'', all at the 5 mb pressure level.

During a single rotational period, the oxidation occurs
during only (‘%max - Bpin ) / 2T of the day, as mentioned
earlier., Averaged over the year, the oxidation therefore

only occurs during a ffaction, f(A,Pp), of the year, where,

+24
1 .
£ (A, Pp) =75 ( Bpax = Pmin) / 2™ 4¥ , (103)
= =24

and therefore, the rate of oxidation is f(A,Py) times the
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oxidation rate,derived by using m.BSO,av(A’PT) in the
‘kinetic rate equation ( 13b ). Several values of f(},Pqp),
across the surface, are: £(0,5) = .44, f£(¥30,5) = .42,
£(%60,5) = .13, and £(%75,5) = .10, all at the 5 mb

elevation level.

CONCLUSION: OXIDATION RATE ON MARS

| If any magnetite i1s on the surface of Mars, it can be
assumed to have been previously exposed to the oxidizing
environment, and, therefore, to have had formed on it at
least a small amount of ferric oxide. The oxidation rate
can therefore be determined through the use of equation
( 13b ). Equation ( 13b ) gives the time, At,, required
to accumulate a 1 micron thick layer of ferric oxide on the
surface of a pure magnetite sample. Thebrate of formation
of this layer is given by (z&to )-1, in microns per minute.
The thicknescs of a layer of the ferric oxide, accumulated
over a period of 109 years of exposure, the assumed age of
the Martian environment and surface, is ( 109years/zlto )
in microns. ALtO(A,PT) for a X,Pp region on Mars is
calculated by using the pO,, Pp, Ay, and:m;}BO,av(A’PT)
values for that region in equation ( 13b ), and dividing
by £(A,Pp), defined in equation ( 103 ). Aty,in equation

( 13p L is in minutes, and a conversion to years must be



189

made., Substituting the vaues for PT’ pOo, At* and
m.BSO,av( A,Pp) into At,, dividing by £( A,Pp), and

4

converting to years: At,(0,2) = 4.0 x 10 years, z&to(iBO,

5) = 2.6 x 10° years; A t,(0,5) = 1.5 x 10° years,
Agto(t60,5) - 2.0 x 10 years, and z&to(t75,5)‘= 3.1 % 100
years. Hence, at the average 5 mb elevation level, the
average A% \,5) value, within the latitude range
-45°22< 45°, 15 10° years. From A= 45° to 80° ( and -45°
to -80° ), the average At ( »,5) value is around 100
years., Poleward of 1800, the oxidation rate can be
assumed to be negligible., If it is assumed that all the
magnetite was oxidized at the 5 mb level, the average
thickness of a layer of all of the ferric oxide, accumu-

lated over a period of 109

years, and distributed uniformly
over the surface, would be .1 cm and 1 cm. From the
experiment of Adams and McCord ( 1969 ), the average weight
percent of ferric oxide in the basalts, which could account
for the reflectance properties of the Martian surfac% is
approximately 3% ( more. in the brighter areas, and less

in the darker regions ). Then,the thickness of a uniform
layer of oxidized basalt, covering the surface of Mars,
composed of 3 welght percent ferric oxide, would be on the

order of 2 cm to 20 cm,

This estimate neglects the fact that, on Mars, aeolean
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erosion would remove the ferric oxide as rapidly as it is
formed., Abrasion could even prevent the complete formation
of the rapidly formed first stage protective oxide layer.
As a result, the oxidation rate would be increased
significantly.

On Mars, H,0 is adsorbed on the grain sﬁrfaces during
a portion, 1 - [( 2nax = 2min ) / 21;], of every day. This
i1s followed by desorption and oxidation of surface cations,
including those leached from the grain interior by HQO.

In the laboratory experiment, the HQO was adsorbed to the
grain surfaces , and cations were brought to the surfaces
from the interlor, only at the onset of irradiation. As

a result, there would be significantly more cations avail-
able for oxidation on the grain surfaces in the Martian
environment, during the Axto interval, than there are on
the laboratory grain surfaces, during the zSto interval.

In addition, the estimate assumes that the oxidation
occurs at the 5 mb elevation level. From the Belton and
Hunten study ( 1971 ), approximately 55 percentvof the
Mars surface regions are egbove the 5 mb elevation level.
These high elevation regions have At, values that average
between one and two orders of magnitude smaller than the

Aty values at and below the 5 mb elevation level.
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Another factor which would also increase the estimated
amount of ferric oxide produced in the Martian environment
is fhe presence of photoelectron-producing cations other
than iron. If these cations have lower work functions, the
quantum yield ( photoelectrons emitted per incident photon )
would be increased at every wavelength, and additional
wavelengths would be photoelectron-producers. For example,
if i1lmenite or %lvospinel were present in the Martian
surface materials, in addition to (or 1hstead of)wnagnetite,
thg photoelectric work function would be reduced by between
.2 eV and .8 eV ( Eastman,1970; Wilson, 1966; Burshtein and
Shurmovskaya, 1964 ). The photoelectric yield would range

from about 10'3 at between 3.0 and 3.6 eV, depending on the
2

work function, to around 107> to 10795

at 5.2 eV to 5.6 eV
( Sommer and Spicer, 1965 ). This would result in a one
to two order of magnitude increase in the steady state
electron concentration at the surface of the crystal

( see figure 16 ). Since the rate of the rate determining
step, viz. electron attachment to adsorbed O, is propor--
tional to the éteady state electron concentratioh, the
reaction rate , with‘ilmenite or blvospinel in the Martlan

surface materials, could be between one or two orders of

magnitude more rapid.
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The principal factors,which would decrease the amount
of ferric oxide formed on the surface, are those which
would 1limit the amount of availablevunoxidized material to
the oxidizing environment. Such factors would include
shadowing, and burial by oxidized sedimehts. However,
impact gardening and aeolean trénsport would probably
counteract a large portion of these effects (ef. Sagan et
al., 1971 ).

Hence, the oxidatiqn rate on Mars should be several
orders of magnitude higher than the‘rate predicted by the
kinetic rate equation. Instead of there being an
equivalent layer of oxidized basalt on the order of only
10 cm thick, as predicted by the kinetic rate equation,
the equivalent layer could be on the order of tens to
hundreds of meters thick, or more. It 1s not the purpose
of this work to determine the amount of ferric oxide on
Mars, however., It is, rather, the purpose of this work
to provide a mechanism which could oxidize basalts in
the Martian environment. Such a méchanism has been provided,
- but the actual extent of oxidation on Mars can not be deter;
mihed_frOm%this study alone.

Finally, it should be mentlioned that the high frequency
alternation between periods of H,0 adsorption and oxidation,

during the [Lto period on Mars, should not only drastically
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decréase;&to on Mars, but it should also lead to the forma-
tion of goethite and limonite. Adsorption of HZO to the
hematite gfain surfaces results in.the formation of
Fe(0,0H)é octahedra on the surfaces of the oxidation
product. The rapid alteration between intervals of ad-
sorption and oxidation, during the formation and accu-
mulation of the oxidation product, could result in <-FeOOH,
goethite. Similarly, if adsorbed HEO molecules become
trapped in the structure, during accumulation, Llimonite,
-FeOOH'nH,0, could result. The stabilization of goethite
and limonite in the Martian environment is discussed by
Fish ( 1966 ), Schmalz ( 1959 ), and O'Connor ( 1968a ).
The UV-stimulated oxidation of minerals other than
magnetite could lead to the formation of other hydrated
oxidized miherals, such as boehmite, A100H, on Mars. The
formation of hydrated minerals on Mars is still a
spectulation, however, Further laboratory study is
required, before any estimates of the surface mineralogy

of Mars can be made.
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VI. SUMMARY

It has been discovered that wagnetite ( Fe 0, ) is

3
rapidly oxidized to hematite ( e(--FeQO3 ), upon illumination
( A<.310p ) in an O,-bearing atmosphere. A laboratory
investigation has been carried out to determine . the
kinetics and mechanism of this rapid oxidation process. It
has been found that the process consists of a series of
reactions which are common to most oxidation mechanisms:
(1) Atmospheric O, dissociates, on the surface, into two
adéorbed O atoms, upon colliding with a pair of adjacent
vacant adsorption sites; (2) This step is followed by the
oxidation of Fe(II) cations to Fe(III) cations, simul-
taneously with the electron éttachment to the adsorbed O
atoms, to form adsorbed 07; (3) Step (2) is followed by

the rapid attachment of a second electron to the adsorbed

07, to form chemisorbed 02"; (4) Finally., the chemisorbed
02' ions are incorporated into the Magnetite surface layer,
forming hematite scales. |

This process 1eadé to the formation of a surface
coating on the magnetite grains, which protects the
magnetite from further oxidation. The presence of adsorbed
H20 at the onset of the exposure interval, however,

disrupts the protective properties of this first-stage

oxlde layer, and the oxidation process proceeds. The
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H-0 leaches cations from the magnetite substrate and
brings them to the surface of the previously formed ferric
oxide layer, where they can be oxidized and incorporated
into the formation of a hematite crystallite 1in the
magnetite surface layer, Since the hematite has a
different spatial configuration than the magnetite layer
within which it has been formed, the atomslat the hematite /
Mmagnetite interface are displaced(from‘their normal |
positions. These displacements disrupt the protective
properties of the proteqtive oxide layer at the interface,
and the oxidation process can proéeed,in the atsence of
adsorbed H,0. This "nucleation-disruption" of the
protective properties of the first-ctage okide layer at
the interface of the bDematite nucleus and the surrounding
nagnetite allows the. crystallite to grow radiaily away
from the center of disruption. kThe atomic displacéments
increase with increased distance from the center of the
nucleus until the displacement equals the interatomic
distance of the magnetite. At this point a rupture in
the continuity of the surface layer occurs, and Hematite
écales are formed. The leaching of cations during the
formation of the hematite nuclei could lead to the
formation of vacancy-disordered maghemite. |

The factor which allows this oxidation proéess to
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proceed in a léw—temperature, low~02 partial pressure,
water-free, otherwise nonoxidizing environment, is the
presence of ultraviolet light. The UV illumination

gives rise to photoemission, which increases the rates of
Fe(II) oxidation, and the attachment of the electrons to
the adsorbed oxygen. The slowest step in the oxidation
mechanism, and therefore the rate determining step, is
the attachment of an electron to adsorbed O,

Finally, it has been demonstrated that this oxida-
tion mechanism could occur in the present-day Martian
surface environment., It would occﬁp at a rate which is
sufficiently fast to account for the extent>of oxidation
of the Martian surface that has been proposéd in the
oxidized basalt model of Adamé and McCord ( 1969 ).

The actual rate of ferric oxide formation on Mars has

noﬁ been determined, however, because many of the
parameters which would affect the rate in the Martian
environment, were not investigated in this experiment.
‘Among the problems8 which much be solved before any
estimates of the rate of ferric oxide formation on Mars

- can be made, include the effects of the rapid alternations
between Hpy0 adsorption and oxidation intervals, the
effects of aeolean abrasion, and the ferric oxide forma-

tion rates of other Fe(II)-tearing minerals. In addition,
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the formation of goethite and Limonite, as well as some of
the clay minerals, need to be investigated in Martian-
1ike environments. Oxidation of mingrals,'which contain
cations in oxidation states that are not at their most
oxidized natural state, is also likely, upon illumination
in an O,-bearing atmosphere. The kinetics and mechanisms
of the photo-stimulated oxidation of these minerals must
also be investigated.

Since the Earth's surface environment contains the
necessary constituents for the photo-stimulated‘oxidation
of Magnetite, and .probably other Fg(II)-bearing minerals,
a series of investigations into the role of this process
in "desert weathering", weathering during the early history
of the Earth, and present-day ecological problems, would

also prove interesting.
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